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ABSTRACT 

Before disposing of transuranic radioactive wastes in the Waste Isolation 
Pilot Plant (WIPP), the United States Department of Energy (DOE) must 
evaluate compliance with applicable long- term regulations of the United 
States Environmental Protection Agency (EPA). Sandia National Laboratories 
is conducting iterative performance assessments of the WIPP for the DOE to 
provide interim guidance while preparing for final compliance evaluations. 

This volume contains an overview of WIPP performance assessment and a 
preliminary comparison with the long-term requirements of the Environmental 
Radiation Protection Standards for Management and Disposal of Spent Nuclear 
Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191, Subpart B). 

Detailed information about the technical basis for the preliminary 
comparison is contained in Volume 2. The reference data base and values for 

input parameters used in the modeling system are contained in Volume 3. 
Uncertainty and sensitivity analyses related to 40 CFR 1918 are contained in 
Volume 4. Volume 5 contains uncertainty and sensitivity analyses of gas and 
brine migration for undisturbed performance. Finally, guidance derived from 
the entire 1992 performance assessment is presented in Volume 6. 

Results of the 1992 performance assessment are preliminary, and are not 
suitable for final comparison with 40 CFR 191, Subpart B. Portions of the 
modeling sys tern and the data base remain incomplete, and the level of 
confidence in the performance estimates is not sufficient for a defensible 
compliance evaluation. Results are, however, sui table for providing 
guidance to the WIPP Project. 



All results are conditional on the models and data used, and are presented 

for preliminary comparison to the Containment Requirements of 40 CFR 191, 
Subpart B as mean complementary cumulative distribution functions (CCDFs) 
displaying estimated probabilistic releases of radionuclides to the 
accessible environment. Results compare three conceptual models for 

radionuclide transport in the Culebra Dolomite Member of the Rustler 

Formation and two approaches to estimating the probability of inadvertent 
human intrusion into the WIPP by exploratory drilling. The representation 
for disposal-system performance believed to be most realistic includes 
intrusion probabilities based on expert-panel judgment and dual-porosity 
transport with chemical retardation. For intrusions occurring 1000 years 
after decommissioning, the mean CCDF for this representation lies more than 
one order of magnitude below the EPA limits. Using the same approach to 
intrusion probabilities used in the 1991 performance assessment (i.e., not 
taking expert judgment into account and basing the probability model on the 
maximum intrusion probability indicated in Appendix B of 40 CFR 191, Subpart 
B) significantly increases the probability of releases, regardless of the 
model used for subsurface transport. Assuming the higher intrusion 
probabilities and dual-porosity transport without chemical retardation, the 
mean CCDF is approximately one order of magnitude below the EPA limits. For 

the higher intrusion probabilities and single-porosity, fracture-only 
transport, the mean CCDF is less than one order of magnitude below the EPA 
limits. 

This volume of the report should be referenced as: 

ii 

WIPP PA (Performance Assessment) Department. 1992. Preliminary 
Performance Assessment for the Waste Isolation Pilot Plant, 
December 1992--Volume 1: Third Comparison with 40 CFR 191, 
Subpart B. SAND92-0700/l. Albuquerque, NM: Sandia National 
Laboratories. 
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PREFACE 

The Preliminary Performance Assessment for the Waste Isolation Pilot 
Plant, December 1992 is currently planned to consist of six volumes. The 
titles of the volumes are listed below. This report is the third in a 
series of annual reports that document ongoing assessments of the predicted 
long-term performance of the Waste Isolation Pilot Plant (WIPP); this 
documentation will continue during the WIPP Test Phase. However, the Test 
Phase schedule and projected budget may change; if so, the content of the 
1992 Preliminary Performance Assessment report and its production schedule 
may also change. 

Volume 1: Third Comparison with 40 CFR 191, Subpart B 

Volume 2: Technical Basis 

Volume 3: Model Parameters 

Volume 4: Uncertainty and Sensitivity Analyses for 40 CFR 191, Subpart B 

Volume 5: Uncertainty and Sensitivity Analyses of Gas and Brine Migration 
for Undisturbed Performance 

Volume 6: Guidance to the WIPP Project from the December 1992 Performance 
Assessment 
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1 

2 

3 

1. INTRODUCTION 

4 The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico, is a 
5 research and development project of the United States Department of Energy 
6 (DOE). The WIPP is authorized by Congress (Public Law 96-164, 1979) and is 
7 designed as a full-scale, mined geologic repository to demonstrate the safe 
8 management, storage, and disposal of transuranic (TRU) radioactive wastes 
9 generated by DOE defense programs since 1970. In addition to TRU 

10 radionuclides, the wastes may contain hazardous (nonradioactive) 
11 constituents. Before permanently disposing of radioactive wastes in the 
12 WIPP, the DOE must evaluate the repository based on various regulatory 
13 criteria for disposal of all the waste components, and the United States 
14 Environmental Protection Agency (EPA) must certify that compliance has been 
15 satisfactorily demonstrated. 

16 

17 Performance assessments will form the basis for evaluations of 
18 compliance with applicable long-term regulations of the EPA, including 
19 regulations pertaining to both radioactive and hazardous wastes (see 
20 Section 1.2 for a discussion of applicable regulations). This volume 
21 provides an overview of WIPP performance assessment and summarizes the 
22 December 1992 preliminary comparison with 40 CFR Part 191, Subpart B, which 
23 contains the long-term requirements of the Environmental Radiation 
24 Protection Standards for Management and Disposal of Spent Nuclear Fuel, 
25 High-Level and Transuranic Radioactive Wastes (US EPA, 1985). Results 
26 presented here are preliminary and are not suitable for final comparison 
27 with 40 CFR 191, Subpart B. Portions of the modeling system remain 
28 incomplete, and the level of confidence in the performance estimates is not 
29 sufficient for a defensible compliance evaluation. Results are suitable 
30 for providing interim guidance to the WIPP Project as it prepares for a 
31 final compliance evaluation. 

32 

33 Several DOE documents explain the relationship between long-term 
34 regulatory information needs and the experimental programs that will fill 
35 those needs. The WIPP Test Phase Plan (US DOE, l990a, currently in 

36 revision) contains descriptions of experimental programs related to 
37 disposal room and drift systems (see also Section 2.4 of this volume and 
38 Volumes 2 and 3 of this report), TRU-waste experiments, sealing systems and 
39 rock mechanics, hydrology of and transport within the host rock for the 
40 WIPP, and flow and transport in rock layers surrounding the WIPP. For each 
41 experimental program, the document describes the relevant information needs 
42 identified by performance assessments (defined in Section 3.3.1 of this 
43 volume) and indicates how the program has been designed to fill those 
44 needs. 

45 
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Chapter 1. Introduction 

The technical needs for laboratory and field experiments involving TRU 

2 and TRU-mixed waste and simulated waste have been assessed (US DOE, 1992a). 

3 These tests are designed to provide information on two topics identified as 

4 important for evaluating regulatory compliance: generation of gas from 

5 degradation of TRU wastes (defined in Section 2.5.1 of this volume), and 

6 the concentration of radionuclides and hazardous constituents within 

7 disposal-room brine, both as dissolved species and as colloids. 

8 

9 Extensive laboratory and field studies conducted during the Site 

10 Characterization Phase for the WIPP have provided information used to date 

11 in performance assessments of the WIPP. References for these studies and 

12 discussion of how their results are used in performance assessments are 

13 provided in WIPP Test Phase Activities in Support of Critical Performance 

14 Assessment (40 CFR 191 B) Information Needs (US DOE, 1992b), which is a 

15 document prepared by the DOE for the National Academy of Sciences (NAS) 

16 WIPP Panel (referred to in Section 1.1.1 of this volume), and in other 

17 reports (Tyler et al., 1988; Lappin et al., 1989; US DOE, 1990a). 

18 

19 This report documents the third in a series of preliminary analyses of 

20 predicted long-term performance of the WIPP that Sandia National 

21 Laboratories (SNL) conducts for the DOE. Preparation for preliminary 

22 performance assessments began with the December 1989 Draft Forecast of the 

23 Final Report for the Comparison to 40 CFR Part 191, Subpart B for the Waste 

24 Isolation Pilot Plant (Bertram-Howery et al., 1989) and Performance 

25 Assessment Methodology Demonstration: Methodology Development for 

26 Evaluating Compliance with EPA 40 CFR 191, Subpart B, for the Waste 

21 Isolation Pilot Plant (Marietta et al., 1989). The 1990 report (Bertram-

28 Howery et al., 1990) and two supporting volumes (Rechard et al., 1990a; 

29 Helton et al., 1991) presented preliminary results of evaluations that 

~ addressed only the long-term performance criteria for disposal specified in 

31 the radioactive-waste disposal standards (40 CFR 191, Subpart B, US EPA, 

32 1985; see Chapter 3 and Appendix A of this volume). The 1991 version of 

33 the report (WIPP PA Division, 199la,b,c; Helton et al., 1992) presented 

34 preliminary evaluations for comparison with the regulatory requirements of 

35 40 CFR 191, Subpart B. A preliminary safety assessment that evaluates 

36 possible long-term consequences to the public health as a result of 

37 radioactive wastes emplaced in the WIPP is currently being prepared. 

38 

39 This 1992 report updates the preliminary results of the analyses 

40 included in the 1991 version of the report. Where data and models are 

41 available, the report presents preliminary results that preview a final 

42 report. With respect to the disposal of radioactive wastes, this 1992 

43 report is a valid preview only to the extent that 40 CFR 191, Subpart B, 
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Description of the WIPP Project 

which was promulgated by the EPA in 1985 and remanded by a U.S. Appeals 

2 Court in 1987 (NRDC v. US EPA, 1987), is the same as the vacated 1985 
3 version. This report treats the vacated portion of 40 CFR 191 as if it 

4 were still effective because the DOE and the State of New Mexico have 
5 agreed that compliance planning will continue on that basis until a new 

6 Subpart B is promulgated (US DOE and State of New Mexico, 1981, as 

7 modified). The Waste Isolation Pilot Plant Land-Withdrawal Act (Public Law 
8 102-579, 1992), which mandates specific actions before the Test Phase for 
9 the WIPP can begin (see Section 1.1 of this volume), reinstates those 

10 portions of 40 CFR 191, Subpart B, that were not the subject of the 1987 

11 remand and requires the EPA to repromulgate the regulation by April 30, 
12 1993. The major quantitative requirement of the regulation addressed in 
13 this volume of the report is among those reinstated, and the methodology 

14 reported here has not been modified to reflect the EPA's efforts to develop 

15 a new Subpart B. 

16 

17 

18 

19 

1.1 Description of the WIPP Project 

20 The WIPP is located in semiarid rangeland in southeastern New Mexico. 
21 The nearest major population center is Carlsbad (population 25,000 in the 

22 1990 U.S. census), 42 km (26 mi) west of the WIPP (Figure 1-1). Two 

23 smaller communities, Loving (population 1,500) and Malaga (population 150), 
24 are about 33 km (20 mi) to the southwest. Population density closer to the 

25 WIPP is very low; fewer than 30 permanent residents live within a 16-km 

26 (10-mi) radius. The nearest residents live 5.6 km (3.5 mi) south of the 
27 WIPP surface facility (US DOE, 1990b). 

28 

29 The surface of the land at the WIPP has been leased for cattle grazing. 

30 None of the ranches within 10 miles use well water for human consumption 
31 because the water contains large concentrations of total dissolved solids. 

32 Potash, oil, and gas are the only known important mineral resources. The 
33 surrounding area is used primarily for grazing, potash mining, and 
34 hydrocarbon exploration and production (US DOE, 1990b). 

35 

36 The WIPP repository is in bedded salt about 655 m (2,150 ft) below the 
37 land surface. The location was chosen because features of the regional and 

38 local geologic and hydrologic environment are expected to provide excellent 
39 natural barriers to radionuclide migration (see Chapter 2 of this volume 

40 and Volume 2 of this report). 

41 

42 The Waste Isolation Pilot Plant Land Withdrawal Act (Public Law 102-579, 
43 1992) transferred ownership of 16 square miles (41 km2) at the WIPP 

44 (Figure 1-2) from the U.S. Bureau of Land Management to the DOE. The 
45 boundary indicated as "WIPP" on illustrations in this volume is the 
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Figure 1-1. WIPP location map (after Bertram-Howery and Hunter, 1989a). 
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Chapter 1. Introduction 

boundary of the land-withdrawal area. The legislation also outlined 

2 requirements for the Test and Disposal Phases of the WIPP. 

3 

4 The WIPP Test Phase is scheduled to begin when the following criteria, 
5 stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992, Section 

6 6), are met: the final 40 CFR 191 regulation is issued and published in 
7 the Federal Register; the EPA has determined that the DOE has complied with 
8 the terms and conditions of the No-Migration Determination for the Resource 

9 conservation and Recovery Act (RCRA) (see Section 1.2 of this volume); the 
10 EPA has approved the WIPP Test Phase plan and the waste-retrieval plan for 
11 the Test Phase; the U.S. Department of Labor has approved training programs 
12 for emergency response; the DOE has issued a plan to ensure the safety of 
13 Test Phase activities, including using mined rooms that are supported to . 
14 assure safety during testing, and the Secretary of Labor has reviewed and 
15 concurred with the plan; and the DOE has agreed to provide to the EPA 

16 biennial performance-assessment reports during the Test Phase that document 
17 the analyses of long-term performance of the WIPP. Only EPA-approved 
18 transuranic waste in quantities no greater than 1/2 of 1 percent of the 
19 total capacity of the WIPP may be emplaced during the Test Phase. Remote-
20 handled (RH) TRU waste (defined in Section 2.5.1 of this volume) may not be 
21 emplaced during the Test Phase. 
22 

23 As stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992, 
24 Section 7), the DOE may begin disposing of TRU waste in the WIPP when: the 
25 EPA has certified that the WIPP facility will comply with 40 CFR 191; the 
26 DOE has submitted to Congress plans for decommissioning the WIPP and post-
27 decommissioning management; 180 days have elapsed after notice to Congress 
28 that the WIPP has met the provisions of 40 CFR 191, the Clean Air Act, the 
29 Solid Waste Disposal Act, the Safe Drinking Water Act, the Toxic Substances 

30 Control Act, the Comprehensive Environmental Response, compensation, and 

31 Liability Act of 1980, and all other applicable Federal laws pertaining to 
32 public health and safety or the environment (including the Resource 

33 Conservation and Recovery Act, see Section 1.2.2); the DOE has acquired oil 
34 and gas leases specified by the EPA; the DOE has submitted to Congress 

35 comprehensive recommendations and a timetable for disposal of all DOE-

36 controlled transuranic waste; and the DOE has completed a survey that 
37 identifies all TRU-waste types at all sites from which wastes are to be 
38 shipped to the WIPP. 
39 

40 

41 1.1.1 Participants 
42 

43 The DOE implements the WIPP Project through the WIPP Project Integration 
44 Office (Albuquerque, NM), the WIPP Project Site Office (Carlsbad, NM), and 
45 its Headquarters in Washington, DC. The WIPP Project Offices are assisted 
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Description of the WIPP Project 
Participants 

by two prime contractors: Waste Isolation Division (WID) of Westinghouse 

2 Electric Corporation (WEC) and Sandia National Laboratories (SNL). WID is 

3 responsible for all facility operations and for compliance with management 

4 and storage regulations. SNL, as the scientific program manager, is 

5 responsible for developing an understanding of the processes and systems 

6 that affect long-term isolation of wastes in the WIPP. That understanding 

7 is applied by SNL to the evaluation of the long-term performance of the 

8 repository. SNL defines and implements, subsequent to DOE approval, 

9 experiments both in laboratories and at the WIPP. In addition, SNL 

10 develops and applies models both to interpret experimental data and to 

11 assess the performance of the repository. 

12 

13 Federal agencies that provide oversight during the Test and Disposal 

14 Phases of the WIPP Project are the U.S. Mine Safety and Health 

15 Administration; the U.S. Bureau of Mines; the Occupational Safety and 

16 Health Administration; the National Institute for Occupational Safety and 

17 Health; and the U.S. Nuclear Regulatory Commission, which oversees 

18 transportation of waste to the WIPP. 

19 

~ The WIPP Land Withdrawal Act (Public Law 102-579, 1992) provides for 

21 review of the assessment of long-term repository performance: 

22 

23 "The [DOE) shall publish, during the test phase, a biennial 
24 performance assessment report, consisting of a documented analysis 
25 of the long-term performance of WIPP. Each such report shall be 
26 provided to the State [of New Mexico], the [EPA], the National 
27 Academy of Sciences, and the EEG (Environmental Evaluation Group] 
28 for their review and comment. 
29 

30 If, within 120 days of the publication of a performance 
31 assessment report under [the previous] paragraph, the State, the 
32 [EPA), the National Academy of Sciences, or the EEG provide written 
33 comments on the report, the [DOE) shall submit written responses to 
34 the comments to the State, the [EPA], the National Academy of 
35 Sciences, and the EEG, and to other appropriate entities or persons 
36 after consultation with the State, within 120 days of receipt of 
37 the comments" (Public Law 102-579, 1992, Section 6). 
38 
39 The DOE and the State of New Mexico have an Agreement for Consultation 

40 and Cooperation (US DOE and State of New Mexico, 1981, as modified). This 

41 agreement enables the State, through the Radioactive Waste Consultation 

42 Task Force and other agencies, to have an active part in assuring that 

43 public safety issues are addressed fully. The New Mexico Environment 

44 Department has authority concerning permitting in compliance with the RCRA 

45 (seeSectionl.2). 

46 
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Chapter 1. Introduction 

The EPA's Office of Radiation and Indoor Air and Office of Solid Waste 

2 and Emergency Planning maintain a dialog with the WIPP Project concerning 

3 relevant issues. In addition, as explained in Section 1.1 of this volume, 

4 the WIPP Land Withdrawal Act gave the Administrator of the EPA specified 

5 responsibilities regarding approval of the Test and Disposal Phases for the 

6 WIPP. 

7 

8 Review of the scientific basis for the WIPP Project is provided by the 

9 National Research Council's (of the National Academy of Sciences) Board on 

10 Radioactive Waste Management's WIPP Panel. 

11 

12 The Environmental Evaluation Group (EEG) has provided oversight of the 

13 WIPP Project since before the WIPP's formal authorization in 1979. The EEG 

14 is responsible for independent technical evaluation of the WIPP with regard 

15 to the protection of public health and safety and the protection of the 

16 environment. Assignment of the EEG to the New Mexico Institute of Mining 

17 and Technology occurred with passage of the National Defense Authorization 

18 Act (Public Law 100-456, 1988). 

19 

20 Written comments from these reviewers, if provided, and responses about 

21 the annual performance assessment are published as Appendix B of this 

22 volume. 

23 

24 

25 1.1.2 Wastes 
26 

27 The TRU wastes for which the WIPP is designed are defense-program wastes 

28 generated by United States government activities since 1970. The wastes 

29 consist of laboratory and production materials contaminated by certain TRU 

30 radionuclides and other radioactive and hazardous constituents. If 

31 approved, the following 10 DOE TRU-waste generator and/or storage sites are 

32 scheduled to ship TRU wastes to the WIPP: Idaho National Engineering 

33 Laboratory, Rocky Flats Plant, Hanford Reservation, Savannah River Site, 
34 Los Alamos National Laboratory, Oak Ridge National Laboratory, Nevada Test 

35 Site, Argonne National Laboratory-East, Lawrence Livermore National 
36 Laboratory, and Mound Laboratory (US DOE, 1990c). More information about 

37 the wastes scheduled for disposal in the WIPP are in Chapter 2 of this 

38 volume and Volume 3 of this report. 

39 

40 

41 

42 

1.2 Regulatory Criteria for the WIPP 

43 The EPA regulations applicable to the long-term performance of the WIPP 

44 include Subpart B of 40 CFR 191, promulgated in 1985 but remanded to the 

45 EPA in 1987 for reconsideration, and the regulations implementing the 
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Regulatory Criteria for the WIPP 
Radioactive-Waste Disposal Standards (40 CFR 191) 

Resource Conservation and Recovery Act (Public Law 94-580, 1976). The 

2 Council on Environmental Quality promulgated the regulations for 

3 implementing the National Environmental Policy Act (NEPA) (Public Law 

4 91-190, 1970, as amended; US EPA, 1978); however, the EPA has the 

5 responsibility for reviewing and publicly commenting on potential 

6 environmental impacts of major federal actions. Additional requirements 

7 are specified in the WIPP Land Withdrawal Act (see Section 1.1 of this 

8 volume). 

9 

10 

11 1.2.1 Radioactive-Waste Disposal Standards ( 40 CFR 191) 
12 

13 The radioactive-waste disposal standards, 40 CFR Part 191--

14 Environmental Radiation Protection Standards for Management and Disposal of 

15 Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (US EPA, 

16 1985), are divided into two subparts. Subpart A applies to a disposal 

17 facility prior to decommissioning and limits annual radiation doses from 

18 waste management and storage operations to members of the public in the 

19 general environment. Subpart B applies after decommissioning and sets 

20 probabilistic limits on cumulative releases of radionuclides to the 

21 accessible environment (defined in Section 3.2.2 of this volume) for 10,000 

22 years. Subpart B also sets probabilistic limits on both radiation doses to 

23 members of the public in the accessible environment for 1000 years of 

24 undisturbed performance (defined in Section 3.5 of this volume) and 

25 radioactive contamination of certain sources of groundwater within or near 

26 the controlled area (defined in Section 3.2.3 of this volume) for 1000 

27 years after disposal. The DOE must provide a reasonable expectation that 

28 the WIPP will comply with the quantitative requirements of Subpart B of 

29 40 CFR 191. Appendix A of 40 CFR 191 specifies how to determine release 

30 limits; Appendix B of 40 CFR 191 provides nonmandatory guidance for 

31 implementing Subpart B. The regulation is reproduced as Appendix A of this 

32 volume, and the specific requirements of 40 CFR 191, Subpart B, are 

33 discussed in Chapter 3 of this volume. 
34 

35 Volumes 1 through 4 of this report document the preliminary results of 

36 the evaluations of the long-term performance of the WIPP for the third 
37 comparison with the requirements of 40 CFR 191, Subpart B. The 

38 quantitative evaluation of the long-term performance of the WIPP with 

39 respect to Subpart B of 40 CFR 191 also forms the basis for safety 

40 assessments and for uncertainty and sensitivity analyses to identify 

41 parameters and processes that are important for evaluating transport of 

42 nonradioactive hazardous wastes regulated under 40 CFR 268 (see Section 

43 1.2.2). 

44 

45 
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1.2.2 Resource Conservation and Recovery Act (RCRA) 
2 

3 The Resource Conservation and Recovery Act (RCRA) (Public Law 94-580, 

4 1976) was enacted to provide management of hazardous wastes. The long-term 

5 regulations promulgated for implementing the RCRA, specifically 40 CFR 268 

6 (US EPA, 1986) for the WIPP, prohibit land disposal of specified hazardous 

7 wastes, including volatile organic compounds and heavy metals, unless the 

8 owner or operator of the facility petitions for a variance and successfully 

9 demonstrates "to a reasonable degree of certainty, that there will be no 

10 migration of hazardous constituents from the disposal unit or injection 

11 zone for as long as the wastes remain hazardous" or the waste is treated in 

12 accordance with applicable treatment standards (40 CFR 268.6(a), US EPA, 

13 1986). Guidance provided by the EPA on the interpretation of this wording 

14 indicates that "no migration" will be defined to be concentrations of 

15 hazardous constituents below health-based or environmentally based levels 

16 at the disposal-unit boundary (US EPA, 1992). 

17 

18 In March 1990, the DOE petitioned the EPA for a "no-migration" 

19 determination for a Test Phase for the WIPP (US DOE, 1990d). The DOE 

20 submitted the results of modeling to demonstrate, to a reasonable degree of 

21 certainty, that the emplaced test wastes would not migrate from the 

22 disposal unit during the WIPP Test Phase. The EPA issued a conditional 

23 "no-migration" determination, for the WIPP Test Phase only, in November 

24 1990 (US EPA, 1990a). In July 1990 the EPA authorized the State of New 

25 Mexico to apply the RCRA regulations to facilities in the state that manage 

26 radioactive mixed wastes (US EPA, 1990b). Evaluation strategies are 

27 currently being developed for RCRA compliance after the Test Phase is 

28 completed. Analyses have been initiated to support evaluations of long­

~ term compliance with the RCRA regulations at the WIPP (WIPP PA Department, 

30 1992). 

31 

32 

33 1.2.3 National Environmental Policy Act (NEPA) 
34 

35 The National Environmental Policy Act (NEPA) (Public Law 91-190, 1970, 
36 as amended) is enforced by regulations that are not specific regulatory 

37 guidelines, but contain a mandate for evaluating the environmental 

38 consequences of all significant aspects of a project (US EPA, 1978). The 

39 DOE has prepared several environmental impact statements (EISs) that have 

40 addressed the predicted experimental, operational, and long-term behavior 

41 of the repository (US DOE, 1979, 1980a, 1990c). In addition, the DOE has 

42 committed to complete another supplemental EIS at or near the end of the 

43 WIPP Test Phase, before disposal in the WIPP may begin. The potential 

44 health risks posed by estimated groundwater releases of TRU radionuclides 
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Regulatory Criteria for the WIPP 
National Environmental Policy Act (NEPA) 

and by direct removal of radionuclides to the surface as a result of 
2 drilling have been assessed in the NEPA documentation for the WIPP. 
3 

4 The regulations that implement the NEPA do not specifically require 
5 calculating doses of radionuclides to members of the public. However, the 
6 WIPP Panel of the National Academy of Sciences, a panel that reviews the 
7 scientific basis for the WIPP, has requested safety assessments that 
8 present dose calculations for 10,000 years or peak arrival times of 
9 radionuclides, whichever occurs first. In accordance with the WIPP Panel's 

10 request, preliminary probabilistic safety assessments in which doses have 
11 been calculated for hypothetical exposure pathways are part of the analyses 
12 that evaluate long-term performance of the WIPP; safety assessments will be 
13 prepared periodically. 
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2 

3 

2. OVERVIEW OF THE DISPOSAL SYSTEM 

4 The characteristics of the WIPP disposal system and its geologic 

s setting are described in detail in other reports (Powers et al., 1978a,b; 

6 the WIPP Final Environmental Impact Statement [US DOE, 1980a]; Bechtel, 

7 1986; Lappin et al., 1989; the WIPP Final Safety Analysis Report [US DOE, 

8 l990b]; and the WIPP Supplement Environmental Impact Statement [US DOE, 

9 1990c]). Additional detailed discussion is contained in Volumes 2 and 3 of 

10 this report and references cited therein. 

11 

12 

13 

14 

2.1 Physical Setting 

15 The WIPP is located in southeastern New Mexico east of the Pecos River 

16 and west of the high plains of West Texas, in a region of sand dunes known 

17 locally as Los Medanos (The Dunes). Most dunes in the area are stabilized 

18 by vegetation, and there is relatively little local topographic relief. 

19 Major regional features (Figures 2-1 and 2-2) include Nash Draw, Laguna 

20 Grande de la Sal, and the Pecos River. 

21 

22 The land surface within Los Medanos slopes gradually upward to the 

23 northeast from Livingston Ridge on the eastern boundary of Nash Draw to a 

24 low ridge called "The Divide." Nash Draw, 8 km (5 mi) west of the WIPP, is 

25 a broad, shallow topographic depression with no external surface drainage. 

26 Nash Draw extends northeast about 35 km (22 mi) from the Pecos River east of 

27 Loving, New Mexico, to the Maroon Cliffs area. This feature is bounded on 

28 the east by Livingston Ridge and on the west by Quahada Ridge. 

29 

30 Laguna Grande de la Sal, about 9.5 krn (6 mi) west-southwest of the 

31 WIPP, is a large playa about 3.2 km (2 mi) wide and 4.8 krn (3 rni) long, 

32 formed by coalesced collapse sinks that were created by dissolution of 

33 evaporite deposits. In the geologic past, a relatively permanent, saline 
34 lake occupied the playa. In recent history, however, the lake has undergone 

35 numerous cycles of filling and evaporation in response to wet and dry 

36 seasons, and effluent from the potash and oil and gas industries has 

37 enlarged the lake. 

38 

39 The Pecos River, the principal surface-water feature in southeastern 

40 New Mexico, flows southeastward, draining into the Rio Grande in western 

41 Texas. At its closest point, the river is about 20 km (12 mi) southwest of 

42 the WIPP. Surface drainage from the WIPP does not reach the river or its 

43 ephemeral tributaries. 
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2.2 Natural Resources 
2 

3 Potash, oil, and gas are the only known important mineral resources in 

4 the vicinity of the WIPP. Estimates of the volumes and locations of these 

5 resources are reported by US DOE (1980a). 

6 

7 About 56 productive oil and gas wells are located within a radius of 16 
a km (10 mi) from the WIPP; the wells generally tap Pennsylvanian strata, 

9 about 4,200 m (14,000 ft) deep. The hydrocarbon well closest to the land-
10 withdrawal boundary is about 3 km (2 mi) to the south-southwest of the waste 

11 panels, and has produced natural gas since 1982 (Silva and Channell, 1992). 
12 The surface location of the well is outside the land-withdrawal boundary, 
13 but the borehole is slanted to withdraw gas from rocks below the WIPP 

14 horizon within the boundary. Except for this well, resource extraction is 

15 not allowed within the proposed land-withdrawal boundary. 

16 

17 Three potash mines and two associated chemical-processing plants are 

18 located between 8 and 16 km (5 and 10 mi) from the WIPP (US DOE, 1990b). As 
19 discussed further in Section 2.3 of this volume, potash-enriched beds are 

20 found stratigraphically above the repository horizon; neither mining of 

21 potash nor exploratory drilling for potash reserves reaches the repository 
22 horizon. The nearest economically exploitable potash reserves are 

23 approximately 1 km (0.6 mi) from the waste panels (Brausch et al., 1982; 
~ Guzowski, 1991). 

25 

26 

27 2.3 Summary of Regional Geology 
28 

29 Geologically, the WIPP is located in the Delaware Basin, which is an 

30 elongated depression that extends from just north of Carlsbad, New Mexico, 
31 southward into Texas (Figure 2-3). The basin covers over 33,000 km2 (12,750 
32 mi2) and is filled with sedimentary rocks to depths as great as 7,300 m 
33 (24,000 ft) (Hills, 1984). 
34 

35 

36 2.3.1. Geologic History 
37 

38 The geologic history of the Delaware Basin is described in more detail 
39 elsewhere (Hiss, 1975; Powers et al., 1978a,b; Cheeseman, 1978; Williamson, 

40 1978; Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988; Volume 2, 
41 Chapter 2 of this report). Rock units of the Delaware Basin representing 

42 the Permian System through the Quaternary System are shown in Table 2-1. 

43 Simplified stratigraphy at the WIPP is shown in Figure 2-4. 
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Summary of Regional Geology 
Geologic History 

Table 2-1. Major Stratigraphic Divisions, Southeastern New Mexico 

2 

3 

5 

6 Erathem 
7 

9 
10 
11 

12 
18 Cenozoic 

System 

Quaternary 

Series 

Holocene 
Pleistocene 

15 Pliocene 
16 
17 

19 
20 
21 
22 

28 
25 
26 
27 

29 
30 Mesozoic 
31 

32 
34 
35 

36 
38 
39 
40 
41 

42 

48 
45 
46 
47 

49 
50 
51 

Paleozoic 

Tertiary 

Cretaceous 

Jurassic 

Triassic 

Upper 

Permian 

Lower 

Miocene 

Oligocene 
Eocene 
Paleocene 

Upper 

Lower 

Upper 
Lower 

Ochoan 

Guadalupian 

Leonardian 
Wolfcampian 

Lithostratigraphic Unit 

Windblown sand 
Mescalero caliche 
Gatufla Formation 

Ogallala Formation 

Absent in Southeastern 
New Mexico 

Absent in Southeastern 
New Mexico 

Detritus preserved 

Absent in Southeastern 
New Mexico 

Dockum Group 
Absent in Southeastern 

New Mexico 

Dewey Lake Red Beds 
Rustler Formation 
Salado Formation 
Castile Formation 

Capitan Limestone 
and Bell Canyon 
Formation 

Bone Springs 
Wolfcamp (informal) 

Age Estimate (yr) 

-500,000 
-600,000± 

5.5 million 

24 million 

66 million 

144 million 

208 million 

245 million 

sa 286 million 
54 
55 Source: Modified from Bachman, 1 987 
56 
58 

59 

60 The Delaware Basin began forming by crustal subsidence during the 

61 Pennsylvanian Period, approximately 300 million years ago. Relatively rapid 

62 subsidence during the Early and mid-Permian, between approximately 286 and 

63 260 million years ago, resulted in the deposition of a sequence of deep-

64 water sandstones, shales, and limestones rimmed by shallow-water limestone 
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reefs (Figure 2-3). The thickest of the reef deposits, the Capitan 

2 Limestone, is buried under younger rocks north and east of the WIPP but is 

3 exposed at the surface in the Guadalupe Mountains to the west. Subsidence 

4 slowed during the Late Permian; evaporite deposits of the Castile Formation 

5 and the Salado Formation, which hosts the WIPP, filled the basin and 

6 extended over the reef margins. Evaporites, carbonates, and clastic rocks 

7 of the Rustler Formation and the Dewey Lake Red Beds were deposited above 

8 the Salado Formation before the end of the Permian Period. 

9 

10 Beginning with the Triassic Period and continuing to the present, the 

11 geologic record for the area indicates long periods of nondeposition or 

12 erosion. Those formations that are present are either relatively thin or 

13 discontinuous and are not included in the performance assessment of the 

14 WIPP. Near the repository, the older, Permian-age deposits below the Dewey 

15 Lake Red Beds have not been affected by erosional processes during the past 

16 250 million years (Lappin, 1988). 

17 

18 Minimal tectonic activity has occurred in the region since the Permian 

19 Period (Hayes, 1964; Williamson, 1978; Hills, 1984; Powers et al., l978a). 

20 Faulting during the late Tertiary Period formed the Guadalupe and Delaware 

21 Mountains along the western edge of the basin. The most recent igneous 

22 activity in the area was during the mid-Tertiary Period about 35 million 

23 years ago and is evidenced by a dike in the subsurface 16 km (10 mi) 

24 northwest of the WIPP (Powers et al., l978a,b). Major volcanic activity 

25 last occurred more than l billion years ago during Precambrian time (Powers 

26 et al., l978a,b). None of these processes affected the Salado Formation at 

27 the WIPP. 

28 

29 

3o 2.3.2 Stratigraphy and Geohydrology 
31 

32 The Bell Canyon Formation of the Delaware Mountain Group is the deepest 

33 hydrostratigraphic unit being considered in the performance assessment 
34 (Figure 2-4). Understanding hydrologic conditions in the Bell Canyon is 

35 potentially important because oil and gas drilling into deeper Pennsylvanian 

36 strata could first penetrate the WIPP and brine-saturated sandstones of the 

37 Bell Canyon Formation. Available pressure data from wells indicate that 

38 brine flow from the Bell Canyon Formation is not a likely mechanism for 

39 radionuclide release (Volume 2, Section 2.2.1 of this report), however, and 

40 the Bell Canyon Formation is not included explicitly in performance-

41 assessment modeling. 

42 
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Summary of Regional Geology 
Stratigraphy and Geohydrology 

The Castile Formation near the WIPP consists of anhydrite and lesser 
2 amounts of halite. The Castile Formation is of interest because it contains 
3 discontinuous reservoirs of pressurized brine that could affect repository 
4 performance if penetrated by an exploratory borehole. Except where brine 
5 reservoirs are present, permeability of the Castile Formation is extremely 
6 low, and rates of groundwater flow are too low to affect the disposal system 
7 within the next 10,000 years. 

8 

9 The 250-million-year-old Salado Formation, which hosts the repository, 
10 is about 600 m (2,000 ft) thick and consists of the following three informal 
11 members: 

12 

13 • a lower member, which is mostly halite with lesser amounts of 
14 anhydrite, polyhalite, and glauberite, with some layers of fine 
15 clastic material. The unit is 296 to 354 m (960 ft to 1160 ft) 
16 thick, and the WIPP repository is located within it, 655 m (2,150 ft) 
17 below the land surface (Jones, 1978). Anhydrite layers near the WIPP 
18 horizon that are modeled in performance assessment include Marker 
19 Beds 138 and 139 and anhydrites A and B (Figure 2-5). Because 
20 anhydrite is more brittle than halite, fracturing within these 
21 interbeds has the potential to provide a pathway for gas and brine 
22 (and, therefore, contaminants) to migrate from the repository 
23 

24 

25 

26 

27 

28 

29 

30 
31 

• a middle member, the McNutt Potash Zone, which is reddish-orange and 
brown halite with deposits of sylvite and langbeinite from which 
potassium salts are mined (Jones, 1978) 

• an upper member, which is reddish-orange to brown halite interbedded 
with polyhalite, anhydrite, and sandstone (Jones, 1978) 

These lithologic layers are nearly horizontal at the WIPP, with a 
32 regional dip of less than one degree. The Salado Formation has not been 
33 disturbed by post-depositional processes in the WIPP area, and groundwater 
34 flow within it is extremely slow because primary porosity and open fractures 
35 are lacking in the plastic salt (Mercer, 1983). The formation is assumed to 
36 be brine-saturated throughout the WIPP area, but low permeability allows for 
37 little groundwater movement. The Salado Formation is discussed in more 

38 detail in Volumes 2 and 3 of this report. 

39 

40 The Rustler Formation, the youngest formation of the Late Permian 
41 evaporite sequence, includes units that provide potential pathways for 
42 radionuclide migration away from the WIPP. The following five units of the 
43 Rustler, in ascending order, have been described (Vine, 1963; Mercer, 1983): 
44 

45 • an unnamed lower member, composed mostly of fine-grained, silty 
46 sandstones and siltstones interbedded with anhydrite west of the WIPP 
47 but with increasing amounts of halite to the east 
48 
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6 

7 

8 

9 

10 

11 

12 

13 

Summary of Regional Geology 
Stratigraphy and Geohydrology 

• the Culebra Dolomite Member, a microcrystalline, grayish dolomite or 

dolomitic limestone with solution cavities containing some gypsum and 

anhydrite filling 

• the Tamarisk Member, composed of anhydrite interbedded with thin 

layers of claystone and siltstone, with some halite east of the WIPP 

• the Magenta Dolom. ~Member, a very-fine-grained, greenish-gray 

dolomite with reddish-purple layers 

• the Forty-niner Member, consisting of anhydrite interbedded with a 

layer of siltstone, with halite present east of the WIPP 

14 Most groundwater flow in the Rustler Formation occurs in the Culebra 

15 Dolomite and Magenta Dolomite Members. The intervening units (the unnamed 

16 lower member, the Tamarisk Member, and the Forty-niner Member) are 

17 considered aquitards because of their low permeability throughout the area. 

18 

19 Groundwater flow in the Culebra Dolomite Member near the WIPP is north 

20 to south (see Volume 2, Chapter 2 of this report). Recharge apparently 

21 occurs north of the WIPP, possibly at Bear Grass Draw where the Rustler 

22 Formation is near the surface and at Clayton Basin where karst activity has 

23 disrupted the Culebra Dolomite (Mercer, 1983). Discharge occurs west-

24 southwest of the WIPP, either into the Pecos River at Malaga Bend (Hale et 

25 al., 1954; Hale and Clebsch, 1958; Havens and Wilkens, 1979; Mercer, 1983), 

26 or into Cenozoic alluvium in the Balmorhea-Loving Trough, which is a series 

27 of coalesced, lens-shaped solution troughs formed by an ancestral Pecos 

28 River, or into both (Brinster, 1991). Culebra water near the WIPP contains 

~ large concentrations of total dissolved solids (Siegel et al., 1991). 

30 Currently, no wells in the WIPP vicinity produce water from the Culebra for 

31 human consumption. The nearest well that has produced water from the 

32 Culebra for livestock is 6 km (4 mi) from the waste panels (Bodine et al., 

33 1991). 

34 

35 Small amounts of water can be produced from the Magenta Dolomite Member 

36 from a thin, silty dolomite, along bedding planes of rock units, and along 

37 fractures (Mercer, 1983). Regionally, the direction of groundwater flow is 

38 similar to that in the Culebra, either toward Malaga Bend or more directly 

39 southward to the Balmorhea-Loving Trough. Near the WIPP, available well 

40 data indicate that flow in the Magenta is locally from east to west, 

41 perpendicular to flow in the Culebra (see Section 2.2.3.6 of Volume 2 of 

42 this report). No wells in the WIPP vicinity produce water from the Magenta 

43 for human or livestock consumption. 

44 
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Overlying the Rustler Formation are the Dewey Lake Red Beds, which are 

2 the youngest Permian rocks and which consist of alternating layers of 

3 reddish-brown, fine-grained sandstone and siltstone cemented with calcite 

4 and gypsum (Vine, 1963). Several wells in the WIPP area produce small 

5 amounts of water from the Dewey Lake Red Beds for livestock (Cooper and 

6 Glanzman, 1971). The closest such well is at the J.C. Mills (James) Ranch, 

7 4 km (2.5 mi) south of the waste panels. In general, however, the unit is 

8 not a productive source of water; drilling has identified only a few 

9 localized zones of relatively high permeability (Mercer, 1983; Beauheim, 

10 1987a). 

11 

12 From the WIPP eastward, the Dewey Lake Red Beds are unconformably 

13 overlain by Triassic rocks of the undifferentiated Dockum Group (Figure 

14 2-4). The lower Dockum is composed of poorly sorted, angular, coarse-

15 grained to conglomeratic, thickly bedded clastic material interfingering 

16 with shales. At the WIPP, the unit is relatively thin (approximately 10 m 

17 [33ft] thick), and unsaturated. Further east, where the Triassic rocks are 

18 thicker, they are the chief source of water for domestic and livestock use 

19 in eastern Eddy County and western Lea County (Nicholson and Clebsch, 1961; 

20 Richey et al., 1985). Recharge to the Triassic rocks is mainly downward 

21 flow from overlying alluvium. 

22 

23 No rocks of Jurassic or Cretaceous age are present east of the Pecos 

24 River near the WIPP. The Tertiary Period is represented by a thin remnant 

25 of the Ogallala Formation at The Divide west of San Simon Swale. The 

26 Quaternary Period is represented by discontinuous sandstones and 

27 conglomerates of the Gatuna Formation, the informally named Mescalero 

28 caliche, and localized accumulations of alluvium and dune sands (Bachman, 

29 1980, 1984; Mercer, 1983). 

30 

31 

32 

33 

2.4 Repository /Shaft System 

34 The WIPP repository is about 655 rn (2,150 ft) below the land surface in 

35 bedded salt of the Salado Formation. Present plans call for mining eight 
36 panels of seven rooms each and two equivalent panels in the central drifts 

37 (Figure 2-6 and 2-7). As each panel is filled with waste, the next panel 

38 will be mined. Before the repository is closed permanently, each panel will 

39 be backfilled and sealed, waste will be placed in the drifts between the 

40 panels and backfilled, to create two additional panel volumes, and access 

41 ways will be sealed off from the shafts. Because the WIPP is a research and 

42 development facility, an extensive experimental area is also in use north of 

43 the waste-disposal area (US DOE, 1990a). Additional information on the 

44 repository design is in Volumes 2 and 3 of this report. 

45 

46 
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Waste 
Waste Form 

2.5 Waste 
2 

3 As noted in Section 1.1.2 of this volume, the WIPP is designed for 

4 transuranic waste generated by United States government defense-related 

5 activities since 1970. The waste consists of laboratory and production 

6 materials such as glassware, metal pipes, sorbed or solidified spent 

7 solvents, disposable laboratory clothing, cleaning rags, and solidified 

8 sludges. Along with other contaminants, the waste is contaminated by alpha-

9 emitting transuranic (TRU) elements with atomic numbers greater than 92 

10 (uranium), half-lives greater than 20 years, and curie contents greater than 

11 100 nCijg. Additional contaminants include other radionuclides of uranium 

12 and several contaminants with half-lives less than 20 years. Approximately 

13 60 percent of the TRU waste may be co-contaminated with hazardous 

14 constituents as defined under the Resource Conservation and Recovery Act 

15 (RCRA). The waste scheduled for disposal in the WIPP is described in more 

16 detail in Volume 3 of this report. 

17 

18 In accordance with DOE Order 5820.2A (US DOE, 1990a), heads of DOE 

19 Field Organizations can determine that other alpha-contaminated wastes, 

20 peculiar to a specific waste-generator site, must be managed as TRU wastes. 

21 The WIPP Waste Acceptance Criteria (WAC) determine which TRU wastes will be 

22 accepted for emplacement in the WIPP (US DOE, 199la). Under current plans, 

23 most TRU waste generated since 1970 will be disposed of in the WIPP, but 

24 some will be disposed of on-site at other DOE facilities. Inventories of 

25 the waste to be disposed of in the WIPP are in Volume 3 of this report. 

26 

27 

28 2.5.1 Waste Form 
29 

30 Alpha-emitting TRU waste, although dangerous if inhaled or ingested, is 

31 not dangerous externally and can be handled safely if confined in a sealed 

32 container. Most of the waste, therefore, can be contact handled (CH) 

33 because the external dose rate (200 mrem/h or less) permits people to handle 
34 properly sealed drums and boxes without any special shielding. The only 

35 containers that can currently be shipped to the WIPP in a TRUPACT-II truck-

36 transport container (NuPac, 1989) are 55-gallon steel drums, metal standard 
37 waste boxes (SWBs), 55-gallon drums overpacked in an SWB, and an 

38 experimental bin overpacked in an SWB (US DOE, 1990c). Additional 

39 information on waste containers is in Volume 3 of this report. 

40 

41 A portion of the TRU waste must be remotely handled (RH). Because the 

42 surface dose rate exceeds 200 mrem/h, the waste canisters must be packaged 

43 for handling and transportation in specially shielded casks. The surface 

44 dose rate of RH-TRU canisters cannot exceed 1,000 remjh, and no more than 5 
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percent of the canisters can exceed 100 rem/h. RH-TRU waste in canisters 

2 will be emplaced in holes drilled into the walls of the rooms (US DOE, 

3 1990b). 

4 

5 As stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992), 

6 the WIPP's current design capacity for all radionuclides is 6.2 million ft 3 

7 (approximately 175,600 m3), of which no more than 5.1 million curies (Ci) 

8 may be RH-TRU waste. The complex analyses for evaluating regulatory 

9 compliance require knowledge of the waste inventory. Therefore, all 

10 analyses will be based on current projections of a design volume inventory, 

11 estimated at about 532,500 drums and 33,500 boxes of CH-TRU waste (WIPP PA 

12 Division, 199lc). The wastes are classified as either retrievably stored or 

13 newly generated (future generated). Additional information on inventory 

14 estimates is in Volume 3 of this report. 

15 

16 A hazardous constituent of CH-TRU waste is lead that is present as 

17 incidental shielding, glovebox parts, and linings of gloves and aprons. 

18 Trace quantities of mercury, barium, chromium, silver, and cadmium have also 

19 been reported (US DOE, 1990d). Estimates of the quantities of metals and 

20 combustibles are discussed in Volume 3 of this report. Sludges may contain 

21 a solidifier (such as cement), absorbent materials, inorganic compounds, 

22 complexing agents, and organic compounds including oils, solvents, alcohols, 

23 emulsifiers, surfactants, and detergents. The WAC (US DOE, 199la) waste-

24 form requirements state that the waste material shall be immobilized if 

25 greater than 1 percent by weight is particulate material less than 10 

26 microns in diameter or if greater than 15 percent by weight is particulate 

27 material less than 200 microns in diameter. Only residual liquids in well-

28 drained containers (e.g., bottles, cans, etc.) in quantities less than 

29 approximately 1 percent of the container's volume are allowed. The total 

30 liquid shall be less than one volume percent of the waste container (e.g., 

31 drum or SWB). Radionuclides in pyrophoric form are limited to less than 1 

32 percent by weight of the waste package, and no explosives or compressed 

33 gases are allowed. These hazardous constituents are not regulated under 40 

34 CFR Part 191, but some are regulated separately by the EPA and New Mexico 

35 under the Resource Conservation and Recovery Act (RCRA). Many of these 

36 chemicals (hazardous and nonhazardous), if present in significant 

37 quantities, could affect the ability of radionuclides to migrate out of the 

38 repository by influencing rates of degradation of the organics, microbial 

39 activity, and gas generation. The effects of these processes are being 

40 studied. 

41 

42 
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Waste 
Possible Modifications to Waste Form 

2.5.2 Radionuclide Inventory 
2 

3 The radionuclide composition of CH- and RH-TRU waste varies depending 

4 upon the facility and process that generate the waste. An estimate of the 

5 CH- and RH-TRU radionuclide inventories is in Volume 3 of this report. 

6 

7 The fissile material content in equivalent grams of plutonium-239 

8 allowed by the WAC for CH-TRU waste is less than 200 g for a 55-gallon drum 

9 and less than 25 g for a SWB. It is expected that the fissile material for 

10 TRU waste in a remotely handled cask will be limited to less than 325 g (US 

11 DOE, 199la). 

12 

13 As discussed further in Section 3.3.2 of this volume, the EPA has set 

14 cumulative release limits in curies per 10,000 years for isotopes of 

15 amer1c1um, carbon, cesium, iodine, neptunium, plutonium, radium, strontium, 

16 technetium, thorium, tin, and uranium, as well as for certain other 

17 radionuclides (Appendix A of 40 CFR 191, Subpart B). Although the initial 

18 WIPP inventory contains little or none of some of the listed nuclides, they 

19 will be produced as a result of radioactive decay and must be accounted for 

20 in the compliance evaluation. Moreover, for compliance with the Individual 

21 Protection Requirements of 40 CFR 191, Subpart B, any radionuclides not 

22 listed in Appendix A must be accounted for if those radionuclides could 

23 contribute to doses. 

24 

25 

26 2.5.3 Possible Modifications to Waste Form 
27 

28 If ongoing research does not establish sufficient confidence in 

29 acceptable performance or indicates a potential for unacceptable 

30 performance, modifications to the waste form or backfill could be required. 

31 SNL has conducted preliminary research on possible modifications (Butcher, 

32 1990). The Engineered Alternatives Task Force (EATF) identified specific 
33 alternatives, ranked alternatives according to specific feasibility 

34 criteria, and recommended further research (US DOE, 1990e, l99lb). The DOE 
35 will make decisions about testing and, if necessary, implementing 

36 alternatives based on the recommendations of the EATF and performance-

37 assessment considerations provided by SNL. 
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2 

3 

4 

3. APPLICATION OF 40 CFR PART 191, SUBPART B, 
TOTHEWIPP 

5 The radioactive-waste disposal regulations, 40 CFR Part 191--

6 Environmental Radiation Protection Standards for Management and Disposal of 

7 Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (US EPA, 

8 1985), referred to in this volume of the report as the Standard, are 

9 divided into two subparts. 

10 

11 Subpart A limits the radiation doses that may be received by members of 

12 the public in the general environment (see Section 3.2.2 of this volume), 

13 as a result of management and storage of TRU wastes at DOE disposal 

14 facilities not regulated by the Nuclear Regulatory Commission (NRC). 

15 Subpart A requires that "the combined annual dose equivalent to any member 

16 of the public in the general environment resulting from discharges of 

17 radioactive material and direct radiation from such management and storage 

18 shall not exceed 25 millirems to the whole body and 75 millirems to any 

19 critical organ" (§ 191.03(b)). Subpart A does not apply to long-term 

20 disposal of radioactive wastes. Subpart A is discussed in the Technical 

21 Needs Assessment report (US DOE, 1992a), and in the "Test Phase Plan" 

22 currently being prepared by the DOE. Except for discussion of a few terms 

23 that are important in understanding Subpart B, Subpart A is not considered 

24 further in this report. 

25 

26 Subpart B of the Standard (Figure 3-1) specifies probabilities of 

27 cumulative releases of radionuclides to the accessible environment (see 

28 Section 3.2.2 of this volume) for 10,000 years (Containment Requirements, 

29 § 191.13) and annual radiation dose limits to members of the public in the 

30 accessible environment for 1000 years (Individual Protection Requirements, 

31 § 191.15) as a result of TRU-waste disposal. Actions and procedures are 

32 required to increase confidence that the probabilistic release limits 

33 specified in the Containment Requirements will be met (Assurance 
34 Requirements, § 191.14). Radioactive contamination of certain sources of 

35 groundwater near the WIPP disposal system from such TRU wastes is also 

36 regulated (Groundwater Protection Requirements, § 191.16), if any of these 

37 sources of groundwater are found to be present (US DOE, 1989). Each of the 

38 four requirements of Subpart B and their method of evaluation by the WIPP 

39 Project are discussed in this chapter. 

40 

41 Subpart B of the Standard was vacated and remanded to the EPA by the 

42 United States Court of Appeals for the First Circuit in July 1987 

43 (NRDC v. US EPA, 1987). A proposed revision of the Standard was prepared 

44 for discussion within the EPA in February 1992. The WIPP Land Withdrawal 

45 Act (Public Law 102-579, 1992) reinstated those portions of the 40 CFR 191, 
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Figure 3-1. Graphical representation of Subpart B of 40 CFR Part 191-­
Environmental Radiation Protection Standards for Management and 
Disposal of Spent Nuclear Fuel, High-Level and Transuranic 
Radioactive Wastes (after US DOE, 1989). The overlapping of 
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the Assurance Requirements with the Containment Requirements 
indicates that the Assurance Requirements specify actions and 
procedures to increase confidence that the probabilistic 
release limits in the Containment Requirements will be met. 



Guidance for Implementation of the Standard 

Subpart B that were not the subject of the remand, and requires the EPA to 

2 repromulgate the standard by April 30, 1993, with appropriate revisions to 

3 §191.15 and §191.16. The Second Modification to the Consultation and 

4 Cooperation Agreement (US DOE and State of New Mexico, 1981, as modified) 

5 commits the WIPP Project to proceed with compliance planning using the 

6 Standard as first promulgated until a revised Standard becomes available. 

7 Therefore, this report discusses the Standard as first promulgated. 

8 Compliance plans for the WIPP will be revised as necessary in response to 

9 changes in the Standard resulting from the repromulgation. The current DOE 

10 approach to compliance with the Standard is described in the WIPP 

11 Compliance Strategy (US DOE, 1989; also see US DOE, 1990d). Additional 

12 discussion of some aspects of the current compliance approach is in the 

13 Technical Needs Assessment report (US DOE, 1992a), and in the "Test Phase 

14 Plan" currently being prepared by the DOE. 

15 

16 The full text of the Standard is reproduced as Appendix A of this 

17 volume. 

18 

19 

20 3.1 Guidance for Implementation of the Standard 
21 

22 Appendix B of the Standard is EPA's guidance to the implementing agency 

23 (in this case, the DOE). Although it is not formal regulatory criteria 

24 within the Standard, Appendix B describes the EPA's assumptions regarding 

25 the implementation of Subpart B. In the supplementary information 

26 published with the Standard, the EPA states that it intends the guidance to 

21 be followed: 

28 

29 " ... Appendix B ... describes certain analytical approaches and 
30 assumptions through which the [EPA] intends the various long-term 
31 numerical standards of Subpart B to be applied. This guidance is 
32 particularly important because there are no precedents for the 
33 implementation of such long-term environmental standards, which 
34 will require consideration of extensive analytical projections of 
35 disposal system performance" (US EPA, 1985, p. 38069). 
36 

37 The EPA based Appendix B on analytical assumptions it used to develop 
~ the technical basis for the numerical disposal standards. Thus, the EPA 

39 "believes it is important that the assumptions used by the [DOE] are 

40 compatible with those used by EPA in developing this rule. Otherwise, 

41 implementation of the disposal standards may have effects quite different 

42 than those anticipated by EPA" (US EPA, 1985, p. 38074). 

43 

44 
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

3.2 Terminology 
2 

3 The concept of "site" is integral to limits established by Subparts A 

4 and B for releases of radionuclides from the repository, during disposal, 

5 decommissioning, and post-closure phases. "Site" is used differently in 

6 the two subparts. The differences in the meaning of "site" for the two 

7 subparts must be understood in order to avoid confusion in applying the 

8 Standard to the WIPP. The definitions of "general environment," 

9 "accessible environment," and "controlled area," which are also important 

10 in assessing compliance with the Standard, depend on the definition of 

11 "site." "Site" has also been used generically for many years by the waste-

12 management community (e. g., in the phrases "site characterization" or "site 

13 specific"); few uses of the word correspond to either of the EPA's usages 

14 in the Standard (Bertram-Howery and Hunter, 1989a; also see US DOE, 1989). 

15 Other terms that are important in understanding the application of the 

16 Standard to the WIPP also are explained in this section. 

17 

18 

19 3.2.1 "Site" 
20 

21 The "site" as defined for Subpart A is "an area contained within the 

22 boundary of a location under the effective control of persons possessing or 

23 using ... radioactive waste that are involved in any activity, operation, or 

24 process covered by this Subpart" (§ 191.02(n)). Site for the purposes of 

25 Subpart A of the WIPP is the secured-area boundary shown in Figure 1-2. 

26 This area will be under the effective control of the security force at the 

27 WIPP, and only authorized persons will be allowed within the boundary 

28 (US DOE, 1989). In addition, the DOE has control over the area contained 

29 within the land-withdrawal boundary, designated by the U.S. Congress 

30 (Public Law 102-579, 1992) as the 16 sections (16 mi2 [41 km2]) shown in 

31 Figure 1-2. The land-withdrawal boundary is referred to in the agreement 

32 with New Mexico (US DOE and State of New Mexico, 1981, as modified) and in 

33 the WIPP Final Safety Analysis Report (US DOE, 1990b) as the "WIPP site 
34 boundary." Control by the DOE prohibits habitation within the land-

35 withdrawal boundary. Consequently, for the purposes of assessing 
36 operational doses to nearby residents for Subpart A, the assumption can be 

37 made that no one lives closer than the latter boundary (Bertram-Howery and 

38 Hunter, 1989a). 

39 

40 The term "disposal site" is used frequently in Subpart B and in 

41 Appendix B of the Standard, although it is not defined in the regulation. 

42 The site for the purposes of Subpart A and the "disposal site" for the 

43 purposes of Subpart B are not the same. For the purposes of the WIPP 

44 strategy for compliance with Subpart B, the "disposal site" and the 

45 "controlled area" (defined in Section 3.2.3) are the same (US DOE, 1989). 

46 
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Terminology 
"Controlled Area" 

The boundary indicated as "WIPP" on illustrations in this volume is the 

2 boundary of the land-withdrawal area and is the same as the "controlled 
3 area" boundary used in the 1992 preliminary performance assessment of the 

4 WIPP. The subsurface projection of the land-withdrawal boundary within the 
5 Salado Formation also forms the lateral boundary of the disposal-unit for 

6 evaluating compliance with 40 CFR 268.6 (US EPA, 1990a). 

7 

8 

9 3.2.2 "General Environment" and "Accessible Environment" 
10 

11 The term "general environment" is used in Subpart A and is defined as 
12 the "total terrestrial, atmospheric, and aquatic environments outside sites 

13 within which any activity, operation, or process associated with the 

14 management and storage of ... radioactive waste is conducted" (§ 191.02(o)). 
15 "Accessible environment" is used in Subpart B and is defined as " ... (1) the 

16 atmosphere; (2) land surfaces; (3) surface waters; (4) oceans; and (5) all 
17 of the lithosphere that is beyond the controlled area" (see Section 3.2.3) 

18 (§ 191.12(k)). 

19 

20 

21 3.2.3 "Controlled Area" 
22 

23 The "controlled area" as defined in Subpart B of the Standard is 
24 

25 "(1) A surface location, to be identified by passive institutional 
26 controls, that encompasses no more than 100 square kilometers and 
27 extends horizontally no more than five kilometers in any direction 
28 from the outer boundary of the original location of the 
29 radioactive wastes in a disposal system; and (2) the subsurface 
30 underlying such a surface location" (§ 191.12(g)). 
31 

32 The controlled area is limited to the lithosphere and the surface within 

33 no more than 5 km (approximately 3 mi) from the outer boundary of the WIPP 
34 waste-emplacement panels. The boundary of this maximum-allowable 
35 controlled area does not coincide with the secured-area boundary 

36 (Figure 1-2) or with the land-withdrawal boundary (Figure 3-2). According 
37 to the definition of "accessible environment," the surface of the 

38 controlled area is in the accessible environment; the underlying subsurface 

39 of the controlled area is not part of the accessible environment 

40 (Figure 3-2). Any radionuclides that reached the surface would be subject 
41 to the limits, as would any that reached the lithosphere outside the 

42 subsurface portion of the controlled area. 

43 

44 The surface of the controlled area is to be identified by passive 

45 institutional controls, including permanent markers designating the 
46 "disposal site." Additional passive institutional controls are public 

3-5 



Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

I•······••· I 
D 

40 CFR 191 
Accessible Environment 

40 CFR 268 

Disposal Unit 

I - - - - - ,_ - - - - --

TRI-6330·7·9 

Figure 3-2. Artist's concept of the WIPP disposal system showing the 

controlled area and accessible environment for 40 CFR 191, 

Subpart B, and the repository/shaft system. The 

repository/shaft system scale is exaggerated. On the land 

surface, the land-withdrawal boundary is shown at the same 

scale as the maximum extent of the controlled area (modified 

from Bertram-Howery and Hunter, 1989b). The disposal-unit 

boundaries for 40 CFR 268 for the WIPP Test Phase are shown for 

reference (US EPA, 1990a). 
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Containment Requirements 

records, government ownership, and other methods of preserving knowledge 

2 about the disposal system (see Section 3.2.4). Permanent markers and other 

3 passive institutional controls are intended to indicate the dangers of the 

4 wastes and their location(§ 191.12(e); § 191.12(g)). 

5 

6 

1 3.2.4 "Disposal System" and "Barriers" 
8 

9 The Standard defines "disposal system" to mean "any combination of 

10 engineered and natural barriers that isolate ... radioactive waste after 

11 disposal" (§ 191.12(a)). Additionally, 

12 

13 "' [b] arrier' means any material or structure that prevents or 
14 substantially delays movement of water or radionuclides toward the 
15 accessible environment. For example, a barrier may be a geologic 
16 structure, a canister, a waste form with physical and chemical 
17 characteristics that significantly decrease the mobility of 
18 radionuclides, or a material placed over and around waste, 
19 provided that the material or structure substantially delays 
20 movement of water or radionuclides" (§ 191.12(d). 
21 

22 For the WIPP, the disposal system is the combination of the engineered 

23 barriers of the repository/shaft system and the natural barriers of the 

24 "disposal site" (Figure 3-2) that isolate the wastes from the accessible 

25 environment. The engineered barriers are seals in drifts and panel 

26 entries' backfill in drifts and panels, seals in shafts, and plugs in 

27 boreholes. Engineered modifications to the repository design could include 

28 making the waste itself form a barrier. Natural barriers are the 

29 subsurface geologic and hydrologic systems within the controlled area that 

30 inhibit release and migration of hazardous materials. Barriers are not 

31 limited to the examples given in the Standard's definition, nor are those 

32 examples mandatory for the WIPP. As recommended by the EPA in Appendix B, 

33 " ... reasonable projections for the protection expected from all of the 

34 engineered and natural barriers ... will be considered" (US EPA, 1985, 
35 p. 38088). No portion will be disregarded, unless that portion of the 

36 system makes a "negligible contribution to the overall isolation provided" 

37 by the WIPP (US DOE, 1989). 

38 

39 

40 

41 

3.3 Containment Requirements 

42 The primary objective of Subpart B is "to isolate most of the wastes 

43 from man's environment by limiting long-term releases and the associated 

44 risks to populations" (US EPA, 1985, p. 38070). This objective is 

45 reflected quantitatively in the Containment Requirements (§ 191.13). 

46 

47 

3-7 



Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

3.3.1 Performance Assessment 
2 

3 Quantitatively evaluating compliance with the Containment Requirements 

4 requires a performance assessment, which has specific meaning within the 

5 Standard: 

6 

7 "'Performance assessment' means an analysis that: (1) identifies 
8 the processes and events that might affect the disposal system; 
9 (2) examines the effects of these processes and events on the 

10 performance of the disposal system; and (3) estimates the 
11 cumulative releases of radionuclides, considering the associated 
12 uncertainties, caused by all significant processes and events. 
13 These estimates shall be incorporated into an overall probability 
14 distribution of cumulative release to the extent practicable" 
15 (§ 191.12(q)). 
16 

17 Identification of processes and events that might affect the disposal 

18 system is part of scenario development and screening for the WIPP and is 

19 discussed in Chapter 4 of this volume and Volume 2 of this report. 

20 Examining the effects of the processes and events and estimating cumulative 

21 releases of radionuclides are part of the performance-assessment 

22 consequence modeling and are also discussed in Chapter 4 of this volume and 

23 Volume 2 of this report. 

24 

25 The Containment Requirements state that performance must be measured in 

26 probabilistic terms. The allowable radionuclide release is not a single, 

27 fixed quantity, but rather is a function of the probability that the events 

28 and parameter values that contribute to the release will occur (Bertram-

29 Howery and Swift, 1990). Specifically, 

30 

31 "cumulative releases of radionuclides to the accessible environment 
32 for 10,000 years after disposal from all significant processes and 
33 events that may affect the disposal system shall: 
34 (1) Have a likelihood of less than one chance in 10 of 
35 exceeding the quantities calculated according to Table 1 
36 (Appendix A) [see Section 3.3.2 of this volume], and 
37 (2) Have a likelihood of less than one chance in 1,000 of 
38 exceeding ten times the quantities calculated according to Table 1 
39 (Appendix A) [see Section 3.3.2 of this volume]" (§ 191.13(a)). 

40 

41 Numerical limits have been placed not on the predicted cumulative 

42 radionuclide releases, but rather on the probability that cumulative 

43 releases will exceed quantities calculated as prescribed. 

44 

45 With the minor modifications of a 1000-year time period and the addition 

46 of a water withdrawal well to provide a potential pathway for radionuclides 

47 to reach humans, the performance-assessment methodology developed for the 

48 Containment Requirements can be used to assess compliance with undisturbed 
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Containment Requirements 
Release Limits 

performance for the Individual Protection Requirements (see Section 3.5 and 

2 Chapter 4 of this volume). This volume will refer to the assessment of 

3 compliance with both § 191.13(a) of the Containment Requirements and the 

4 Individual Protection Requirements as the "performance assessment." 

5 

6 

1 3.3.2 Release Limits 
8 

9 Appendix A of the Standard establishes release limits for all regulated 

10 radionuclides. Table 1 in that appendix gives the limit for cumulative 

11 releases to the accessible environment for 10,000 years after disposal for 

12 each radionuclide per unit of waste. Note l(e) to Table 1 defines the unit 

13 of waste as an amount of TRU wastes containing one million curies of alpha-

14 emitting transuranic radionuclides with half-lives greater than 20 years. 

15 Note 2(b) describes how to develop release limits for a TRU-waste disposal 

16 system by determining the waste-unit factor, which is the inventory (in 

17 curies) of transuranic alpha-emitting radionuclides in the wastes with 

18 half-lives greater than 20 years, divided by one million curies, where 

19 transuranic is defined as radionuclides with atomic weights greater than 92 

20 (uranium). Consequently, as currently defined in the Standard, all 

21 radioactivity in the wastes cannot be included when calculating the waste-

22 unit factor, and release limits are lower than they would be if the waste-

23 unit factor were based on the entire inventory. For the WIPP, 4.3 x 106 

24 curies of the 1992 radioactivity design total of 10.0 x 106 curies are 

25 estimated to come from transuranic alpha-emitting radionuclides with half-

26 lives greater than 20 years (memorandum by Peterson in Volume 3, Appendix A 

27 of this report). This number is based on the design radionuclide 

28 inventories by waste generator for contact-handled (CH) and remotely 

29 handled (RH) TRU wastes (see memorandum by Peterson in Volume 3, Appendix A 

30 of this report). By definition, isotopes of uranium (atomic weight of 92) 

31 and those that are short-lived (half-lives less than 20 years) cannot be 

32 included in determining the waste-unit factor. The most important such 

33 isotope for the WIPP is Pu-241, which has a half-life of 14.4 years (see 
34 Volume 3 of this report). Although Pu-241 and other isotopes in the design 

~ radionuclide inventories cannot be included in calculating the waste-unit 

36 factor, performance assessments for the WIPP do consider these 

37 radionuclides and their decay products in consequence calculations. 

38 

39 Note 6 of Table 1 in the Standard's Appendix A describes the manner in 

40 which the release limits are to be used to determine compliance with 

41 § 191.13(a): for each radionuclide released, the ratio of the estimated 

42 cumulative release to the release limit for that radionuclide must be 

43 determined; ratios for all radionuclides are then summed for comparison to 
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

the requirements of§ 191.13(a). Thus, the quantity of a radionuclide that 

2 may be released depends on the quantities of all other radionuclides 

3 projected to be released but cannot exceed its own release limit. The 

4 summed normalized release cannot exceed 1 for probabilities greater than 
5 0.1, and cannot exceed 10 for probabilities greater than 0.001 but less 
6 than 0.1 (§ 191.13(a)). Potential releases estimated to have probabilities 
7 less than 0.001 are not limited(§ 191.13(a)). Calculation methods for 
8 summed normalized releases are described in more detail in Volume 2 of this 

9 report. 

10 

11 

12 3.3.3 Human Intrusion 
13 

14 Determining compliance with the Standard requires performance 
15 assessments that include the probabilities and consequences of disruptive 

16 events. Appendix B of the Standard indicates that "inadvertent and 
17 intermittent intrusion by exploratory drilling for resources ... can be the 

18 most severe intrusion scenario assumed by the [DOE]" (US EPA, 1985, 

19 p. 38089). 

20 

21 In the Second Modification to the Consultation and Cooperation Agreement 
22 (US DOE and State of New Mexico, 1981, as modified), the DOE agreed to 

23 prohibit further subsurface mining, drilling, slant drilling under the 
24 withdrawal area, or resource exploration unrelated to the WIPP Project from 
25 the land surface to 6000 feet (1830 m) in the subsurface for the 16 square 
26 miles under DOE control. The Standard limits reliance on future 
27 institutional control in that "performance assessments ... shall not 

28 consider any contributions from active institutional controls for more than 
29 100 years after disposal" (§ l91.14(a)). The Standard further requires 

30 that "disposal sites shall be designated by the most permanent markers, 
31 records, and other passive institutional controls practicable to indicate 
32 the dangers of the wastes and their location" (§ l9l.l4(c)). The 
33 possibility of inadvertent human intrusion into repositories in salt 
34 formations during resource evaluation must be considered, and the use of 
35 passive institutional controls to deter such intrusion should be "taken 

36 into account" in performance assessments (US EPA, 1985, p. 38080). 

37 

38 The EPA gives specific guidance in Appendix B of the Standard for 

39 considering inadvertent human intrusion. The EPA indicates that only 

40 realistic possibilities for human intrusion that may be mitigated by 

41 design, site selection, and passive institutional controls need be 

42 considered. Additionally, the EPA assumes that passive institutional 
43 controls should " ... reduce the chance of inadvertent intrusion compared to 
44 the likelihood if no markers and records were in place." Exploring for 

45 subsurface resources requires extensive and organized effort. Because of 
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Containment Requirements 
Human Intrusion 

this effort, information from passive institutional controls is likely to 

2 reach resource explorers and deter intrusion into the disposal system 

3 (US EPA, 1985, p. 38080). In particular, as long as passive institutional 

4 controls "endure and are understood," the guidance states that they can be 

5 assumed to deter "systematic or persistent exploitation" of the disposal 

6 site, and furthermore, "can reduce the likelihood of inadvertent, 

7 intermittent human intrusion." The EPA indicates in Appendix B of the 

8 Standard that exploratory drilling for resources is the most severe 

9 intrusion that must be considered (US EPA, 1985, p. 38089). Because of the 

10 Standard's emphasis on exploratory drilling for resources as the most 

11 severe type of human intrusion to be considered at a disposal site, mining 

12 within the controlled area has not been included in performance assessment 

13 for the WIPP (Guzowski, 1990). Mining outside the WIPP boundary was 

14 retained for scenario development because of the possible effects on 

15 recharge and groundwater flow of subsidence over mined areas (Guzowski, 

16 1990; Guzowski and Helton, 1991, Section 4.1.4). Consequences of such 

17 potash mining have not yet been included in performance-assessment modeling 

18 and will be addressed in future analyses when a three-dimensional model for 

19 regional groundwater flow is available. 

20 

21 Effects of site location, repository design, and passive institutional 

22 controls can be used in judging the likelihood and consequences of 

23 inadvertent drilling intrusion. The EPA suggests in Appendix B of the 

24 Standard that intruders will soon detect or be warned of the 

25 incompatibility of their activities with the disposal site by their own 

26 exploratory procedures or by passive institutional controls (US EPA, 1985, 

27 p 0 38089) 0 

28 

29 Appendix B specifies that credit for using active institutional controls 

30 to prevent or reduce radionuclide releases cannot be taken for more than 

31 100 years after decommissioning (US EPA, 1985, p. 38088), In previous 

32 performance assessments (Bertram-Howery et al., 1990; WIPP PA Division, 

33 199la), the WIPP Project has assumed that no human intrusion of the 
34 repository would occur during the 100-year period of active institutional 

35 controls, but that site-specific exploitation outside the controlled area 
36 might occur. For the 1992 performance assessment, the probabilities of 

37 human intrusion were also considered based on the judgments of an expert 

38 panel (see memorandum by Hora in Volume 3, Appendix A of this report). 

39 Comparisons of performance estimated using both the probabilities based on 

40 expert judgment and the probability model used in 1991 are provided in 

41 Chapter 5 of this volume. 

42 

43 Appendix B of the Standard (US EPA, 1985, p. 38089) specifies that after 

44 the period of active institutional control, the predicted number of 

45 exploratory boreholes assumed to be drilled inside the controlled area 
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through inadvertent human intrusion is to be based on site-specific 

2 information and need not exceed 30 boreholesjkm2 (0.4 mi2) per 10,000 

3 years. No more severe scenarios for human intrusion inside the controlled 

4 area need be considered. Appendix B also indicates that while passive 

5 institutional controls endure, they can reduce the likelihood of 

6 inadvertent human intrusion to a degree to be determined by the DOE, 

7 although the possibility of inadvertent intrusion cannot be eliminated 

8 (US EPA, 1985, p. 38088). 

9 

10 Given the approach chosen by the EPA for defining the disposal 

11 standards, repository performance must be predicted probabilistically to 

12 evaluate compliance quantitatively. Determining the probability of 

13 intrusion poses questions that cannot be answered by numerical modeling or 

14 experimentation. Projecting future drilling activity requires unattainable 

15 knowledge about complex variables such as economic demand for natural 

16 resources, institutional control over the site, public awareness of 

17 radiation hazards, and changes in exploration technology. The 1992 

18 preliminary performance assessment uses estimates of the probability of 

19 human intrusion that are based on guidance from expert panels on possible 

20 future societies and on the potential effectiveness and duration of passive 

21 institutional controls to deter intrusion into the WIPP (Hora et al., 1991; 

22 also see Volume 2 of this report and the memorandum by Hora in Volume 3, 

23 Appendix A of this report) . 

24 

25 

26 3.3.4 Uncertainties 
27 

28 The EPA recognizes in the preamble to the Standard that "standards must 

~ be implemented in the design phase for ... disposal systems because active 

30 surveillance cannot be relied upon" over the long time of interest. The 

31 EPA further notes that "standards must accommodate large uncertainties, 

32 including uncertainties in our current knowledge about disposal-system 

33 behavior and the inherent uncertainties regarding the distant future" (US 
34 EPA, 1985, p. 38070). Within the text of the Standard, the definition of 

35 performance assessment requires "considering the associated uncertainties" 

36 (§ 191.12(q); see Section 3.3.1 of this volume). 

37 

38 "Uncertainties in parameters" are the only source of uncertainty 

39 specifically identified in the Standard (US EPA, 1985, Appendix B, p. 

40 38088). Uncertainty in input parameters used in predictive models may 

41 result from several sources, including incomplete data, intrinsic spatial 

42 variability of the property in question, measurement uncertainty, and 

43 uncertainty resulting from differences in scale between data acquisition 

44 and model application. Uncertainty in input parameters is not, however, 

45 the only potential source of uncertainty in performance assessment. As 
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Uncertainties 

indicated in the following definitions adopted from Gallegos et al. (1992) 
2 and the NEA (1992a), additional uncertainty may enter the analysis through 
3 the choice of conceptual models used to represent the disposal system. 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Conceptual Model: A set of qualitative assumptions used to describe a 
system or subsystem for a given purpose. At a minimum, these 
assumptions concern the geometry and dimensionality of the system, 
initial and boundary conditions, time dependence, and the nature of the 
relevant physical and chemical processes. The assumptions should be 
consistent with one another and with existing information within the 
context of the given purpose. 

Alternative Conceptual Models: Alternative sets of assumptions that 
describe the same system for the same purpose, where each set of 
assumptions is consistent with the existing information. 

Conceptual Model Uncertainty: The lack of knowledge about the system 
resulting from limited information available to support or refute 
alternative conceptual models. 

Uncertainty may exist also in the computational models used to perform 
22 quantitative analyses based on the chosen conceptual models. As used here, 
23 computational models include the mathematical models used to represent the 
24 physical processes, the numerical models used to solve the mathematical 
25 models, and the computer codes used to implement the solution. 
26 

21 The selection of scenarios to be analyzed also may introduce 
28 uncertainty into the estimated performance. Scenario uncertainty may be 
29 further subdivided into uncertainty in the completeness of the scenarios 
30 considered, uncertainty in the way in which computational results are 
31 aggregated to represent scenario consequences, and uncertainty in the 
32 probabilities associated with their occurrence. 

33 

34 Performance assessment thus requires considering numerous uncertainties 
35 in the projected performance of the disposal system. The WIPP Performance 
36 Assessment Department's methodology for uncertainty analysis (described in 
37 Chapter 4 of this volume and Volume 2, Chapters 3 and 4 of this report) 

38 relies on the selection of scenarios to be analyzed, the determination of 

39 scenario probabilities, and the calculation of scenario consequences using a 
40 Monte Carlo simulation technique (Pepping et al., 1983; Hunter et al., 1986; 
41 Cranwell et al., 1987, 1990; Campbell and Cranwell, 1988; Rechard, 1989; 
42 Helton, 1991). The Performance Assessment Department will assess and reduce 
43 uncertainty to the extent practicable using a variety of techniques (Table 
44 3-1). For example, the WIPP Project uses uncertainty analyses to evaluate 
45 the amount of variability in the results of a model that can be attributed 
46 to uncertainty in the parameter input data. 
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Table 3-1. Techniques for Assessing or Reducing Uncertainty in the WIPP Performance Assessment 

Type of 
Uncertainty 

Scenarios 
(Completeness, Aggregation, 
and Probabilities) 

Conceptual Models 

Computational Models 

*to the extent possible 

Technique for Assessing 
or Reducing Uncertainty 

Expert Judgment and Peer Review 

Quality Assurance 

Expert Judgment and Peer Review 

Sensitivity Analysis 

Uncertainty Analysis 

Quality Assurance 

Expert Judgment and Peer Review 

Verification and Validation* 

Sensitivity Analysis 

Quality Assurance 

References to Performance Assessment 
Reports (also see references cited 

within these reports) 

Marietta et al., 1989; Bertram-Howery et al., 1990, 
Chapter 4; Guzowski, 1990; Tierney, 1990; Helton, 
1991; Guzowski and Helton, 1991; Hora et al., 1991 ; 
memorandum by Hora in Volume 3, Appendix A of this 
report 

Rechard et al., 1992a, 1992b 

Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA 
Division, 1991 b; Volume 2 of this report 

Helton et al., 1991, 1992; Volume 4 of this report 

Helton et al., 1991, 1992; Volume 4 of this report 

Rechard et al., 1992b 

Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA 
Division, 1991 b; Volume 2 of this report 

Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA 
Division, 1991 b; Volume 2 of this report 

Helton et al., 1991, 1992; Volume 4 of this report 

Rechard et al., 1991 
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Table 3-1. Techniques for Assessing or Reducing Uncertainty in the WIPP Performance Assessment (continued) 
2 

8-------------------------------------------------------------------------------------------------------5 

6 

7 

8 

Type of 
Uncertainty 

Technique for Assessing 
or Reducing Uncertainty 

References to Performance Assessment 
Reports (also see references cited 

within these reports) 

10-------------------------------------------------------------------------------------------------------11 
12 

13 Parameter Values 
14 and Variability 
15 

16 

17 

18 

19 

20 
21 
22 
23 
24 

25 
26 
27 

Expert Judgment and Peer Review 

Data-Collection Programs 

Sampling Techniques 

Sensitivity Analysis 

Uncertainty Analysis 

Quality Assurance 

28 Source: After Bertram-Howery and Hunter, 1989b 
29 

Rechard et al., 1990a, 1990b; WIPP PA Division, 
1991c; Trauth et al., 1992; Volume 3 of this report 

Annual program plans for the WIPP 

Helton, 1991 

Helton et al., 1991, 1992; Volume 4 of this report 

Helton et al., 1991, 1992; Volume 4 of this report 

Rechard et al., 1992a 
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

Sensitivity analyses identify the main contributors to the observed 

2 variation in the results. These techniques typically are applied 

3 iteratively. The first iteration can include rather general assumptions 

4 leading to preliminary results that help focus these techniques in 

5 subsequent iterations. In this manner, the resources required to implement 

6 the techniques in Table 3-1 can be directed at the areas of the WIPP 

7 performance assessment where the benefits of understanding uncertainty and 

8 reducing it (where possible) would be the greatest. 

9 

10 Modeling the behavior of a hydrogeologic system such as the WIPP 

11 disposal system necessarily will be uncertain because knowledge about its 

12 real behavior is uncertain. Many of the parameters used as inputs to a 

13 model of the system are obtained only by a data-collection process. 

14 Investigators knowledgeable about the data they collect make a finite 

15 number of observations, choosing what parameters to measure, how to measure 

16 them, where to measure them, and when to measure them. However, the 

17 collection process itself can introduce uncertainty through measurement 

18 error, the system's inherent randomness, and limited sampling of the 

19 variable physical, chemical, and biological properties of the system. In 

20 many aspects of data collection, the professional judgment of an analyst 

21 with expertise in the area of investigation often enters into the 

22 scientific process. For example, selection of methods to collect data, 

23 interpretation of data, development of conceptual models, and selection of 

24 model parameters all require professional analysis and judgment. The 

25 analyst's final data set is based on available data, use of the parameter 

26 in the computational model, behavior of analogous systems, and the 

27 analyst's own expert judgment. 

28 

29 The WIPP Project will use more formalized expert judgment for some 

30 parameters or models identified as being important to WIPP performance in 

31 cases where significant uncertainty exists in the available data and 

32 conceptual models and experimental or field data cannot be practicably 

33 obtained. In these instances, formal elicitations will provide probability 
34 distributions for model parameters. These distributions may be used to 

35 provide guidance to the Project until experimental or field data become 

~ available, or, in those cases where direct acquisition of data is 

37 impossible or unrealistic, the elicited distributions may form part of the 

38 basis for compliance evaluation. Expert panels may also be used to provide 

39 independent evaluation. 

40 

41 Formal elicitation offers a structured procedure for gathering opinions 

42 from a panel of professionals with the recognized training and experience 

43 to address a specific problem. The process encourages diversity in 

44 opinions and thus guards against understating uncertainty. In addition, 

45 formal elicitation promotes clear and thorough documentation of the manner 
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in which results are achieved (Hora and Iman, 1989). The judgments that 
2 result from formal elicitation represent the current state of knowledge and 
3 provide a consensus of understanding, but they do not create information. 

4 An important aspect of elicitation, either during or following the process, 
5 is examining the manner in which new data may improve understanding. As 

6 new observations are made, the state of knowledge is refined. Thus far, 
7 expert panels have provided estimates of solubility and sorption parameters 
8 for selected radionuclides (Trauth et al., 1992). Additional expert panels 
9 may be convened to quantify other parameters and thus address the 

10 uncertainty in using those important data sets and associated conceptual 

11 models. 

12 

13 WIPP performance assessment must also address the potential for human 

14 intrusion and the effectiveness of passive institutional controls to deter 

15 such intrusion. An expert panel has already provided judgment on future 

16 societies' possible technical capabilities, needs, and social structures 
17 (Hora et al., 1991). An additional panel has developed marker 

18 characteristics to maximize both marker lifetimes and information that 

19 could be communicated to future generations. These panel judgments were 

20 used in the 1992 performance assessment and are discussed in Volumes 2 and 

21 3 of this report. Another expert panel is under consideration to develop 
22 strategies for barriers to intrusion-by-drilling. 

23 

24 One type of uncertainty that cannot be completely resolved is the 

25 validity of various conceptual and computational models for predicting 

26 disposal-system behavior 10,000 years into the future. Although models 
27 will be validated using available site or analog data to the extent 

28 possible, expert judgment will be relied upon where validation is not 

29 possible. Uncertainties arising from the numerical solutions of a 

30 mathematical model are resolved in the process of verification (checking 

31 for numerical accuracy) of computer programs. Uncertainty resulting from 
32 the scenarios selected for modeling is most appropriately addressed in 

33 scenario development through a systematic and thorough examination of 
34 possible scenario components (events and processes); in scenario screening 
35 based on probability, consequence, physical reasonableness, and regulatory 

36 guidance; and in probability assignment by the techniques used for 
37 evaluation or estimation. Expert judgment to evaluate completeness and 
38 provide estimates of probabilities for events and processes may also be 
~ necessary (US DOE, l990a). 

40 

41 Quality assurance (QA) procedures for performance assessment control 

42 analysis results in three areas--data, software, and analysis--and two 
43 subareas--elicitation of judgments from expert panels and documentation. 

44 QA procedures for data on facility design and geologic model parameters 

45 control traceability and documentation of data (Rechard et al., l992a). QA 
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procedures for software ensure that it performs as expected during the 

2 analysis by controlling traceability, retrievability, verification, and 

3 documentation (Rechard et al., 1991). QA procedures for analysis provide a 

4 framework and process so that analysis results present a reliable view of 

5 WIPP performance based on the present knowledge by controlling 

6 traceability, validation, personnel qualifications, data use, and peer 

7 review (Rechard et al., 1992b). QA procedures for documentation ensure 

8 that sufficient documented information is available to record how analyses 

9 were performed and how decisions were reached by specifying technical, 

10 management, and critical peer reviews (Rechard et al., 1992b). 

11 

12 

13 3.3.5 Compliance Assessment 
14 

15 The Standard assumes that the results of the performance assessment for 

16 § 191.13(a) will be incorporated, to the extent practicable, into an 

17 overall probability distribution of cumulative release. In Appendix B of 

18 the Standard, the EPA assumes that, whenever practicable, results can be 

19 assembled into a single complementary cumulative distribution function 

20 (CCDF) that indicates the probability of exceeding various levels of summed 

21 normalized cumulative releases (US EPA, 1985, p. 38088) (Figure 3-3). 

22 

23 Descriptions of a procedure for performance assessment based on the 

24 construction of a CCDF are available (Pepping et al., 1983; Hunter et al., 

25 1986; Cranwell et al., 1987, 1990; Campbell and Cranwell, 1988; Rechard, 

26 1989; Helton, in press). The construction of CCDFs follows from the 

27 development of scenario probabilities and the calculation of scenario 

28 consequences. Further, the effects of different types of uncertainties can 

29 be shown by constructing families of CCDFs and then reducing each family to 

30 a single CCDF. The construction of families of CCDFs and various summary 

31 CCDFs is described in Volume 2 of this report. 

32 

33 Currently, CCDF curves for single scenarios and single conceptual 
34 models are used extensively in performance-assessment sensitivity analysis 

35 for comparing alternative conceptual models (Helton et al., 1991, 1992). 

36 Such CCDF curves do not establish compliance or noncompliance, but they 

37 convey vital information about how changes in model assumptions or 

38 parameter distributions may influence performance (Bertram-Howery and 

39 Swift, 1990). 

40 

41 Preliminary performance assessments are performed periodically for the 

42 WIPP to provide interim guidance to the Project as it prepares for final 

43 compliance evaluations. No "final" CCDF curves yet exist because the 
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modeling system is incomplete and some input parameters have yet to be 

2 fully specified. Final probabilities for specific scenarios and many 

3 parameter-value distribution functions are still undetermined (see 

4 Volumes 2 and 3 of this report); therefore all CCDF curves presented in 
5 this report are preliminary. Although the compliance limits are routinely 

6 included on plots as reference points, the currently available curves 

7 should not be used to judge compliance with the Containment Requirements 
8 because the curves reflect an incomplete modeling system (Volume 2 of this 
9 report) and incomplete data (Volume 3 of this report) and because the 

10 Standard has not been repromulgated. 

11 

12 

13 3.3.6 "Reasonable Expectation" of Compliance 
14 

15 The EPA assumes that a single CCDF will incorporate all uncertainty 

16 (US EPA, 1985, p. 38088). The Containment Requirements (§ 191.13(a)) state 
17 that, based upon performance assessment, releases shall have probabilities 

18 not exceeding specified limits. Appendix B of the Standard states that 

19 "the [EPA] assumes that a disposal system can be considered to be in 
20 compliance with§ 191.13 if this single distribution function meets the 

21 requirements of§ 191.13(a)" (US EPA, 1985, p. 38088). However, 
22 § 191.13(b) states: 

23 

24 "Performance assessments need not provide complete assurance that 
25 the requirements of 191.13(a) will be met. Because of the long 
26 time period involved and the nature of the events and processes of 
27 interest, there will inevitably be substantial uncertainties in 
28 projecting disposal system performance. Proof of the future 
29 performance of a disposal system is not to be had in the ordinary 
30 sense of the word in situations that deal with much shorter time 
31 frames. Instead, what is required is a reasonable expectation, on 
32 the basis of the record before the implementing agency, that 
33 compliance with 191.13(a) will be achieved." 
34 

35 Given the discussions on use of qualitative judgment in Appendix B to the 
36 Standard, the EPA means the entire record, including qualitative judgments. 
37 The guidance states: 

38 

39 "The [EPA) believes that the implementing agencies must determine 
40 compliance with §§ 191.13, 191.15, and 191.16 of Subpart B by 
41 evaluating long-term predictions of disposal system performance. 
42 Determining compliance with § 191.13 will also involve predicting 
43 the likelihood of events and processes that may disturb the 
44 disposal system. In making these various predictions, it will be 
45 appropriate for the implementing agencies to make use of rather 
46 complex computational models, analytical theories, and prevalent 
47 expert judgment relevant to the numerical predictions. 
48 Substantial uncertainties are likely to be encountered in making 
49 these predictions. In fact, sole reliance on these numerical 
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1 predictions to determine compliance may not be appropriate; the 
2 implementing agencies may choose to supplement such predictions 
3 with qualitative judgments as well." 
4 

5 Thus, the EPA assumes that satisfying the numeric requirements is 

6 sufficient to demonstrate compliance with § 191.13(a) but not mandatory. A 

7 basis for concluding that a system provides good isolation can include 

8 qualitative judgment as well as quantitative results and thus does not 

g totally depend upon the calculated CCDF. As discussed in the "Test Phase 

10 Plan" currently being prepared by the DOE, and in the Technical Needs 

11 Assessment report (US DOE, 1992a), the likelihood that excess releases will 

12 occur must be considered in the qualitative decision about a "reasonable 

13 expectation" of compliance but is not necessarily the deciding factor. 

14 

15 In the supplementary information published with the Standard, the EPA 

16 states that "the numerical standards chosen for Subpart B, by themselves, 

17 do not provide either an adequate context for environmental protection or a 

18 sufficient basis to foster public confidence ... " (US EPA, 1985, p. 38079). 

19 The EPA also states that "factors such as [food chains, ways of life, and 

20 the size and geographical distributions of populations] cannot be usefully 

21 predicted over [10,000 years] .... The results of these analyses should not 

22 be considered a reliable projection of the 'real' or absolute number of 

23 health effects resulting from compliance with the disposal standards" 

24 (US EPA, 1985, p. 38082). 

25 

26 The EPA recognizes that too many uncertainties exist in projecting the 

27 behavior of natural and engineered components for 10,000 years and that too 

28 many opportunities for errors in calculations or judgments are possible for 

29 the numerical requirements to be the sole basis for determining the 

30 acceptability of a disposal system (US EPA, 1985, p. 38079). Qualitative 

31 Assurance Requirements (discussed further in Section 3.4 of this volume) 

32 were included in the Standard to ensure that "cautious steps are taken to 

33 

34 

35 

36 

reduce the problems caused by these uncertainties." 
Assurance Requirements are "an essential complement 

contairunent requirements" (US EPA, 1985, p. 38079). 

requirement was chosen to compensate for some aspect 

These qualitative 
to the quantitative 

Each qualitative 

of the inherent 

37 uncertainty in projecting the future performance of a disposal system (see 

38 Section 3.4 of this volume). The Assurance Requirements begin by declaring 

39 that compliance with their provisions will "provide the confidence needed 

40 for long-term compliance with the requirements of 191.13" (§ 191.14). 

41 

3-21 



Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

Determining compliance with Subpart B depends on the estimated overall 
2 probability distribution of cumulative releases and on the estimated annual 
3 doses; however, it also depends on the strength of the assurance strategies 
4 (US DOE, 1987, currently in revision) that will be implemented and on the 
5 qualitative judgment of the DOE and its analysts. The preceding discussion 
6 demonstrates the EPA's recognition of the difficulties involved in 
7 predicting the future and in quantifying the outcomes of future events. 
8 The EPA expects the DOE to understand the uncertainties in the disposal 
9 system's behavior to the extent practical, while recognizing that 

10 substantial uncertainties will nevertheless remain. 
11 

12 

13 

14 

3.4 Assurance Requirements 

15 The EPA included Assurance Requirements (§ 191.14) in the 1985 Standard 
16 to provide confidence the agency believes is needed for long-term 
17 compliance with the Containment Requirements. These requirements apply 
18 only to disposal systems not regulated by the NRC, because comparable 
19 provisions exist in NRC regulations. The Assurance Requirements are 
20 designed to complement the Containment Requirements because of the 
21 uncertainties involved in predicting long-term performance of disposal 
22 systems (US EPA, 1985, p. 38072). 

23 

24 Each Assurance Requirement applies to some aspect of uncertainty about 
25 long-term containment: 

26 

27 Limiting reliance on active institutional controls to 100 years 
28 precludes relying on future generations to maintain surveillance; 
29 

30 Carefully planned monitoring will reduce the likelihood of 
31 unexpectedly poor system performance going undetected; 
32 

33 Using passive institutional controls such as markers and records 
34 will reduce the chances of inadvertent or systematic intrusion; 
35 

36 Including multiple barriers, both engineered and natural, will 
37 reduce the risk should one type of barrier not perform as 
38 expected; 
39 

40 Considering future resource potential and demonstrating that the 
41 favorable characteristics of the disposal site compensate for the 
42 likelihood of disturbance will add to the confidence that the 
43 chosen site is appropriate; 
44 

45 Selecting a disposal system that permits possible future recovery 
46 of most of the wastes for a reasonable period of time after 
47 disposal will allow future generations the option of relocating 
48 the wastes should new developments warrant such recovery (US DOE, 

3-22 



Individual Protection Requirements 

1 1990d). In promulgating the Standard, the EPA stated that "the 
2 intent of this provision was not to make recovery of waste easy or 
3 cheap, but merely possible ... because the [EPA] believes that 
4 future generations should have options to correct any mistakes 
5 that this generation might unintentionally make" (US EPA, 1985, 
6 p. 38082). The EPA also stated that "any current concept for a 
7 mined geologic repository meets this requirement without any 
8 additional procedures or design features" (US EPA, 1985, p. 38082, 
9 emphasis in original). 

10 

11 

12 

13 

3.5 Individual Protection Requirements 

14 The Individual Protection Requirements (§ 191.15) of the Standard 

15 require predicting potential doses to humans resulting from releases to the 

16 accessible environment for undisturbed performance during the first 1000 

17 years after decommissioning of the repository, in the event that 

18 performance assessments predict such releases. Although challenges to this 

19 requirement contributed to the remand of Subpart B to the EPA, the WIPP 

20 Project has made no assumptions about how the requirement may change when 

21 the Standard is repromulgated. 

22 

23 The methodology developed for assessing compliance with the Containment 

24 Requirements can be used to estimate doses as specified by the Individual 

25 Protection Requirements. One of the products of scenario development for 

26 the Containment Requirements is a base-case scenario for the WIPP that 

27 describes undisturbed conditions. The undisturbed performance of the 

28 repository is its design-basis behavior, including variations in that 

29 behavior resulting from uncertainties in the 10,000-year performance of 

30 natural and engineered barriers and excluding human intrusion and unlikely 

31 natural events, as defined in §191.12(p): 

32 

33 "'Undisturbed performance' means predicted behavior of a disposal 
34 system, including consideration of the uncertainties in predicted 
35 behavior, if the disposal system is not disrupted by human 
36 intrusion or the occurrence of unlikely natural events." 

37 

38 Undisturbed performance for the WIPP is understood to mean that 

39 uncertainties in such repository features as engineered barriers (seals and 

40 plugs) must be specifically included in the analysis of the predicted 

41 behavior (US DOE, 1990a). Human intrusion means any human activity other 

42 than those directly related to repository characterization, construction, 

43 operation, or monitoring. The effects of intrusion are specifically 

44 excluded from the undisturbed-performance analysis (US DOE, 1989). 

45 

46 Because of the relative stability of the natural systems within the 

47 region of the WIPP disposal system, all events and processes that are 

3-23 



Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP 

expected to occur naturally are part of the base-case scenario and are 
2 assumed to represent undisturbed performance (Marietta et al., 1989). 
3 Unlikely natural events not included in undisturbed performance of the WIPP 
4 are those events and processes that have not occurred in the past at a 
5 sufficient rate to affect the Salado Formation at the repository horizon 
6 within the controlled area and potentially cause the release of 
7 radionuclides. 

8 

9 The EPA assumes in Appendix B to the Standard that compliance with the 
10 Individual Protection Requirements "can be determined based upon best 
11 estimate predictions" rather than a probabilistic analysis. Thus, 
12 according to the EPA, when uncertainties are considered, only "the mean or 
13 median of the appropriate distribution, whichever is higher," need fall 
14 below the limits (US EPA, 1985, p. 38088). 
15 

16 The Individual Protection Requirements state that "the annual dose 
17 equivalent from the disposal system to any member of the public in the 
18 accessible environment" shall not exceed "25 millirems to the whole body or 
19 75 millirems to any critical organ" (§ 191.15). These requirements apply 
20 to undisturbed performance of the disposal system, considering all 
21 potential release and dose pathways, for 1000 years after disposal. A 
22 specifically stated requirement is that modeled individuals be assumed to 
23 consume 2 L (0.5 gal) per day of drinking water from a significant source 
24 of groundwater, as defined in the Standard: 
25 

26 "'Significant source of ground water' ... means: (1) An aquifer 
27 that: (i) Is saturated with water having less than 10,000 
28 milligrams per liter of total dissolved solids; (ii) is within 
29 2,500 feet of the land surface; (iii) has a transmissivity greater 
~ than 200 gallons per day per foot, provided that any formation or 
31 part of a formation included within the source of ground water has 
32 a hydraulic conductivity greater than 2 gallons per day per square 
33 foot ... ; and (iv) is capable of continuously yielding at least 
34 10,000 gallons per day to a pumped or flowing well for a period of 
35 at least a year; or (2) an aquifer that provides the primary 
36 source of water for a community water system as of [November 18, 
37 1985]" (§ l91.12(n)). 

3S 
39 No water-bearing unit at the WIPP meets the first definition of 
40 significant source of groundwater at tested locations within the land-
41 withdrawal area. At most well locations, water-bearing units meet neither 
42 requirement (i) nor (iii): total dissolved solids exceed 10,000 mg/L and 
43 transmissivity is less than 200 gallons per day per foot (26.8 ft3jft•day 
44 or 2.9 x lo-S m3jm•sec) (Siegel et al., 1991; Brinster, 1991). Outside the 
45 land-withdrawal area, however, portions of the Culebra Dolomite Member do 
46 meet the requirements of the first definition. The WIPP Project will 
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assume that any portion of an aquifer that meets the first definition is a 

2 significant source of groundwater and will examine communication between 

3 nonqualifying and qualifying portions. No community water system is being 

4 supplied by any aquifer near the WIPP; therefore, no aquifer meets the 

5 second definition of significant source of groundwater (US DOE, 1989). 

6 

7 Based on current evaluations, no units near the WIPP appear to meet the 

8 entire definition of a significant source of groundwater. The nearest 

9 aquifer that meets the first definition of a significant source of 

10 groundwater over its entire extent is the alluvial and valley-fill aquifer 

11 along the Pecos River. Communication between this aquifer and any other 

12 aquifers near the WIPP will be evaluated in future analyses when an 

13 improved model for regional groundwater flow is available (US DOE, 1989). 

14 Studies will include reviewing and assessing regional and WIPP drilling 

15 records and borehole histories for pertinent hydrologic information 

16 (US DOE, 1990a) . 

17 

18 No releases from the undisturbed repository/shaft system are expected 

19 to occur within the 1000-year period of the Individual Protection 

~ Requirements, nor within the 10,000-year period of the Containment 

21 Requirements (Lappin et al., 1989; Marietta et al., 1989; WIPP PA Division, 

22 199lb; WIPP PA Department, 1992; Chapter 5 of this volume). Therefore, 

23 dose predictions for undisturbed performance are not expected to be 

24 necessary. To date, analyses of undisturbed conditions indicate successful 

25 long-term isolation of the wastes (see Chapter 5 of this volume). 

26 

27 

28 

29 

3.6 Groundwater Protection Requirements 

30 Special sources of groundwater are protected by the Groundwater 

31 Protection Requirements (§ 191.16) from contamination at levels greater 

32 than certain limits. "Special sources of groundwater" are defined as 

33 

~ "those Class I ground waters identified in accordance with the 
35 [EPA's] Ground-Water Protection Strategy published in August 1984 
36 that: (1) Are within the controlled area encompassing a disposal 
37 system or are less than five kilometers beyond the controlled 
38 area; (2) are supplying drinking water for thousands of persons as 
39 of the date that the [DOE] chooses a location within that area for 
40 detailed characterization as a potential site for a disposal 
41 system (e.g., in accordance with Section 112(b)(l)(B) of the 
42 NWPA); and (3) are irreplaceable in that no reasonable alternative 
43 source of drinking water is available to that population" 
44 ( § 191. 12 ( 0 ) ) . 

45 
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Chapter 3. Application of 40 CFR Part 191, Subpart 8, to the WIPP 

Class I groundwaters are defined as follows (US EPA, 1984): 

"Certain ground-water resources are in need of special protective 
measures. These resources are defined to include those that are 
highly vulnerable to contamination because of the hydrogeological 
characteristics of the areas under which they occur. Examples of 
hydrogeological characteristics that cause groundwater to be 
vulnerable to contamination are high hydraulic conductivity 
(karst formations, sand and gravel aquifers) or recharge 
conditions (high water table overlain by thin and highly 
permeable soils). In addition, special groundwaters are 
characterized by one of the following two factors: 

(1) Irreplaceable source of drinking water. These include 
groundwater located in areas where there is no practical 
alternative source of drinking water (islands, peninsulas, 
isolated aquifers over bed rock) or an insufficient alternative 
source for a substantial population; or 

(2) Ecologically vital, in that the groundwater contributes to 
maintaining either the base flow or water level for a 
particularly sensitive ecological system that, if polluted, would 
destroy a unique habitat (e.g., those associated with wetlands 
that are habitats for unique species of flora and fauna or 
endangered species)." 

27 As defined in the Groundwater Protection Requirements, no special 

28 sources of groundwater exist at the WIPP within the maximum area allowed 

~ (Figure 3-4); therefore, the requirement to estimate radionuclide 

~ concentrations in such groundwater is not relevant to the WIPP (see 

31 Chapter 5 of this volume). 
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Figure 3-4. Illustration of boundary definitions pertaining to the 
Groundwater Protection Requirements (after US DOE, 1989). The 
dashed line, drawn 5 km (3 mi) from the maximum allowable 
extent of the controlled area(§ 191.12(g)), shows the maximum 
area in which the occurrence of a special source of groundwater 
(§ 191.12(o)) is of regulatory interest. 
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2 

3 

4. PERFORMANCE-ASSESSMENT METHODOLOGY 

4 This chapter contains a brief and simplified overview of the 

5 methodology used in WIPP performance assessment. A more complete discussion 

6 is presented in Volume 2 of this report and in references cited therein. 

7 

8 The WIPP performance assessment represents risk as a triplet consisting 

9 of the answers to the following three questions (Kaplan and Garrick, 1981): 

10 

11 

12 

13 

14 

15 

16 

(1) What can happen? (scenarios) 

(2) How likely are things to happen? (probabilities of scenarios) 

(3) What are the consequences of these things (scenarios) happening? 

17 The first question is answered by a systematic scenario construction 

18 procedure that results in a set of comprehensive and mutually exclusive 

19 scenarios for consequence analysis (Guzowski, 1990; Cranwell et al., 1990; 

20 NEA, 1992b). Answering the second question requires that probability 

21 estimates be made for the scenarios retained for analysis. A formal 

22 elicitation procedure using expert panels has been recommended by other 

23 programs (Hora and Iman, 1989; Andersson et al., 1989; Stephens and Goodwin, 

24 1989; Bonano et al., 1990) and employed by WIPP performance assessment. 

25 Answering the third question requires a modeling system to estimate 

26 consequences, expressed in terms of the performance measures of interest. 

27 The WIPP performance assessment uses a Monte Carlo technique to examine 

28 uncertainty in performance estimates and to perform sensitivity analyses 

29 that provide guidance to the Project. 

30 

31 The WIPP performance assessment is iterative, and answers to each of 

32 these three questions will be reexamined as the Project moves toward a final 
33 regulatory compliance evaluation. Thus, the set of scenarios selected for 

34 consequence analysis may change as new information dictates (although the 

35 scenarios examined in 1992 are essentially unchanged from 1991). Scenario 

36 probabilities have changed as expert judgment is incorporated, and the 
37 modeling system continues to change as new models and data become available. 

38 

39 

40 

41 

4.1 Scenarios 

42 WIPP performance assessment uses a formal scenario-selection procedure 

43 consisting of five steps (Cranwell et al., 1990): (1) compiling or adopting 

44 a comprehensive set of events and processes that potentially could affect 

45 the disposal system, (2) classifying the events and processes to aid in 
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completeness arguments, (3) screening the events and processes to identify 

2 those that can be eliminated from consideration in the performance 

3 assessment, (4) developing scenarios by combining events and processes that 

4 remain after screening, and (5) screening scenarios to identify those that 

5 have little or no effect on the performance estimate. In the application of 

6 this scenario-selection process to the WIPP, events and processes were 

7 screened according to probability, consequence, and physical reasonableness_ 

8 Following guidance from the Containment Requirements of the Standard 

9 (§ 191.13), those events and processes with a probability of less than lo-4 

10 in 10,000 years were eliminated, as were those which would have little or no 

11 consequence on performance or which would be physically unreasonable. This 

12 screening process is summarized in Volume 2, Chapter 4 of this report, and 

13 is described in detail in the 1991 documentation (Guzowski and Helton, 

14 1991). 

15 

16 For the WIPP, the result of the scenario-selection process is a set of 

17 eight scenarios constructed from three retained events (Figure 4-l). No 

18 scenarios resulting from the selection process have been screened out. 

19 Scenarios shown in Figure 4-1 that include the effects of subsidence due to 

20 potash mining have not been included in the 1992 or previous performance 

21 assessments, but the impact of subsidence events will be examined in future 

22 analyses. The four scenarios analyzed in 1992 are discussed in the 

23 following sections. 

24 

25 

25 4.1.1 Undisturbed Performance (Base Case) 
27 

28 As defined in the Standard (§ 191.12(p)) and discussed in Section 3.5 

29 of this volume, "'undisturbed performance' means the predicted behavior of a 

~ disposal system, including consideration of the uncertainties in predicted 

31 behavior, if the disposal system is not disrupted by human intrusion or the 

32 occurrence of unlikely natural events." The Standard does not define 

33 "unlikely," but the WIPP Performance Assessment Department interprets the 
34 probability cutoff of lo-4 in 10,000 years proposed in Appendix B of the 

35 Standard for the Containment Requirements (§ 191.13) to be a suitable 
36 working definition for the term. 

37 

38 No disruptive natural events with probabilities greater than lo-4 in 

39 10,000 years were identified during the scenario-selection procedure, so 

40 "undisturbed performance" is the same as the "base case" scenario in Figure 

41 4-1. Because of the relative stability of the natural systems within the 

42 region of the WIPP disposal system, all naturally occurring events and 

43 processes retained for scenario construction (e.g., climate variability) (1) 

44 will occur, (2) are part of the base-case scenario, and (3) are 

45 nondisruptive. The base-case scenario (Figure 4-2a) describes the disposal 

4-2 



No t 
Yes 

t 

TS E1 E2 

I Base Case 

I E2 

I 
E1 

I 
E1 E2 

l TS 

T TS E2 

I 
TS E1 

I TS E1 E2 

TS Is an Event in which Subsidence Results from 
Mining of Potash 

Scenarios 
Undisturbed Performance (Base Case) 

Analyzed 
in 

1992 

E1 Is an Event in which One or More Boreholes Pass 
through Waste Panel and into a Brine Pocket 

E2 Is an Event in which One or More Boreholes Pass 
through Waste Panel without Penetration of a Brine Pocket 

TRI-6342-3400-0 

Figure 4-1_ Potential scenarios for the WIPP disposal system_ Each 
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possible 10,000-year histories beginning at decommissioning of 
the WIPP_ 

4-3 



Chapter 4. Performance-Assessment Methodology 

Figure 4-2. 
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Scenarios 
Inadvertent Human Intrusion 

system from the time of decommissioning and incorporates all expected 

2 changes in the system and associated uncertainties for the 10,000 years of 

3 concern for the Containment Requirements (§ 191.13). Two potential 

4 pathways for migration of radionuclides dissolved in brine are considered. 

5 In the first path, brine may migrate either through drifts or through the 

6 disturbed rock zone (DRZ) surrounding the excavation and anhydrite 

7 interbeds (primarily MBl39) to the shafts and then upward toward the 

8 Culebra Dolomite Member of the Rustler Formation, which is the most 

9 permeable water-saturated unit overlying the repository. Transport may 

10 then occur laterally in the Culebra toward the subsurface boundary of the 

11 accessible environment. In the second path, brine may migrate laterally 

12 toward the subsurface boundary of the accessible environment within 

13 anhydrite interbeds in the Salado Formation. Considered for only 1000 

14 years, and with the addition of a water withdrawal well to provide a 

15 potential pathway for radionuclides to reach humans, the base-case scenario 

16 is also suitable for evaluations of undisturbed performance for the 

17 Individual Protection Requirements(§ 191.15). Considering gas migration 

18 pathways to the disposal-unit boundary and, if necessary, transport of 

19 hazardous constituents in both gas and brine phases, the base-case scenario 

20 is suitable for evaluations of undisturbed performance for 40 CFR 268.6 

21 (RCRA) (see Volume 5 of this report). 

22 

23 

24 4.1.2 Inadvertent Human Intrusion 
25 

26 Performance assessments for 40 CFR 191, Subpart B, presently 

27 concentrate on inadvertent human intrusion during exploratory drilling for 

28 resources, which has been demonstrated by past analyses (Marietta et al., 

29 1989; Bertram-Howery et al., 1990; WIPP PA Division, l99la,b,c; WIPP PA 

30 Department, 1992; see also Section 5.2 of this volume) to be the only event 

31 likely to lead to radionuclide releases close to or in excess of regulatory 

32 limits. Future drilling technology is assumed for these analyses to be 

33 comparable to technology presently in use in the region around the WIPP. 

34 

35 If the waste-emplacement panels are penetrated by an exploratory 

36 borehole, radionuclides may reach the accessible environment by two 

37 principal pathways. First, some radionuclides will be transported up the 

38 borehole directly to the ground surface. Second, additional radionuclides 

39 transported up the borehole will migrate into overlying strata and may be 

40 transported laterally in groundwater to the subsurface boundary of the 

41 accessible environment. 

42 

43 Most releases at the ground surface will be in the form of particulate 

44 waste entrained in the drilling fluid, including components from cuttings 

45 (material removed by the drill bit), cavings (material eroded from the 
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borehole wall by the circulating drilling fluid), and spallings (material 

2 that enters the borehole as the repository depressurizes). For 

3 convenience, these particulate releases are collectively referred to in 

4 performance-assessment documentation as cuttings. For the 1992 

5 calculations, results referred to as cuttings include cavings but do not 

6 include spallings. If important, spallings will be included in future 

7 performance assessments when models and data are available. Additional 

8 discussion of the modeling of particulate releases at the ground surface 

9 during drilling is provided in Volume 2, Section 7.7 of this report. 

10 Release of radionuclides dissolved in brine that may flow up the borehole 

11 to the ground surface both during drilling and after degradation of plugs 

12 has not been included either in past performance assessments or in the 

13 results presented in this volume. Volume 4 of the 1992 documentation will 

14 contain preliminary analyses of the potential for releases by this 

15 mechanism. 

16 

17 Subsurface releases of radionuclides following lateral transport in 

18 groundwater are believed to be most likely to occur in the Culebra Dolomite 

19 Member of the Rustler Formation overlying the repository. For analysis 

20 purposes, subsurface transport is assumed to occur only in the Culebra, 

21 maximizing the potential for releases by this pathway. Additional 

22 discussion of flow and transport in the Culebra is provided in Volume 2, 

23 Section 7. 6 of this report. 

24 

25 Figures 4-2b and 4-3 illustrate the three representative intrusion 

26 scenarios shown in Figure 4-l. In the El scenario (Figure 4-2b), a 

27 borehole penetrates the repository and a hypothetical pressurized brine 

28 reservoir in the underlying Castile Formation. In the E2 scenario (Figure 

29 4-3a), a borehole penetrates the repository and misses the hypothetical 

30 brine reservoir. In the ElE2 scenario (Figure 4-3b), one borehole 

31 penetrates the repository and the hypothetical brine reservoir and a second 

32 borehole penetrates the repository but misses the pressurized brine 
33 reservoir. 

34 

35 In all three of these intrusion scenarios, borehole plugs are assumed 

36 to be emplaced and to perform so as to maximize fluid flow into the Culebra 

37 Dolomite Member of the Rustler Formation. These plug configurations have 

38 been chosen to facilitate examination of the specific scenarios, and do not 

39 reflect the most realistic conditions expected. In the El and E2 

40 scenarios, any plugs between the repository and the Culebra are assumed to 

41 fail immediately, whereas plugs above the Culebra remain effective for 

42 10,000 years. In the ElE2 scenario, a plug in the El-type borehole between 

43 the repository and the Culebra remains effective and forces flow through 

44 the waste and up the E2-type hole, where a plug above the Culebra forces 

45 flow laterally toward the accessible-environment boundary. As noted above, 
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consequences of alternative assumptions about plugging in which all plugs 

2 degrade to a material with relatively high permeability (as suggested in 

3 Appendix B of the Standard [US EPA, 1985, p. 38089]) and brine is allowed 

4 to flow at the ground surface will be examined and documented in a 

5 subsequent volume. 

6 

7 For improved computational resolution, the El, E2, and ElE2 scenarios 

8 have been subdivided further into computational scenarios on the basis of 

9 time of intrusion and activity of the waste intersected. As discussed in 

10 Volume 2, Chapter 4 of this report, subsurface radionuclide releases 

11 following groundwater transport in the Culebra are calculated in the 1992 

12 performance assessment only for intrusions occurring 1000 years after 

13 decommissioning. Because of the decreased time available for transport, 

14 later intrusions are expected to result in smaller releases. As in 1991, 

15 for computational efficiency, El-type intrusions are not analyzed 

16 explicitly, but rather are assumed to have the same consequences as E2-type 

17 intrusions (WIPP PA Division, 199lb). Releases of cuttings are calculated 

18 for six time intervals, including intrusions at 125, 175, 350, 1000, 3000, 

19 and 7250 years. Multiple intrusions are allowed, with a maximum number of 

20 10 occurring in simulations used in the 1992 analyses. 

21 

22 

23 

24 

4.2 Probabilities of Scenarios 

25 Identifying the probability of future human intrusion is at best a 

26 qualitative task. Preliminary performance assessments for the WIPP prior 

27 to 1990 considered a fixed number of human intrusions with fixed and 

28 arbitrary probabilities (Marietta et al., 1989; Guzowski, 1991). The 1990 

29 preliminary assessment (Bertram-Howery et al., 1990) compared performance 

30 assuming fixed probabilities for intrusion events with performance 

31 estimated assuming that intrusion through the repository follows a Poisson 

32 process (i.e., intrusion events are random in time and space) with a rate 

33 constant, A. The 1991 assessment (WIPP PA Division, 199la,b) included a 

34 probability model based on the Poisson assumption and also included effects 

~ of variable activity loading with boreholes intersecting waste of five 

36 different levels of radioactivity (Helton et al., 1992). Based on guidance 

37 in Appendix B of the Standard, a maximum of 30 boreholesjkm2 were allowed 

38 in 10,000 years, although the largest number to occur in any realization 

39 was 10 per 0. 5 km2. 

40 

41 The 1992 preliminary performance assessment marks the first use for 

42 the WIPP of external expert judgment to estimate the probability of future 

43 intrusion. Teams of experts from outside the WIPP Project were selected 

44 and organized into two panels to address (1) the nature of future societies 

45 and the possible modes of intrusion, and (2) types of markers and their 
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potential effectiveness in deterring intrusion (Hora et al., 1991; 

2 memorandum by Hora in Volume 3, Appendix A of this report). The judgments 

3 elicited from these panels were used to construct an algorithm describing 

4 possible changes in the Poisson rate constant, A, with time (memorandum by 

5 Hora in Volume 3, Appendix A of this report). The 1992 preliminary 

6 performance assessment presents results calculated both using the 1991 

7 time-invariant formulation for A and the time-dependent formulation based 

s on external expert judgment. Both formulations used the same 

9 representation for variable activity loading used in the 1991 performance 

10 assessment (Helton et al., 1992). The time-dependent formulation including 

11 the deterrence effect of markers resulted in significantly fewer intrusions 

12 (a maximum of 3 for intrusions occurring at 1000 years and 4 for the 6 

13 intrusion times) than the time-invariant formulation (a maximum of 8 for 

14 intrusions occurring at 1000 years and 10 for 6 intrusion times). 

15 

16 

17 

18 

4.3 Scenario Consequence Modeling 

19 Consequence modeling for WIPP performance assessment uses a linked 

20 system of computational models to describe the disposal system and a Monte 

21 Carlo technique that relies on multiple simulations using sampled values 

22 for selected input parameters to quantify uncertainty in the performance 

23 estimate. A full analysis includes selecting imprecisely known parameters 

24 to be sampled, constructing distributions for each of these parameters 

25 incorporating available data and subjective information, generating a 

26 sample from these variables, and calculating consequences for each sample 

27 element. Consideration of alternative conceptual models (defined in 

28 Section 3.3.4 of this volume), which may require different input parameters 

29 and perhaps different computational models, at present is included by 

30 repeating the full analysis for each conceptual model to assess uncertainty 

31 among alternative models. Results for preliminary comparison with 40 CFR 

32 191, Subpart B, are usually displayed in terms of complementary cumulative 

33 distribution functions (CCDFs), which are plots of exceedance probability 
34 versus consequence. The consequence measure for§ 191.13 is the EPA 

35 normalized sum, as discussed in Section 3.3.2 of this volume and in Volume 

36 3, Section 3.3.4 of this report. Construction of CCDFs is discussed in 

37 Volume 2, Chapter 3 of this report. 

38 

39 Uncertainty and sensitivity analyses use a Latin hypercube sampling 

40 technique followed by stepwise rank regression analysis (Iman and Helton, 

41 1985; Helton et al., 1991, 1992). In other sensitivity analyses for 

42 alternative conceptual models, specific parameter groups are assigned fixed 

43 values corresponding to extreme and median values, and all other parameters 

44 in the data base are sampled probabilistically over the full range of 

45 possible values. A parameter or group of parameters is thus tested ceteris 
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paribus (all other things being equal) within a Monte Carlo simulation 
2 (Helton et al., 1991). To compare with the Standard for each conceptual 
3 model, results are assembled into CCDF plots of probability versus 
4 10,000-year normalized cumulative radionuclide release, as recommended in 
5 the guidance to the Standard. The technique isolates effects of variations 
6 in parameter groups (used to represent alternative conceptual models) on 
7 predicted performance. Priorities can then be suggested for future 
8 modeling and experimental research. 

9 

10 

11 4.3.1 Computational Models 
12 

13 Major computer programs (codes) used in the computational models for 
14 the 1992 preliminary performance assessment (Figure 4-4) are described in 
15 detail in Volume 2 of this report. They reflect improvements in the 
16 conceptual and numerical models used in the 1991 and previous performance 
17 assessments, and permit the replacement of simplifying assumptions with 
18 more realistic models. Three of the most significant improvements in 1992 
19 are discussed here. 

20 

21 The 1992 calculations mark the first time the effects of salt creep 
22 have been explicitly included in performance assessments. Salt will deform 
23 over time by creep in response to a pressure gradient, and, if the 
24 repository remained at atmospheric pressure, lithostatic stresses would 
25 cause it to close almost completely within 100 years (Tyler et al., 1988; 
26 Munson et al., 1989a,b). Gas will be generated within the repository by 
27 degradation of the waste, however, and pressure within the repository will 
28 rise to elevated levels that will retard complete creep closure and may 
29 perhaps partially reverse the process. In 1991, no model was available to 
30 describe the coupled interaction of creep closure and gas pressurization, 
31 and the performance-assessment calculations used a simplifying assumption 
32 that porosity within the disposal region would remain constant through 
33 time. As discussed in detail in Volume 2, Section 7.3 of this report, the 
34 1992 calculations use output from the geomechanical code SANCHO (Stone et 
35 al., 1985) to define the porosity of the waste as a function of pressureo 

36 Although this method does not represent a full coupling of creep closure 
37 and gas generation, the modeling improvement allows the performance 
38 assessment to evaluate the importance of changing void volume in the 
39 repository. An analysis of the impact on performance of including salt 
40 creep is included in Volume 4 of this report. 
41 

42 The method used to incorporate spatial variability in the 
43 transmissivity field in the Culebra has been modified significantly from 
44 that used in 1991. The Performance Assessment Department now uses an 
45 automated inverse approach to calibrate a two-dimensional model to both 
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steady-state and transient pressure data generating multiple realizations 

2 of the transmissivity field (Volume 2, Section 7.5 of this report; LaVenue 

3 and RamaRao, 1992). Seventy calibrated fields were sampled for use in the 

4 1992 performance assessr 1t. 

5 

6 Radionuclide transport in the Culebra, which had been simulated using 

7 STAFF2D (Huyakorn et al., 1991) in the 1991 performance assessment, is now 

8 simulated by the SECO-TP code (Volume 3, Section 1.4.6 of this report). 

9 SECO-TP is a dual-porosity model in which advective transport is allowed 

10 only in fractures, and diffusion of solute occurs into the rock matrix 

11 surrounding the fracture. The fracture system is idealized as planar and 

12 parallel, and each fracture wall may be coated with a layer of clay of 

13 uniform thickness and porosity. The model is capable of simulating both 

14 physical retardation by diffusion and chemical retardation by sorption in 

15 both clay fracture-linings and dolomite matrix. 

16 

17 Several significant improvements remain to be made in the performance-

18 assessment modeling system. Specifically, the model used in 1992 for 

19 groundwater flow in the Culebra does not include possible effects of 

20 subsidence related to potash mining or a representation of recharge that 

21 includes present or future vertical groundwater flow within the Rustler 

22 Formation (leakage). The model used to represent the response of the 

23 repository and the surrounding strata to the generation of gas by waste 

24 degradation does not include effects of possible pressure-dependent 

25 fracturing of anhydrite layers within the Salado Formation. Modeling 

26 system improvements also remain to be made with respect to gas generation, 

27 the conceptual three-dimensional model for regional groundwater flow, the 

28 impact of spallings and direct flow of brine up a borehole to the surface, 

29 transport of radionuclides as colloids, and possible correlations between 

30 input parameters used in computational models. Consequences of these 

31 aspects of disposal-system performance will be examined in future analyses 

32 as additional information becomes available. 

33 

34 

3s 4.3.2 Distributions for Imprecisely Known Variables 
36 

37 The complete data base used in the 1992 preliminary performance 

38 assessment is presented in Volume 3 of this report, and includes ranges and 

39 cumulative distribution functions (cdfs) for all sampled parameters and 

40 median values for all non-sampled parameters. Ranges for parameter values 

41 have been selected by WIPP Project researchers in their respective fields. 

42 The selection of parameters to be sampled is based on previous sensitivity 

43 analyses and, to some extent, on subjective judgment by the researchers on 

44 the importance of the parameters. Distribution functions for parameters 

45 have been assigned by the Performance Assessment Department using available 
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data and the maximum entropy formalism (MEF), which minimizes the amount of 

2 spurious information that enters into cdf construction from sparse data or 

3 limited quantitative information (Tierney, 1990). For WIPP performance 

4 assessment, the MEF serves as a consistent mathematical procedure for 

5 deriving cdfs for imprecisely known variables from a set of quantitative 

6 constraints on the form of the distribution (e.g., range, mean, variance, 

7 or different percentiles). Two empirical distributions are particularly 

8 important. When measured data are available, the empirical cdf is 

9 piecewise uniform. Following the MEF, the empirical cdf is modified by 

10 joining the empirical percentile points (including extrapolated end points) 

11 with straight lines, resulting in a piecewise linear cdf. When data are 

12 not available and subjective point estimates are supplied by experts, the 

13 cdf is again piecewise linear and constructed by linearly connecting the 

14 subjective point estimates. Judgments that are made by experts are a 

15 snapshot of the current state of knowledge. As new observations are made 

16 for important parameters, this state of knowledge and the cdf are refined. 

17 

18 To supplement the available information for constructing the required 

19 cdfs, several expert panels were convened and a formal elicitation process 

20 was used (Bonano et al., 1990; Hora and Iman, 1989). A formal elicitation 

21 of expert opinion includes five components: selection of issue and issue 

22 statement, selection of experts, elicitation sessions, recomposition of an 

23 expert's opinion and aggregation of group opinion, and documentation. As 

24 did the 1991 performance assessment, the 1992 analyses include the outcomes 

25 of formal elicitations from two expert panels on important geochemical 

26 parameters. A source-term panel provided subjective point estimates for 

27 constructing logarithmic piecewise linear cdfs of radionuclide solubilities 

28 in disposal-room brine, and a second panel on radionuclide retardation in 

29 the Culebra provided estimates for distribution coefficients (Trauth et 

30 al., 1992). Members of the source-term panel concluded they could not make 

31 judgments about suspended-solids concentrations because of a lack of 

32 experimental data and consequently limited knowledge on colloids and their 

~ formation. The retardation panel estimated distribution coefficients (Kds) 
34 for fracture clays and matrix dolomite using available data. Experimental 

35 programs have been initiated that will provide WIPP-specific data on both 

36 the source term (dissolved species and colloids) and retardation in the 

37 Culebra (US DOE 1992a, b) . 

38 

39 The 1992 WIPP performance assessment selected 49 imprecisely known 

40 variables (including, for example, uncertain material properties of the 

41 waste, the Salado Formation, and the Culebra Dolomite) for consideration in 

42 the human-intrusion scenarios (Volume 3, Tables 6.0-1, 6.0-2, and 6.0-3 of 

43 this report). Values sampled from the distributions assigned to these 49 

44 variables were used to construct 70 vectors of sampled parameters to use in 

45 Monte Carlo simulations. Sampled values for each of the 70 vectors are 
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presented in Volume 4 of this report. Because 2 different scenarios were 

2 analyzed explicitly (E2 and ElE2), performance estimates reported for each 

3 conceptual model considered are based on 140 realizations of the full 

4 modeling system. 

5 

6 

7 4.3.3 Generation of the Sample Elements 
8 

9 WIPP performance assessment uses a stratified sampling technique 
10 called Latin hypercube sampling (LHS) that ensures full coverage of the 
11 range of each sampled variable (McKay et al., 1979). The range of each 
12 variable is divided into N intervals of equal probability, and one value is 

13 randomly selected from each interval. The N values of the first parameter 

14 are randomly paired with the N values of the second parameter, and so on, 
15 until N sample elements (vectors) are obtained. This procedure ensures 

16 that the distribution tails are sampled and is a more efficient technique 

17 than simple random sampling in that fewer sample elements are required for 

18 a Monte Carlo analysis. The size of N (70 for the 1992 performance 
19 assessment) is selected based on the observation that a sample size of 4/3 
20 times the number of sampled parameters is generally sufficient to capture 

21 variability in independent input parameters (Iman and Helton, 1985). 
22 

23 Most of the uncertain variables that were sampled during the 1992 
24 performance assessment were assumed to be independent, although some are 
25 expected to be correlated in some way. For example, local porosity is 
26 probably correlated with local permeability in most media, but the 

27 correlation structure is unknown. Controlling correlation within a sample 

28 for Monte Carlo analysis is important to ensure that uncertainty and 
29 sensitivity analysis results are meaningful. WIPP performance assessment 
30 uses a rank correlation (i.e., on rank-transformed variables instead of on 

31 the original raw data) technique that effectively captures variable linkage 
32 while maintaining the integrity of the LHS intervals (Iman and Conover, 
33 1982; Helton et al., 1991). However, the correlation structure for most of 
34 the uncertain variables that are expected to be correlated has not yet been 

35 adequately addressed. Future performance assessments will test approaches 
36 for dealing with these unknown correlations. 
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4 

5. RESULTS OF THE 1992 PRELIMINARY COMPARISON 
WITH 40 CFR 191, SUBPART B 

5 Results from the 1992 preliminary performance assessment are presented 

6 for informal comparison with the Containment Requirements and the 

7 Individual Protection Requirements of the Standard. Although not based on 

8 the 1992 preliminary performance assessment, the status of preliminary 

g compliance with the Assurance Requirements and the Groundwater Protection 

10 Requirements is also discussed. 

11 

12 

13 

14 

5.1 Containment Requirements 

15 Compliance with the Containment Requirements is evaluated using CCDF 

16 curves that graph exceedance probability versus cumulative radionuclide 

17 releases for all significant scenarios. Results presented here are not 

18 suitable for final compliance evaluations because portions of the modeling 

19 system and data base are incomplete, conceptual-model uncertainties are not 

20 included, final scenario probabilities remain to be determined, the level 

21 of confidence in the results remains to be established, and the final 

22 version of the Standard has not been promulgated. Uncertainty analyses 

23 required to establish the level of confidence in results will be included 

24 in future performance assessments as advances permit quantification of 

25 uncertainties in the modeling system and the data base. 

26 

27 

28 5.1.1 Previous Studies 
29 

30 Preliminary comparisons of the estimated performance of the WIPP with 

31 the Containment Requirements have been published iteratively since 1989 

32 (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA Division 

33 199la). Annual sensitivity analyses have helped identify areas where 
34 improvements in the modeling system can increase overall confidence in the 

35 performance estimate (Helton et al., 1991, 1992), and each subsequent 

36 iteration of performance assessment has represented a significant advance 

37 over the preceding iteration. 

38 

39 The 1991 preliminary comparison indicated that, for the conceptual and 

40 computational models, parameter values, and scenario probabilities believed 

41 by the WIPP PA Department at that time to best represent the behavior of 

42 the disposal system, the mean CCDF lay an order of magnitude or more below 

43 the EPA compliance limits (WIPP PA Division, 199la). As is also true for 

44 the 1992 preliminary comparison, the 1991 performance estimate could not be 

45 considered defensible for a final compliance evaluation. Results of 
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uncertainty and sensitivity analyses conducted as part of the 1991 

2 performance assessment have, however, provided valuable guidance to the 

3 Project as it moves toward a final compliance evaluation. 

4 

5 

6 5.1.2 1992 Preliminary Comparison 
7 

8 The 1992 performance assessment has concentrated resources on analyzing 

9 the impact of specific sources of uncertainty on the performance estimate. 

10 Fewer times of intrusion have been considered (to allow allocating 

11 resources to simulation of alternative conceptual models), and the 1992 

12 results are therefore less suitable in that sense for direct comparison to 

13 the EPA limits than were the 1991 results. In all other ways, however, the 

14 1992 performance assessment reflects a more realistic representation of the 

15 future behavior of the disposal system. As described in Chapter 4 of this 

16 volume and Volume 2 of this report, major modeling improvements have been 

17 made in coupling creep closure of the repository to gas pressurization, in 

18 accounting for spatial variability of transmissivity in the Culebra 

19 Dolomite Member of the Rustler Formation, and in simulating radionuclide 

20 transport in the Culebra. As described in Volumes 2 and 3 of this report, 

21 other improvements have been made throughout the modeling system and the 

22 data base. As described in Chapter 4 of this volume, improvements remain 

23 to be made in many areas, including modeling of possible pressure-dependent 

24 fracturing of anhydrite interbeds in the Salado Formation, modeling of 

25 three-dimensional groundwater flow in the Rustler Formation, modeling of 

26 gas-generation processes, and acquisition of experimental data for actinide 

27 solubilities and retardations. 

28 

29 The 1992 preliminary comparison examines uncertainty resulting from 

30 imprecisely known values for input parameters and the impact of two 

31 additional sources of uncertainty: the probability of human intrusion, and 

32 the choice of conceptual model for transport in the Culebra. Past 

33 preliminary comparisons have shown that the location of the mean CCDF is 
34 sensitive to assumptions made about both sources (Bertram-Howery et al., 

35 1990; Helton et al., 1992). Because the emphasis here is on the relative 

36 position of the CCDFs calculated with each set of assumptions, all figures 

37 shown here are comparisons of two or more CCDFs calculated using either 

38 different probabilities or alternative conceptual models (see Section 3.3.4 

39 of this volume for definitions of conceptual model and alternative 

40 conceptual models). For simplicity, only mean curves are shown. The 

41 complete families of CCDFs (with a single curve for each of the 70 vectors) 

42 will be shown in an appendix of Volume 4 of this report for each case 

43 considered, together with summary plots showing the mean, median, lOth 

44 percentile, and 90th percentile curves. Analyses of uncertainty resulting 
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from imprecisely known values for input parameters are provided in Volume 4 

2 of this report. 

3 

4 

5 5.1.2.1 CASES CONSIDERED FOR ANALYSIS IN 1992 

6 

1 Cases considered for analysis were defined on the basis of the choice 
8 of probability model for human intrusion (fixed rate constant versus time-
9 dependent rate constant based on expert-panel judgment), the mode of 

10 release (cuttings versus subsurface transport), and the choice of 

11 conceptual model for radionuclide transport in the Culebra (single porosity 
12 versus dual porosity, with and without chemical retardation). All cases 
13 are compared ceteris paribus, and all computational models and parameter 

14 values (both fixed and sampled), except those used in the conceptual models 

15 being compared, are identical throughout. All releases from groundwater 

16 transport are calculated at the subsurface projection of the land-

17 withdrawal boundary (see Section 1.1 of this volume), 2.4 km south of the 

18 southern waste panels. Travel paths in the sampled transmissivity fields 
19 are not straight lines, and are somewhat greater in length than the minimum 
20 2.4 km (LaVenue and RamaRao, 1992). 

21 

22 

23 5.1.2.1.1 Intrusion Probability Models 

24 

25 The intrusion probability models are described in detail in Volume 2, 

26 Chapter 5 of this report. Both are based on the assumption that intrusion 
27 events will follow a Poisson process, and be random in time and space. One 

28 model, referred to as the "constant .A 11 model, is identical to that used in 
29 1991 (WIPP PA Division, 199la,b). The rate constant .A used in the Poisson 

30 model is assumed to be time-invariant, and is sampled from a uniform 

31 distribution with a range from zero to a maximum value that allows 30 
32 boreholes/km2 in 10,000 years. This upper limit is the number suggested by 
~ the EPA in Appendix B of the Standard as the largest probability of 
34 intrusion that need be considered (US EPA, 1985, p. 38089), which occurs in 
35 the Poisson model with a low probability. For the 70 vectors used in the 

36 1992 analyses, the largest number of intrusions in the 0.5 km2 of the 

37 waste-disposal area was 10, rather than the potential maximum of 15. 
38 

39 Guidance from the EPA in Appendix B of the Standard indicates that the 

40 DOE 11 should consider the effects of each particular disposal system's site, 
41 design, and passive institutional controls in judging the likelihood and 

42 consequences of ... inadvertent exploratory drilling" (US EPA, 1985, p. 
43 38089). The second probability model, referred to as the "time-dependent 

44 .A" model, reflects the judgment of two expert panels convened by the WIPP 
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Performance Assessment Department to evaluate the likelihood of intrusion 

2 (Hora et al., 1991; memorandum by Hora in Volume 3, Appendix A of this 

3 report). Specifically, these panels considered (1) future societies and 

4 their means and motives for intruding into the WIPP, and (2) the design and 

5 potential efficacy of passive markers that might deter such intrusion. 

6 Judgment elicited from these panels was used to construct an alternative 

7 probability model for human intrusion (memorandum by Hora in Volume 3, 

8 Appendix A of this report). Two important aspects of the model need 

9 emphasis. First, the expert panels did not believe intrusions were equally 

10 likely at all times during the 10,000-year period; the rate constant A 

11 therefore varies as a function of time. Intrusions are in general more 

12 likely at early times. The panel judged that exploratory drilling and 

13 hydrocarbon development would be likely to end in the next 300 to 500 years 

14 because of resource depletion and/or shifting from a hydrocarbon-based 

15 economy. Second, the expert panels concluded that intrusion was not as 

16 likely as suggested by the EPA's guidance on the maximum number of 

17 boreholes. The overall probability of intrusion based on the expert 

18 judgment is significantly less than that predicted by the constant A model; 

19 the largest number of intrusions occurring in 10,000 years in any of the 70 

20 vectors using the time-dependent A model was 4. 

21 

22 

23 5.1.2.1.2 Mode of Release 

24 

25 As in previous performance assessments, the 1992 results include two 

26 modes of radionuclide release following human intrusion. Particulate waste 

27 intersected by the drill bit (cuttings) and eroded from the borehole wall 

28 by circulating drilling fluid (cavings) will be brought directly to the 

29 ground surface. The radionuclides contained in this material are 

~ collectively referred to here as cuttings. Radionuclide releases to the 

31 accessible environment may also occur in the subsurface, as a result of 

32 brine flow up the borehole and laterally through the Culebra. Modeling of 
~ both pathways is described in detail in Volume 2 of this report. 

34 

35 Cuttings releases, which reach the accessible environment immediately 
36 following intrusion, are sensitive to the radioactive decay history of the 

37 inventory during the first 1000 years after decommissioning. Subsurface 

38 releases, which require a relatively long period of transport to the 

39 accessible environment, are believed to be less sensitive to the time of 

40 intrusion because decay will continue to occur during transport. The 1992 

41 performance assessment therefore uses different times of intrusion for 

42 cuttings and subsurface releases. Greater resolution is provided for 

43 cuttings releases, with intrusions considered at six times (100, 175, 350, 

44 1000, 3000, and 7250 years after decommissioning). Only a single intrusion 
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time (1000 years after decommissioning) is considered for subsurface 

2 releases. This is the same intrusion time used in sensitivity analyses for 

3 groundwater transport used in the 1991 performance assessment (Helton et 

4 al., 1992). 

5 

6 

7 5.1.2.1.3 Alternative Conceptual Models for Radionuclide Transport in the Culebra 
8 

9 Radionuclide transport in the Culebra is described in detail in Volume 

10 2, Section 7.6 of this report. Three alternative conceptual models are 

11 considered here. These alternative conceptual models are defined on the 

12 basis of the presence or absence of chemical retardation, the presence or 

13 absence of clay linings in fractures, and the presence or absence of 

14 effective matrix porosity. 

15 

16 In the first conceptual model, referred to as the "fracture-only, Kd=O" 

17 model, the Culebra is treated as a single-porosity medium with transport 

18 occurring only in fractures without clay linings. Distribution 

19 coefficients (Kds) are assumed to be zero, and neither physical nor 

20 chemical retardation occurs. This model is not believed to be realistic 

21 and is not supported by available data (Kelley and Pickens, 1986; Saulnier, 

22 1987; Beauheim, 1987a,b, 1989; Jones et al., 1992). The model represents 

23 one endpoint of a continuum of possible models, and is examined to provide 

24 insights about the potential uncertainty introduced into the performance 

25 assessment by the lack of knowledge about transport processes in the 

26 Culebra. 

27 

28 The second conceptual model, referred to as the "dual-porosity, Kd=O" 

29 model, treats the Culebra as a dual-porosity medium, with transport 

30 occurring in clay-lined fractures and diffusion occurring into the pore 

31 volume of both the clay lining and the dolomite matrix. Distribution 

32 coefficients (Kds) are assumed to be zero, and no chemical retardation 

33 occurs. The dual-porosity model is supported by available data from well 
34 tests (Kelley and Pickens, 1986; Saulnier, 1987; Beauheim, 1987b,c, 1989; 

35 Jones et al., 1992). Chemical retardation is believed likely to occur 

36 (Trauth et al., 1992), but experimental data are not available to provide 
37 defensible estimates of Kds. This model is examined in part in fulfillment 

38 of the requirements of the Agreement for Consultation and Cooperation 

39 between the Department of Energy and the State of New Mexico (US DOE and 

40 the State of New Mexico, 1981, as modified), which states that "[i]n the 

41 absence of experimentally justifiable values, Kd will equal zero, i.e., no 

42 credit for retardation will be taken in the performance assessment 

43 calculations." 
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The third conceptual model, referred to as the "dual-porosity, Kd;eO" 

2 model, is identical to the second conceptual model except that chemical 

3 retardation does occur by sorption in both the clay linings and the 

4 dolomite matrix. The WIPP Performance Assessment Department believes that 

5 this model provides the most realistic representation of radionuclide 

6 transport in the Culebra. The model cannot, however, be fully supported by 

7 available data, nor can the alternative conceptual models presented above 

8 be fully refuted at this time. Experimental programs, including 

9 laboratory-scale radioactive tracer tests in progress in core samples from 

10 the Culebra (US DOE, 1992b, and references cited therein) and 

11 nonradioactive tracer tests planned for well locations in the Culebra 

12 (Beauheim and Davies, 1992), will provide data to reduce uncertainty in the 

13 conceptual model for transport in the Culebra. 

14 

15 These three conceptual models do not represent all possible 

16 combinations of the three criteria used to define the transport model. 

17 Dual-porosity models are also possible in which either clay linings or 

18 matrix porosity are absent. Results calculated using these models are 

19 discussed in Volume 4 of this report, together with more detailed analysis 

20 of the three conceptual models examined here. 

21 

22 

23 5.1.2.2 RESULTS OF THE PRELIMINARY COMPARISON WITH THE CONTAINMENT REQUIREMENTS 
24 

25 The uncertainty introduced into cuttings releases by the choice of 

26 intrusion probability model is displayed in Figure 5-l. Cuttings are 

27 calculated for six times of intrusion. Probabilities are lower for the 

28 time-dependent A (At) case. As in previous performance assessments, 

29 plateau-shaped steps in both curves reflect the use of different activity-

30 load categories (Helton et al., 1992). The larger number of intrusions 

31 occurring for the constant A (A 0 ) case results in a smoother appearance. 

32 Curves converge at low probabilities because those portions of the mean 

33 CCDFs are dominated by releases from the low-permeability intrusions that 
34 intersect waste of the highest activity levels. 

35 

36 Cuttings releases were recalculated for a single time of intrusion 1000 

37 years after decommissioning to permit useful comparisons and combinations 

38 with the subsurface releases calculated for intrusion at the same time. 

39 Comparison of the cuttings-only CCDFs calculated for the constant A case 

40 for six times of intrusion and a single time of intrusion provides a 

41 measure of the information gained by considering releases from intrusions 

42 at multiple times (Figure 5-2). Both probability and magnitude of 

43 normalized releases are increased by less than one order of magnitude when 
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Figure 5-l. Mean CCDFs calculated for cuttings releases only for six 
intrusion times. Two Poisson models for the probability of 
human intrusion are compared: one (AQ) is a constant A model 
in which a maximum of 30 boreholesjkm2 may occur in 10,000 
years; the other (At) is a time-dependent A model in which the 
Poisson rate constant A was based on expert panel judgment. 
In both cases A was specified using a sampled variable that 
was different for each of the 70 vectors used to construct the 
CCDFs. Summed normalized releases are displayed using an 
inverse hyperbolic sine scale, which differs from a 
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intrusions at multiple times are considered. Although releases from 

2 groundwater transport were not calculated for multiple time intervals in 

3 1992, a similar comparison was made for subsurface releases from a dual-

4 porosity model in the 1991 performance assessment. Examination of Figures 

5 4.1-2 (lower right frame) and Figure 5.1-4 (lower right frame) in Helton et 

6 al. (1992) indicates that considering multiple time of intrusion (five 

7 intervals in 1991) increases both probability and magnitude of low-

a consequence releases less than one order of magnitude. 

9 

10 For the single-porosity, fracture-only conceptual model for transport 

11 used in 1992, subsurface releases exceed cuttings releases in the low-

12 probability, high-consequence portion of the CCDF (Figure S-3). The 

13 smaller subsurface releases occur at a lower probability than the 

14 comparable cuttings releases because not all intrusions resulted in 

15 releases into the Culebra. No releases occurred in vectors where the 

16 repository was not brine saturated at the time of intrusion and did not 

17 completely resaturate with brine following intrusion, because brine from 

18 the waste-disposal area did not flow up the borehole. Comparison of the 

19 CCDFs for cuttings and subsurface releases indicates that, if the effects 

20 of neither physical nor chemical retardation in the Culebra are included in 

21 the analysis, radionuclide transport in the Culebra may be the mechanism 

22 most likely to affect compliance with§ 191.13 (Figure 5-3a). Even for the 

23 higher probability, constant A case, however, the mean CCDF for cuttings 

24 and subsurface combined transport lies below the EPA limits (Figure 5-3b). 

25 

26 Use of the dual-porosity, Kd=O conceptual model for radionuclide 

27 transport results in a reduction of subsurface releases compared to those 

28 estimated using the single-porosity model (Figure S-4). For the constant A 

29 case, the inclusion of physical retardation (but not, in this example, 

30 chemical retardation) shifts the location of the mean CCDF significantly in 

31 the region likely to affect regulatory compliance. For the time-dependent 

32 A case, the lower overall probability of intrusions causes the main 

33 divergence between the single- and dual-porosity curves to occur at low 
34 probabilities, off the scale used here. This observation suggests that 

35 compliance with§ 191.13 may be less sensitive to assumptions about the 

36 conceptual model for transport in the Culebra for lower intrusion 

37 probabilities. 

38 

39 Including the effects of chemical retardation as well as physical 

40 retardation (the dual-porosity, Kd~O conceptual model for transport) 

41 results in releases that are further reduced below those estimated assuming 

42 only physical retardation (Figure S-5). Subsurface releases for the Kd~O 

43 conceptual model are less than the estimated cuttings releases at all 

44 probabilities (for the time-dependent A case, the mean CCDF indicates no 

45 releases at this scale); the location of the mean CCDFs is determined 
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compares cuttings-only and subsurface-only releases. Figure 

5-3b compares cuttings-only releases with total releases. 
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entirely by the cuttings releases (compare to Figure 5-3a). Kd values used 
2 in these calculations were sampled from the same ranges used in the 1991 
3 performance assessment, and are based on judgment elicited from a panel of 
4 SNL experts. Kd values used in a final compliance evaluation will be based 
5 on experimental data (US DOE, 1992b, and references cited therein). 

6 

7 

s 5.1.2.3 DISCUSSION OF THE 1992 PRELIMINARY COMPARISON WITH THE CONTAINMENT 
9 REQUIREMENTS 

10 

11 Results presented in the preceding section are consistent with the 
12 conclusion made in previous preliminary comparisons that performance 
13 estimates for the WIPP lie below the limits set by the Containment 
14 Requirements (Bertram-Bowery et al., 1990; WIPP PA Division, 199la). As 
15 illustrated in Figure 5-6, consideration of alternative models for the 
16 probability of human intrusion and radionuclide transport in the Culebra 
17 provides insights into the relative impacts on performance of specific 
18 components of the natural barrier system and institutional controls at the 
19 WIPP. 

20 

21 The uppermost CCDF in Figure 5-6, labeled "Total, Single Porosity+ 
22 Cuttings, >-o" and calculated using the single-porosity and constant >. 
23 models, represents an estimate of the performance of the disposal system 
24 with very little contribution from the natural barrier provided by 
25 retardation in the Culebra and no contribution from the potential 
26 institutional barrier that could be provided by passive markers, as 
27 required by the Assurance Requirements. For the modeling system and data 
28 base used in 1992, the mean CCDF for this case lies below the EPA limits. 
29 

30 The segments of a CCDF shown with a dotted line and labeled "Total, 
31 Discharge from Borehole+ Cuttings, >-o" display performance with no 
32 contribution whatsoever from retardation in the Culebra. This CCDF is 
33 unlike all others shown in this volume in that releases are not calculated 
34 at the accessible environment, and therefore is not suitable for 

35 comparison, preliminary or otherwise, with the Containment Requirements. 

36 The curve displays releases directly into the Culebra (with cuttings also 
37 included) from boreholes occurring at 1000 years, and therefore provides an 
38 estimate of total releases if subsurface transport to the accessible 
39 environment were instantaneous and complete. The curve shows repository 
40 performance estimated with contributions from only the natural barrier 
41 provided by the Salado Formation and the engineered barrier system. 
42 Instantaneous and complete transport in the Culebra is physically 
43 unrealistic, and this curve is displayed only for the purpose of comparison 
44 with the curve described in the previous paragraph, which was calculated 
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using the single-porosity and constant A models. The two curves are 

2 identical for most of their lengths. The differences between the curves 

3 are caused by radioactive decay during transport, and rapid transport in 

4 the single-porosity transport model in effect allows all sufficiently long-
5 lived radionuclides that enter the Culebra to be released to the accessible 

6 environment within the 9000 years following intrusion. 

7 

8 The CCDF in Figure 5-6 labeled "Total, Dual Porosity+ Cuttings, Kd=O, 

9 A0 ," represents an estimate of the performance of the disposal system if 
10 physical retardation by diffusion into the pore volume of the Culebra is 

11 included as a part of the natural barrier system. The area between the 

12 first and second CCDFs is a measure of the potential regulatory impact of 

13 including physical retardation. Similarly, the next CCDF in Figure S-6, 

14 calculated using the dual-porosity, Kd~O, and constant A models, represents 
15 an estimate of the performance of the disposal system if both physical and 

16 chemical retardation in the Culebra are included in the natural barrier 

17 system. The location of this third curve is determined entirely by 

18 cuttings releases. 

19 

20 The final CCDF in Figure 5-6, calculated using the dual-porosity, Kd~o, 

21 and time-dependent A models, shows the effect of including expert judgment 

22 on the efficacy of passive markers in reducing the probability of human 

23 intrusion. This final CCDF, also determined entirely by cuttings releases, 

24 was calculated using what the WIPP Performance Assessment Department 
25 believes at this time to be the most realistic conceptual model for the 

26 disposal system, based on models and data available in 1992. As indicated 

27 previously, results are preliminary, and none of the curves shown in Figure 

28 5-6 are believed sufficiently defensible for use in a final compliance 
29 evaluation. 

30 

31 

32 

33 

5.2 Individual Protection Requirements 

34 The Standard requires that an uncertainty analysis of undisturbed 

35 conditions be performed to assess compliance with the Individual Protection 

36 Requirements. In the case of the WIPP, the performance measure is dose to 

37 humans in the accessible environment. 

38 

39 Thus far, evaluations indicate that radionuclides will not migrate to 

40 the accessible environment boundary during 1000 years. Therefore, dose 

41 calculations are not expected to be a part of the WIPP assessment of 

42 compliance with the Standard. However, Subpart B is in remand. 

43 Performance assessments will continue to evaluate compliance with the 

44 Individual Protection Requirements of the 1985 Standard until a revised 

45 Standard is promulgated. 
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3 5.2.1 Previous Studies 
4 

5 Three previous studies reported doses to humans resulting from 

7 hypothetical releases from the WIPP for selected scenarios (US DOE, 1980a; 

8 Lappin et al., 1989, 1990). Although these studies employed deterministic 

9 calculations and were not concerned with assessing compliance with the 

10 Individual Protection Requirements, they had an important influence on the 

11 design of probability-based dose calculations. An uncertainty analysis of 

12 undisturbed performance was performed in a methodology demonstration for 

13 WIPP performance assessment (Marietta et al., 1989). The relative 

14 importance of various phenomena and system components was examined through 

15 sensitivity analyses of four different repository/shaft models for 

16 undisturbed conditions (Rechard et al., 1990b). Calculations for 

17 undisturbed performance of the repository were not updated in the 1990 

18 preliminary performance assessment (Bertram-Howery et al., 1990). However, 

19 information about possible effects of gas generated within the repository 

20 was obtained from the assessment of disturbed performance. 

21 

22 The approach adopted for the 1991 preliminary performance assessment 

23 was to perform deterministic calculations to verify that, using the 1991 

24 modeling system, previous conclusions of no releases in 10,000 years were 

25 still valid. First, a two-dimensional horizontal simulation to assess the 

26 migration of brine from the repository into the intact portion of MB139 was 

27 performed. The calculation estimated the spatial scale that passive, 

28 neutrally buoyant particles would be transported in advecting brine as a 

29 result of maximum gas-generation rates in a waste panel. Second, a two-

30 dimensional simulation of a vertical section of the repository from waste 

31 panels to the closest shaft was performed to assess migration of 

32 radionuclides through the DRZ, panel seals, and backfilled excavations. 

33 The calculation estimated the extent that radionuclides would be 

34 transported in brine flowing toward and upward through sealed shafts as a 

35 result of the pressure gradient between the Culebra Dolomite and a waste 

36 panel that is pressurized with waste-generated gas. Least favorable bounds 
37 for important parameter values (e.g., an inexhaustible source, no decay, no 

38 retardation, the same solubility limit for all radionuclides, etc.) were 
39 assumed. 

40 

41 Results of the horizontal simulation showed concentrations at 120 m 

42 from the panels in the intact MB139 after 10,000 years to be 1 percent of 

43 the source. Results of the vertical simulation including the shaft showed 

44 EPA normalized sums (consequences) at 10,000 years of less than 10-2 at 

45 20 m up the shaft and less than l0-3 at 50 m up the shaft. The 1991 

46 preliminary performance assessment indicated that no significant releases 

47 occur at the shaft/Culebra intersection at 10,000 years. 
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Sensitivity analyses of gas and brine migration provide further support 

2 for the preliminary conclusion that radionuclides will not migrate to the 

3 accessible environment from the undisturbed repository (WIPP PA Department, 

4 1992). These analyses of 10,000-year undisturbed performance used a two-

5 dimensional vertical cross-section of the repository that included a 

6 simplified representation of the shaft and shaft-seal system, and examined 

7 flow of both brine and gas up the shaft and horizontally through anhydrite 

8 interbeds toward the accessible environment. Analyses did not include salt 

9 creep or pressure-dependent fracturing of anhydrite interbeds. Because 

10 these analyses were primarily designed to provide guidance to the WIPP 

11 Project for use in developing a strategy for evaluating compliance with the 

12 RCRA (specifically, with 40 CFR 268.6, which states the conditions for land 

13 disposal of hazardous wastes), emphasis was placed on gas migration, and 

14 radionuclide transport was not included in the calculations. However, in 

15 the selected analyses in which brine flow was tracked from the waste 

16 panels, no brine that had been in contact with waste migrated past the 

17 disturbed rock zone in 10,000 years. Because the only significant 

18 transport of radionuclides from the WIPP will occur in brine, analyses of 

19 brine migration provide an approximation of the maximum distance 

20 radionuclides may travel. 

21 

22 

23 5.2.2 1992 Preliminary Comparison 
24 

25 Results of the 1992 preliminary performance assessment for informal 

26 comparison with the Individual Protection Requirements will be reported in 

27 Volume 4 of this report. 

28 

29 

30 

31 

5.3 Assurance Requirements 

32 As prescribed in the Agreement for Consultation and Cooperation with 

33 the State of New Mexico (US DOE and State of New Mexico, 1981, as 

34 modified), the WIPP Project has prepared a plan for implementing the 

35 Assurance Requirements of the 1985 Standard (US DOE, 1987). The plan is 

36 preliminary because methods and technologies could evolve over the waste-

37 emplacement time frame. A draft of the revised Assurance Requirements Plan 

38 (US DOE, 1987) is in review; however, the information in the following 

39 sections is from the 1987 version unless otherwise noted. In accordance 

40 with the Project's interpretation of the EPA's intention, the Project will 

41 select assurance measures based on the uncertainties in the final 

42 performance assessment. The current plan includes definitions and 

43 clarifications of the Standard as it applies to the WIPP, the 

44 implementation objective for each requirement, an outline of the 
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implementation steps for each requirement, and a schedule of activities 

2 leading to final compliance. Additional information on markers as passive 

3 institutional controls comes from performance-assessment activities using 

4 expert panels. 

5 

6 

7 5.3.1 Active Institutional Controls 
8 

9 Active institutional controls are expected to include evaluation of 

10 land use in the WIPP area; maintaining fences and buildings and guarding 

11 the facility during active cleanup; decontamination and decommissioning; 

12 land reclamation; and post disposal-phase monitoring. The objectives of 

13 these activities are to provide a facility and presence at the site during 

14 active cleanup; to restore the land surface as closely to its original 

15 condition as possible to avoid future preferential selection of the area 

16 for incompatible uses, if restoration is deemed desirable after 

17 consideration of the results of the expert panel on markers (see Section 

18 5.3.3 of this volume); and to monitor the disposal system. 

19 

20 Performance assessments may assume that active control is maintained 

21 for 100 years; in the 1992 calculations, no intrusions are assumed to occur 

22 during the first 100 years after decommissioning. 

23 

24 

25 5.3.2 Disposal-System Monitoring 
26 

27 Monitoring is required until no significant concerns need to be 

28 addressed by further monitoring. The objective of the monitoring program 

29 is "to detect substantial and detrimental deviation from the expected 

30 performance of the disposal system" (§ 191.14(b)). Monitoring activities 

31 will be identified during the course of the performance assessment, but are 

32 likely to include monitoring of hydrological, geological, geochemical, and 

33 structural performance. Monitoring that jeopardizes the isolation 

34 capabilities of the disposal system is not allowed. Numerous survey 

35 monuments have been installed to monitor subsidence as an indicator of 

36 unexpected changes in the disposal system. 

37 

38 

39 5.3.3 Passive Institutional Controls 
40 

41 The Project will implement passive institutional controls over the 

42 entire controlled area of the WIPP. Passive institutional controls include 

43 markers warning of the presence of buried nuclear waste and identifying the 

44 boundary of the controlled area, external records about the WIPP 

45 repository, and continued federal ownership. The EPA assumes in the 
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guidance to the Standard that passive institutional controls will reduce 

2 the possibility of inadvertent human intrusion into the repository. 
3 Compliance evaluation for the Standard must address the potential for human 

4 intrusion and the effectiveness of passive institutional controls to deter 

5 such intrusion. 

6 

7 To address the issues of markers for the WIPP, two expert panels were 
8 established. Members of the first panel identified possible future 

9 societies and how they may intrude the repository, and also developed 
10 probabilities of future society development and of various intrusions (Hora 

11 et al., 1991). The possible modes of intrusion identified by the first 
12 panel were provided to a second panel as an aid in developing design 
13 characteristics for permanent markers and judging the efficacy of the 

14 markers in deterring human intrusion. A report about the "markers" panel 

15 is currently being prepared. In addition, a report is in preparation that 

16 describes past efforts at developing barriers to human intrusion, as a 

17 complement to the markers. 

18 

19 Records will be preserved of the disposal site and its contents. The 

20 expert panel on intrusion into the repository considered the impact of 

21 records preservation on intrusion rates and probabilities (Hora et al., 
22 1991). The panel indicated that records should specify techniques for 

23 borehole plugging in the event that exploratory drilling caused an 
24 intrusion. Such techniques could be incorporated into legal records 

25 together with the description and location of the disposal system. The 

26 records could also contain a warning about the potential effects of 
27 drilling through the repository and into pressurized brine in the Castile 
28 Formation. 

29 

30 In accordance with Appendix B of the Standard, the DOE or some 

31 successor agency is assumed to retain ownership and administrative control 
32 over the WIPP area. The federal agency responsible for the land will 

33 institute regulations that appropriately restrict land use and development. 
34 Acreage around the WIPP is owned by the Federal government and currently 
35 administered by the DOE. The area within the land-withdrawal boundary for 
36 the WIPP is withdrawn from all forms of entry, appropriation, and disposal 
37 under the public land laws, including the mineral leasing laws, the 

38 geothermal leasing laws, the material sale laws, and the mining laws 
39 (Public Law 102-579, 1992, Section 3). With respect to drilling, the DOE 

40 has control of the acreage within the land-withdrawal boundary from the 

41 surface to 6000 ft (1830 m) in the subsurface. Additionally, grazing may 

42 continue to the extent that it is compatible with WIPP activities. 
43 

44 
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5.3.4 Multiple Barriers 
2 

3 The Standard requires that both natural and engineered barriers be used 

4 as part of the isolation system. At the WIPP, natural barriers include the 

5 favorable characteristics of the salt formation and the geohydrologic 

6 setting. Engineered barriers that will isolate wastes from the accessible 

7 environment will include seals in repository excavations and bentonite and 

8 crushed-salt backfill in waste-emplacement panels. The effectiveness of 

9 these barriers is being modeled for the performance assessment to determine 

10 if they will provide a disposal system that isolates the radioactive wastes 

11 to the levels required in the Standard. In addition, the Engineered 

12 Alternatives Task Force has evaluated additional engineering measures for 

13 the WIPP, should such measures be necessary (US DOE, 1990e, 199ld). 

14 

15 

16 5.3.5 Natural Resources 
17 

18 The Standard requires that locations containing recoverable resources 

19 not be used for repositories unless the favorable characteristics of a 

~ proposed location can be shown to compensate for the greater likelihood of 

21 being disturbed in the future. Evaluation of the natural resources in the 

22 WIPP area centers on two issues: (1) the denial of resources that could 

23 not be developed because such development might conflict with the long-term 

24 goal of waste isolation, and (2) the attractiveness to future generations 

25 of resources associated with the location. Future societies might attempt 

26 to exploit natural resources near the WIPP and thereby create the potential 

27 for a release of radionuclides into the accessible environment. These 

28 issues have been evaluated in several reports (US DOE, 1980a, 1981; US DOE 

29 and State of New Mexico, 1981, as modified; Brausch et al., 1982; Weart, 

30 1983; US DOE, 1990d). A recent report summarizes these earlier reports (US 

31 DOE, 199lc), and the DOE will continue to document information about 

32 natural resources that was used in making the decision to proceed with the 

33 WIPP Project. 
34 

35 

36 5.3.6 Waste Removal 
37 

38 The Standard requires that disposal systems be selected so that removal 

39 of most of the wastes is not precluded for a reasonable period of time 

40 after disposal(§ 191.14(f)). A primary plan for waste removal during the 

41 disposal phase of the WIPP (Subpart A of the Standard) has been prepared 

42 (US DOE, 1980a). In promulgating the Standard, the EPA stated that to meet 

43 the waste-removal requirement for the post-closure phase (Subpart B of the 

44 Standard), it only need be technologically feasible to be able to mine the 

45 sealed repository and recover the waste, even at substantial cost and 
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occupational risk (US EPA, 1985, p. 38082). The EPA also stated that "any 

2 current concept for a mined geologic repository meets this requirement 

3 wit.hout. any additional procedures or design features" (US EPA, 1985, p. 

4 38082, emphasis in original). Thus, the WIPP satisfies this requirement. 

5 

6 

7 

8 

5.4 Groundwater Protection Requirements 

9 The WIPP must comply with the Groundwater Protection Requirements of 

10 the Standard by providing a reasonable expectation that radionuclide 

11 concentrations in a "special source of ground water" will not exceed 

12 specified values (§ 191.16; also see Section 3.6 of this volume). 

13 Evaluations have indicated that the requirement is not relevant to the WIPP 

14 because no groundwater near the WIPP within the maximum areal extent 

15 designated by the Standard (Figure 3-4) satisfies the definition of a 

16 "special source of groundwater." 

17 

18 Based upon the EPA definition of Class I groundwater (US EPA, 1984) as 

19 used in the definition of special source of groundwater, for Class I 

20 groundwater to be present at the WIPP, the groundwater resource must be 

21 highly vulnerable to contamination because of the hydrogeological 

22 characteristics of the areas under which the resource occurs, including 

23 areas of high hydraulic conductivity or areas of groundwater recharge. 

24 Either of the following must also be true: the groundwater must be an 

25 irreplaceable source of drinking water, or the groundwater must be 

26 ecologically vital. 

27 

28 The hydrogeological characteristics of the WIPP have been evaluated 

29 through extensive ongoing investigations dating to 1975 (US DOE, 1990c). 

30 Groundwater quality and the hydrologic conductivity of water-bearing units 

31 at the WIPP are monitored and reported annually (Lyon, 1989), The most 

32 transmissive hydrologic unit in the WIPP area is the Culebra Dolomite 

33 Member of the Rustler Formation (see Chapter 2 of this volume and Volume 2 

34 of this report). Hydraulic properties of the Culebra Dolomite have been 
35 calculated from test holes in the vicinity of the WIPP (summarized in 

36 Cauffman et al., 1990, and Brinster, 1991). Horizontal groundwater flow in 

37 the Culebra away from the WIPP is generally to the south along a decreasing 
38 gradient at a very slow rate. Based on hydrogeological studies in the WIPP 

39 area, no geological units with high hydraulic conductivities that would 

40 require special protective measures appear to be present (Marietta et al., 

41 1989; Lappin et al., 1989; US DOE, 1990c). If groundwater that is highly 

42 vulnerable to contamination were present near the WIPP, it would not be 

43 classified as Class I because it is neither an irreplaceable source of 
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drinking water for a substantial population (Lappin et al., 1989) nor 

2 ecologically vital (US DOE, 1980a, 199lc). 

3 

4 Even if Class I groundwater were present at the WIPP, the Groundwater 

5 Protection Requirements would be relevant only if the groundwater were 

6 supplying drinking water to thousands of persons at the date DOE selected 

7 the site for development of the WIPP and if these groundwaters were 

8 irreplaceable. At the time the DOE chose the WIPP location, and currently, 

9 no source of water (including Class I groundwater) within 5 km (3 mi) 

10 beyond the maximum allowable extent of the controlled area was supplying 

11 drinking water for thousands (or even tens) of persons. Thus, even if 

12 Class I groundwater were present, the Groundwater Protection Requirements 

13 would not be relevant to the WIPP. 
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2 

3 

6. CONCLUSIONS 

4 The 1992 preliminary comparison with 40 CFR 191, Subpart B, for the 
5 WIPP is consistent with the conclusions from the 1990 and 1991 preliminary 
6 comparisons (Bertram-Howery et al., 1990; WIPP PA Division, 199la): based 
7 on the presently available conceptual models, computational models, and data 
8 describing disposal-system performance, the WIPP Performance Assessment 
9 Department has a high level of confidence that the WIPP will be able to 

10 comply with the quantitative requirements of the Standard as promulgated in 
11 1985 (US EPA, 1985). As summarized in the following discussion, however, 
12 the modeling system and data base are still incomplete; results therefore 
13 remain preliminary and should not be used for a formal comparison with the 
14 Standard. Furthermore, the Standard has been vacated by a Federal Court of 
15 Appeals (NRDC v. US EPA, 1987). The Standard will be repromulgated in 1993, 
16 as specified by the WIPP Land Withdrawal Act (Public Law 102-579, 1992), and 
17 may differ in some aspects from the 1985 version on which the 1992 
18 preliminary comparison is based. The WIPP Performance Assessment Department 
19 anticipates that a final, defensible performance assessment suitable for 
20 compliance evaluation will be completed following additional iterations of 
21 preliminary performance assessments. 

22 

23 The 1992 performance-assessment calculations reflect improvements in 
24 several important portions of the modeling system. Specific major 
25 improvements in the modeling system for 1992 (described in detail in Volume 
26 2 of this report) are: the inclusion of the effects of salt creep in the 
27 modeling of disposal-room behavior; the use of an advanced geostatistical 
28 procedure to account for spatial variability in the transmissivity of the 
29 Culebra Dolomite Member of the Rustler Formation; and the use of a 
30 computational model for radionuclide transport in the Culebra that allows 
31 consideration of alternative conceptual models for dual-porosity and single-
32 porosity transport. The 1992 performance assessment also marks the first 
33 use of judgment elicited from expert panels to determine the probability of 
34 future inadvertent human intrusion into the WIPP (see Volume 2, Chapter 5 of 
35 this report, and the memorandum by Hora in Volume 3, Appendix A of this 
36 report). 

37 

38 Results of the 1992 preliminary comparison with the Containment 
39 Requirements of the Standard(§ 191.13) are presented as mean complementary 
40 cumulative distribution functions (CCDFs) displaying estimated probabilistic 
41 releases of radionuclides to the accessible environment for 10,000 years. 
42 Results compare three conceptual models for radionuclide transport in the 
43 Culebra and two approaches to estimating the probability of inadvertent 
44 human intrusion into the WIPP by exploratory drilling. The representation 
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for disposal-system performance believed by the WIPP Performance Assessment 
2 Department to be most realistic includes intrusion probabilities based on 
3 expert-panel judgment and dual-porosity transport with chemical retardation. 
4 For intrusions occurring 1000 years after decommissioning, the mean CCDF for 
5 this representation lies more than one order of magnitude below the EPA 
6 limits. Using the same approach to intrusion probabilities used in the 1991 
7 performance assessment (i.e., not taking expert judgment into account and 
8 basing the probability model on the maximum intrusion probability indicated 
9 in Appendix B of 40 CFR 191) significantly increases the probability of 

10 releases, regardless of the model used for subsurface transport. Assuming 
11 the higher intrusion probabilities and dual-porosity transport without 
12 chemical retardation, the mean CCDF is approximately one order of magnitude 
13 below the EPA limits. For the higher intrusion probabilities and single-
14 porosity, fracture-only transport (which assumes very little contribution 
15 from the natural barrier provided by retardation in the Culebra), the mean 
16 CCDF is less than one order of magnitude below the EPA limits. 
17 

18 Performance estimates for the 1992 preliminary comparison with the 
19 Individual Protection Requirements of the Standard (§ 191.15) have not been 
20 included in this volume. Previous analyses indicate that no radionuclides 
21 will reach the accessible environment from the undisturbed repository for 
22 10,000 years (Marietta et al., 1989). Calculations of brine and gas 
23 migration from the undisturbed repository completed using the 1991 
24 performance-assessment modeling system suggest that brine (the only medium 
25 in which significant radionuclide transport will occur at the WIPP) that has 
26 been in contact with waste will not migrate more than a few tens of meters 
27 from the waste-emplacement panels in 10,000 years (WIPP PA Department, 
28 1992). Determination of compliance with the Individual Protection 
29 Requirements as promulgated in 1985 will be based on estimates of doses to 
30 humans in the accessible environment for 1000 years (rather than 10,000 
31 years) of undisturbed performance. Because no releases whatsoever to the 
32 accessible environment are predicted for 1000 years of undisturbed 
33 performance, no doses to humans are anticipated and determination of 
34 compliance with the Individual Protection Requirements should be 
35 straightforward. 
36 

37 The third quantitative requirement of the Standard, the Groundwater 

38 Protection Requirements (§ 191.16), does not apply to the WIPP because no 
39 "special source of ground water," as defined in the Standard, is present at 
40 the WIPP. All groundwater at the WIPP fails to meet more than one of the 
41 specified criteria, including the requirement that a "special source of 
42 ground water" be "supplying drinking water for thousands of persons as of 
43 the date that the [DOE] chooses a location ... " and that the source of water 
44 be "irreplaceable" (§ 191.12(o)). 
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Conclusions 

As noted above, several aspects of the modeling system and data base 

2 can be identified now as requiring additional work before the performance 
3 assessment can be considered defensible for a final comparison to the 
4 Standard. Information will be provided for specific needs (e.g., conceptual 
5 models or distributions for important parameters that are insufficiently 

6 supported by experimental data) by ongoing and planned laboratory and field 

7 experimental programs described in the Test Phase Plan (US DOE, 1990a, 
8 currently in revision). These needs include include the following: 
9 defensible values for radionuclide solubilities in repository brine; 

10 retardation factors for radionuclides in the Culebra; additional support for 

11 the dual-porosity model for transport in the Culebra; and an improved model 
12 for the generation of gas as waste and containers degrade. Other needs will 
13 be met by improvements in performance-assessment modeling. Conceptual and 

14 computational models will be developed for pressure-dependent fracturing of 
15 the anhydrite interbeds above and below the repository. Spalling of waste 

16 into an intruding borehole as the repository depressurizes will be examined 
17 and, if important, included in performance-assessment modeling. The 

18 consequences of brine flow to the surface following borehole intrusion will 

19 be modeled. Several aspects of groundwater flow in the Culebra will be 
20 examined as a three-dimensional model for regional groundwater flow becomes 

21 available, including the possible effects of subsidence related to potash 
22 mining, uncertainty resulting from the incomplete understanding of present 

23 recharge and vertical flow between units, and additional analyses of the 
24 effects of climatic change. Future analyses will also examine the effect on 

25 estimated performance of correlations that may exist between physical 

26 parameters that are currently assumed for the Monte Carlo simulations to be 
27 uncorre lated. 

28 

29 The WIPP Performance Assessment Department believes that future 

30 analyses will indicate that none of these identified needs will have a major 

31 impact on compliance with the quantitative requirements of the Standard. 
32 This belief cannot be supported defensibly at this time and is offered here 
33 as an opinion of the Performance Assessment Department, rather than as fact. 
34 It is based on the premise that the major processes that will contribute to 
35 radionuclide releases have already been identified and included in the 

36 performance-assessment modeling gygtem. Although th~ p~rformance-assessment 
37 needs identified now and listed above contribute to uncertainty in estimated 

38 performance, resolution of those needs is unlikely to shift the location of 

39 the mean CCDF beyond the range displayed in the 1992 results. Additional 

40 needs may be identified by future performance-assessment iterations and 

41 laboratory and field studies, but none is foreseen at this time to have an 

42 impact as great as that of those already identified. 
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APPENDIX A: 
TITLE 40, CODE OF FEDERAL REGULATIONS 

SUBCHAPTER F-RADIATION PROTECTION PROGRAMS 

PART 191-ENVIRONMENTAL RADIATION PROTECTION STANDARDS FOR 
MANAGEMENT AND DISPOSAL OF SPENT NUCLEAR FUEL, HIGH-LEVEL AND 

TRANSURANIC RADIOACTIVE WASTES 

Subpart A-Environmental Standards for Management and Storage 
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Authority: The Atomic Energy Act of 1954, as amended; Reorganization Plan 
No. 3 of 1970; and the Nuclear Waste Policy Act of 1982. 

Subpart A-Environmental Standards for Management and Storage 

§ 191.01 Applicability. 

This Subpart applies to: 

(a) Radiation doses received by members of the public as a result of the 

management (except for transportation) and storage of spent nuclear fuel or 

high-level or transuranic radioactive wastes at any facility regulated by the 
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Nuclear Regulatory Commission or by Agreement States, to the extent that such 

management and storage operations are not subject to the provisions of Part 

190 of title 40; and 

(b) Radiation doses received by members of the public as a result of the 

management and storage of spent nuclear fuel or high-level or transuranic 

wastes at any disposal facility that is operated by the Department of Energy 

and that is not regulated by the Commission or by Agreement States. 

§ 191.02 Definitions. 

Unless otherwise indicated in this Subpart, all terms shall have the same 

meaning as in Subpart A of Part 190. 

(a) "Agency" means the Environmental Protection Agency. 

(b) "Administrator" means the Administrator of the Environmental 

Protection Agency. 

(c) "Commission" means the Nuclear Regulatory Commission. 

(d) "Department" means the Department of Energy. 

(e) "NWPA" means the Nuclear Waste Policy Act of 1982 (Pub. L. 97-425). 

(f) "Agreement State" means any State with which the Commission or the 

Atomic Energy Commission has entered into an effective agreement under 

subsection 274b of the Atomic Energy Act of 1954, as amended (68 Stat. 919). 

(g) "Spent nuclear fuel" means fuel that has been withdrawn from a 

nuclear reactor following irradiation, the constituent elements of which have 

not been separated by reprocessing. 

(h) "High-level radioactive waste," as used in this Part, means high­

level radioactive waste as defined in the Nuclear Waste Policy Act of 1982 
(Pub. L. 97-425). 

(i) "Transuranic radioactive waste," as used in this Part, means waste 

containing more than 100 nanocuries of alpha-emitting transuranic isotopes, 

with half-lives greater than twenty years, per gram of waste, except for: 

(1) High-level radioactive wastes; (2) wastes that the Department has 

determined, with the concurrence of the Administrator, do not need the degree 

of isolation required by this Part; or (3) wastes that the Commission has 

approved for disposal on a case-by-case basis in accordance with 

10 CFR Part 61. 
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(j) "Radioactive waste," as used in this Part, means the high-level and 

transuranic radioactive waste covered by this Part. 

(k) "Storage" means retention of spent nuclear fuel or radioactive wastes 

with the intent and capability to readily retrieve such fuel or waste for 

subsequent use, processing, or disposal. 

(1) "Disposal" means permanent isolation of spent nuclear fuel or 

radioactive wastes from the accessible environment with no intent of recovery, 

whether or not such isolation permits the recovery of such fuel or waste. For 

example, disposal of waste in a mined geologic repository occurs when all of 

the shafts to the repository are backfilled and sealed. 

(m) "Management" means any activity, operation, or process (except for 

transportation) conducted to prepare spent nuclear fuel or radioactive waste 

for storage or disposal, or the activities associated with placing such fuel 

or waste in a disposal system. 

(n) "Site" means an area contained within the boundary of a location 

under the effective control of persons possessing or using spent nuclear fuel 

or radioactive waste that are involved in any activity, operation, or process 

covered by this Subpart. 

(o) "General environment" means the total terrestrial, atmospheric, and 

aquatic environments outside sites within which any activity, operation, or 

process associated with the management and storage of spent nuclear fuel or 

radioactive waste is conducted. 

(p) "Member of the public" means any individual except during the time 

when that individual is a worker engaged in any activity, operation, or 

process that is covered by the Atomic Energy Act of 1954, as amended. 

(q) "Critical organ" means the most exposed human organ or tissue 
exclusive of the integumentary system (skin) and the cornea. 

§ 191.03 Standards. 

(a) Management and storage of spent nuclear fuel or high-level or 

transuranic radioactive wastes at all facilities regulated by the Commission 

or by Agreement States shall be conducted in such a manner as to provide 

reasonable assurance that the combined annual dose equivalent to any member of 

the public in the general environment resulting from: (1) Discharges of 

radioactive material and direct radiation from such management and storage and 

(2) all operations covered by Part 190; shall not exceed 25 millirems to the 
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whole body, 75 millirems to the thyroid, and 25 millirems to any other 

critical organ. 

(b) Management and storage of spent nuclear fuel or high-level or 

transuranic radioactive wastes at all facilities for the disposal of such fuel 

or waste that are operated by the Department and that are not regulated by the 

Commission or Agreement States shall be conducted in such a manner as to 

provide reasonable assurance that the combined annual dose equivalent to any 

member of the public in the general environment resulting from discharges of 

radioactive material and direct radiation from such management and storage 

shall not exceed 25 millirems to the whole body and 75 millirems to any 

critical organ. 

§ 191.04 Alternative standards. 

(a) The Administrator may issue alternative standards from those 

standards established in 191.03(b) for waste management and storage activities 

at facilities that are not regulated by the Commission or Agreement States if, 

upon review of an application for such alternative standards: 

(1) The Administrator determines that such alternative standards will 

prevent any member of the public from receiving a continuous exposure of more 

than 100 millirems per year dose equivalent and an infrequent exposure of more 

than 500 millirems dose equivalent in a year from all sources, excluding 

natural background and medical procedures; and 

(2) The Administrator promptly makes a matter of public record the degree 

to which continued operation of the facility is expected to result in levels 

in excess of the standards specified in 191.03(b). 

(b) An application for alternative standards shall be submitted as soon 

as possible after the Department determines that continued operation of a 

facility will exceed the levels specified in 191.03(b) and shall include all 
information necessary for the Administrator to make the determinations called 

for in 191.04(a). 

(c) Requests for alternative standards shall be submitted to the 

Administrator, U.S. Environmental Protection Agency, 401 M Street, SW., 

Washington, DC 20460. 

§ 191.05 Effective date. 

The standards in this Subpart shall be effective on November 18, 1985. 
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Subpart B--Environmental Standards for Disposal 

§ 191.11 Applicability. 

(a) This Subpart applies to: 

(1) Radioactive materials released into the accessible environment as a 
result of the disposal of spent nuclear fuel or high-level or transuranic 

radioactive wastes; 

(2) Radiation doses received by members of the public as a result of such 

disposal; and 

(3) Radioactive contamination of certain sources of ground water in the 

vicinity of disposal systems for such fuel or wastes. 

(b) However, this Subpart does not apply to disposal directly into the 

oceans or ocean sediments. This Subpart also does not apply to wastes 
disposed of before the effective date of this rule. 

§ 191.12 Definitions. 

Unless otherwise indicated in this Subpart, all terms shall have the same 

meaning as in Subpart A of this Part. 

(a) "Disposal system" means any combination of engineered and natural 
barriers that isolate spent nuclear fuel or radioactive waste after disposal. 

(b) "Waste," as used in this Subpart, means any spent nuclear fuel or 

radioactive waste isolated in a disposal system. 

(c) "Waste form" means the materials comprising the radioactive 
components of waste and any encapsulating or stabilizing matrix. 

(d) "Barrier" means any material or structure that prevents or 
substantially delays movement of water or radionuclides toward the accessible 
environment. For example, a barrier may be a geologic structure, a canister, 

a waste form with physical and chemical characteristics that significantly 
decrease the mobility of radionuclides, or a material placed over and around 

waste, provided that the material or structure substantially delays movement 
of water or radionuclides. 

(e) "Passive institutional control" means: (1) Permanent markers placed 

at a disposal site, (2) public records and archives, (3) government ownership 

and regulations regarding land or resource use, and (4) other methods of 

preserving knowledge about the location, design, and contents of a disposal 

system. 
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(f) "Active institutional control" means: (1) Controlling access to a 

disposal site by any means other than passive institutional controls; 

(2) performing maintenance operations or remedial actions at a site, 

(3) controlling or cleaning up releases from a site, or (4) monitoring 

parameters related to disposal system performance. 

(g) "Controlled area" means: (1) A surface location, to be identified by 

passive institutional controls, that encompasses no more than 100 square 

kilometers and extends horizontally no more than five kilometers in any 

direction from the outer boundary of the original location of the radioactive 

wastes in a disposal system; and (2) the subsurface underlying such a surface 

location. 

(h) "Ground water" means water below the land surface in a zone of 

saturation. 

(i) "Aquifer" means an underground geological formation, group of 

formations, or part of a formation that is capable of yielding a significant 

amount of water to a well or spring. 

(j) "Lithosphere" means the solid part of the Earth below the surface, 

including any ground water contained within it. 

(k) "Accessible environment" means: (1) The atmosphere; (2) land 

surfaces; (3) surface waters; (4) oceans; and (5) all of the lithosphere that 

is beyond the controlled area. 

(1) "Transmissivity" means the hydraulic conductivity integrated over the 

saturated thickness of an underground formation. The transmissivity of a 

series of formations is the sum of the individual transmissivities of each 

formation comprising the series. 

(m) "Community water system" means a system for the provision to the 
public of piped water for human consumption, if such system has at least 15 

service connections used by year-round residents or regularly serves at least 

25 year-round residents. 

(n) "Significant source of ground water," as used in this Part, means: 

(1) An aquifer that: (i) Is saturated with water having less than 10,000 

milligrams per liter of total dissolved solids; (ii) is within 2,500 feet of 

the land surface; (iii) has a transmissivity greater than 200 gallons per day 

per foot, provided that any formation or part of a formation included within 

the source of ground water has a hydraulic conductivity greater than 2 gallons 

per day per square foot; and (iv) is capable of continuously yielding at least 

10,000 gallons per day to a pumped or flowing well for a period of at least a 
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year; or (2) an aquifer that provides the primary source of water for a 

community water system as of the effective date of this Subpart. 

(o) "Special source of ground water," as used in this Part, means those 

Class I ground waters identified in accordance with the Agency's Ground-Water 

Protection Strategy published in August 1984 that: (1) Are within the 

controlled area encompassing a disposal system or are less than five 

kilometers beyond the controlled area; (2) are supplying drinking water for 

thousands of persons as of the date that the Department chooses a location 

within that area for detailed characterization as a potential site for a 

disposal system (e.g., in accordance with Section 112(b)(l)(B) of the NWPA); 

and (3) are irreplaceable in that no reasonable alternative source of drinking 

water is available to that population. 

(p) "Undisturbed performance" means the predicted behavior of a disposal 

system, including consideration of the uncertainties in predicted behavior, if 

the disposal system is not disrupted by human intrusion or the occurrence of 

unlikely natural events. 

(q) "Performance assessment" means an analysis that: (1) Identifies the 

processes and events that might affect the disposal system; (2) examines the 

effects of these processes and events on the performance of the disposal 

system; and (3) estimates the cumulative releases of radionuclides, 

considering the associated uncertainties, caused by all significant processes 

and events. These estimates shall be incorporated into an overall probability 

distribution of cumulative release to the extent practicable. 

(r) "Heavy metal" means all uranium, plutonium, or thorium placed into a 

nuclear reactor. 

(s) "Implementing agency," as used in this Subpart, means the Commission 

for spent nuclear fuel or high-level or transuranic wastes to be disposed of 

in facilities licensed by the commission in accordance with the Energy 
Reorganization Act of 1974 and the Nuclear Waste Policy Act of 1982, and it 

means the Department for all other radioactive wastes covered by this Part. 

§ 191.13 Containment requirements. 

(a) Disposal systems for spent nuclear fuel or high-level or transuranic 

radioactive wastes shall be designed to provide a reasonable expectation, 

based upon performance assessments, that cumulative releases of radionuclides 

to the accessible environment for 10,000 years after disposal from all 

significant processes and events that may affect the disposal system shall: 
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(1) Have a likelihood of less than one chance in 10 of exceeding the 

quantities calculated according to Table 1 (Appendix A); and 

(2) Have a likelihood of less than one chance in 1,000 of exceeding ten 

times the quantities calculated according to Table 1 (Appendix A). 

(b) Performance assessments need not provide complete assurance that the 

requirements of 191.13(a) will be met. Because of the long time period 

involved and the nature of the events and processes of interest, there will 

inevitably be substantial uncertainties in projecting disposal system 

performance. Proof of the future performance of a disposal system is not to 

be had in the ordinary sense of the word in situations that deal with much 

shorter time frames. Instead, what is required is a reasonable expectation, 

on the basis of the record before the implementing agency, that compliance 

with 191.13(a) will be achieved. 

§ 191.14 Assurance requirements. 

To provide the confidence needed for long-term compliance with the 

requirements of 191.13, disposal of spent nuclear fuel or high-level or 

transuranic wastes shall be conducted in accordance with the following 

provisions, except that these provisions do not apply to facilities regulated 

by the Commission (see 10 CFR Part 60 for comparable provisions applicable to 

facilities regulated by the Commission): 

(a) Active institutional controls over disposal sites should be 

maintained for as long a period of time as is practicable after disposal; 

however, performance assessments that assess isolation of the wastes from the 

accessible environment shall not consider any contributions from active 

institutional controls for more than 100 years after disposal. 

(b) Disposal systems shall be monitored after disposal to detect 

substantial and detrimental deviations from expected performance. This 

monitoring shall be done with techniques that do not jeopardize the isolation 
of the wastes and shall be conducted until there are no significant concerns 

to be addressed by further monitoring. 

(c) Disposal sites shall be designated by the most permanent markers, 

records, and other passive institutional controls practicable to indicate the 

dangers of the wastes and their location. 

(d) Disposal systems shall use different types of barriers to isolate the 

wastes from the accessible environment. Both engineered and natural barriers 

shall be included. 
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(e) Places where there has been mining for resources, or where there is a 

reasonable expectation of exploration for scarce or easily accessible 

resources, or where there is a significant concentration of any material that 

is not widely available from other sources, should be avoided in selecting 

disposal sites. Resources to be considered shall include minerals, petroleum 

or natural gas, valuable geologic formations, and ground waters that are 

either irreplaceable because there is no reasonable alternative source of 

drinking water available for substantial populations or that are vital to the 

preservation of unique and sensitive ecosystems. Such places shall not be 

used for disposal of the wastes covered by this Part unless the favorable 

characteristics of such places compensate for their greater likelihood of 

being disturbed in the future. 

(f) Disposal systems shall be selected so that removal of most of the 

wastes is not precluded for a reasonable period of time after disposal. 

§ 191.15 Individual protection requirements. 

Disposal systems for spent nuclear fuel or high-level or transuranic 

radioactive wastes shall be designed to provide a reasonable expectation that, 

for 1,000 years after disposal, undisturbed performance of the disposal system 

shall not cause the annual dose equivalent from the disposal system to any 

member of the public in the accessible environment to exceed 25 millirems to 

the whole body or 75 millirems to any critical organ. All potential pathways 

(associated with undisturbed performance) from the disposal system to people 

shall be considered, including the assumption that individuals consume 2 

liters per day of drinking water from any significant source of ground water 

outside of the controlled area. 

§ 191.16 Ground water protection requirements. 

(a) Disposal systems for spent nuclear fuel or high-level or transuranic 

radioactive wastes shall be designed to provide a reasonable expectation that, 
for 1,000 years after disposal, undisturbed performance of the disposal system 

shall not cause the radionuclide concentrations averaged over any year in 

water withdrawn from any portion of a special source of ground water to 

exceed: 

(1) 5 picocuries per liter of radium-226 and radium-228; 

(2) 15 picocuries per liter of alpha-emitting radionuclides (including 

radium-226 and radium-228 but excluding radon); or 

(3) The combined concentrations of radionuclides that emit either beta or 

gamma radiation that would produce an annual dose equivalent to the total body 

or any internal organ greater than 4 millirems per year if an individual 

A-ll 



Appendix A: Title 40, Code of Federal Regulations, Subchapter F, Part 191 

consumed 2 liters per day of drinking water from such a source of ground 

water. 

(b) If any of the average annual radionuclide concentrations existing in 

a special source of ground water before construction of the disposal system 

already exceed the limits in 191.16(a), the disposal system shall be designed 

to provide a reasonable expectation that, for 1,000 years after disposal, 

undisturbed performance of the disposal system shall not increase the existing 

average annual radionuclide concentrations in water withdrawn from that 

special source of ground water by more than the limits established in 

191.16(a). 

§ 191.17 Alternative provisions for disposal. 

The Administrator may, by rule, substitute for any of the provisions of 

Subpart B alternative provisions chosen after: 

(a) The alternative provisions have been proposed for public comment in 

the Federal Register together with information describing the costs, risks, 

and benefits of disposal in accordance with the alternative provisions and the 

reasons why compliance with the existing provisions of Subpart B appears 

inappropriate; 

(b) A public comment period of at least 90 days has been completed, 

during which an opportunity for public hearings in affected areas of the 

country has been provided; and 

(c) The public comments received have been fully considered in developing 

the final version of such alternative provisions. 

§ 191.18 Effective date. 

The standards in this Subpart shall be effective on November 18, 1985. 

Appendix A--Table for Subpart B 
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TABLE 1.--RELEASE LIMITS FOR CONTAINMENT REQUIREMENTS 

(Cumulative releases to the accessible environment for 
10,000 years after disposal) 

Radionuclide 

Americium- 241 or -243 ......................................... . 
Carbon-14 ......... 0. 0. 0 •••• 0 •••••••• 0 •••• 0 ••••••••••••••••••••• 

Cesium-135 or -137 ........................... 0 ••••••••••••••••• 

Iodine -12 9 .. 0 •• 0 •••• 0 • 0 0 0 0 0 0 0 0 ••••••••••••••••••••••••••••••••• 

Neptunium-237 ................................................. . 
Plutonium-238, -239, -240, or -242 .... 0 0 ••••••••••••• 0 0 •••••••• 

Radium- 226 0 •• 0 • 0 • 0 0 0 •• 0 • 0 • 0 ••••• 0 •••• 0 •••••• 0 ••••• 0 ••••••• 0 •••• 

Strontium- 90 0 0 0 0 •• 0 •• 0 ••••• 0 0 •• 0. 0 0 ••• 0 0 0 0 0 ••• 0 0 ••••• 0. 0 •• 0 •• 0 0 

Technetium-99 ...... 0 0. 0. 0. 0 •••••••• 0 ••••• 0 •••••• 0 ••• 0. 0 0. 0 ••• 0. 

Thorium-230 or -232 ... 0 0 •••• 0 ••• 0. 0 ••••••••• 0 ••••• 0 •• 0 ••••••• 0. 

Tin-126 ........... 0 •••••••••••••••••••••••••••• 0 •••••• 0 •••••••• 

Uranium-233, -234, -235, -236, or -238 ... 0 0 •••••••••••••••••• 0. 

Any other alpha-emitting radionuclide with a half-life 
greater than 20 years .... 0 •••••••••••••••••••••• 0 ••••••••• 

Any other radionuclide with a half-life greater than 20 years 
that does not emit alpha particles ........... 0 •••••••••••• 

Application of Table 1 

Release 
limit per 

1,000 
MTHM or 

other unit 
of waste 

(see 
notes) 

(curies) 

100 
100 

1,000 
100 
100 
100 
100 

1,000 
10,000 

10 
1,000 

100 

100 

1,000 

Note 1: Units of Waste. The Release Limits in Table 1 apply to the amount of 
wastes in any one of the following: 

(a) An amount of spent nuclear fuel containing 1,000 metric tons of heavy 
metal (MTHM) exposed to a burnup between 25,000 megawatt-days per metric ton 
of heavy metal (MWd/MTHM) and 40,000 MWd/MTHM; 

(b) The high-level radioactive wastes generated from reprocessing each 
1,000 MTHM exposed to a burnup between 25,000 MWd/MTHM and 40,000 MWd/MTHM; 
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(c) Each 100,000,000 curies of gamma or beta-emitting radionuclides with 

half-lives greater than 20 years but less than 100 years (for use as discussed 

in Note 5 or with materials that are identified by the Commission as high­

level radioactive waste in accordance with part B of the definition of high­

level waste in the NWPA); 

(d) Each 1,000,000 curies of other radionuclides (i.e., gamma or beta­

emitters with half-lives greater than 100 years or any alpha-emitters with 

half-lives greater than 20 years) (for use as discussed in Note 5 or with 

materials that are identified by the Commission as high-level radioactive 

waste in accordance with part B of the definition of high-level waste in the 

NWPA); or 

(e) An amount of transuranic (TRU) wastes containing one million curies 

of alpha-emitting transuranic radionuclides with half-lives greater than 20 

years. 

Note 2: Release Limits for Specific Disposal Systems. To develop Release 

Limits for a particular dispo~al system, the quantities in Table 1 shall be 

adjusted for the amount of waste included in the disposal system compared to 

the various units of waste defined in Note 1. For example: 

(a) If a particular disposal system contained the high-level wastes from 

50,000 MTHM, the Release Limits for that system would be the quantities in 

Table 1 multiplied by 50 (50,000 MTHM divided by 1,000 MTHM). 

(b) If a particular disposal system contained three million curies of 

alpha-emitting transuranic wastes, the Release Limits for that system would be 

the quantities in Table 1 multiplied by three (three million curies divided by 

one million curies). 

(c) If a particular disposal system contained both the high-level wastes 

from 50,000 MTHM and 5 million curies of alpha-emitting transuranic wastes, 

the Release Limits for that system would be the quantities in Table 1 

multiplied by 55: 

50,000 MTHM 5,000,000 curies TRU 
+ 55 

1,000 MTHM 1,000,000 curies TRU 

Note 3: Adjustments for Reactor Fuels with Different Burnup. For disposal 

systems containing reactor fuels (or the high-level wastes from reactor fuels) 

exposed to an average burnup of less than 25,000 MWd/MTHM or greater than 

40,000 MWd/MTHM, the units of waste defined in (a) and (b) of Note 1 shall be 

adjusted. The unit shall be multiplied by the ratio of 30,000 MWd/MTHM 

divided by the fuel's actual average burnup, except that a value of 5,000 
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MWd/MTHM may be used when the average fuel burnup is below 5,000 MWd/MTHM and 

a value of 100,000 MWd/MTHM shall be used when the average fuel burnup is 

above 100,000 MWd/MTHM. This adjusted unit of waste shall then be used in 

determining the Release Limits for the disposal system. 

For example, if a particular disposal system contained only high-level wastes 

with an average burnup of 3,000 MWd/MTHM, the unit of waste for that disposal 

system would be: 

1,000 MTHM x ( 30,000) 
(5,000) 

= 6,000 MTHM 

If that disposal system contained the high-level wastes from 60,000 MTHM (with 

an average burnup of 3,000 MWd/MTHM), then the Release Limits for that system 

would be the quantities in Table 1 multiplied by ten: 

which is the same as: 

60,000 MTHM 
1,000 MTHM 

60,000 MTHM 
6,000 MTHM 

10 

X 
(5,000 MWd/MTHM) 

(30,000 MWd/MTHM) 
10 

Note 4: Treatment of Fractionated High-Level Wastes. In some cases, a high­

level waste stream from reprocessing spent nuclear fuel may have been (or will 

be) separated into t~o or more high-level waste components destined for 

different disposal systems. In such cases, the implementing agency may 

allocate the Release Limit multiplier (based upon the original MTHM and the 

average fuel burnup of the high-level waste stream) among the various disposal 

systems as it chooses, provided that the total Release Limit multiplier used 

for that waste stream at all of its disposal systems may not exceed the 

Release Limit multiplier that would be used if the entire waste stream were 

disposed of in one disposal system. 

Note 5: Treatment of Wastes with Poorly Known Burnups or Original MTHM. In 

some cases, the records associated with particular high-level waste streams 
may not be adequate to accurately determine the original metric tons of heavy 

metal in the reactor fuel that created the waste, or to determine the average 

burnup that the fuel was exposed to. If the uncertainties are such that the 

original amount of heavy metal or the average fuel burnup for particular high­

level waste streams cannot be quantified, the units of waste derived from (a) 

and (b) of Note 1 shall no longer be used. Instead, the units of waste 

defined in (c) and (d) of Note 1 shall be used for such high-level waste 

streams. If the uncertainties in such information allow a range of values to 

be associated with the original amount of heavy metal or the average fuel 

A-15 



Appendix A: Title 40, Code of Federal Regulations, Subchapter F, Part 191 

burnup, then the calculations described in previous Notes will be conducted 

using the values that result in the smallest Release Limits, except that the 

Release Limits need not be smaller than those that would be calculated using 

the units of waste defined in (c) and (d) of Note 1. 

Note 6: Uses of Release Limits to Determine Compliance with 191.13. Once 

release limits for a particular disposal system have been determined in 

accordance with Notes 1 through 5, these release limits shall be used to 

determine compliance with the requirements of 191.13 as follows. In cases 

where a mixture of radionuclides is projected to be released to the accessible 

environment, the limiting values shall be determined as follows: For each 

radionuclide in the mixture, determine the ratio between the cumulative 

release quantity projected over 10,000 years and the limit for that 

radionuclide as determined from Table 1 and Notes 1 through 5. The sum of 

such ratios for all the radionuclides in the mixture may not exceed one with 

regard to 191.13(a)(l) and may not exceed ten with regard to 191.13(a)(2). 

For example, if radionuclides A, B, and Care projected to be released in 

amounts Qa, Qb, and Qc, and if the applicable Release Limits are RLa, RLb, 

RLc, then the cumulative releases over 10,000 years shall be limited so that 

the following relationship exists: 

Qc 
+ RL 

c 
< 1 

Appendix B--Guidance for Implementation of Subpart B 

[Note: The supplemental information in this appendix is not an integral part 

of 40 CFR Part 191. Therefore, the implementing agencies are not bound to 

follow this guidance. However, it is included because it describes the 

Agency's assumptions regarding the implementation of Subpart B. This appendix 

will appear in the Code of Federal Regulations.] 

The Agency believes that the implementing agencies must determine compliance 

with §§ 191.13, 191.15, and 191.16 of Subpart B by evaluating long-term 

predictions of disposal system performance. Determining compliance with 

§ 191.13 will also involve predicting the likelihood of events and processes 

that may disturb the disposal system. In making these various predictions, it 

will be appropriate for the implementing agencies to make use of rather 

complex computational models, analytical theories, and prevalent expert 

judgment relevant to the numerical predictions. Substantial uncertainties are 

likely to be encountered in making these predictions. In fact, sole reliance 

on these numerical predictions to determine compliance may not be appropriate; 

the implementing agencies may choose to supplement such predictions with 
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qualitative judgments as well. Because the procedures for determining 

compliance with Subpart B have not been formulated and tested yet, this 

appendix to the rule indicates the Agency's assumptions regarding certain 
issues that may arise when implementing§§ 191.13, 191.15, and 191.16. Most 
of this guidance applies to any type of disposal system for the wastes covered 

by this rule. However, several sections apply only to disposal in mined 
geologic repositories and would be inappropriate for other types of disposal 

systems. 

Consideration of Total Disposal System. When predicting disposal system 

performance, the Agency assumes that reasonable projections of the protection 
expected from all of the engineered and natural barriers of a disposal system 

will be considered. Portions of the disposal system should not be 

disregarded, even if projected performance is uncertain, except for portions 
of the system that make negligible contributions to the overall isolation 

provided by the disposal system. 

Scope of Performance Assessments. Section 191.13 requires the implementing 
agencies to evaluate compliance through performance assessments as defined in 
§ 191.12(q). The Agency assumes that such performance assessments need not 

consider categories of events or processes that are estimated to have less 
than one chance in 10,000 of occurring over 10,000 years. Furthermore, the 

performance assessments need not evaluate in detail the releases from all 

events and processes estimated to have a greater likelihood of occurrence. 
Some of these events and processes may be omitted from the performance 

assessments if there is a reasonable expectation that the remaining 

probability distribution of cumulative releases would not be significantly 

changed by such omissions. 

Compliance with Section 191.13. The Agency assumes that, whenever 

practicable, the implementing agency will assemble all of the results of the 
performance assessments to determine compliance with§ 191.13 into a 
"complementary cumulative distribution function" that indicates the 
probability of exceeding various levels of cumulative release. When the 

uncertainties in parameters are considered in a performance assessment, the 

effects of the uncertainties considered can be incorporated into a single such 

distribution function for each disposal system considered. The Agency assumes 

that a disposal system can be considered to be in compliance with § 191.13 if 
this single distribution function meets the requirements of§ 191.13(a). 

Compliance with Sections 191.15 and 191.16. When the uncertainties in 

undisturbed performance of a disposal system are considered, the implementing 

agencies need not require that a very large percentage of the range of 

estimated radiation exposures or radionuclide concentrations fall below limits 

established in §§ 191.15 and 191.16, respectively. The Agency assumes that 

A-17 



Appendix A: Title 40, Code of Federal Regulations, Subchapter F, Part 191 

compliance can be determined based upon "best estimate" predictions (e.g., the 

mean or the median of the appropriate distribution, whichever is higher). 

Institutional Controls. To comply with§ 191.14(a), the implementing agency 

will assume that none of the active institutional controls prevent or reduce 

radionuclide releases for more than 100 years after disposal. However, the 

Federal Government is committed to retaining ownership of all disposal sites 

for spent nuclear fuel and high-level and transuranic radioactive wastes and 

will establish appropriate markers and records, consistent with§ 191.14(c). 

The Agency assumes that, as long as such passive institutional controls endure 

and are understood, they: (1) can be effective in deterring systematic or 

persistent exploitation of these disposal sites; and (2) can reduce the 

likelihood of inadvertent, intermittent human intrusion to a degree to be 

determined by the implementing agency. However, the Agency believes that 

passive institutional controls can never be assumed to eliminate the chance of 

inadvertent and intermittent human intrusion into these disposal sites. 

Consideration of Inadvertent Human Intrusion into Geologic Repositories. The 

most speculative potential disruptions of a mined geologic repository are 

those associated with inadvertent human intrusion. Some types of intrusion 

would have virtually no effect on a repository's containment of waste. On the 

other hand, it is possible to conceive of intrusions (involving widespread 

societal loss of knowledge regarding radioactive wastes) that could result in 

major disruptions that no reasonable repository selection or design 

precautions could alleviate. The Agency believes that the most productive 

consideration of inadvertent intrusion concerns those realistic possibilities 

that may be usefully mitigated by repository design, site selection, or use of 

passive controls (although passive institutional controls should not be 

assumed to completely rule out the possibility of intrusion). Therefore, 

inadvertent and intermittent intrusion by exploratory drilling for resources 

(other than any provided by the disposal system itself) can be the most severe 

intrusion scenario assumed by the implementing agencies. Furthermore, the 
implementing agencies can assume that passive institutional controls or the 

intruders' own exploratory procedures are adequate for the intruders to soon 

detect, or be warned of, the incompatibility of the area with their 

activities. 

Frequency and Severity of Inadvertent Human Intrusion into Geologic 

Repositories. The implementing agencies should consider the effects of each 

particular disposal system's site, design, and passive institutional controls 

in judging the likelihood and consequences of such inadvertent exploratory 

drilling. However, the Agency assumes that the likelihood of such inadvertent 

and intermittent drilling need not be taken to be greater than 30 boreholes 
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per square kilometer of repository area per 10,000 years for geologic 

repositories in proximity to sedimentary rock formations, or more than 3 

boreholes per square kilometer per 10,000 years for repositories in other 

geologic formations. Furthermore, the Agency assumes that the consequences of 

such inadvertent drilling need not be assumed to be more severe than: (1) 

Direct release to the land surface of all the ground water in the repository 

horizon that would promptly flow through the newly created borehole to the 

surface due to natural lithostatic pressure--or (if pumping would be required 

to raise water to the surface) release of 200 cubic meters of ground water 

pumped to the surface if that much water is readily available to be pumped; 

and (2) creation of a ground water flow path with a permeability typical of a 

borehole filled by the soil or gravel that would normally settle into an open 

hole over time--not the permeability of a carefully sealed borehole. 
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Appendix B 

As stated in the Waste Isolation Pilot Plant Land Withdrawal Act (Public 

Law 102-579, 1992), performance assessment (PA) analyses shall be provided 

every two years "to the State [of New Mexico], the [EPA], the National 

Academy of Sciences, and the EEG [Environmental Evaluation Group] for their 

review and comment." 

The inclusion of this appendix in the 1992 Preliminary Performance 

Assessment marks the third year that the Sandia National Laboratories' (SNL) 

PA Department has published the complete text of formal comments received 

from these groups together with responses indicating how comments will be 

addressed in future PA iterations (Bertram-Howery et al., 1990; WIPP PA 

Division, 199la). In previous years this appendix has included comments from 

the New Mexico Environment Department (1990, 1991), the EPA Office of 

Radiation Programs (1990), and the EEG (1990, 1991). Comments have been 

received in 1992 only from the EEG. These comments pertain to the 1991 

preliminary PA, as published in the first four volumes of SAND91-0893 (WIPP 

PA Division, 199la,b,c; Helton et al., 1992). 

Text of comments from the EEG and responses from the SNL Waste Isolation 

Pilot Plant (WIPP) PA Department follow. Organization of the responses is 

based on the organization of the comments. The EEG has provided both general 

comments in which they discuss important issues in the documents and state 

the conclusions of their review, and specific, page-by-page comments 

referenced directly to SAND91-0893. The PA Department has numbered EEG 

comments and inserted responses directly following each comment. EEG's 

general observations about important issues and conclusions are contained in 

comments 1 through 18. Page-by-page comments are numbered 19 through 96. In 

cases where page-by-page comments address points already covered in the 

general comments, responses are brief, and refer the reader back to the more 

detailed discussion. 

EEG has also provided comments on the WIPP PA Department's responses to 

comments published in 1991 on the 1990 preliminary performance assessment. 

These comments are presented with PA responses following the comments on the 

1991 documents, beginning on page B-53. Numbers assigned to these comments 

reflect the numbering used in Appendix B of the 1991 documentation (WIPP PA 

Division, 199la). Readers should consult that volume for the original text 

of the comments and responses. 
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Comments on SAND91-0893 from 
the Environmental Evaluation Group, with Responses 
from the WIPP Performance Assessment Department 

Comments dated July 31, 1992 

I. Introduction 

The Environmental Evaluation Group (EEG) is impressed by the productivity of 

the Sandia National Laboratories (SNL) WIPP Performance Assessment Group in 

the second year of detailed performance assessment for WIPP. The four 

volumes of SAND9l-0893 display a massive effort to continue to synthesize a 

large amount of work and data in the areas of site characterization; in situ 

hydrologic and rock mechanics studies underground; waste characterization; 

conceptual models of natural phenomena; and expected behavior of geologic and 

engineered barriers. A workable mechanism is developing to document the 

expected evolution of conditions in the repository after decommissioning. 

Although much work remains to be done, we share the Sandia scientists' 

optimism that this continued effort will result in providing the best 

possible basis to assess WIPP's compliance with the EPA disposal standards 

for high-level and transuranic nuclear waste repositories (40 CFR 191, 

Subpart B). 

This review is organized in four sections. Following the Introduction, Major 

Conclusions are provided. Certain important issues are identified for 

consideration in future P.A. efforts in the third section. This is followed 

by "page by page" comments. The last section of these review comments 

consists of the EEG reply to the SNL response to the EEG's comments on the 

1990 reports. This arrangement has caused some duplication, but in the 

interest of clarity, it should be acceptable. 

COMMENT1. EEG review of the 1991 P.A. is not complete. For example, 
detailed comments are provided only on the first four chapters of volume 1, 

and volume 4. However, these comments are being provided at this time to 

enable SNL to utilize our thoughts and concerns as they begin to make 

decisions on the selection of data, scenarios and models, before the 

calculations begin for the 1992 iteration. 

RESPONSE 1. In order to produce an iteration of WIPP PA by the end of each 

calendar year, the design of the analyses for that year must be decided by 

April 1. Comments received after that date cannot, in general, be addressed 
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until the following year's PA. For future PAs, the 1992 WIPP Land Withdrawal 

Act states that formal comments from the EEG (as well as EPA, NMED, and NAS) 

should be received within 120 days of publication of the PA documentation if 

a formal response is required. 

COMMENT 2. We have mixed feelings about the organization of the Sandia 
reports (4 volumes of SAND91-0893). The organization appears quite logical, 

but still it requires much effort to gather all the information about a 

particular scenario analysis or to track all the steps of a calculation. For 

example, the possibility of direct release of waste to the surface through 

drill-cuttings is first mentioned in Chapter 4 of Vol. 1. Some of the 

assumptions and considerations as well as the results are provided in Chapter 

7 of Volume 2, but one has to search in volume 3 for the input data used for 

this analysis, even though the input data used in the cuttings code to 

characterize the drilling mud, drill string, and waste properties was fixed 

for all cases. However, the fact that four activity levels in the waste were 

used for this analysis does not become clear until one studies the 

sensitivity analysis in Volume 4 (Chapter 4). Similarly, the fact that the 

gas effects considered in the analyses are limited only to the retardation of 

brine inflow and the structural effects are not considered is not clearly 

stated anywhere in the scattered discussion of gas effects. We have no 

specific suggestions to improve the organization except to recommend that the 

needs of the reviewer should be kept in mind and information should be 

presented and cross-referenced (by Chapter, Section, and page) so that 

related information is easily found. In addition, it may be helpful to 

provide a much expanded Executive Summary (an entire chapter or perhaps a 

full volume) in which the assumptions, data, scenarios and procedures are 

more clearly presented in one place. 

RESPONSE 2. In general, the PA Department agrees with the comment. The 

reports have been reorganized for 1992 to improve the presentation. Efforts 
have been made to provide better referencing and cross-referencing between 

volumes, and Volume 1 is briefer and presents a clearer overview of the PA. 

II. Major Conclusions 

COMMENT 3. The 1991 P .A. calculations lack conservatism in assumptions of 

scenarios, use of parameters and assignment of probabilities, even compared 

with the 1990 effort. Examples of non-conservative assumptions include: use 

of 5 km distance for the Culebra transport rather than the site boundary, use 
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of drilling rate median value of one-half of the maximum in 40 CFR 191, not 

considering any intrusion for the first 1000 years, not considering a 

scenario involving contaminated brine flows to the surface, use of 

unjustified Kd values, assumption of double-porosity flow with matrix 

diffusion to calculate travel times through the Culebra, undisturbed 

performance analyses only for the expected case, etc. In this sense, the 

1991 P.A. reports are not an improvement over the 1990 effort. 

RESPONSE 3. With respect to 40 CFR 191B, the purpose of PA is to provide 

probabilistic uncertainty analyses of realistic estimates of disposal-system 

performance. Modeling assumptions in general should not made in the context 

of "conservative" or "nonconservative" but rather in the context of 

acceptable approximation of reality. 

With respect to interim guidance to the Project from preliminary PAs, 

uncertainty and sensitivity analyses are most useful if performed on the most 

realistic modeling system available, rather than on artificially conservative 

assumptions. 

The PA Department recognizes that it is possible to characterize some 

assumptions as "nonconservative." Other assumptions could be characterized 

as "conservative." (See, for example, Response 44.) We are responsive to 

comments about specific assumptions, and will work to increase realism in 

assumptions. 

The specific points are addressed individually. 
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3.1 "The use of 5 km distance for the Culebra transport rather than the 

site boundary." 

The 1992 PAuses the land-withdrawal boundary, 2.4 km from the waste 

panels. 

3.2 "Use of drilling rate median value of one-half of the maximum in 40 

CFR 191. 

Expert judgment on the probability of human intrusion and the 

potential effectiveness of passive markers has been incorporated in 

the 1992 PA. CCDFs are presented comparing releases calculated 

using these probabilities with releases calculated using the same 

approach to determining intrusion probabilities used in 1991. 

3.3 "Not considering any intrusion for the first 1000 years." 



Appendix B 

This assumption in 1991 did affect direct releases through cuttings 

and cavings. The 1992 PAuses better resolution in time for direct 
releases. Subsurface releases are not believed to be particularly 
different for intrusions prior to 1000 yr (radioactive decay 

continues to occur during transport in the Culebra), and because 

limited resources require the PA Department to balance the total 

number of calculations with the need to improve model physics and 
accuracy, we do not provide further resolution of intrusion times 

for subsurface transport. We acknowledge that the final compliance 

assessment should have sufficient resolution to demonstrate that the 

shape of the summary CCDF is adequately captured. 

3.4 "Not considering a scenario involving contaminated brine flows to 

the surface." 

The PA Department has performed single-phase calculations for 

drilling fluid and Castile brine flow to the surface during 

drilling, and consequences were not important compared to direct 

removal of cuttings and cavings. We will repeat these subsidiary 

simulations using BRAGFLO for both release during drilling and long­

term releases through abandoned boreholes. Results will be 
presented in a later volume of the 1992 PA documentation. 

3.5 "Use of unjustified Kd values." 

Results of calculations assuming Kd=O were published in Volume 4 of 
the 1991 documentation (Helton et al., 1992, Section 5.4). The PA 

Department will continue to examine performance for both Kd=O and 

estimates of Kd based on expert judgment until defensible Kd values 
are available. 

3.6 "Assumption of double-porosity flow with matrix diffusion to 
calculate travel times through the Culebra." 

The PA Department's preferred conceptual model for the disposal 

system, based on available information, continues to include dual­

porosity transport in the Culebra, as wells as non-zero Kds, waste­

generated gas, creep closure (included for the first time in 1992), 

and variable climate. For comparison purposes, Volume 1 of the 1992 

documentation (this volume) also contains results calculated for the 

preferred model assuming single-porosity, fracture-only transport 
with Kd=O, 
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COMMENT 4. We continue to remain 

undisturbed performance scenarios. 

of misinterpretation of the 40 CFR 

unconvinced about zero releases following 

We believe this is due to a combination 

191 definition of undisturbed performance 

and use of non-conservative values of certain input parameters. 

RESPONSE 4. The PA Department believes the interpretation of 40 CFR 191 used 

in the 1991 (and 1992) PA is correct. Screening of events and processes for 

§ 191.13 has identified no natural events with probabilities greater than 

lo-4 in 104 yr that will disrupt the disposal system (WIPP PA Division, 

199la, Chapter 4). Non-disruptive natural processes (e.g., climate change) 

are included in the base-case scenario for § 191.13. This base-case scenario 

also describes undisturbed performance, as defined for §191.15 in 

§ 191.12(p). 

With regard to "non-conservative values for certain input parameters," the PA 

Department notes that Appendix B of 40 CFR 191 indicates that "compliance 

[with § 191.15] can be determined based on "best estimate" predictions" (US 

EPA, 1985, p. 38088). Probabilistic analyses are used for 40 CFR 191B to 

examine uncertainty in realistic predictions, not to provide conservative 

performance estimates. (See Response 3.) 

The preliminary analyses of undisturbed performance reported in the 1991 PA 

(WIPP PA Division, 199lb) used realistic estimates of parameter values, 

rather than probabilistically sampled values. Sensitivity and uncertainty 

analyses of undisturbed performance conducted during 1991 (WIPP PA 

Department, 1992; not published at the time of the EEG review) use sampled 

values for input parameters and confirm the conclusion of the previous 

analyses. For undisturbed conditions, brine that has been in contact with 

waste does not migrate to the accessible environment. (Or even a small 

fraction of the distance to it: in the analyses reported in WIPP PA 

Department, 1992, potentially contaminated brine did not leave the DRZ.) 

COMMENT 5. With respect to the analysis of human intrusion scenarios, it 

appears that the releases from direct removal of drill-cuttings to the 

surface would be much more severe if a more realistic distribution of 

radionuclide concentrations in the waste planned for WIPP is sampled and the 

first intrusion is assumed to occur at a realistic time interval before 1000 

years. 

RESPONSE 5. Releases at the surface from earlier intrusions are examined in 

1992: see Response 3.3. Radionuclide content of the waste is based on the 

IDB (US DOE, 1991). We are unsure what is meant by "a more realistic 

distribution of radionuclide concentrations"; see Comment 15, where EEG 
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observes that the "four activity levels chosen seem reasonable (and probably 

slightly conservative) ... ". 

COMMENT 6. The 1991 performance assessment has assumed several parameters 

and physical and chemical processes which have helped to keep CCDFs within 

the Standards' Containment Requirement limits, but no clear justification is 
provided for these very non-conservative choices. Expert judgment has been 

used in lieu of experimentally determined values. 

RESPONSE 6. As does the 1992 PA, the 1991 PA presented performance estimates 

for the preferred conceptual model based on available information about the 

disposal system (see Response 3.6). Alternative conceptual models were 

presented in Volume 4 (Helton et al., 1992). The goal of PAis to provide a 

realistic estimate of disposal-system performance with an understanding of 

the uncertainty in that estimate, rather than simply a conservative estimate 

(see Response 3). We disagree that the modeling choices are unjustified, and 

we note that the implication in Comment 6 that expert judgment is unavoidably 

non-conservative is incorrect. 

COMMENT7. Another area of EEG concern with the 1991 P.A. calculation is 

the apparent discrepancies in the estimates of the WIPP inventory of various 

radionuclides. Uranium-233 inventory assumption provides perhaps the most 

glaring example that would dramatically affect the total integrated 

discharges for various scenarios. 

RESPONSE 7. See Comment 13 for an expanded discussion of this point by the 

EEG. The PA Department also notes difficulties in obtaining consistent 

estimates of waste that will be generated in the future. PAs will continue 

to use the inventory given in the IDB (US DOE, 1991). 

COMMENT 8. As we did in 1991, we would again like to recommend that the 

1992 and subsequent P.A. iterations include simulations of engineered 

modified waste forms to provide guidance to the DOE planners. 

RESPONSE 8. The PA Department will do so if resources for additional 

sensitivity analyses are available. 

COMMENT9. And, to conclude this listing of EEG's major concerns with the 

1991 P.A. effort, statements such as "Summary of CCDFs (mean and median 

curves) lie an order of magnitude or more below the regulatory limits" (p. 
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ES-6, etc.), are misleading at this stage of performance assessment. Portions 

of the modeling system and data base are incomplete, conceptual model 

uncertainties are not fully included, final scenario probabilities remain to 

be estimated, and the level of confidence in the results has not been 

established. 

RESPONSE 9. The PA Department believes that it is important (rather than 
"misleading") to present preliminary results conditional on clearly stated 

assumptions and caveats. We agree that preliminary results should not be 

used out of context. The full quote from pages ES-6 and ES-7 of the 1991 

Volume 1 was "Informal comparison of these preliminary results with the 

Containment Requirements indicates that, for the assumed models, parameter 

values, and scenario probabilities, summary CCDFs (mean and median curves) 

lie an order of magnitude or more below the regulatory limits." 

III. Important Issues 

Input Data 

COMMENT 10. EEG has not yet thoroughly reviewed Volume 3: Reference Data 

to check the reasonableness of the range of various parameters proposed by 

individual SNL investigators and the connection between the ranges proposed 

and the results of the experiments on which they are based. We have serious 

concerns, however, about the values used for some of the more sensitive 

parameters which directly affect the outcome of the performance assessment. 

Retardation of various radionuclides during transport through the Culebra 

aquifer is a case in point. For last year's effort, P.A. has relied on the 
"expert judgement elicitation" of two Sandia lab employees. The only 
existing kd measurements on the Culebra rock were made using powdered samples 
which EEG criticized and rejected in 1979. However, one of the two experts 

used those data for his expert judgement in 1991! And even though the 

numbers suggested by the third expert (also a SNL employee) are between 1 and 

3 orders of magnitude more conservative, his assumptions of 1% clay in the 

matrix of the Culebra dolomite and 100% clay filled fractures has no 

demonstrated scientific basis. It is interesting to note that the P.A. group 

disregarded the numbers provided by this third expert, but accepted his 

recommendation to assume a median value of 50% of fractures filled with clay 

based on a suggested normal distribution between 10% and 90%. No scientific 

justification for this distribution has been provided. 
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RESPONSE 10. PA modeling of transport in the Culebra will be revised 

appropriately when results are available from ongoing tracer column 

experiments. Until such time, PA will continue to examine alternative 

conceptual models in which Kd=O. The description of clay linings in 

fractures and the approach to modeling their impact on transport has been 

revised for 1992 (See Volumes 2 and 3). 

Appendix B 

COMMENT 11. The P.A. calculations of scenarios with releases through the 

Culebra dolomite have also relied on the assumption of double porosity flow 

with matrix diffusion. While the mechanism of matrix diffusion has been 

successfully assumed in the interpretation and modeling of hydrologic flow 

tests data, it has never been demonstrated to exist either experimentally or 

through modeling. The CCDF plots are highly sensitive to the combined 

assumptions of (l) the presence of clay in the matrix and in the fractures of 

the Culebra dolomite, (2) mechanics of double porosity flow with matrix 

diffusion, and (3) high degree of physical and chemical retardation of 

radionuclides during such transport. In fact, the sensitivity analyses 

indicate that without these assumptions, the CCDF curves for the scenarios 

involving flow through the Culebra would violate the containment standards. 

It is essential, therefore, that very good experimental and theoretical 

demonstration of the occurrence of these processes be provided. 

RESPONSE11. The PA Department agrees that experimental and theoretical 

demonstration of these processes is important. We disagree that "matrix 

diffusion ... has never been demonstrated." Existing hydropad tests indicate 

that dual-porosity transport on the scales of the tests is the most realistic 

conceptual model for fractured portions of the Culebra (Kelley and Pickens, 

1986; Saulnier, 1987; Beauheim, 1987a,b, 1989; Jones et al., 1992). Planned 

hydraulic testing will further examine this question (Beauheim and Davies, 

1992). 

Undisturbed Performance of Repository/Shaft 

COMMENT 12. Chapter 4 in Volume 2 devotes 83 pages to a description of the 

evaluations that have been performed to date. The calculations have been 

extensive and have involved 4 computational models (Boast II, Panel, Sutra, 

and Staff2D). The objectives of the calculations this year (summarized on 

page 4-81 of Volume 2) are primarily cross verification between models and 

initial approximations of gas generation effects. 
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All results indicate that migration of nuclides even a few meters up a shaft 
are orders of magnitude less than the allowable releases in 40 CFR 191. The 
assumptions are considered conservative but are not claimed to be bounding. 
These preliminary findings reinforce earlier conclusions that no non-human 
intrusion scenarios will result in releases and will thus never be a factor 
in showing compliance with the Standard. 

EEG believes a conclusion that non-human intrusion scenarios will never be a 
problem and can thus be ignored is still unproven. Our reasons for this are 
discussed below. 

This section is entitled "undisturbed performance." The discussion on page 
4-63 of Volume 1 about undisturbed performance is misleading. The definition 
of undisturbed performance is quoted from the 1985 Standard as not including 
unlikely natural events. This is the correct definition, but it is to be 
applied only to the Individual Protection Requirements (191.15) and the 
Groundwater Protection Requirements (191.16). The Containment Requirements 
(191.13) apply the same probability limits to natural events as they do to 
disruptive events such as human intrusion. Therefore, the Performance 
Assessment needs to consider events with probabilities as low as 0.0001 in 
10,000 years when constructing the CCDF. 

The evaluation of "undisturbed performance" in the 1991 Preliminary 
Comparison clearly does not consider low probability conditions. For 
example, all modeling was done with the assumption that the degree of brine 
saturation in the wastes was 30% or less. The result was relative 
permeabilities in the waste that are orders of magnitude less than in the 
surrounding formation. 

The values used for permeability in the anhydrite and halite were those from 
the median/average of the range used for human intrusion scenarios and 
sampling was apparently not done from the distribution. Likewise the 
solubility values used were around the center of the range and orders of 

magnitude below the 90-percentile levels shown in Table 3.3-11 of Volume 3. 

It may turn out that calculations will show that truly bounding (or very low 
probability) conditions will still result in trivial releases from non-human 
intrusion events. SNL should, however, perform uncertainty and sensitivity 
analyses for the undisturbed case. An alternate approach might be to 
calculate truly bounding scenarios to see if it is possible to dispense with 
non-human-intrusion scenarios without further refining of calculations. 
These calculations should include a fully saturated room with solubility, and 
the formation and shaft permeability values at or near the 1.0 cumulative 
probability level. 
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RESPONSE 12. Points raised here are addressed individually. 

12.1 "Non-human intrusion scenarios [should not be ignored]." 

The PA Department agrees. They are included in the base-case 

scenario for § 191.13. If analyses of undisturbed performance for 

§ 191.15 and 40 CFR 268.6 show a potential for 10,000-yr releases to 

the accessible environment, these releases will be included in CCDFs 

for § 191.13. As noted in the 1992 PA and previous iterations, the 

WIPP PA Department has high confidence that realistic models will 

continue to show that human intrusion is the only likely event with 

the potential to result in any releases to the accessible 

environment. 

12.2 Definition of undisturbed performance. 

See Response 4. The PA Department believes its usage is correct. 

12.3 "The evaluation of 'undisturbed performance' in the 1991 Preliminary 

Comparison clearly does not consider low-probability conditions. 

For example, all modeling was done with the assumption that brine 

saturation in the wastes was 30% or less." 

This comment suggests a misunderstanding of the PA modeling system. 

Brine saturation in the waste is "assumed" only for initial 

conditions. At all other times, it is a model-calculated quantity 

dependent on the material properties used in the model, the initial 

and boundary conditions, and the fundamental equations used to 

describe two-phase fluid flow. PA makes no a priori assumptions 

about the probability of model outcomes. 

12.4 "The values used for permeability ... were ... median/average." 

See Response 4. The comment is correct. 

12.5 Implied request for "truly bounding (or very low probability) 

conditions." 

See Responses 3, 4, and 6. The goal of PA for 40 CFR 191B is 

uncertainty analysis of realistic conditions, not worst-case 

analysis. The PA Department has completed uncertainty and 

sensitivity analyses for the undisturbed case (WIPP PA Department, 

1992) and will continue to perform them in the future. 
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Uranium-233 Inventory 

COMMENT 13. The 1991 Comparison lists a design inventory for Uranium-233 of 

305 Ci (103.7 Ci CHand 201.5 Ci RH). This value is derived from the 1990 

IDB (Integrated Data Base) where weight fractions of the major radionuclides 

of the mixes are reported. The IDB did not report the inventory of each 

radionuclide. The value in the 1987 IDB was about 7800 Ci. 

The only detailed inventory document we are aware of is DOE/WIPP 88-005 

("Radionuclide Source Terms for the Waste Isolation Pilot Plant"). This 

report was never, to our knowledge, issued as a final report. However, we 

have been told by Westinghouse personnel that it is the major data base that 

was used to develop subsequent IDB reports. This document gives the 

following values: 

CURIES OF URANIUM-233 

Facility CH - TRU RH - TRU 
stored NG stored NG 

ORNL 2608.0 4459.0 0.0 0.0 
INEL 574.0 1.0 18.9 4.0 
LANL 48.0 0.0 0.0 0.0 

3230.0 4460.0 18.9 4.0 7713 ci TOTAL 

Also in 1983, EEG obtained an estimated radionuclide composition for all TRU 

stored at INEL. The estimate for U-233 was 862 Ci total, with less than one 

curie of this in RH-TRU. 

It has been our experience that it is difficult to "back numbers out" of the 
IDB. The various tables are summaries of data and are not internally 

consistent. In order to calculate the curies of a radionuclide one has to 

assume that the grams per cubic meter of transuranics in each mix are the 
same. For example, when this assumption is made in Tables 3.5 and 3.8 of the 

1990 IDB for ORNL CH-TRU, one calculates 25,400 Ci of alpha radioactivity. 

Table 3.5 lists 17,500 Ci. 

Uranium-233 is one of the more critical radionuclides for performance 

assessment because of its expected greater solubility and lower retardation 

coefficient. The importance of uranium radionuclides to the Performance 

Assessment is indicated in Table B-4 (Volume 2) where 94.5% of the Total 

Integrated Discharge is attributed to U-234 and 4.3% is attributed to U-233. 
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The U-234 inventory of 3315 Ci is from the decay of 9.26 million curies of 

Pu-238. A U-233 inventory 25 times greater than that used in this report 
would increase the Total Integrated Discharge from 0.065 to 0.13. 

SNL needs to carefully review estimates of the inventory for Uranium-233 and 

other radionuclides. Data should continue to be updated and obtained more 
directly than from the IDB values. 

RESPONSE13. The PA Department has little to add to this comment, except to 
note that the effects on regulatory compliance of changes in the radioactive 
inventory may be somewhat muted because allowable releases are normalized to 
the total inventory. We recognize the potential for discrepancies in 

estimates of waste not yet generated. Radionuclide inventories for PA will 

continue to be based on the IDB, however, unless or until an alternative 

approach is identified. 

Cuttings Removal 

COMMENT 14. EEG recommended in 1991 that the highly variable radionuclide 

concentrations in the waste be considered in evaluating the curies of TRU 
waste brought to the surface in borehole cuttings. The 1991 comparison 

responded to this recommendation by dividing the waste into four activity 
levels. An average activity was obtained from sampling on this activity 
distribution. This average activity was used in Appendix B, Volume 2 for the 

60 vector runs with the 45 sampled parameters (which included drill bit 

diameter). Since the sampled average values differed very little from the 

simple average (about +2.2% at 1,000 years and +4.0% at 3,000 years), the end 
result of using a sampled average value was negligible in the Appendix B 
Tables. However, the activity levels were factored into the CCDF 

construction and the results appear reasonable. 

The sensitivity analysis for cutting removal (in Chapter 4 of Volume 4) 
concludes that drill bit diameter is not a very sensitive parameter. We 

agree and recommend that in the future consideration be given to sampling 
directly on the four activity levels in the waste and use a constant drill 
bit diameter of about 0.34 m. Also, the quantity of waste removable under 

various room and brine conditions needs to be better understood (see page by 

page comments for Volume 4). 

RESPONSE 14. The PA Department agrees that the quantity of waste removed 

under various room conditions needs to be better understood. 
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COMMENT 15. The four activity levels chosen seem reasonable (and probably 

slightly conservative) when compared to the waste inventory curies in Table 

3.3-5 (Volume 3) and volumes in Table 3.4-5 (Volume 3). However, it is noted 

that the level 4 activity at 3,000 years and later could not be attained by 

containers that met the initial criticality limits (200 FGE for a 208 liter 

drum) because most of the activity would have to come from Pu-239 or Pu-240. 

RESPONSE15. Note that the CUTTINGS code includes radioactive decay, and 

that the activity levels are based on activity at the time of emplacement. 

COMMENT 16. The statement is made on page 4-7, lines 34-37 of Volume 4 that 

a single borehole would not result in a normalized release that exceeds 1.0 

and that an intrusion at an earlier time might exceed 1.0. It would be more 

accurate to say that a single borehole at 1,000 years could theoretically 

reach 1.0 and that earlier intrusions could definitely exceed 1.0. This is 

because drums loaded to the maximum permitted PE-Ci and FGE levels with (for 

example) 987 Ci Am-241, and 11.4 Ci Pu-239, and 1.1 Ci Pu-240 would have 1262 

Ci brought to the surface (1.06 normalized release) from a .944-m (eroded 

diameter) borehole. Also, permissible loading levels of Pu-238 (1100 Ci in a 

208 liter drum) could result in normalized releases exceeding 1.0 for greater 

than 210 years. Because of the early time effect of cuttings and brine flows 

brought to the surface, EEG believes that SNL should sample on time as they 

did in the 1990 comparison and not make the first intrusion at 1000 years in 

all 60 vectors. 

RESPONSE16. See Response 3.3. Releases at the surface are evaluated for 

earlier intrusions. PA has not sampled on time of intrusion in 1992, 

however, and will not in future analyses. As discussed in Section 3.1.3 of 

Volume 1 of the 1991 PA documentation, stochastic uncertainty (e.g., time of 

intrusion) and subjective uncertainty (e.g., uncertainty in values for 
imprecisely known model parameters) are fundamentally different. Confusing 
the two types of uncertainty complicates parametric uncertainty analyses. 

Gas Effects 

COMMENT 17. DOE has maintained since 1988 that data on gas generation from 

TRU waste is needed to narrow uncertainties in the performance assessment. 

In fact, almost the entire justification for starting waste emplacement at 

WIPP has been based on the need for data to assess compliance with 40 CFR 191 
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Subpart B. Naturally, one would look to the performance assessment analyses 

to verify these claims. The P.A. reports so far have not supported the DOE 

assertion that in situ gas generation data is needed to narrow or remove 

uncertainties in performance assessment. In fact, although it is not clearly 

mentioned in any of the 1991 P.A. reports, the only effects of gas generation 

used are those that are beneficial to P.A. (reduces the releases to the 

environment). This is because the gas effects have been used only to further 

reduce the assumed rates of brine inflow, which proves to be beneficial to 

P.A. The structural effects of gas production that could result in opening 

of fractures and providing new pathways and mechanisms for releases have not 

been considered in the P.A. calculations so far. 

The net result of assuming the "good" effects of gas and not the "bad" ones, 

yields results which counter the DOE claims of the need for more in situ gas 

data. What is the point in undertaking the expense of gas generation tests 

when the gas generation from waste is actually beneficial in demonstrating 

compliance with 40 CFR 191? Would it not be better to use these resources to 

obtain experimental data on radionuclide retardation, solubility, and the 

nature of porous media flow through the Culebra, the parameters that have the 

maximum impact on P.A.? 

Of course, the assumption that the gas generation would retard brine inflow 

and thus would help in reducing the releases to the environment is 

simplistic. The conditions in the repository are expected to evolve as a 

result of complex interplay of brine inflow, salt creep, disturbed rock zone 

(DRZ) development, physical disintegration and chemical decomposition of the 

waste, and gas generation. To predict the range of possible future 

conditions, and various pathways of development of such conditions, would 

require complex modeling of coupled processes such as that presented by 

Davies, Brush and Mendenhall in SAND91-2378. 

EEG recommends that the 1992 P.A. should include gas generation effects and 

the results should be used to assess the need to collect more gas generation 
data in situ "to reduce uncertainties in performance assessment." 

RESPONSE17. See Response 12.3. The PA Department does not "assume" that 

gas generation retards brine inflow. Rather, the retardation of brine inflow 

by elevated gas pressures is calculated by a sophisticated computational 

model based on fundamental principles of physics and available data and 

conceptual models. 

Pressure-dependent fracturing of anhydrite marker beds has not been included 

in the 1992 PA. It will be included in future PAs when adequate conceptual 

and computational models are available 
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Comments by the EEG about the relative importance of additional information 

about gas generation effects for assessing regulatory compliance apparently 

apply only to 40 CFR 191B. The PA Department notes that analyses with regard 

to 40 CFR 268.6 (WIPP PA Department, 1992) were not complete at the time of 

the EEG review. 

Waste Form Modification 

COMMENT 18. The calculations published by the WIPP Engineered Alternatives 

Task Force (EATF - DOE/WIPP91-007) indicate that waste form modification 

could improve repository performance by reducing radionuclide releases into 

the accessible environment by up to four orders of magnitude, depending on 

the release scenario and the waste form modification. However, the EATF was 

unable to make specific recommendations for waste treatment, noting that more 

work needed to be completed by the SNL performance-assessment effort. The 

1991 performance assessment calculations by SNL did not include simulations 

of the engineered alternatives to the waste form, although the need for 

performing those calculations was acknowledged. EEG recommends that the 1992 

and future P.A. iterations should include assumed waste-form modifications to 

better assess the merits of such modifications in demonstrating compliance 

with 40 CFR 191. 

RESPONSE 18. See Response 8. 

IV. Page by Page Comments 

Volume 1. Executive Summary 

COMMENT 19. Pag;e (ES- 3). lines 12.17. The statement that computational 
scenarios are distinguished by the time and number of intrusions does not 

reflect the methodology presented in Volume 2 (Chapter 2), in that "time 

periods" 2000 years in duration and not exact times are utilized. The mid­

point of each interval is a mean average intrusion time estimated by assuming 

equal likehood across it. Also, it should be mentioned that the historical 

drilling rate at the site is the maximum rate required by the Standard, 

whereas the 1991 P.A. samples on a uniform distribution between zero and the 

maximum required rate. More detailed concerns with this section will be 

addressed in later comments. 

RESPONSE 19. See Responses 3. 1, 3. 3, and 16. 
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COMMENT20. Page (ES-4), lines 2-8. Without mentioning the fact that many 

parameter distributions are based on subjective judgements formulated by 

expert panels, which are not readily amenable to uncertainty and (to a lesser 

extent) sensitivity analysis, one is led to believe that all parameters 

utilized are derived from experimental measurements. The use of subjective 

judgement for this purpose, or the use of expert panels to derive such 

distributions, should be mentioned somewhere in the Executive Summary to 

convey this type of existing uncertainty in the P.A. 

RESPONSE 20. The 1992 documentation makes the point more clearly. 

COMMENT21. Page (ES-4-5), lines 42-45;1-2. Simulations of undisturbed 

performance indicate zero releases to the accessible environment. This 

result is based on current parameter uncertainties, incomplete utilization 

and understanding of certain processes such as structural effects of gas 

generation, climate and subs~dence effects, and an apparent misinterpretation 

of the definition of undisturbed performance in the 1985 Standard. 

Therefore, the absence of an analysis of the "base" scenario together with 

its sensitivity to parameters is of some concern to EEG. Without such a 

summary, it is not possible to judge the relative effectiveness of 

containment, and to determine which parameters have controlling influence, 

and whether their distributions are derived from subjective or experimental 

process. All of this information should be available for review in future 

iterations of P.A. 

RESPONSE 21. See Responses 4 and 12. 

COMMENT22. Page (ES-5), lines 8-10. The upper bound of 30 

boreholes/km2jl0,000 years mentioned in the EPA Standard was based on the 

observed frequency of drilling in the vicinity of the WIPP site. Therefore, 

what is the justification for the use of a rate constant with the observed 

frequency at the site to be the upper bound and a lower bound of zero? The 

drilling rate appears to have increased in recent years. It may increase or 

decrease in the future. A more conservative distribution should be used for 

the future P.A. calculations and a justification should be provided for the 

distribution used. 

RESPONSE 22. See Response 3. 2. Note that the expert panels did not agree 

that "a more conservative distribution should be used." 
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COMMENT23. Page (ES-5), lines 10-13. The use of five disjoint time 

intervals of 2000 years is apparently based on the need to keep computer 

simulation costs to an acceptable value, and not on any scientific analysis 

of the impact of these specific intervals and size on the overall CCDF 

formulation. As was mentioned earlier, the choice of a midpoint for these 

intervals is based on a mean expectation within a given interval, but the 

presence of more than one event within a given interval is seemingly 

meaningless if tracking of repository history is to be taken into 

consideration. If the time(s) of intrusion are truly independent from one 

another, then sampling of any number of intrusion singlets, doublets, 

triplets, ... , etc., from a uniform distribution of 10,000 years, coupled 

with a calculation of probabilities of occurrence for these intrusions using 

the Poisson distributions derived within the text, would have possibly been 

more representative and less arbitrary than the methodology used in P.A. for 

this purpose. Hence, the five time intervals selected by this methodology 

would have been of unequal length with possible overlaps. 

RESPONSE 23. See Responses 3. 3 and 16. 

COMMENT 24. Page (ES- 5), lines 13-15. Geophysical (TDEM) anomalies at the 

level of the upper Castile Formation underlying the waste panels indicate the 

presence of a brine reservoir. However, short of extensive drilling down to 

that horizon, one can never be certain about the presence or absence of a 

brine reservoir at that depth or the fraction of the area underlain by the 

waste panels to be occupied by brine. EEG recommends that while credit may 

be taken for the uncertainties of a future drillhole reaching that depth, it 

should be assumed that any hole reaching the upper Castile would encounter 

pressurized brine reservoir with properties similar to the one encountered by 

the borehole WIPP-12. To attempt to delineate the fraction occupied by brine 

on the basis of the TDEM contours is not a valid exercise. 

RESPONSE 24. The WIPP PA Department agrees that "one can never be certain 

about the presence or absence of a brine reservoir." Therefore, we have used 

available information to provide a reasonable estimate of the uncertainty in 

our knowledge about the absence or presence of a brine reservoir. The 

purpose of PA is to provide realistic estimates of performance, not worst­

case estimates (See Responses 4 and 12). 

COMMENT25. Page (ES-5), lines 15-18. The four activity levels chosen 

appear to be reasonable, and probably slightly conservative, when compared to 

the waste inventory curies in Table 3.3-5 (vol. 3) and the volumes of waste 
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in Table 3-4-5 (vol. 3). It should be noted, however, that the level four 

activity at 3000 years and later could not be attained by containers that met 
the initial criticality limits (200 FGE for a 208 liter drum), because most 

of the activity would have to come from Pu-239 or Pu-240. 

RESPONSE 25. See Responses 5 and 15. 

COMMENT 26. Page (ES-5), lines 28-38. It is not mentioned that the dual­
porosity model being employed, and the consequently large retardations 

ascribed to the fractures and the matrix (both chemical and physical) have 
not been proven to be representative at the site. EEG voiced concern in the 
1990 P.A. over the use of unjustifiably large retardation factors ascribed to 

the fractures and matrix. The 1991 P.A. which shows even larger maximum 
retardation factors only exacerbates our concerns that these factors have not 

been experimentally justified. Finally, we are still concerned over the use 

of Expert Panels to derive parameter distributions that can be measured 

experimentally. Any potential impact that such use will have on the C&C 
agreement between DOE and the State has been ignored. This Summary should 

reflect these uncertainties. 

RESPONSE 26. See Responses 3. 5, 3. 6, and 10. 

COMMENT27. Page (ES-6), lines 13-27. This section does not state that the 

cuttingsjcorings removal scenarios are not completely modeled, which is 
important because these types of events dominate the CCDF. Furthermore, it 

appears that these scenarios would result in much higher releases if a more 
realistic distribution of radionuclide concentrations is sampled and the 

first intrusion is assumed to occur much sooner than 1000 years. It is 

important to know the magnitude of the low probability significant releases 
and the parameter sensitivity for such releases. This should be provided. 

RESPONSE 27. See Responses 3. 3, 5, and 15. Emphasis on the importance of 

cuttings and cavings is more carefully noted in the 1992 documentation. 

Consequences of core drilling have not been analyzed explicitly because this 

type of drilling is not commonly used in exploratory boreholes that reach the 

WIPP horizon. Total volume of waste removed by coring, like that removed as 

cuttings, would probably be most sensitive to the diameter of the drill bit. 
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COMMENT28. Page (ES-6,7), lines 24-2. Statements such as, "summary of 

CCDFs (mean and median curves) lie an order of magnitude or more below the 

regulatory limits" are misleading at this stage of performance assessment for 

reasons summarized in lines 37 to 42 of p. ES-6 and in our major conclusions. 

RESPONSE 28. The PA Department disagrees. See Response 9. 

COMMENT 29. Page (ES-7), lines 10-11. EEG disagrees with the statement 

that the WIPP project has satisfied the natural resources assurance 

requirement outlined in 40 CFR 191.14(e). A review of the referenced DOE 

report (DOE/WIPP 91-029, August 1991) was provided to WPIO on December 27, 

1991. The EEG letter made constructive suggestions towards achieving 

compliance with the requirement. We have not yet received a reply to our 

letter. Our position is that the determination that this mineral-rich site 

is acceptable will be made by the results of the P.A. with drilling rates 

applicable to a mineral-rich site. 

RESPONSE 29. With regard to drilling rates, see Response 3. 2. The PA 

Department is not familiar with the status of the DOE's response to the 

letter mentioned in the comment. 

Volume 1, Chapter 1 - Introduction 

COMMENT30. Page (1-13), lines 4-8. The Consultation and Cooperation 

Agreement requires DOE to consult and cooperate with various branches of the 

New Mexico State government and with EEG and not just with the N.M. 

Environment Department. This change from the 1990 report (SAND90-2347, page 

I-20) is obviously deliberate, but wrong. In fact, the C and C agreement 

mentions no particular State agency, but does mention EEG. 

RESPONSE 30. Text describing the participants in the WIPP Project has been 

revised in the 1992 documentation to reflect the 1992 Land Withdrawal Act, 

which clarifies the EEG's role as a reviewer. 

COMMENT 31. Page (1-13), lines 8-18. The Environmental Evaluation Group 

(EEG) is the only full-time independent review group for the WIPP project and 

has been conducting this work since 1978. The ACNFS is now defunct and the 

DNFSB has only commented on the clarification of some DOE Orders' 

applicability to WIPP. This paragraph and the Synopsis (page 1-32) should 

appropriately describe the role of the review groups, and list them in the 
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order of their importance and involvement with the WIPP project. 

RESPONSE 31. See Response 30. 

COMMENT 32. Page (1-15) , lines 5-9. The well that bottoms within the WIPP 

site (James Ranch Unit No. 13) is not only "capable of producing gas," but 

has been producing gas and condensate since January 1983, except for a shut­
in period of one month in July 1985 and for three extended periods of several 

months beginning in April 1987. This well has produced over 3 million MCF of 

gas to date. 

RESPONSE 32. The text has been revised, and now cites the report by the EEG 

documenting production from this well. 

COMMENT 33. Page (1-25), ~lines 43-5. What is "an extensive experimental 

area ... under construction north of the waste disposal area"? 

RESPONSE 33. This refers to the underground experimental area excavated 

north of the waste-disposal area. 

Volume l, Chapter 2 - Application of Subpart B 

COMMENT34. Page (2-4), lines 18-21. This agreement has already been 

broken by allowing resource extraction from the WIPP site through slant 

drilling. What are the plans to correct the situation? 

RESPONSE 34. The question should be addressed directly to the DOE. 

COMMENT35. Page (2-7) lines 32-44. EEG does not consider it appropriate 
to use expert panel judgement on parameter distributions, which can be 

determined experimentally as was indicated in the review of the 1990 P.A. 

This is particularly true for parameters which have great impact on the 
resulting CCDFs, such as radionuclide solubility and chemical retardation. 

The P.A. has not addressed the conflict between using retardation values 

derived in this manner and the current C & C agreement between DOE and the 

State. Furthermore, EEG questions whether the current use of expert panels 

and "expert judgement" by SNL goes beyond the intent of the Standard. 

Clearly, this is an unresolved policy issue. 
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RESPONSE 35. Parameter values for solubility and retardation are being 
examined experimentally. Expert judgment is used for these parameters in the 
1992 PA to provide interim guidance to the Project until experimental data 
are available. We note that the evidence that these parameters "have great 
impact on the resulting CCDFs" comes from analyses using expert judgment. 
Without the guidance provided by expert judgment, conclusions about relative 
importance of these parameters would be unsupported. 

Although the PA Department agrees with the EEG about the importance of 
experimental data for all important parameters, and particularly for 
solubilities and retardations, we question the usefulness of a philosophy 
that demands in an absolute sense that all distributions which can be 
determined experimentally must be so determined. First, it should be noted 
that relatively few parameters in a natural system can be known completely 
from experimentation. Second, the philosophy presupposes that all parameters 
are of equal importance and that there are unlimited resources and time for 
experimentation. One of the purposes of iterative PA is to identify 
important parameters so that resources may be allotted sensibly. The EEG 
acknowledges this purpose: see, for example, Comment 17. 

Volume l, Chapter 3 - Performance Assessment Overview 

COMMENT 36. Page ( 3- 8), lines 26-30. If the statement is true that most 
parameter distributions will be of the subjective type as opposed to 
distributions obtained by classical statistical techniques, then the 
resulting CCDFs obtained from such an analysis will be mostly subjective as 
well. While it is possible to perform uncertainty analysis of a subjectively 
derived CCDF, the meaning of such an exercise is questionable from a 
quantitative point of view. Also, the statement of the possibility that some 
distributions will be obtained experimentally is contrary to what is expected 
for assessing WIPP in a quantitative sense to the greatest degree possible. 
Does the Standard allow such a procedure for highly sensitive parameters for 
which it is possible to obtain experimental data to perform statistical 

analysis? EEG has already noted problems of this type in the 1990 P.A. 
comparison to the Standard, along with attendant problems in devising 
uncertainty analyses with this approach. The current P.A. comparison 
increases this concern because it appears to be adding more uncertainty 
(subjective) to the results by design than it is explaining. 

RESPONSE36. See Response 35. Few, if any, parameters in a complex, 
spatially varying natural system can ever be known well enough from 
experiments or field observations to provide a meaningful basis for pure 
classical statistical analysis. Informed, subjective judgment of analysts 
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invariably enters into the interpretation of data at many stages, from field 

and laboratory measurement to the construction of distributions for model 

parameters. Because data often cannot be collected specifically for the 

parameters used in models, and can only rarely be collected at the scale at 

which they are used in models, subjective judgment fills an important and 

valuable role in performance assessment. The PA Department acknowledges the 

preeminent importance of experimental data, but does not wish to obscure the 

role of subjective judgment in PA. 

COMMENT37. Page (3-16), lines 21-38. The explanation of Type A and Type B 
uncertainty for stochastic and subjective variations, respectively, seemingly 

attempts to legitimize the use of subjective uncertainty over uncertainty 

derived from classical statistical measurements of experimental data. 

subjectivity is extended to represent stochastic uncertainty as well. 

Also, 

In 

fact the CCDFs presented in the current P.A. use subjective distributions to 

construct both ordinate and abscissa. Furthermore, these CCDFs have been 

derived through the use of Latin Hypercube Sampling of the subjective 

distribution(s) for both axes. An important question arises as to what is 

being measured in uncertainty analysis when the CCDFs have been constructed 

from such a large number of subjectively derived distributions. Is there 

such a thing as a "subjective" mean or median? Are some subjective 

distributions more "real" than others? Do they all receive equal 

"weighting," including the "few" that have been derived from experimental 

measurements at the site? EEG questioned the meaning of such analyses when 

experimentally derived distributions were "mixed" with those of subjective 

origin in the 1990 P.A. The reply (and one which is reflected in the current 

P.A.) is that very few of the distributions were of the experimental type. 

How then do site-specific measurements and observations enter into the P.A. 

process? If site-specific information is important and is being (or will be 

in the future) utilized, then this report should give a clear and concise 

statement as to how this type of information is being (or will be) used to 
formulate the subjectively derived distributions, and experimental 

measurements should be displayed on the distributions being utilized. A plot 

of distributions without real data-points such as are presented in Volume 3 
are not very supportive. EEG realizes that some parameter distributions are 

not amenable to experimental derivation, but for those which can be measured 

on a site-specific basis, every attempt should be made to determine parameter 

distributions by this approach. 

RESPONSE 37. See Responses 35 and 36. See also the discussion of cdf 

construction in Chapter 1 of Volume 3 of the 1992 documentation. 
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COMMENT38. Page (3-17), lines 38-43. The term, nR, is defined as the 

"normalized release" for TRU waste. It should more appropriately be defined 

as the "normalized fractional release" for CCDF construction purposes. 

RESPONSE 38. 

The PA Department will continue its usage, which we believe to be correct and 

unambiguous. 

COMMENT39. Page (3-35), lines 22-28. What is the basis for the assumption 

that the TS scenario has no impact on releases from the repository? There is 

no information in the current or previous P.A. indicating that this is the 

case, and it was not excluded in earlier screening efforts to be of no great 

consequence. In a response to an EEG concern in the 1990 P.A., it was stated 

that a modeling strategy had not been developed. Is this still the case in 

1991? If this is the case, then how was the assumption about TS events made? 

If the modeling strategy is now complete, then what are the test results to 

justify the assumption on TS events in 1991? Also, there is no mention of 

climatic change as part of the scenario characterizations, although this 

parameter is mentioned at other locations in the current P.A. reports. 

RESPONSE 39. The statement in question about the TS event was misleading. 

PA will examine the effects of subsidence related to potash mining when 

conceptual and computational models are available. Climatic change is 

included in the base-case scenario. 

COMMENT40. Page (3-35), lines 30-45. Computational scenario 

probabilities and consequences for the 1991 P.A. are based on: 

1) number of drilling intrusions 

2) time of drilling intrusions 

3) whether or not a single panel is penetrated by two or more boreholes, 

of which at least one penetrates a brine pocket and at least one does 

not 

4) the activity level of waste penetrated by the boreholes. 

The third condition presumably refers to an ElE2-type scenario, where any 

number of penetrations could intercept both a waste panel alone or both a 

waste panel and an underlying brine pocket. It excludes the following: 
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a) whether or not a single panel is penetrated by two or more boreholes, 

none of which intercept a brine pocket 

b) whether or not a single panel is penetrated by two or more boreholes, 

all of which intercept a brine pocket 

c) whether or not a single panel is penetrated by one borehole which 

intercepts a brine pocket (El). 

Cases (a) and (c) differ primarily in the amount of cuttings released to the 

surface (assuming an intact plug above the Rustler Formation). Cases (b) and 

(c) differ primarily in the amount of cuttings released to the surface by 

drilling and by shearing of material from the borehole by the extruding brine 

(assuming an intact plug within the Salado Formation). It is not clear 

whether case (3) above takes into account the extra cuttings from multiple 

intrusions or takes into consideration single-intrusion events in its 

definition of computational scenarios. Does case (3) apply only to 

groundwater transport in the Culebra Dolomite? If not, how are the above 

exclusions (a,b,c) justified in the definition of computational scenarios? 

RESPONSE 40. The text apparently should have been clearer. The calculations 

did address all of the points raised, and did not exclude the listed cases. 

Multiple intrusions were allowed, and cuttings were calculated for each. 

COMMENT41. Page (3-36), lines 1-52. In the selection of discrete time 

intervals, why must they be: 

a. of equal duration (this P.A. uses 2000-year intervals) 

b. disjoint (100-2000, 2000-4000, 4000-6000, 6000-8000, 8000-10000) 

c. only 5 intervals? 

What are the implications of these conditions on the construction of the 

CCDFs for P.A., as opposed to more stochastic variation of (a), and the use 
of more intervals(c), which may or may not be disjointed? Would it not have 

been more consistent to have selected a given year at random from each 

interval using LHS, since in effect the division of the "even 11 distribution 

of year numbers from 1 to 10000 was partitioned into equal probability areas 

by this approach: instead of assuming that intrusions occurred at 1000, 

3000, 5000, 7000, and 9000 years, say at 656, 3200, 4800, 7800, and 9100 

could have been selected at random from within each interval of the 

distribution. Hence, the time intervals utilized in Eq. 3-23 would not 

necessarily be equal, and would reflect the LHS methodology utilized for 

other parameters. The latter would still conserve disjoint (but possibly 

unequal) intervals. Another approach would have been to sample single, 
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doublet, triplet, ... years of intrusion from the even distribution of years 
between 1 to 10000 years (possibly excluding any intrusion occurrences below 
100 years), and calculating intrusion probabilities using Eq. 3-27. This 

would result in possible disjoint and unequal time intervals. Such an 

approach would minimize any bias that repository history would have on the 

resulting CCDFs. Why were these (or other) approaches not considered? 
Finally, it is not clear that in the definition of n(l), n(2), n(3) ... that 
these values are not necessarily equal to 1, 2, 3, .. , respectively. An 

analysis of Eq. 3-27 indicates that they do not have to equal these values 
when calculating the values in Table 3-2 using Eq. 3-27. The definition 

needs to be clarified in this respect. 

RESPONSE 41. See Response 3. 3. The 1992 PA provides better resolution for 
surface releases from early intrusions. Subsurface releases are believed to 
be less sensitive to the time of intrusion because decay continues to occur 

during groundwater transport. The five time intervals were selected for 

computational efficiency. 

COMMENT42. Page (3-37), lines 1-5. What is the basis for the statement 

that subsidence events and single borehole penetrations into pressurized 

brine pockets "do not appear to be important" in the determination of 
scenario consequences, and therefore are not considered in the 1991 P.A.? 
One of EEG's concerns for the 1990 P.A. was the exclusion of subsidence 

events (TS) from consideration. One of the replies to this concern was that 

such an event was not yet modeled. Was it modeled for inclusion in the 1991 
P.A., but not considered? If so, where is the documentation that such an 
event may not be important in P.A. If the modeling of this event is not 
complete, then how can such a statement be supported? Also, why was it not 

originally screened out as being of little consequence at an earlier stage of 
P.A.? It is still part of the event tree in Figure 3-14. Also, why is the 
El event not considered important in lieu of the release of cuttings and 
eroded materials to the surface? Is the E2 scenario also not important on 

this basis? Does the scenario have to be of the form described by Eq. 3-23 

(ElE2 related) to be important enough for consideration? 

RESPONSE 42. See Response 39 with regard to TS. Surface releases from El 

and E2 were included in the 1991 and 1992 PA and will continue to be 

included. Note that, as modeled, the quantity of cuttings/cavings released 

from the two types of intrusions is the same, and that the total release of 

cuttings and cavings dominates the summary CCDFs for the preferred conceptual 
model. 
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COMMENT43. Page (3-38). lines 1-31. Equation 3-28 is a versatile equation 

for estimating the probability of any combination of intrusions within 

designated time intervals, including multiple intrusions in combination with 

a variety of intrusions in other intervals. Since n(i) can take on any value 

including zero (although not clearly explained in the text) in any of the 

intervals, all of the intrusion combinations in Table 3-2 can be obtained 

with this single equation. However, Eq. 3-29, which expresses the 

probability of the specified intrusions having penetrated specific activity 

levels of waste, needs more explanation or at least an example of its use to 

make it clearer. For instance, suppose there are two activity levels of 

waste, each with a probability of 0.5, and two boreholes are specified; one 

in time interval 2 and one in time interval 3. Then the probability of 

occurrence using Eq. 3-28 equals 0.01673 as shown in Table 3-2. Secondly, 

assume that one wants to know the probability of both boreholes hitting 

activity level 2, then the product series in Eq. 3-29 will predict 0.25 

correctly. The same would be true for both boreholes striking activity level 

1. However, some confusion arises when this equation is used to predict the 

boreholes striking activity level 1 and 2 since there are two ways to arrive 

at this possibility. Equation 3-29 gives the correct probability because Eq. 

3-28 accounts for the number of permutations: any value in Table 3-2 can be 

computed as the product of the number of permutations of the intrusion 

combination times the probability of the intrusions occurring in the same 

time interval. Thus, the probability of three intrusions in time intervals 

2, 3, and 4 (1.098E-02, Table 3-2) can be calculated as the product of the 

probability of three intrusions in a single time interval (such as for 2, 2, 

2;3, 3, 3;4, 4, 4) times the number of permutations of 2, 3, and 4 time 

intervals (6): 6 x 1.829E-03 = 1.098E-02 .. etc. In fact, Eq. 3-28 is not 

required in its product form (II) to obtain the values in Table 3-2 if the 

permutations of the intrusion combinations are utilized in this manner and 

the time intervals are equal: 

p(n)= cf*j!*(An*~tn/n!)*(exp(-A*(b-a)), where 

n 

j 

ll.t 

b 
a 

cf 

number of intrusions 
permutation number (j less than or equal to n) 

time interval (less than or equal to (b-a) 

time at end of total time interval 
time at beginning of total time interval. 

correction factor for presence of first time 

interval in permutation number .. (1, 2), (1, 1, 

3) .. etc., (cf=l.O if all time intervals are equal, 

see below). 
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The correction factor (cf) for the first time interval (1900 years) as 
opposed to 2000 years for all other time intervals (2, 3, 4, 5) depends on 
how many times it appears in the permutation: 

cf = (1900j2000)a, where 

a number of times interval 1 appears in permutation number .. a=l 
for (1, 2); a=2 for (1, 1, 2); a=3 for (1, 1, 1, 4); a=O for (2, 
3, 4); a=2 for (1, 1, 2, 4) .. etc. 

This equation can be extended to include other unequal intervals as well. 

RESPONSE 43. The author of this comment has noted correctly that probability 
computations with Equation 3-28 (which applies to a constant drilling 
intensity A) can be considerably simplified, particularly for the case of 
equal time intervals, if the number of permutations of distinct time 
intervals is taken into account. The PA Department has not determined 
whether similar simplifications are possible when the drilling intensity is a 
function of time, A(t), as occurs in the 1992 PA calculations (see Section 
5.1 of the 1992 Volume 2). In any case, Equations 3-28 and 3-29 were derived 
(in Sections 2.4 and 3.2, respectively, of the 1991 Volume 2) in a way that 
guarantees applicability to situations where the drilling intensity is any 
bounded, integrable function of time on the interval (0, 10,000 years). 
Because constant A is such a function, Equations 3-28 and 3-29 are correct, 
although possibly computationally inefficient. 

COMMENT44. Page (3-45), lines 22-37. It is not clear how rCi releases are 
incorporated into CCDF construction if it is assumed that there are five 
different activity levels for TRU wastes in the 1991 P.A.? Does this 
statement mean that they could be used if only one activity level (such as 
the mean) were used? More explanation is needed. Also, please explain the 
basis for the assumption that an ElE2 scenario can only take place when the 

necessary boreholes occur within the same time interval (2000-year duration, 

as opposed to over a 10000-year duration)? The result of this assumption is 
to lower the probability of such an occurrence as illustrated in Table 3-1, 
because multiple intrusions involving different time intervals have higher 
occurrence probabilities (greater than 2000 years between occurrences). In 
lieu of the fact that two or more intrusions (one of which penetrates 
pressurized brine, and one does not) can occur over the entire 10000-year 
period with higher probabilities (1, 1, 1, 1 has a lower probability of 
occurrence than 1, 2, 3, 4 for 4 intrusions, see Table 3-2), why are they 
excluded? Furthermore, how is the time interval between intrusions defined 
under this assumption? Does not the repository history have any bearing on 
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the ultimate releases, or is this history assumed to be constant for the 1991 
P.A.? The third assumption that an ElE2 scenario involving more than two 
boreholes will have the same release as one involving only two is clearly 
incorrect if cutting releases are to be incorporated into the scenarios. 
This assumption would lead one to believe that all cutting releases for 
multiple intrusions are not being considered in this P.A. Is this true? 
Why? 

RESPONSE 44. More explanation is provided in Volume 4 of the 1991 
documentation on the use of varying activity levels to determine releases of 
cuttingsjcavings (Helton et al., 1992). The decision to calculate possible 
effects of flow between boreholes within a single panel only for those holes 
that occur within the same 2000-yr period is a simplification made for 
computational efficiency. Note, however, that the ElE2 flow pattern will 
persist only as long as a plug between the repository and the Culebra remains 
intact in one of the boreholes. Although the PA Department assumes other 
plugs will degrade within a sh~rt time, this plug (and others used to 
maximize brine flow into the Culebra in the El, E2, and ElE2 scenarios) is 
assumed to remain intact for the balance of the 10,000 yr. The EEG is 
correct in observing that some assumptions used to construct the ElE2 
scenario are simplistic. With regard to the final question, cuttings/cavings 
releases from multiple intrusions were included in the 1991 (and 1992) PAs. 

COMMENT45. Page (3-46), lines 49-54. This a very confusing statement in 
that type B uncertainty (scenario consequences) does not have to be 
subjective: the more quantitatively meaningful uncertainty in this case 
would be statistically derived. In fact subjective uncertainty should be the 
last resort, and parameters should be based on "site-specific" data if at all 
possible. This statement appears as an attempt to legitimize the use of 
subjective uncertainty for P.A. as a substitute (rather than as an 
alternative) for experimentally derived distributions. EEG has expressed 
concern over the use of subjective parameter distributions for the 1990 P.A. 
and reiterates that same concern for the 1991 P.A. The same argument can be 

applied to stochastic (scenario probabilities) uncertainty; however, it must 

be admitted that some of these characterizations are not amenable to the 
experimental method and must remain subjective. 

RESPONSE 45. See Responses 35 and 36. 

COMMENT 46. Page ( 3 -47). lines 30-37. The differential analysis techniques 
review is very clear as to what methodologies will be used to perform both 
sensitivity and uncertainty analysis. However, the methods employed are most 
informative and precise when: 
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1. All of the parameters used in CCDF construction are sampled from 

known statistically derived distributions. 

2. The LHS sampling technique samples the necessary parameters in a way 

that the variables in the set (vl, v2, v3, ... , n) are a 

representative n-tuple set of the actual sample space. 

3. Variable covariance effects on sensitivity and uncertainty effects 

are not significant. 

Whereas the problems that may be associated with covariance among the 

parameters sampled by LHS was mentioned in the 1990 P.A., there is no mention 

of any attempts to determine where (and if) such relationships exist in 

either the 1990 or 1991 P.A. documents. Also, the effect of subjective 

judgement on any "actual" covariance among parameters has not been addressed. 

Are there any field measurements being employed to test for this property at 

least among some of the important parameters being employed in P.A.? Is it 

possible to measure covariance from a set of subjectively derived parameter 

distributions? 

It is unclear how the LHS methodology being employed takes into account (or 

will) possible covariances among some of the parameters. At present 60 

samples are obtained from 45 parameter distributions; however, the sequence 

(from which of the 60 subdivisions of equal probability) of each parameter is 

not presented in the text. For instance, in the first sampling of the 45 

parameters, do all of them come from the first equal probability segment of 

each distribution 1, 1, 1, 1, 1, .. etc., or is each parameter possibly sampled 

from a random set of probability intervals .. 1, 3, 56, 22, 44, .. etc.? If the 

sampling is taken from different equal probability intervals, then that 

sequence should be recorded for review, particularly if covariance effects 

are expected between some of the parameters. Is there a specific methodology 

for sampling to obtain non-biased samples from such a large number of 

parameters with (and without) covariance among some of the parameters? 

RESPONSE 46. In general, correlations are not included in the PA LHS 

sampling because available information is insufficient to define meaningful 

correlations. Some parameters are correlated, and others will be in future 

PAs as new data become available. For uncorrelated parameters, samples are 

selected from uncorrelated intervals of equal probability. These sequences 

are recorded for review in Appendices included in the 1990, 1991, and 1992 PA 

documentation. For additional information on the methodology for obtaining 

unbiased samples from a large number of parameters, the reviewer is referred 

to Section 3.5 of Volume 1 of the 1991 PA documentation (WIPP PA Division, 

199la) and to the references cited therein. 
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COMMENT47. Page (3-54), lines 20-45. EEG agrees with the statement on 

using crude characterization of ranges and distributions as input for P.A. if 
the analysis is primarily of an "exploratory" nature. However, this message 

is not conveyed in the Executive Summary, which states that "reasonable 
confidence" exists in meeting the Standard. In fact a direct contradiction 

exists with the statement" .. care should be taken to avoid assigning 
unreasonably large ranges to variables" with what has actually taken place 
with respect to retardation factors and radionuclide solubilities in the 1991 
P.A., even when compared to the 1990 P.A. EEG in its comments on the 1990 
P.A. addressed the issue of CCDF output and associated sensitivity results as 

being highly dependent on the ranges assigned to input variables as is 
discussed in this section and is in agreement. However, this philosophy is 

not clearly evident in this P.A. What is the reason for this discrepancy? 

If the 1991 P.A. is still of an exploratory nature, then it should be stated 
as such, and conclusions drawn from it should be stated in this manner. 

EEG also agrees that "often, most of the variation in an output variable will 

be caused by a relatively small subset of the input variables" as the basis 

for using rather crude range and distribution assumptions for the parameters 
to find the most sensitive parameters upon which to direct more resources in 
characterization. However, this approach may be questionable if some of 
these ranges and distributions have been grossly overestimated or improperly 

characterized. In fact "expert panels" were convened to address both 

solubility and retardation characterizations in 1991 with very little 
experimental research to justify their use. 

RESPONSE 47. See Response 6, 35, and 36. 

COMMENT 48. Page (3-57), lines 11-45. It appears that the under-pinnings 
of P.A. are being discussed in this section. Variables for which 

experimental designs can be constructed to determine parameter distributions 
by formal statistical procedures are stated to be in the minority. According 
to this analysis the majority of parameters are not amenable to this type of 

formulation for seven reasons. What is the impact of this conclusion on the 

interpretation of the resultant CCDFs from the viewpoint of the Standard? 
Does the Standard allow such lack of statistical formalism to practically all 

of the parameters employed in this exercise? Does it imply that "expert 
panel" judgement can be used to substitute for "site-specific" data for 

important "quantitative" parameters? Has this approach been legitimized by 
EPA? Of the seven reasons stated for proceeding with this approach, only the 

last two (6, 7) appear to be totally justified: rare geological events are 
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not amenable to experiment, and predicting future human behavior (including 

human intrusion) over 10000 years is of a speculative nature. The first 

reason (time-scale problem) is peculiar to long-term trends such as future 

climatic patterns, geochemical equilibrium, etc., but, in addition, it 

represents the predictive or extrapolative nature of the Standard as a whole 

from known properties and processes. Physical and chemical properties of the 

repository which have controlling influence on repository behavior are mostly 

time-invariant, and are amenable to statistical formalism. Stated reasons 

(3-5) are not, strictly speaking, "reasons," but "problems" which must be 

overcome by experimental design. Problems of scale and heterogeneity can be 

resolved to an acceptable level of resolution without resorting to subjective 

judgement, which insures that the level of uncertainty has its roots 

exclusively in site-specific measurements. In some cases, the concerns for 

repository integrity due to extra boreholes could be avoided by examining 

adjacent or upstream locations that have properties similar to the withdrawal 

area. 

RESPONSE 48. See Responses 35 and 36. The PA Department disagrees with the 

argument presented here. For example, we do not believe that "problems of 

scale and heterogeneity can be resolved to an acceptable level without 

resorting to subjective judgment." Note that the suggested extrapolation of 

data from "adjacent or upstream locations" requires subjective judgment. 

COMMENT49. Page (3-60), lines 17-20. Has the approach of avoiding the use 

of established distributions (e.g., normal, lognormal, beta) in P.A. been 

utilized in 1991 (Table 6.0-1, 2, 3, Volume 3 of this P.A.)? If true, then 

this is a significant departure from the 1990 P.A. Why was this philosophy 
not followed previously, and what advantage is there to such avoidance? 

RESPONSE 49. Assigning "established distributions" to sparse data can result 

in the introduction of spurious information in the cdf. See the discussion 

of the Maximum Entropy Formalism by Tierney (1990). 

COMMENTSO. Page (3-61), Figure 3-17. Under the description of the 

figure: should the word be "quantiles" rather than "quantities"? 

RESPONSE 50. Yes. 

COMMENT51. Page 3-74. Figure 3-22. What do the unit marks on the ordinate 

represent? Are they necessary? 
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RESPONSE 51. The marks are included to provide a convenient visual frame of 

reference for the reader. Neither a scale nor units are stated or implied. 

COMMENT52. Page (3-75), lines 25-40. The use of Eq. 3-53 as stated 

assumes that each input variable is linear with respect to the dependent 

variable which may not be the case. A multiple curvilinear or linear­

curvilinear model could give a better fit to the data. Secondly, the number 

of variables (45) will probably exceed the utility of this type of equation 

when trying to distinguish the contribution of each parameter to the total 

regression sum of squares. Thirdly, the fit should be tested for 

significance using F-test criteria before any further elaboration should be 

attempted. Fourthly, each partial regression coefficient should be tested 

for significance using the t-test to determine the number of input parameters 

which significantly affect the regression sum of squares, and a step-wise 

regression approach utilized to derive the final relationship. After the 

final multiple regression equation is developed (assuming an acceptable 

multiple-R which is significant at an acceptable confidence level, and all 

partial regression coefficients are significantly different from zero at an 

acceptable confidence level), then the individual regression sum of squares 

for the remaining parameters can be determined (it is not necessary that the 

relationship of any or all the remaining input parameters be linear related 

to the dependent variable; there may also be cross-product effects). 

However, the rather large injected "subjective" variances for most of the 

input parameters which have been made (in combination with LHS) may not allow 

most of the partial regression coefficients to be significantly different 

from zero at an established confidence level, and the resultant total error 

sum of squares may be overwhelmingly large in comparison with the total 

regression sum of squares. Any significant relationships for particularly 

important input parameters such as chemical retardations may be masked by the 

rather large variances "subjectively" arrived at by external and internal 

experts. It will be surprising if more than a handful of the input 

parameters will significantly correlate with the dependent variable, and even 
then, interpretation of the results will be confounded by the subjective 

component. All other developments in the remaining sections of Chapter 3 

(which are very concise and well written) pertaining to sensitivity and 

uncertainty analysis may be compromised by artificially injected variances 

using the subjective approach. 

RESPONSE 52. These topics are discussed in detail in Chapter 3 of Volume 1 

of the 1991 documentation (WIPP PA Division, 199la, Section 3.5.2), in Helton 

et al. (1991), and in references cited therein. With regard to the ranges 

used for "particularly important input parameters such as chemical 

retardations," see Response 35. 
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Volume 1. Chapter 4 - Scenarios for Compliance Assessment 

COMMENT53. Page (4-2), lines 35-39. The statement that base-case scenario 

leads to zero release from the containment area is "apparently true" is made 

on the basis of a great deal of uncertainty in both parameter and conceptual 

model determinations. For instance, the effect of colloidal materials and 

chelation on radionuclide transport has not been addressed in P.A. to date, 

nor has the full interaction of gas pressurization on transport down MB139 

been fully conceptualized. Statements of this type are misleading and should 

be avoided in P.A. unless they are fully justified. 

RESPONSE 53. See Responses 4 and 9. 

COMMENT54. Page (4-7), lines 2-7. This statement should indicate that 

while drilling intrusions are based on four conditions, the actual sampling 

scheme is not a generalized process as might be implied, but is only 

approximated by a sampling design that contains a significant number of 

assumptions in the use of a Poisson distribution. The impact of this design 

on CCDFs, which would be obtained from a more stochastic approach, should be 

included in this report. 

RESPONSE 54. See Response 3. 3. 

COMMENT 55. Page (4-13), lines 9-13. The statement on how screening 

decisions using qualitative judgment are made for certain events is true only 

if they can remain unbiased. While it is a simple thing to do in theory, it 

can be very difficult to do in practice, and a methodology should be 

developed to deal with investigator bias in making qualitative judgments. 

Also, the P.A. should indicate where this type of judgment has been used to 

separate it from those which are based on sufficiently detailed data bases. 

In general, EEG is not in favor of using "expert judgement" in place of data 

that can be obtained by laboratory and field experiments. 

RESPONSE55. The PA Department acknowledges that qualitative judgments 

should identified as such. A methodology has been developed for dealing with 

investigator bias in making qualitative judgments, and has been applied by 

the PA Department with panels on solubility, retardation, and the probability 

of human intrusion. 
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COMMENT56. Page (4-14), lines 35-45. Since the predominant shrub in the 
immediate WIPP area is mesquite (Prosopis sp.), which is usually an invader 
species and is very inefficient in water utilization if supply is ample 

(phreatophyte), it is not clear that this species will prevail in the future. 
Many areas of New Mexico rangeland have been invaded by mesquite as result of 

overgrazing and it has been very difficult to eradicate once established. 
Mesquite has both a shallow diffuse root system and a much deeper taproot 
which "mines" water at relatively impervious interfaces such as the caliche 
"hardpan," which keeps it relatively dry. If the rangeland area around the 
WIPP has been overgrazed to the point that invader species such as mesquite 

have become dominant, then recovery of that rangeland in the future may 
eventually eradicate this phreatophyte resulting in greater soil moisture at 
the hardpan interface (hence, greater infiltration losses to lower strata 

below the rooting zone). Such recovery could occur during a wet cycle. Are 
there any studies indicating what the climatic climax species may have been 

in the past? Has overgrazing been a factor in allowing invasion by mesquite, 
or has this plant been endemic in the area as an arrested seral stage for a 

long period of time? Also, has the caliche layer in the WIPP area been 

breached significantly by removal for road construction, other uses, or by 
sinkholes and playa lakes? (see Environ. Geol. Water Sci., Vol. 19, No. 1, 
21-32, 1992) 

RESPONSE 56. See Response 57, Comment 91, and Response 91. The PA 
Department acknowledges that many unresolved questions remain about the 

effects of plant communities on infiltration and about the changes in plant 

communities over long periods of time. (See Grover and Musick, 1990, for an 
analysis of changes in southern New Mexico plant communities during the last 

century.) However, the PA Department believes it is possible to capture the 

effects of variations in recharge by directly varying boundary conditions on 

the groundwater-flow model. The caliche layer is not present in all of the 
area in which groundwater flow is modeled. For example, it is absent in Nash 
Draw. The effects of vertical leakage throughout the model domain (with and 

without caliche) will be considered in future PAs when a three-dimensional 
regional groundwater-flow model is available. 

COMMENT 57. Page (4-15). lines 33-42. These statements are misleading in 
that the modeling of climate for P.A. in 1991 is more or less a ploy, rather 

than actual modeling. None of the basic features of temperature and moisture 

patterns are being used to model precipitation, infiltration, 

evapotranspiration and runoff (surface and return flow, etc.). The use of 

injection wells on the northern WIPP boundary to represent climate is hardly 
representative of near field effects, particularly those which might be 
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interactive with land subsidence. The limitations of the current climate 

modeling should be presented clearly and concisely in this section, 

particularly because the base case scenario was not analyzed in the 1991 P.A. 

RESPONSE 57. As the documentation clearly indicates, WIPP PA does not 

contain direct modeling of climate change, but instead approximates possible 

effects of climate change by varying boundary conditions on the regional 

groundwater-flow model (see, for example, p. 5-23, lines 5-21 and p. 5-37, 

line 35 through p. 5-38, line 34 of Volume 1 of the 1991 documentation [WIPP 

PA Division, 199la]). See Comment 91 and Response 91 for additional 

information. 

COMMENT58. Page (4-21), lines 7-9. This section should also describe the 

4.8 magnitude earthquake of 1/2/92. 

RESPONSE 58. This event occurred after the document was printed. 

As a general response that will be referenced below in response to other 

comments on the screening of events and processes, the PA Department 

acknowledges that screening of events and processes must be updated 

iteratively to reflect concerns of reviewers and new information. This 

portion of the PA has not been updated for 1992 because of limited resources. 

The PA Department encourages constructive comments on the screening of events 

and processes and will respond in future PAs. 

COMMENT59. Page (4-25), lines 22-26. The Snyder and Gard (1982) 

hypothesis of breccia chimney formation was effectively countered by another 

conceptual model involving dissolution of the Salado salt (Peter Davies, 

Ph.D. thesis, pp. 104-108 and Proc. Int. Symp. on Salt, May 24-28, 1983, vol. 

l, pp. 331-350, publ. 1985). After drilling of DOE-2, EEG accepted the lack 

of threat to the WIPP site from deep dissolution within the Salado. The 

discussion should nevertheless include Davies' hypothesis. 

RESPONSE 59. See Response 58. The comment will be addressed when event and 

process screening is updated. 

COMMENT SO. Page (4-26), lines 11-14. Dewey Lake Redbeds hydrology has 

never been properly studied in spite of repeated suggestions by EEG and other 

review groups that it should be. Dewey Lake Redbeds do not have "low water 

content." James Ranch wells are completed in this Formation. 
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RESPONSE 60. See Response 58. The PA Department is aware of the livestock 

wells producing from the Dewey Lake Red Beds. Text will be revised when 

event and process screening is updated. 

COMMENT 61. Page (4-26). lines 14-29. Recharge and infiltration of water 
at and in the vicinity of the WIPP site has never been properly studied in 
spite of repeated suggestions by EEG and other review groups to do so. 
Because of the lack of information in this area, EEG cannot accept assertions 
of low consequence of water infiltration now or in the future. This process 

should not be eliminated from the P.A. process. 

RESPONSE 61. See Responses 56 and 58. Text will be revised when event and 
process screening is updated. 

COMMENT 62. Page (4- 26), lines 44-45. The statement, "brine concentration 
generally becomes greater to the southwest" of the WIPP site, is wrong. The 

Culebra water at H-7 has 3,200 mg/1 TDS. The reason for the Culebra water 

being much fresher (very low TDS) south and southwest of the WIPP site has 

never been adequately explained. 

RESPONSE 62. The EEG 1 s observations about chemistry of the Culebra water are 
correct. The text in question, however, refers to water in the contact zone 
between the Salado and Rustler Formations. 

COMMENT 63. Page (4-27), lines 8-11. DOE has not physically investigated 

the nature of the Mescalero Caliche layer at and in the vicinity of the WIPP 
site, although the argument of this layer acting as a barrier to water 
infiltration has often been advanced. A private citizen, Richard Hayes 
Phillips, dug trenches to the Caliche layer near the WIPP site in 1986. 

These trenches clearly demonstrated that the caliche layer has many gaps 

through which water can infiltrate. DOE has photographs and videorecordings 
of these trenches. 

RESPONSE 63. See Response 58. The PA Department is aware of Phillips 1 work. 
Text will be revised when event and process screening is updated. 
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COMMENT64. Page (4-27). lines 12-13. It is not correct to say that the 

anhydrite layers in the Rustler Formation tend to be unfractured. WIPP 

shafts have demonstrated the existence of many open fractures in all the 

zones of the Rustler Formation. See, for example, Plate l (p. 80) in EEG-32. 

RESPONSE 64. See Response 58. The PA Department is aware of the referenced 

work. Text will be revised when event and process screening is updated. 

COMMENT 65. Page (4- 27), lines 36-40. What is the basis for the statement, 

"the dissolution that formed Nash Draw was a relatively short-lived process 

that is not continuing at present"? Every other document on the subject 

concludes that the process is continuing. One can witness the "solution and 

fill" process, first described by Lee (USGS Bull. 760-D, 1925) and accepted 

by George Bachman, at 50 sinkholes in the Nash Draw. 

RESPONSE 65. See Response 58. The PA Department is aware of the referenced 

work. Text will be revised when event and process screening is updated. 

Note, however, that the text discusses an alternative hypothesis for the 

cause of the large-scale dissolution that created the Draw, and was not 

intended to deny ongoing local dissolution. 

COMMENT66. Page (4-28). lines 21-34. The conclusion of this summary, that 

the Nash Draw type dissolution most likely will not reach the WIPP repository 

in 10,000 years, is acceptable, but the preceding discussion that leads to 

this conclusion has many inaccuracies and new hypotheses that have never been 

discussed in the scientific community or the scientific literature. 

RESPONSE 66. See Response 58. Text will be revised when event and process 

screening is updated. 

COMMENT 67. Pag;e ( 4-33), lines 24-31. Was the panel of experts told that 

EPA's "30 boreholesjkm2 in 10,000 years" number is based on the drilling 

frequency in the WIPP site area? 

RESPONSE 67. The panel was not provided this information in formal 

documentation. The PA Department agrees that the EPA's upper bound is 

comparable to past drilling frequency in the Delaware Basin. The panel was 

provided extensive information about past drilling in the WIPP vicinity, and 

was encouraged to come to its own conclusions about the relevance of this 

information to future drilling frequency. They were informed as to the 
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guidance provided by the Standard, but they were asked not to limit their 

considerations to regulatory issues. For example, they considered modes of 

intrusion other than exploratory drilling for natural resources. See Hora et 

al. (1991) and Guzowski and Gruebel (1991) for additional information. 

COMMENT68. Page (4-38), lines 12-15. Since the total dissolved solids 

(TDS) in water from the H-2 wells is so close to 10,000 mg/1, it cannot be 

concluded that the Culebra water at the WIPP site is all greater than 10,000 

mg/1. 

RESPONSE 68. See Response 58. The text will be revised when event and 

process screening is updated. Note, however, that no claim is made that all 

Culebra water at the site has a TDS content greater than 10,000 mgj£. 
Rather, the argument is made that Culebra water within 5 km of the waste 

panels is not potable. The PA Department believes this to be a reasonable 

assertion. Reference in the paragraph in question to the definition in 40 

CFR 191B of "significant source of groundwater" is misleading, and will be 

corrected. See Section 2.3 of Volume 1 of the 1991 documentation (WIPP PA 

Division, 199la) for a discussion of "significant source of groundwater." 

COMMENT 69. Page (4-40), lines 38-43. The statement regarding 

appropriation of available water supplies to areas with better soils than 

present at WIPP is dependent on the current climate and the potential water 

storage capacity of the region. Incorporation of higher rainfall (and 

distribution pattern conducive to greater storage capacity) may indeed make 

it economically possible to convert the area surrounding WIPP toward 

agricultural pursuits. While it may be possible to exclude irrigation as a 

process in scenario development for other reasons, the argument presented 

here is not very convincing. A factor of two increase in precipitation may 

transform the region into a potential "dry-farming" region requiring 

irrigation only as a supplement during periods of soil moisture deficits. 
This argument was presented in the 1990 P.A. 

RESPONSE 69. See Response 58. Irrigation will be reexamined when event and 

process screening is updated. 

COMMENT 70. Page ( 4-42), lines 8-40. These statements ignore the probable 

doubling of precipitation in the study area and the consequent increase of 

water storage capacity of the region. The requirement of a sufficiently large 

source of water (line 32) to replace leakage and evaporation losses may be 

accounted for by the increased amount of rainfall in the form of increased 
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soil moisture and available surface water for agricultural purposes. Why is 

it unrealistic to consider the use of the Ogallala aquifer northeast of WIPP 

for agricultural purposes in the area? There is a potential for recharging 

the aquifer by either natural or man-made activities. Also, is it not 

conceivable that "pan-evaporation" could be reduced in the future by the use 

of chemical surface coating of reservoir surfaces if necessary? Potential 

and actual evaporation and/or evapotranspiration from soil surfaces and 

consequent natural biomass density increases also need to be discussed from 

the viewpoint of increased precipitation projected for the study area. The 

arguments presented in this section are not very convincing because of the 

omission of potential precipitation increases. 

RESPONSE 70. See Response 58. Text will be revised when event and process 

screening is updated. 

COMMENT71. Pages (4-48,49) lines 33-43-3. There appear to be good reasons 

why a local "rapid" removal of salt to excavate the WIPP repository may have 

a possibly significant effect on the overlying units. Effects of salt 

removal have occurred over a long period of time, and are both a local and a 

far-field phenomenon. Self-healing could have occurred to further mitigate 

the response. The response may be more similar to subsidence that has 

occurred in the area as a result of potash removal, than to long term events. 

Why was such a comparison and analysis omitted? However, if one is going to 

be concerned about subsidence due to WIPP excavations, then that due to 

solution mining of potash in the McNutt zone above the repository should also 

be considered even though it is not required by the Standard. The 

conclusions presented in this section do not do justice to the excellent 

analysis of "subsidence and cavings" presented in previous statements of this 

section and use a bad example for comparison. 

RESPONSE 71. See Response 58. Text will be revised when event and process 

screening is updated. 

COMMENT72. Pa~e (4-50), lines 15-16. The WIPP waste is not "low level," 

and there will be some thermal loading by the RH-TRU waste. 

RESPONSE 72. See Response 58. The error is noted and will be corrected when 

event and process screening is updated. 

COMMENT73. Page (4-51. 52), lines 17-45, 1-3. This section on gas 

generation should state that the PA so far has not considered the structural 
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effects of gas generation, but has limited the consideration to reducing the 

amount of brine that will flow into the rooms and drifts. The effect of this 

limited consideration has generally been beneficial for PA demonstration in 

that the releases with gas generation are less than without. 

RESPONSE 73. See Responses 12. 3 and 17 for a discussion of the distinction 

between modeling assumptions and and model outcomes. 

It is correct that the 1991 (and 1992) PA did not include conceptual or 

computational models for possible pressure-dependent fracturing of anhydrite 

marker beds. This process will be included in PA when conceptual and 

computational models are available. 

The purpose of the discussion here is to determine whether or not an event or 

process should be included in the development of scenarios for analysis. As 

such, the discussion need not and should not include a discussion of modeling 

capability. The PA Depart~ent does not screen events or processes on the 

basis of modeling capability. 

COMMENT74. Pages (4-54), lines 29-31. In lines (14-16) of this section 

climatic change is recognized as part of the base-case scenario. In the 

lines commented on it appears that the effect of increased precipitation and 

possibly changed precipitation throughout the year are not taken into 

consideration in arriving at conclusions about irrigation and damming 

considerations. This has occurred in several other sections of this report. 

Why? Also, Table 4-2 (Page 4-56) indicates that these processes have been 

screened out because of low probability of occurrence or low consequence. 

Yet it appears that inclusion of a wetter period has not been considered in 

arriving at these conclusions. If climate change has been considered in 

these deliberations, then it should be documented in this report at all 

locations where these events or processes are discussed. 

RESPONSE 74. See Response 58. The text will be revised when event and 

process screening is updated. 

COMMENT75. Page (4-58), lines 14-17. What is the basis for the statement 

that subsidence caused by mine openings and explosions caused by waste 

degradation have no effect on the performance of the disposal system? If 

this conclusion(s) has been documented elsewhere, then it should be 

referenced. 
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RESPONSE 75. See Response 58. The text will be revised when event and 
process screening is updated. 

COMMENT76. Page (4-66). lines 1-7. It is stated that gas will flow 
through the upper portions of the drifts and the anhydrite layers A and B and 
saturate the shaft seals, thereby inhibiting brine migration up the shaft to 
the Culebra Dolomite. This conclusion must be based on modeling efforts; 
however, has the large areal expanse of anhydrite layers A and B been taken 
into consideration in arriving at this conclusion? What was the extent of 
horizontal gas transport, and what effect does it have on the saturation rate 
and time of transit to the shaft seals? 

RESPONSE 76. Additional analysis relevant to this comment is provided in 
WIPP PA Department (1992). As the comment correctly notes, the conclusion is 
model-based, and is therefore not an essential part of the scenario 
definition. The text has been revised. 

COMMENT77. Page (4-67). lines 11-14. The statement that no radionuclides 
are released to the Culebra in 1000 years under undisturbed conditions is 
based on current P.A. modeling efforts. It should be qualified to reflect 
these uncertainties, and that it is based on current modeling strategies 
which are not exhaustive. 

RESPONSE 77. See Responses 4 and 12. 

COMMENT78. Pages (4-63-73), lines 17 through line 33 on page-4-73. The 
discussion of the base-case, E2, El, and ElE2 scenarios is very well written 
and comprehensive with respect to the current modeling strategies. However, 
none of the scenarios indicate a flow down MB139 to the accessible 
environment. In view of the gas pressurization effects which makes this 
pathway more important, it should be included in this and future modeling 
strategies. 

RESPONSE 78. This pathway is discussed in the cited pages (p 4-66, lines 
10-20, WIPP PA Division, 199la). Simulations of flow along this pathway are 
referenced in these lines and described in detail in Volume 2 of the 1991 
documentation (WIPP PA Division, 199lc, Section 4.2.3.3, p. 4-46/81). 
Additional analyses have been performed since this review was completed (WIPP 
PA Department, 1992). 
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Volume 4 Comments 

This uncertainty and sensitivity analysis is very important to the 

performance assessment effort because it indicates the relative importance of 

certain model and parameter value assumptions to the outcome. The results 

are valuable guidance to laboratory and field studies that need to be 

performed, to reevaluations of conceptual models, and to calculations that 

should be performed in subsequent iterations of the Performance Assessment. 

EEG has reviewed this volume and page by page comments are included. We also 

respond to each item under the headings insights, possibilities for 

additional investigations, and possible improvements to the 1992 performance 

assessments in Chapter 6. 

COMMENT 79. A generic comment is that EEG believes these types of analyses 

should also be applied to the undisturbed performance of the repository. The 

analysis in Chapter 4 of Volume 2 considers only best-estimate conceptual 

model conditions. We believe (see our comments elsewhere) that models 

involving no gas generation and fully saturated storage rooms also need to be 

considered. 

RESPONSE 79. The PA Department agrees that uncertainty analyses should 

include undisturbed performance. The first such analyses are now complete 

(WIPP PA Department, 1992). Simulations of disturbed performance without gas 

generation were included in the 1991 PA to provide a useful comparison to the 

single-phase results presented in previous years. The PA Department does not 

plan, however, to continue simulations without gas generation. No conceptual 

model has been proposed to suggest that degrading waste will not generate 

gas. See comment 3 for a discussion of realism in PA. Note that brine 

saturation in the waste panels is calculated by the two-phase flow model. 

See Responses 12.3 and 17. 

Volume 4, Chapter 2 - Structure of WIPP Performance Assessment 

COMMENTSO. Page (2-15), line 12. The accessible environment is assumed to 

begin 5 km from the waste panels. The present definition of the accessible 

environment in 40 CFR 191 is the site boundary, which is less than 3 km from 

some portions of the waste panels. The four volumes are misleading about 

using the 5-km distance for the accessible environment. The titles of Tables 

B-4 and B-5 in Volume 2 refer to the Accessible Environment without 

qualification. A reviewer is required to search through these 4 inches of 

reports to find out what has been done. Page 6-53 of Volume 2 implies that 
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computations have been made at 3 km. Why weren't the results at 3 km used in 

Tables B-4 and B-5 and in the Summary CDF? Are the results at 3 km presented 

anywhere in the 4 volumes? 

This is an important issue. The values are probably somewhat greater at the 

site boundary. 

RESPONSE 80. See Response 3 .1. Subsurface releases are calculated at the 
land withdrawal boundary in the 1992 PA, 2.4 krn south of the panels. 

COMMENT81. Page (2-16), lines 21-26. Assumptions (2) [ElE2 holes happen 

in the same time interval] and (3) [more than 2 holes in ElE2 scenario are 

the same as 2 holes] are not conservative, and without calculations, it is 
uncertain whether this non-conservatism is significant. 

RESPONSE 81. See Response 3 on the question of realism versus conservatism. 

See Response 44 for observations on the assumptions used in the ElE2 
scenario. Note that more than two holes in an ElE2 scenario are the same as 
two holes only for subsurface releases. Cuttings from multiple hits are 

included. 

COMMENT 82. Page (2-20). As mentioned under the cuttings topic, we believe 
the activity levels are reasonable and probably slightly conservative. 

However, the activity Level 4 values could not be obtained for WIPP wastes 
after 3,000 years if the initial criticality requirements were met. 

RESPONSE 82. See Response 15. 

COMMENT83. Pages (3-8) and (3-9). The six cases chosen represent a wide 
range of cases that could affect uncertainty, and it is appropriate to 
examine them as has been done in this report. However, it is noted that two 
cases which probably are more severe than these six have been excluded. 

These are: (a) gas generation, single porosity, no retardation; and (b) no 
gas generation, single porosity, no retardation. We recommend that these two 

cases be examined in the 1992 comparison. 

RESPONSE 83. Case (a) is included in the 1992 PA. Case (b) is not: no 
conceptual model has been proposed in which degrading waste does not generate 

gas. See Response 79. 
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COMMENT84. Pages (4-1,2). Figure 2.1-2 is incorrectly referred to as 

2.1-1 on several occasions in these two pages. 

RESPONSE 84. The error has been noted. 
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COMMENT 85. Page (4-10). The importance of uranium radionuclides in 

groundwater transport is not surprising to EEG. In EEG-9 (September 1981), 

we concluded that uranium-233 would be the most important radionuclide from 

the well water pathway. 

RESPONSE 85. Results are preliminary, and may be sensitive to distributions 

used for solubility and retardation that were based on expert panel judgment. 

COMMENT86. Page (4-11). The caption to Figure 4.4-1 should indicate 

whether the accessible environment is at the site boundary or at 5 km. 

RESPONSE 86. See Response 3 .1. The omission has been noted. 

COMMENT 87. Page (4-17). The ranges of total brine flow into the Culebra 

Dolomite shown in Figure 4.4-8 appear reasonable. The extensive testing of 

the WIPP-12 brine reservoir in 1981 and 1982 led to a prediction that WIPP-12 

would produce (through an open borehole) 382,000 m3 at the repository level, 

126,000 m3 at the Culebra, and 56,000 m3 at the surface. 

RESPONSE 87. Data from WIPP 12 was used to construct the PA brine-reservoir 

model (see Section 4.3 of Volume 3 of the 1991 documentation, WIPP PA 

Division, 199lc). 

COMMENT88. Page (4-38). Figure 4.5-9. The CCDF plotted on this figure 
indicates that the mean of releases into the Culebra exceeds the Standard at 

that location. This figure illustrates clearly why EEG believes it to be 

very important that brine-flows to the surface from an ElE2 scenario need to 

be modeled. The WIPP-12 brine reservoir had pressure and compressibility 

characteristics that would produce (through an open borehole) a flow at the 

surface that was about 0.45 of that at the Culebra. 

RESPONSE 88. See Response 3. 4. Note, however, that brine flowing at the 

surface from a single borehole (as at WIPP 12) will not have circulated 

through the waste, and will not have the same radionuclide content estimated 
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for the brine entering the Culebra for the ElE2 scenario. 

inappropriate. 

The comparison is 

COMMENT 89. Page (4- 38) I Line 22. Is it appropriate to call a release that 

exceeds the standard at a point as "already a small release"? 

RESPONSE 89. No. 

COMMENT90. Page (5-37)1 lines 213. The mean value of the single porosity, 
no gas CCDF is about 2.5 times the mean value for single porosity with gas. 
This difference may not be negligible as the curves approach the Standard 

limit. 

RESPONSE90. See Responses 79 and 83 with regard to the no-gas-generation 

case. 

COMMENT91. Page (5-56) I lines 38-40. Modeling the effects of enhanced 
recharge, rather than predicting climate change per se, appears to be a 

reasonable approach. Also, the use of the ground surface at the recharge 
area as the boundary head (Page 5-57, lines 15-19) is a good way to address 
bounding conditions. 

RESPONSE 91. The PA Department agrees with the comment. 

57. The 1992 approach is similar to that used in 1991. 

See Comments 56 and 

Future PAs will 
continue to use variable boundary conditions to approximate effects of 

enhanced recharge related to climatic change. 

COMMENT92. Page (5-60) I lines 20-22 and 29-30. The explanation of why 
maximum recharge has minimum impact on releases to the accessible environment 
in 10,000 years for single porosity flow appears plausible for scenarios that 
occur at 1,000 years. However, isn't it likely there will be greater 
releases from maximum recharge for scenarios that occur later? 

RESPONSE 92. Yes. Simulations were restricted to the first time interval by 

resource limitations. Note, however, that regardless of climate change 
releases from late-time intrusions will not exceed those from the 1000-yr 

intrusion. 

COMMENT93. Page (6-3)1 lines 8-32. This is a well-written paragraph that 

clearly points out the importance of solubility and distribution coefficient 
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values for americium, plutonium, and uranium. An important uncertainty that 

is not addressed in Volume 4 is changes in the number of curies and the 

radionuclide distribution in the inventory. Such changes could significantly 

change the number of waste units and drastically change the fraction of the 

inventory that reaches the accessible environment. 

An example of the effect of plausible inventory changes is the following: 

(1) the Uranium-233 inventory is 7800 Ci (the best estimate prior to your 

current assumptions); and (2) the quantity of Plutonium-238 coming from the 

Savannah River Site is reduced by 7 million curies. A drastic reduction in 

the Plutonium-238 inventory is possible for several reasons: (a) the 

existing inventory (end of 1990) is only 666,000 alpha curies; (b) there has 

been consideration of not bringing some of the high-curie Plutonium-238 

wastes to WIPP because of shipping problems; and (c) there has been talk of 

obtaining future Plutonium-238 requirements from Russia or elsewhere. With 

these inventory changes, the number of waste units drops to 4.87 and the 

quantity of Uranium-234 produced from Plutonium-238 decay is reduced from 

3315 Ci to 809 Ci. However, with the increase in Uranium-233, the integrated 

discharge for vector 9 in Table B-5 (volume 2) increases from 0.14 to 0.49 at 

5 km. The curies of cuttings brought to the surface would remain about the 

same, and hence their fraction of the integrated discharge would also 

increase. 

The variability in inventory needs to be treated as an important uncertainty 

that has to be determined as accurately as possible and upgraded constantly 

throughout the Performance Assessment. 

RESPONSE 93. See Response 13. Radionuclide inventories for PA will continue 

to be based on the IDB unless or until an alternative approach is identified. 

COMMENT94. Page (6-14). We have the following comments on the "insights 

(that) have emerged from these analyses." 

l) The drilling rate constant is certainly very important. The expert 
review process is one way of trying to better predict the future 

However, EEG is not completely comfortable with this approach and is 

not convinced that this is the appropriate way to interpret EPA 

Guidance. It appears this approach is an attempt to avoid treating 

the WIPP site as a mineral rich area with underlying brine 

reservoirs. 
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2) EEG agrees that the interplay between Salado permeability and gas 

generation is very important and supports the research programs that 

are underway. 

3) Elemental solubilities are very important. The laboratory work 

underway is already yielding useful preliminary work. Both 

laboratory and drum-size solubility tests need to be pursued 

vigorously. 

4) Distribution coefficients are very important and the best way to 

obtain defensible numbers is with the planned experiments in the 

laboratory with Culebra cores. An appropriate sorbing tracer field 

study may also provide useful confirmatory information and should be 

conducted. 

5) A better determination of whether single or dual-porosity is the 

appropriate transport model in the Culebra is definitely needed. A 

field tracer test, such as the one recently proposed by SNL, needs 

to be pursued. 

6) EEG believes that the transmissivity fields study for the Culebra is 

important and should be continued. 

RESPONSE 94. With regard to point 1), see Response 3. 2 and 67. With regard 

to points 2) through 6), the PA Department notes that the recognition of the 

importance of these studies demonstrates the usefulness of preliminary PAs 

using available data, realistic models, and subjective judgment. See, for 

example, Responses 3, 4, 6, 9, 12.5, 35, and 36 

COMMENT95. Pages (6-17). Three possibilities for additional 

investigations are mentioned. Our views on these investigations follow. 
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1) The 1991 Preliminary Comparison has concluded that cuttings removal 

is the major component of the likely release to the accessible 

environment. Therefore, processes that could affect these releases 

do need to be considered in more detail. During their original 

scoping studies in 1987-88, SNL used an assumption that in an 

unconsolidated room the waste in containers would also be 

unconsolidated and an intrusion borehole would bring all the 

contents of an intercepted container to the surface. This seems to 

be a reasonable assumption for those cases where gas generation has 

prevented room closure and it should be reevaluated. 
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2) Borehole permeability is indeed an important parameter that needs to 

be better understood. EEG has taken the position that the Guidance 

in 40 CFR 191 (" ... with a permeability typical of a borehole filled 
by soil or gravel that would normally settle into an open hole over 
time ... not the permeability of a carefully sealed borehole") is 

reasonable and not conservative since recent experience indicates 

that in practice many inactive boreholes have not been sealed as 
required by regulations. Therefore, we believe your evaluations 
should address the permeability of boreholes being filled over time 

by soil or gravel, and not engineered seals. 

3) EEG's views on the manner of addressing pressurized brine pockets in 

the Castile Formation are discussed elsewhere in the comments. 

RESPONSE 95. The points are addressed individually. 

95.1 The PA model for borehole erosion results in a borehole diameter 
' greater than the 0.6-m diameter of a 55-gallon drum (see p. 7-16 of 

Volume 2 of the 1991 documentation (WIPP PA Division, 199lb)). 

95.2 Engineered seals are not assumed in boreholes, except as necessary 

to maximize brine flow into the Culebra for the El, E2, and ElE2 

scenarios (see Response 44). The PA Department has otherwise 

implemented EPA guidance on borehole permeability consistently 

since 1989 (Marietta et al., 1989, p. III-53; Rechard et al., 

1990, p. IV-7/8; WIPP PA Division, 199la, p. 6-10, line 55-56; 

WIPP PA Division 199lc, Section 4.2). Borehole permeability is 

assumed to be similar to that reported by Freeze and Cherry (1979, 
p. 29) for silty sand. 

95.3 See Response 24. 

COMMENT96. Page (6-18). Possible improvements to the 1992 Performance 

Assessment are identified. Our views on these follow. 

1) Drilling intrusions at times earlier than 1000 years should 

definitely be considered, as was done in 1990. 

2) More thought should be given to how clusters of high activity 

containers might be located in repository storage rooms. In 1988, 

EEG evaluated the effects of drilling into an average stack of 

drums from SRP and LANL because of the reasonable assumption they 
would arrive in a TRUPACT trailer load and be stacked together. 
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(Waste Management '88, pp 355-364; also reprinted in EEG-42, 

Appendix B). Other schemes could also be developed. 

3) E2-type scenarios should be considered separately. 

4) Direct release of brine to the surface should definitely be 

modeled. This scenario is perhaps the most critical, is plausible, 

and has been urged by EEG for years. Note our statements elsewhere 

in these comments. 

5) We agree that ElE2 probability estimates should be improved. The 

inclusion of this scenario when the second borehole falls in a 

later time period should be considered. Also, the assumption that 

panel seal plugs will be effective enough to preclude an ElE2 

scenario from developing from boreholes in adjacent panels should 

be reevaluated. 

RESPONSE 96. Points are addressed individually. 
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96.1 See Response 3.2 

96.2 The method used in the 1991 PA (see Section 2.4 of Volume 4 of the 

1991 documentation, Helton et al., 1992) assumes some "clustering" 

of waste--all waste intercepted by a single borehole is assumed to 

be of a single activity level. This would be unlikely if waste 

were randomly distributed in the panels. 

96.3 E2 scenarios will be modeled separately from El when resources 

permit. Note the discussion in Volume 2 of the 1991 PA (WIPP PA 

Division, 199lb, section 5.2.5.1, p. 5-25/27) comparing flows from 

El, E2, and ElE2-type intrusions. 

96.4 See Responses 3.4, 88. 

96.5 See Responses 44 and 81. 



V. EEG Reply to SNL Responses to EEG's Comments on 
1990 Preliminary Comparison 

Appendix B 

SNL's responses to EEG's comments on the 1990 Preliminary Comparison (SAND 90 

- 2347) are included in Appendix B (pages 5 to 43) of Volume 1 of SAND 
91-0893. The following reply addresses only those comments that were not 
satisfactorily answered in the SNL Response or in SAND 91-0893 or those that 
are still not being addressed in a satisfactory manner. Also, some of the 
responses are discussed elsewhere in our comments. 

COMMENT 5. The question on the use of the 1987 IDB was answered 

satisfactorily. However, we emphasize that the inventory needs to be as 

accurate and detailed as possible and constantly updated. 

RESPONSE. See Response 13 above to the comments on the 1991 documentation. 

COMMENT 8. The section 2 .1. 6 in SAND 91-0893 (Modifying the Requirements) 
adds the sentence: "An impact study was recently initiated for TRU-waste 

repositories, but findings are not yet available." We are very interested in 

obtaining details of this study as soon as possible. Is this a study related 

to the TRU waste unit that is attempting to develop a rationale for 

justifying less stringent containment requirements for WIPP than for a 
commercial HLW repository? 

RESPONSE. The 1985 version of 40 CFR 191 contains a risk/benefit criterion 

for high-level waste (HLW) and spent fuel (SF). However, there are no such 
criteria for TRU-waste disposal, and no safety requirements were established 

that apply to TRU waste. Several recent studies (Klett, 1991; Numark and 
Phelps, 1992; Klett and Gruebel, 1992) and presentations by J. K. Channell of 

the EEG and others in late 1991 and early 1992 at the Electric Power Research 
Institute conferences on the technical basis for EPA HLW disposal criteria 
have offered approaches to developing criteria for TRU-waste disposal that 

are different from those in the current version of 40 CFR 191. None, 

however, have advanced a definitive method of developing a risk/benefit 
criterion for TRU waste. 

COMMENT 19a. Approximately 8 pages are devoted to answering our question 
about the existence of a disturbed area in MB-139 horizontally from excavated 

waste storage rooms. A good argument is made for the position that the drop 

off in permeability is very rapid at the Far Field/Disturbed Rock Zone 
Interface. Apparently (from line 14 of page B-19), this boundary is assumed 
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to be no farther than the horizontal limits of the excavation. This far 

field is then taken to have a permeability of 2.87 E-20 m2 (Table l, page B-

23). This description is not consistent with material presented elsewhere in 

SAND 91-0893. For example, data plotted on page 2-59 of Volume 3 shows 

anhydrite permeabilities of l.OE-18 m2 at 7.3 m and about 8E-20 m2 at 10m 

and 12.6 m. Also, the statement on page 5-41 of Volume l says that the 

ultimate extent of the DRZ is unknown. Furthermore, on page 4-46 (line 29) 

of Volume 2 it is stated that brine in the repository will flow in all 

directions. One would expect movement in all directions if MB-139 is 

effectively sealed beneath the panel seals and the brine movement from the 

repository rooms to the shafts (that was modeled for undisturbed performance) 

was blocked. 

EEG still has a concern that contaminated brine could be present in a 

disturbed zone of MB-139 that extends several meters horizontally from the 

excavated rooms. This contaminated brine would be brought to the surface 

with drilling fluid if intercepted by a borehole. Also, depending on the 

permeability at the point of intrusion, a greater volume of contaminated MB-

139 brine could be involved in an El or ElE2 scenario event. 

RESPONSE. Additional analyses of brine migration from the undisturbed 

repository are presented in WIPP PA Department (1992). Uncertainty and 

sensitivity analyses of undisturbed performance will continue to examine the 

extent of brine migration into the anhydrite marker beds. 

The PA Department notes that although the area in which intrusions may 

intersect radionuclides increases as contaminated brine migrates laterally, 

the rate at which radionuclides may flow into the hole will be substantially 

less away from the excavated area in which the waste was originally emplaced. 

The probability of intrusion will increase if "near misses" are included. 

Probability of "direct hits" will be unchanged, however, and consequences of 

"near misses" will be less than the consequences of direct hits already 
considered in PA. 

COMMENT 19b. Merely specifying permeabilities in an engineering design does 

not prove they will be achieved over periods of thousands of years. 

Hopefully, the seal test program will provide "justification" of the claimed 

permeabilities. We have found considerable discussion of borehole 

permeability effects in Volume 4, but have not found a discussion of shaft 

seal requirements. 
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RESPONSE. Uncertainty and sensitivity analyses of undisturbed performance 
now provide preliminary guidance on seal permeabilities (WIPP PA Department, 
1992). Additional guidance will be provided from future such analyses. 

COMMENTS 19c and 19d. The issues of climatic change and vertical recharge 

into the Culebra are recognized by SNL and are still being investigated. We 
have no further comment at this time. 

RESPONSE. Work continues on regional geohydrology. 

COMMENT 19e. The response to our comment about uncertainty in the source 

term is satisfactory for now. However, sometime between now and your final 
P.A. report, it will be necessary to calculate CCDFs over the possible range 

of the radionuclide composition in the inventory. 

RESPONSE. See Response 13 above to the comments on the 1991 documentation. 

COMMENT19,BrineSiurryFilledRoom. The response to this comment (p. 13-36) 
gives credit to "EEG and others" for raising this issue. Actually the issue 
was raised by the SNL Performance Assessment Group in a memo titled "Early 

P.A. Scoping Calculations ... " dated April 7, 1987. EEG was presented these 
calculations in June, 1987 as a serious matter and a presentation was made by 

SNL to the NAS WIPP Panel on September 22, 1987 in Idaho. The expression 
"brine-slurry filled room" was first used in the above-referenced memo and in 
the presentations. 

EEG is not persuaded that the existence of a brine slurry filled room can be 
ignored. In fact, your statement on page B-37, line 1, says that in "the 
vast majority of simulations ..... there is insufficient brine entering the 
room to fill the pores .... " Since 40 CFR 191 is concerned with low 
probability events, the cases where this could occur need to be considered. 
The brine could also come from the Castile brine reservoir intercepted in the 
El Scenario. Since the expected condition of the undisturbed repository 
(Chapter 4, Volume 2) would appear to result in an unconsolidated waste form, 
we are pleased to see that you are studying waste removal with both 
consolidated and unconsolidated wastes. 

RESPONSE. See the Responses 4 and 12.3 above to the comments on the 1991 

documentation. Brine saturations within the waste panels are not assumed, 
they are calculated based on available realistic models and parameter 

distributions. The PA Department does not make a priori assumptions about 
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the probability of model outcomes. Present modeling does not indicate that 

the volume of brine in the panels will be sufficient to create a slurry (WIPP 

PA Department, 1992). Uncertainty and sensitivity analyses will continue to 

examine brine saturation within the waste. 

COMMENT 19, Radionuclide Quantities in Drill Cuttings. You have not responded to our 

comments on this issue. However, it is noted that the 1991 comparison uses 

(in Chapter 2 of Volume 2) an average concentration determined by sampling on 

four activity levels. We will not comment in detail on this methodology at 

this time except to note that somewhat different results would probably be 

obtained if random sampling had been conducted on each vector. Also, the 

fact that much greater quantities of radionuclides could be brought to the 

surface during the first few hundred years is obscured by arbitrarily having 

the first borehole occur at 1,000 years. 

RESPONSE. See Response 3.2 above to the comments on the 1991 documentation. 

COMMENT 19, Contaminated Brine Flows to the Surface. This issue has been discussed 

with SNL and others for several years. SNL has not denied that there is a 

need to model this scenario but have not done so, have not explained the 

reason for the delay, nor given a schedule for when modeling will be done. 

EEG believes this scenario may be the most critical one for the PA and that 

it should be modeled in the 1992 Preliminary Comparison. We do not 

understand why its modeling is being delayed. 

Our arguments for including this scenario have been included in our 1991 

comments on SAND 90-2347 and elsewhere and will not be repeated here. We do 

have two comments on your response: (1) The effect that the "relatively low 

permeability waste and backfill" will have on the flow of brine at the 

surface will be uncertain until it is modeled quantitatively. Also, the 
permeability of a brine-filled room that was unconsolidated at the time of 

flooding may not be too low; and (2) the statement is made that "unrestricted 

artesian flow from a Castile brine pocket would normally not be permitted." 

EEG has presented the only data we were aware of about drilling practices in 

the Delaware Basin and these data indicate that varying amounts of flow are 

invariably allowed. We would appreciate receiving any additional data 

available. 

RESPONSE. See Responses 3.4 and 88 above to the comments on the 1991 

documentation. 
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COMMENT 20. The PA team's plans "to examine the effects of varying recharge 

directly, with uncertainty in the recharge factor ... " appears reasonable. 

There is no need to get bogged down in modeling specific causes of recharge 

as long as a conservatively chosen range of value is examined. 

RESPONSE. See Comments and Responses 56, 57, and 91 above in the discussion 

of the 1991 documentation. 

COMMENT 22. SNL is addressing the issue of retardation factors 

experimentally at this time. We will follow work on this very important 

issue closely. SNL does not need to continue to use expert-judgement­

provided numbers for retardation "in order to provide guidance to the data­

acquisition work." The sensitivity of this parameter has been established by 

the PA work performed to-date and the importance of experimentally 

establishing the ranges of Kd and retardation factors for various 

radionuclides has been well recognized. What more guidance is needed? 

RESPONSE. See Responses 3 and 3.5 above to the comments on the 1991 

documentation. 

COMMENT 23. We are pleased to see continued work in the geostatistics area. 

RESPONSE. Initial results from the geostatistics program are incorporated 

in the 1992 PA. Work continues in this area. 
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ABSTRACT 

Defore disposing of transuranic radioactive waste in the Waste Isolation Pilot Plant (WIPP), the United States 
Department of Energy (DOE) must evaluate compliance with applicable long-term regulations of the United States 
Environmental Protection Agency (EPA). Sandia National Laboratories is conducting iterative performance 
assessments (PAs) of the WIPP for U1e DOE to provide interim guidance while preparing for a final compliance 
evaluation. This volume contains U1e technical basis for the 1992 PA. Specifically, it describes the conceptual 
basis for consequence modeling and the PA methodology, including the selection of scenarios for analysis, the 
detennination of scenario probabilities, and the estimation of scenario consequences using a Monte Carlo 
technique and a linked system of computational models. 

Additional information about the 1992 PA is provided in other volumes. Volume 1 contains an overview of 
WIPP PA and results of a preliminary comparison with tl1e long-tenn requirements of tl1e EPA's Environmental 
Protection Standards .for Management and Disposal r~{ Spent Nuclear Fuel, High-Level and Transuranic 
Radioactive Wastes (40 CFR 191, Subpart I3). Volume 3 contains t11e reference data base and values for input 
parameters used in consequence and probability modeling. Volume 4 contains uncertainty and sensitivity analyses 
related to the preliminary comparison with 40 CFR 191 I3. Volume 5 contains uncertainty and sensitivity 
analyses of gas and brine migration for undisturbed performance. Finally, guidance derived from tlle entire 1992 
PAis presented in Volume 6. 



This volume of the reporl should he referenced as: 

WIPP PA (Performance Assessmenl) Department. 1992. Preliminary Perfornumce Assessment for the 

Waste Isolation Pilot Plant, December /992- Volume 2: Technical Basis. SAND92-0700/2. 

Albuquerque, NM: S<mdia National Lahoratorics. 

ii 



ACKNOWLEDGMENTS 

The Waste Isolation Pilot Plant (WIPP) Performance Assessment (PA) Deparunent is comprised of both 

Sandia National Laboratories (SNL) and contractor employees working as a team to produce preliminary 
comparison with Environmental Protection Agency (EPA) regulations, assessments of overall Iong-tenn safety of 

the repository, and interim technical guidance to the program. The on-site team, affiliations, and contributions to 
the 1992 perfonn<mce assessment are listed in alphabetical order: 

Per(ormance Assessment Department 

Name 
R. Anderson 
B. Baker 
J. Bean 
J. Berglund 

S. Bertrmn-Howery 

W. Beyeler 

K. Brinster 
R. Blaine 

T. Blaine 

K. Byte 
J. Chapman 
D. Duncan 
K. Economy 
D. Gallegos 

D. Galson 

J. Gamer 
A. Gilkey 
L. Gomez 
M. Gruehcl 

R. Guzowski 
J. I-I elton 

S. Hora 
I-1. luzzolino 

R. Klett 
P. Knupp 
M. La Venue 
C. Leigh 
M. Marietta 
G. de Marsily 
R. M<:Curley 
B. Napier 
A. Peterson 

Affil." 
SNL 
TEC 
UNM 
UNM 

SNL 

SAl 

SAl 
ECO 

GC 

UNM 
TR.I 
MAC 
ECO 
SNL 

GS 

API 
UNM 
SNL 
TRJ 

SAl 
ASU 

UI-11-1 
GC 

SNL 
ECO 
LNr 
SNL 
SNL 
UP 
UNM 
PNL 
SNL 

Primary Author of 
Major Code 

CU'ITINGS 

PANEL. GARFIELD 

PANEL 

CCDFPERM 

CCDfTALC. 
CCDFJ>ERM 

SECOTP 
GRASP-INV 
GENII-S 

GENII 

iii 

Area of Responsibility 
Dcparunent Manager 
SEC02D, Hydrology, Office Manager 
BRAGFLO, 2-Phase Flow 
Task Ldr., Cuttings/Cavings/Spallings, Engr. 
Mech. 
PA Liaison with DOE, Criteria Document, 
Test Phase Plan 
Geostatistics, Analytical Models, CAMCON 
Systems Codes 
Geohydrology, Conceptual Models 
SEC02D, SECOTP, & CAMCON Systems 
Codes 
Drilling Technology, Exposure Pathways 
Data 
Software and Analysis QA 
Documentation Y.3 
DataQA 
SEC02D, SECOTP, Hydrology & Transport 
Task Ldr., Hydrology, Geostatistics, NEA, 
PSAG 
NEA Working Groups, PSAG, PAAG, 
Human Intrusion 
Source Tenn. Sens. Anal. 
CAMCON Systems Codes 
Task Ldr., Safety Assessments 
EPA Regulations, Documentation V .1, Editor 
Y.1 
Geology, Scenario Construction 
Task Ldr., Uncert./Sens. Anal., Probability 
Models, Editor Y.4 
Expert Elicitation, Probability Models 
LJ-IS, CAMCON System Codes, Probability 
Models 
EPA Regulations 
Comp. Fluid Dyn. 
1-Iydrology/Geostatistics 
Exposure Pathways 
Dep. Dept. Manager, Tech. Coord. 
Geostatistics Expert Group Chair 
CAMCON System Codes 
Safety Assessments 
Tw;k Ldr., Inventory 



Acknowledgments 

B. RamaRao 
1. Rath 
R. Rechard 
P. Roache 
D. Rudeen 
1. Rugc 
T. Russell 
K. Salari 
1.Sandha 
J. Schreiber 
D. Scott 
P. Swift 

M. Ticmey 

K. Trauth 
P. Vaughn 

T. Zimmerman 

IN I' 
UNM 
SNL 
ECO 
UNM 
ECO 
ECO 
ECO 
SAl 
SAl 
TRI 
TRI 

SNL 

SNL 
API 

GRA 

GRASP-INV 

SECO 

SECOTP 

BRAGFLO 

Geostatistics 
CAMCON System Codes 
Task Ldr., CAMCON, QA 
Task Ldr., Comp. Fluid Dyn. 
ST Arr2D, SECOTP, Transport 
Multigrid Mcthods/BRAGFLO 
Upscaling 
Transport, Computational Fluid Dynamics 
INGRES, PA Data Ba."e 
DRAGFLO, 2-Phase Flow 
Documentation Y.2 
Task Ldr., Geology, Climate Var., Documen­
tation V.l & 2, Editor V.l, 2, 4, & 5 
Task Ldr., CDF Constr., Probability Models, 
Ref. Data, Editor V.2 & 3 
Ta<;k Ldr., Expert Panels 
Task Ldr., 2-Phase Flow & Waste Panel 
Chemistry, Editor V.4 & 5 
Geostatistics Test Problem 

·me foundation of the annual WlPP pcrfonnance assessment is the underlying data set and understanding of 
the important processes in tile engineered and natural barrier systems. Other SNL Departments arc the primary 
source of these data and underst;mding. Assistance with the waste inventory comes from Westinghouse Electric 
Corporation and its contractors. We gratefully acknowledge the support of our departmental and project 
colleagues. Some individuals have worked closely with the performance assessment team, and we wish to 
acknowledge their contributions individually: 

H. Batchelder 
R. Bcauheim 
D. Boms 
B. Butcher 

L Brush 

L. Clements 
T. Corbet 

P. Davies 

P. Drcz 
R. Finley 
F. Gelhard 
E. Gorham 
R. Holt 
S. Howarth 
R. Kchnnan 
K. Licklitcr 
R. Lincoln 
F. Mendenha.ll 

D. Munson 

C. Novak 
E. Nowak 
1. Orona 
A. Stevens 
1. Tillcrson 

WEC 
SNL 
SNL 
SNL 

SNL 

ReS 
SNL 

SNL 

DE 
SNL 
SNL 
SNL 
CON 
SNL 
WEC 
DEC 
SNL 
SNL 

SNL 

SNL 
SNL 
ReS 
SNL 
SNL 

CH & Rll Inventories 
Natural Barrier System, Hydrologic Parameters 
Geology, Geophysics 
Engineered Barrier System, Ummxlificd Waste-Form Parameters, Disposal 
Room Systems Parameters 
Engineered Barrier System, Source Term (Solubility) and Gas Generation 
Parameters 
Computer System Support 
Natural Barrier System, Geologic & Hydrologic Parameters, Conceptual 
M(xlcls 
Natural Barrier System, Hydrologic & Transport Parameters, & 2-Phase 
Row Mechanistic Modeling 
CH & Rll Inventories 
Repository Isolation Systems Parameters 
Natural Barrier System, Retardation 
Natural Barrier System, Huid 1-low & Transport Parameters 
Geology 
Natural Barrier System, Hydrologic Parameters 
Ch & RH Waste Characterization 
EPA Regulations 
Room Modeling 
Engineered Barrier System, Unmodified Waste Form Parameters, Waste 
Panel Closure (Expansion) 
Reference Stratigraphy, Constitutive Models, Physical & Mechanical 
Panuneters 
Natural Barrier Systems, Chemistry 
Room Modeling, Source Term 
Computer System Support 
DOE Liaison 
Repository Isolation Systems Parameters 

iv 



Acknowledgments 

Fracturing W. Wawersik 
S. Webb 

SNL 
SNL 2-Phase Flow Sensitivity Analysis & Benchmarking 

* Affiliation 

API = Applied Physics Incorporated 
ASU = Arizona State University 
BEC = Benclunark Environmental Corp. 
CON Consultant 
DE = Drez Environmental 
ECO = Ecodynamics Research Associates 
GC = Geo-Centers Incorporated 
GRA GRAM, Inc. 
GS Galson Sciences 
INT = Intern 
MAC= MACTEC 
PNL = Pacific Northwest Laboratory 

Peer Revjew 

Internal/Sandia 
L. Gomez 
D. Schafer 

Management/Sandia 
W. Weart 

PA Peer Review Panel 
R. Heath, Chair 
R. Budnilz 
T. Colton 
J. Mann 
T. Pigford 
F. Schwartz 

Department of Energy 
R. Becker 

Expert Panels 

Futures 
M. Baram 
W. Bell 
G. Benford 
D. Chapman 
B. Cohen 
V. Ferkiss 
T. Glickman 
T. Gordon 
C. Kirkwood 
H. Otway 

ReS = ReS pee 
SAl = Scientilic Applications 

International Corporation 
SNL = Sandia National Laboratories 
TEC = Technadyne Engineering Consultant<; 
TRI = Tech Reps, Inc. 
UHH = University of Hawaii at llilo 
UNM ::::: University of New Mexico/New Mexico 

Engineering Research Institute 
UP = University of Paris 
WEC = Westinghouse Electric Corporation 

University of Washington 
Future Resources Associates, Inc. 
JK Research Associates, Inc. 
University of Illinois 
University of California, Berkeley 
Ohio State University 

Boston University 
Yale University 
University of Califomia, Irvine 
The World Bank, Cornell University 
University of Pittshurgh 
Georgetown University 
Resources for tlle Future 
Futures Group 
Arizona State University 
Joint Research Center (lspra), Los Alamos National 

Lahoratory 

v 



Acknowledgments 

M. Pasqualetti 
D. Reicher 
N. Rosenberg 
M. Singer 
T. Taylor 
M. Vinovskis 

Markers 
D. Ast 
V. Baker 
M. Brill 

F. Drake 
B. Finney 
D. Givens 
W. Goodenough 
M. Kaplan 
J. Lomherg 
L. Narens 
F. Newmeyer 
W. Sullivan 
W. Williams 

Source Term 
C. Bruton 
1-Ming Chou 
D. Hohart 
F. Millero 

Retardation 
R. Dosch 
C. Novak 
M. Siegel 

Geostatistics Expert Group 

G. de Marsily, Chair 
R. Bras 
J. Carrera 
G. Dagan 
A. Galli 
S. Gorlick 
P. Grindrod 
A. Gutjahr 
D. McLaughlin 
S. Neuman 
C. Ravenne 
Y. Ruhin 

Arizona State University 
Natural Resources Defense Council 
Resources for the Future 
The Potomac Organization 
Consultant 
University of Michigan 

Cornell University 
University of Arizona 
Buffalo Organization for Social and Technological 

Innovation 
University of California at Santa Cruz 
University of Hawaii at Manoa 
American Anthropological Association 
University of Pennsylvania 
Eastern Research Group 
Consultant 
University of California at Irvine 
University of Washington 
University of Washington 
Case Western Reserve University 

Lawrence Livennore National Laboratory 
U.S. Geological Survey 
Los Al<unos National Latloratory 
University of Miami 

Sandia National Laboratories 
Sandia National Laboratories 
Sandia National Laboratories 

U. of Paris 
Massachusetts In.st. of Tech. 
U. Politccnica de Catalui\a 
Tel Aviv U. 
Ecole des Mines de Paris 
Stanford U. 
lntera Sciences 
New Mexico Tech 
Massachusetts Inst. of Tech. 
U. of Arizona 
lnstitut Frant;ais du Petrole 
U. of California, Berkeley 

vi 



Report Preparation (TRI) 

Volume 1: 
Volume 2: 
Volume 3: 

M. Minahan (text); D. Marchand (illustrations) 
M. Minahan (text); D. Marchand (illustrations) 
J. Chapman (text); D. Marchand (illustrations) 

D. Rivard and the Word Processing Department 
R. Rohac, R. Andree, and lhe Illustration and Computer Graphics Departments 
S. Tullar and lhe Production Department 

vii 

Acknowledgments 



Viii 



CONTENTS 

I . Introduction ............................................................................................................. I-I 
I.I PurposeofVolutne2 .......................................................................................... I-I 
I.2 Organization of Voimne 2 .................................................................................... I-I 
I.3 Code Linkage and Dma Row ................................................................................ I-3 

I.3.1 Da1a Bases ........................................ 00 ............................................ 00 ...... I-4 
I.3.2 Program Linkage and Model Applications ..................................................... I-4 

2. Conceptual Basis for Consequence Modeling .................................................................. 2-1 
2.I Introduction ..................................................................................................... 2-I 

2.I. 1 Conceptual Models ..................... 00 00 .......................................................... 2-I 
2.I.2 Chapter Organization ................................................................................ 2-2 

2.2 Natural Barrier System ......................................................................................... 2-2 
2.2.1 Regional Geology .................................................................................... 2-2 
2.2.2 Stratigraphy ............................................................................................ 2-IO 

2.2.2.I Bell Canyon Formation .................................... 00 .. 000000 ....................... 2-10 
2.2.2.2 Capitan Limestone ............................................................................ 2-IO 
2.2.2.3 Castile Fonnation ............................................................................. 2-II 
2.2.2.4 Salado Fonnation ............................................................................. 2-I1 
2.2.2.5 Rustler-Salado Contact Zone ............................................................... 2-I2 
2.2.2.6 Rustler Fonnation ............................................................................ 2-I2 

TI1e Unmuned Lower Member ..................................................................... 2-I4 
Culebra Dolomite Member ......................................................................... 2-I6 
Tamarisk Member .................................................................................... 2-23 
Magenta Dolomite Member ....................................................................... 2-23 
Fony-nincr Member .................................................................................. 2-24 

2.2.2.7 Supra-Rustler Rocks ......................................................................... 2-24 
2.2.3 Hydrology ............................................................................................... 2-26 

2.2.3.I Present Climate ................................................................................ 2-26 
2.2.3.2 Paleoclimates and Climatic Variability ................................................. 2-26 
2.2.3.3 Surface Water ................................................................................... 2-29 
2.2.3.4 The Water Table ............................................................................... 2-29 
2.2.3.5 Regional Water Balance ...... 00 ............................................................. 2-29 
2.2.3.6 Groundwater Flow Above the Salado Fonnation 0000000000 ........ 00 .... 00 ........... 2-30 

Potentio1netric Surfaces ............................................................................. 2-30 
Groundwater Geochemistry ......................................................................... 2-34 
Recharge and Discharge ............................................................................. 2-36 

2.2.4 Radionuclide Transport in the Cute bra Dolomite ............ 00 ........... oo ................. 2-38 
2.2.4.1 Expert Judgment Elicitation for Kds .................................................... 2-39 

2.2.4.2 Plmmed and Ongoing Experimental Work Related to Radionuclide 
Transport in the Culebra .................................................................... 2-40 

2.3 Engineered Barrier System .................................................................................... 2-4I 
2.3 .1 The Salado Fonnation at the Repository Horizon .......... 00 ............................... 2-41 
2.3.2 Repository and Seal Design ........................................................................ 2-45 

2.3.2.I Waste Characterization ....................................................................... 2-45 
2.3.2.2 Seals .............................................................................................. 2-48 
2.3.2.3 13ackfill. .......................................................................................... 2-48 
2.3.2.4 Engineered Alternatives ...................................................................... 2-50 

2.3.3 Radionudide Inventory .............................................................................. 2-50 
2.3.4 Radionuclide Solubility and the Source Tenn for Transport Calculations ............. 2-52 

2.3.4.1 Expert .ludgmelll Elicitation ................................................................ 2-52 
2.3.4.2 Experimental Work ........................................................................... 2-55 

2.3.5 Creep Closure, Fluid Flow, and Room/Waste Interactions ................................ 2-55 

ix 



Contents 

3. Perfonnance Assessment Methodology ......................................................................... 3-1 
3.1 Conceptualization of Risk for lhe WIPP Perfonnance Assessment ............................... 3-1 

3.1.1 Calculation of Risk .................................................................................. 3-2 
3.1.2 Characterization of Uncertainty in Risk ........................................................ 3-4 
3.1.3 Risk and the EPA Limits ........................................................................... 3-8 

3.2 Selection of Scenarios ......................................................................................... 3-9 
3.2.1 Conceptual Ba,is for Scenario Development. ................................................. 3-9 
3.2.2 WIPP Pcrfonnance-Assessmem Approach to Scenario Development .................. 3-13 

3.3 Detennination of Scenario Probabilities .................................................................. 3-15 
3.4 Calculation of Scenario Consequences .................................................................... 3-16 
3.5 Monte Carlo Analysis Techniques .......................................................................... 3-16 

3.5.1 Selection of Variables and Their Ranges and Distributions ............................... 3-19 
3.5.2 Generation of the Sample ........................................................................... 3-21 
3.5.3 Propagation of the Sample through lhe Analysis ............................................ 3-21 
3.5.4 Uncertainly Analysis ................................................................................. 3-22 
3.5.5 Sensitivity Analysis ................................................................................. 3-22 

4. Scenario Construction ............................................................................................... 4-1 
4.1 Evaluation of Events and Processes ........................................................................ 4-1 

4.1.1 Identifying Events and Processes ................................................................. 4-1 
4.1.2 Classifying Events and Processes ................................................................ 4-3 
4.1.3 Screening Events and Processes ................................................................... 4-3 
4.1.4 Summary of Screened Events and Processes ................................................... 4-4 

4.2 Summary Scenarios ............................................................................................ 4-7 
4.2.1 Development of Summary Scenarios ............................................................ 4-7 
4.2.2 Screening of Summary Scenarios ............................................................... .4-9 
4.2.3 Retained Summary Scenarios ...................................................................... 4-10 

4.2.3.1 Undisturbed Sununary Scenario (5n) ................................................... 4-10 
Guidance from 40 CFR 191 ....................................................................... 4-10 
Base-Case Description ............................................................................... 4-11 

4.2.3.2 Human-Intrusion Summary Scenarios ................................................... 4-13 
Guidance from 40 CFR 191 ....................................................................... 4-13 
Intrusion Borehole through a Room or Drift into Pressurized 

Brine in the Castile Fonnation (Summary Scenario El) ........................... 4-13 
Intrusion Borehole into a Room or Drift (Summary Scenario E2) ...................... 4-15 
Intrusion Borehole through a Room or Drift into Pressurized 

Brine in lhe Castile Fonnation and Another Intrusion Borehole 
into the Same Panel (Summary Scenario EIE2) ..................................... 4-15 

4.2.4 Computational Approximations of Scenarios El, E2, and El E2 ........................ 4-18 

5. Drilling Intrusion Probabilities ................................................................................... 5-l 
5 .I Introduction ...................................................................................................... 5- I 
5.2 Probability Computations .................................................................................... 5-2 
5.3 Lambda Function Generation ................................................................................ 5-5 

5.3.1 The Expert Judgment Process ..................................................................... 5-5 
5.3.2 AlgoritJun for Generating Lambda Functions ................................................. 5-7 
5.3.3 Usc of the Lambda Functions ..................................................................... 5-8 

6. Data and CDFs ......................................................................................................... 6-1 
6.1 Conventions ...................................................................................................... 6-1 

6.1.1 Probability Distribution Functions .............................................................. 6-1 
6.1.2 Empirical Distribution Functions ................................................................ 6-2 
6.1.3 Range .................................................................................................... 6-2 
6.1.4 Mean and Sample Mean ............................................................................. 6-2 
6.1.5 Median and Sample Median ........................................................................ 6-2 
6.1.6 Variance and Coefficient of Variation ........................................................... 6-2 

X 



Contents 

6.1. 7 Categories of Disuibutions ........................................................................ 6-3 
6.1.7.1 Cominuous Distributions ................................................................... 6-3 
6.1. 7.2 Discrete Distributions ........................................................................ 6-4 
6.1.7.3 Constructed Distributions (Data) .......................................................... 6-4 
6.1. 7.4 Constructed Distributions (Subjective) .................................................. 6-4 
6.1. 7.5 Miscellaneous Categories ................................................................... 6-4 

6.2 Selection of Parameter Distributions ...................................................................... 6-5 
6.2.1 Requests for Data from Sandia Investigators and AnalysL-; ................................ 6-5 
6.2.2 Construction of Distributions ..................................................................... 6-6 
6.2.3 Some Limitations on Distributions ............................................................. 6-6 

7. Consequence Modeling .............................................................................................. 7-1 
7.1 Radioactive Decay ............................................................................................... 7-1 
7.2 Multiphase Flow Through Porous Media ................................................................ 7-1 

7 .2.1 Features and Capabilities of BRAGFLO ....................................................... 7-2 
7 .2.2 Interaction of Important Repository Processes ................................................ 7-3 
7.2.3 General Assumptions Used in 1992 PA Two-Phase Flow Modeling ................... 7-3 

7.3 Wa<:te-Filled Room Deformation ........................................................................... 7-5 
7.4 Waste Mobilization ............................................................................................. 7-7 

7.4.1 AssUinptions ........................................................................................... 7-7 
7.4.2 Simplified Mathematical Model .................................................................. 7-<J 

7.5 Groundwater Transmissivity Fields ........................................................................ 7-10 
7.5.1 Unconditional Simulation .......................................................................... 7-10 
7.5.2 Conditional Simulation ............................................................................. 7-11 
7.5.3 Automated Calibration .............................................................................. 7-11 

7.6 Groundwater Flow and Transport .......................................................................... 7-13 
7 .6.1 Groundwater Flow in tJJC Culebra ................................................................ 7-15 

7.6.1.1 Boundary Conditions ......................................................................... 7-16 
7.6.1.2 Effects of Climate Change .................................................................. 7-16 

7 .6.2 Solute Transport in Culebra ....................................................................... 7-18 
7 .6. 2.1 Modeling Hydrodynamic Dispersion ..................................................... 7-18 
7.6.2.2 Modeling Chemical Sorption in Fracture Flows ..................................... 7-21 

7.7 Direct Removal of Waste ..................................................................................... 7-23 
7. 7.1 Cuttings ................................................................................................. 7-25 
7.7.2 Cavings .................................................................................................. 7-25 

7.7 .2.1 Lruninar Flow .................................................................................. 7-25 
7.7.2.2 Turbulent Flow ................................................................................ 7-26 

7.7.3 Spallings ................................................................................................ 7-27 

8. References ............................................................................................................... 8-1 

Appendix A: BRAGFLO and PANEL ............................................................................ A-1 

Appendix B: SANCI-10 ............................................................................................... B-1 

Appendix C: SECO Flow and Transport Model. ............................................................... C-1 

Appendix D: Culebra Transmissivity Field Simulations .................................................... D-1 

Figures 

1-1 1992 Organization of Programs in CAM CON ........................................................... 1-5 
2-1 Generalized geology of the Delaware Basin, showing tJ1e location of tJw Capitan 

Reef and lhc erosional limits of tJ1c basinal formations .............................................. 2-4 
2-2 Geologic time scale .............................................................................................. 2-5 
2-3 Stratigraphy of the Delaware Basin .......................................................................... 2-6 
2-4 Schematic cast-west cross section tJmmgh the northcm Delaware Ba-;in .......................... 2-7 

xi 



Contents 

2-5 
2-6 

2-7 

2-8 
2-9 
2-10 
2-11 
2-12 
2-13 
2-14 
2-15 

2-16 
2-17 

2-18 

2-19 
2-20a 
2-20b 
2-21 
2-22 
3-1 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
4-1 
4-2 
4-3 
4-4 
4-5 
5-1 

7-1 
7-2 

7-3 
7-4 
7-5 

7-6 

Schematic north-south cross section through the northern Delaware Basin ....................... 2-8 
Map of the WIPP vicinity showing the land-withdrawal area (labeled "WIPP 

Boundary"), the study area of Brinster, and the location of observation wells ................. 2-9 
East-west cross section showing stratigraphy of the Rustler Formation and the Dewey 

Lake Red Bed~ ................................................................................................... 2-13 
Rustler Formation halite around the WIPP ................................................................ 2-15 
Log hydraulic conductivities of t11e Culcbra Dolomite Member of t11e Rustler Formation ... 2-17 
Sources of geologic information about the Culebra Dolomite ....................................... 2-18 
Isopach overburden for the Culebra Dolomite Member ................................................. 2-20 
Interpreted extent of Salado dissolution ..................................................................... 2-21 
Percentage of natural fractures in the Culchra Dolomite Member filled witl1 gypsum ......... 2-22 
Log hydraulic conductivities of the Magenta Dolomite Member of tl1c Rustler Fonnation .. 2-25 
Estimated mean annual precipitation at the WIPP during the Late Pleistocene 

and Holocene ..................................................................................................... 2-28 
Adjusted potentiometric surface of the Rustler-Salado contact zone in the WIPP vicinity .... 2-31 
Adjusted potentiometric surface or the Culebra Dolomite Member of the Rustler 

Formation in the WIPP vicinity ............................................................................ 2-32 
Adjusted potentiometric surface of the Magenta Dolomite Member of tl1e Rustler 

Formation in the WIPP vicinity ............................................................................ 2-33 
Hydrochemical facies in the Culebra Dolomite Member of the Rustler Formation ............. 2-35 
Reference local stratigraphy nel.f repository ............................................................... 2-43 
Stratigraphy at the repository horizon ....................................................................... 2-44 
Plan view of waste-disposal horizon showing shaft, drift, and panel seal locations ............ 2-46 
Representative shaft and plug seals .......................................................................... 2-49 
Estimated CCDF for consequence result cS .............................................................. 3-3 
Example disuibution of CCDFs obtained by sampling imprecisely known variables ......... 3-6 
Example summary curves derived from an estimated disuibution of CCDFs .................... 3-7 
Decomposition of the sample spaceS into high-level subsets ....................................... 3-10 
Construction of a CCDF for comparison with the EPA release limits ............................ 3-12 
Models used in 1992 WIPP perfonnance a~sessment ................................................... 3-17 
Disuihution function for an imprecisely known analysis variable .................................. 3-20 
Example of box plots ............................................................................................ 3-23 
Potential scenarios for tl1e WIPP disposal system ....................................................... 4-8 
Conceptual model used in simulating undisturbed pcrfonnancc ...................................... 4-12 
Conceptual model for scenario El ............................................................................ 4-14 
Conceptual model for scenario E2 ............................................................................ 4-16 
Conceptual model for scenario E I E2 ........................................................................ 4-17 
A realization of effective drilling intensity A.(t) and its a.-;sociated integrated effective 

drilling intensity as functions of time ..................................................................... 5-9 
Interaction of some important repository processes ..................................................... 7-4 
Surface giving porosity of waste-filled disposal room a." a function of total volwne 
of ga<; produced and time after scaling ..................................................................... 7-6 

Idealized collapsed WIPP panel in a PANEL model ..................................................... 7-8 
Conceptual hydrologic model of tl1c Culcbra Dolomite Member. ................................... 7-14 
Example of regional and local grids used for disturbed fluid flow and transport 

calculations ....................................................................................................... 7-17 
Rotary drilling ..................................................................................................... 7-24 

Tables 

2-1 Properties of the Rustler Formation Unit~ and Rustler-Salado Contact Zone .................... 2-14 
3-1 Summary of Computer Models Used in tl1c 1992 WIPP Perfonnance Assessment ............ 3-18 
4-1 Potentially Disruptive Events and Processes .............................................................. 4-2 
4-2 Summary of Screened Events and Processes ............................................................... 4-5 

xii 



1. INTRODUCTION 

2 The Waste Isolation Pilot Plant (WIPP) is planned as a research and development facility to demonstrate the 

3 safe disposal of transuranic (TRU) wastes generated by defense programs of the United States Department of 

4 Energy (DOE). Before disposing of W<L~le in the WIPP, the DOE must evaluate compliance with applicable long-

S tenn regulations of the United States Environmental Protection Agency (EPA), including 40 CFR 191 Subpart B 

6 (Environmental Radiation Protection Standards for Management and Disposal of Spent Nuclear Fuel, High-

7 Level and Transuranic Radioactive Wastes) [U.S. EPA, 1985)) and 40 CFR 268.6 (U.S. EPA, 1986), which is 

8 the portion of the Land Disposal Restrictions of the Hazardous and Solid Waste Amendments to the Resource 

9 Conservation and Recovery Act (RCRA) that states the conditions for disposal of specified hazardous wastes. 

10 Perfonnance assessments (PAs) will fonn the basis for evaluating compliance with all applicable long-tenn 

11 regulations of the EPA. The WIPP Perfonnance Assessment (PA) Deparunent of Sandia National Laboratories 

12 (SNL) is pcrfonning annual iterative preliminary PAs to provide guidance to the Project while preparing for final 

13 compliance evaluation. The 1991 preliminary perfonnance assessment for comparison with 40 CFR 19IB was 

14 documented in 4 volumes (WIPP PA Division, 1991 a, b, c; Helton el al., 1992). 

1s 1.1 PurposeofVolume2 

16 This volume describes the technical basis for the 1992 W IPP preliminary PA: conceptual model 

17 development, probability modeling, and consequence modeling of the WIPP disposal system for evaluating 

18 compliance with the quantitative requirements of applicable long-tenn regulations. Volume I deals primarily 

19 with the regulations in Subpart B of 40 CFR Part 191 and their application to the WIPP, but also summarizes 

20 aspects of this volume and explains the 1992 status of the WIPP PA. Volume 3 compiles model parameters, 

21 construcL~ cumulative distribution functions (cdfs) ;md discusses t11eir derivation from t11e pertinent data of disposal 

22 system characterization. Uncertainty and sensitivity analysis results related to 40 CFR 1918 are discussed in 

23 Volume 4. Uncertainly and sensitivity analysis results of gas and brine migration for undisturbed perfonnance are 

24 discussed in Volume 5. Finally, guidance derived from the entire 1992 PAis presented in Volume 6. 

2s 1.2 Organization of Volume 2 

26 Volume 2 consists of seven chapters and four appendices. This chapter (Chapter 1) describes the organization 

27 of Volume 2. The remaining six chapters are organized following the PA methodology described in Volume I. 

28 • Chapter 2 (Conceptual Oasis for Consequence Modeling) describes t11e conceptual basis for consequence 

29 modeling. This chapter is a detailed expansion of the brief discussion in Chapter 2 of Volume I, and 

30 provides a bibliographic mapping into the published literature of the site characterization and engineered 

31 design programs. 

32 • Chapter 3 (Performance Assessment Methodology) describes tlle conceptual model for risk !hal fonns the 

33 framework (scenarios, frequency or probability of scenarios, and consequences of scenarios) for the WIPP 
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PA, presents an outline of the Monte Carlo technique that is used for uncertainty and sensitivity analyses, 

2 and discusses the construction of complementary cumulative distribution functions (CCDfs). This chapter 

3 is a detailed expansion of Chapter 4 of Volume 1, and is generally unchanged from the 1991 P A. 

4 • Chapter 4 (Scenario Construction) examines the frrst element (scenarios) of the conceptual model for risk. 

5 This chapter discusses the application of the methodology for scenario construction-identifying, screening, 

6 and classifying events and processes; developing scenarios using a logic diagram; and screening of scenarios 

7 -for the WIPP. Retained scenarios that are analyzed in the 1992 PA are described. This material is 

8 genemlly unchanged from the 1991 PA and therefore references previous docwnents extensively. Scenarios 

9 included in the Monte Carlo analysis in 1991 are included again in 1992. 

10 • Chapter 5 (Drilling Intrusion Probabilities) examines the second clement (probabilities or frequencies of 

11 scenarios) of the conceptual model for risk. The probability model that is used for the 1992 analysis was 

12 presented in the 199 I documentation, so this chapter is a much briefer description that references previous 

13 documentation. The significant difference in the application of this model is that time-varying drilling 

14 intensities were used in 1992, whereas in 1991 only constant, but imprecisely known, drilling intensities 

15 were used. A brief discussion of how these new drilling intensity functions were derived from expert panel 

16 output that references material in Volume 3 is included. 

17 • Chapter 6 (Data and cdfs) begins the description of the different steps of the Monte Carlo technique: 

18 selection of imprecisely known parameters, construction of ranges and distributions for these parameters, 

19 generation of the smnple, propagation of uncertainty through the system model, uncertainty analysis, and 

20 sensitivity analysis. This chapter briefly describes the first steps: selection of imprecisely known 

21 parameters and construction of their ranges and distributions. The entire data base, especially model 

22 parameters, is the subject of Volume 3. 

23 • Chapter 7 (Consequence Modeling) describes t11e modeling system that is used to calculate consequences of 

24 scenarios. The Latin hypercube smnpling technique that is used to generate the sample for Monte Carlo 

25 analysis is described elsewhere (Helton ct al., 1991) and is not repeated. This chapter focuses on the 1992 

26 modeling system through which uncertainty is propagated for the uncertainty and sensitivity analysis. Each 

27 major module of this system is described in terms of goveming equations and modeling assumptions. 

28 More detailed code descriptions arc conta.ined in the four appendices as follows: 

29 Appendix A. A repository and shaft seal module is used that simulates two-phase (gas and brine) flow 

30 tJmmgh the repository, shaft seals, and surrounding environs (BRAGfLO) with an equilibrium-

31 mixing cell for calculating radionuclide concentrations in the brine phase (PANEL). These 

32 codes were used in the 1991 PA. 

33 Appendix B. A module (SANCHO) for simulating quasistatic, large-defonnation, incla•aic response of the 

34 halite is used to provide waste porosity as a function of time. These calculations incorporate 

35 t11e effect of creep closure <md of halite response to waste-generated gas into the PA; they arc 

36 performed outside the Monte Carlo analysis. Only the waste porosity functions are used during 
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consequence calculations. This is the first year that t11e effects of halite creep have been 

2 included in PA calculations. 

3 Appendix C. Groundwater flow and transport models (SEC0-2DH and SECO-TP) are used to calculate 

4 subsurface transport t11rough the Culchra Dolomite Member of the Rustler Fonnation to the 

5 land-witJJdrawal boundary. First, the groundwater flow is calculated for a single-porosity, 

6 matrix-only, porous medium (dolomite). The flow calculation is perfonncd first on a regional 

7 scale and second on a local scale with boundary conditions derived from the regional-scale 

8 distribution. Climate variability enters through time-varying boundary conditions that arc 

9 hascd on a simple precipitation/recharge conceptualization. Spatial variahility enters by 

10 drawing one field from a set of mulliplc, plausible transmissivity fields that are generated 

11 outside the Monte Carlo analysis (GRASP-INV). SEC0-2DH was used in the 1991 PA. 

12 Second, the !low field is used for a radionuclide-transport simulation. The transport simulator 

13 SECO-TP was used for the first time in 1992. It models single- or dual-porosity transport 

14 through an idealized, fractured medium. Retardation in pore volume of the dolomite matrix 

15 and/or the fracture-lining clay can he included simult.aneously or separately. SECO-TP is a 

16 further improvement over previous capability in that it is more accurate and numerically 

17 efficient, allowing higher-resolution, higher-accuracy simulations in t11c same time. 

18 Appendix D. A module (GRASP-INV) for generating multiple, plausihlc transmissivity fields to he used hy 

19 SEC02-DI-I is used for the first lime in 1992. This module is an improvement over previous 

20 capability in tJ1at it produces transmissivity fields t11at reproduce the measured values of 

21 transmissivity at well locations and that arc calibrated, i.e., flow calculations with these fields 

22 reproduce (to within a pre-selected criterion) steady-state and transient pressure data at the well 

23 locations. Therefore, each tield is a plausible realization of t11e true hut unknown transmissivity 

24 field. One entire field is drawn and used for a single consequence calculation during the Monte 

25 Carlo analysis. 

26 1.3 Code Linkage and Data Flow 

27 The complexity of the compliance-assessment modeling system for the WIPP requires t11at calculations be 

28 controlled hy an executive program (Rechard, I 989; Rcchard et al., 1989; Rechard, 1992). CAM CON 

29 (Compliance Assessment Mctlwdology CONtroller) controls code linkage and data flow during lengthy and 

30 iterative consequence analyses, minimizes analyst imervcntion during data transfer, and automatically handles 

31 quality assurance during the calculations. CAMCON currently consists of ahout 75 codes and FORTRAN object 

32 libraries; it includes approximately 293,000 lines of FORTRAN software wriuen specifically for the WIPP 

33 Project and anot11cr 175,000 lines of software adapted from other applications. 

34 The controller allows easy cx:unination of intenncdiatc diagnostics and final rcsulls. Computer modules 

35 within the executive prognun can he easily replaced for model comparisons. CAMCON modularizes tasks so 

36 computer progr<uns for a particular module arc interchangeable. CAMCON is fully described in Rechard (1992). 
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1.3.1 Data Bases 

2 Three data ba-;es, primary, secondary, <md computational, arc included in CA.t\1CON. The primary data base 

3 contains measured field and laboratory data gathered during the disposal-system and regional characterization. 

4 Because the analysis can be no better tJ1an these data, the data base should contain all necessary data for the 

5 compliance assessment and repository design, have as Iiule subjective interpretation as possible, and be quality 

6 assured. Data base structure must be flexible to accommodate different organizations and unforeseen types of data. 

7 Practical experience suggests that a relational data base is best. 

8 The secondary data base contains interpreted data, usually interpolated onto a regular grid, and incorporates 

9 infonnation that comprises the conceptual model of the disposal system. Levels of interpretation can vary from 

10 objective interpolation of data combined with subjective judgments to totally subjective extrapolations of data; all 

11 interpretations arc well documented to ensure t11e secondary data is reproducible by ot11ers. Data from literature or 

12 professional judgment are used to fill knowledge gaps to complete the conceptual model. The secondary data base 

13 must be accessible to both the analyst ~nd the executive package controlling tllC system. 

14 The computational data base is CAMDAT (Compliance Assessment Methodology DATa). CAMDAT uses a 

15 neutral-file fonnat so that a series of computer programs can be linked by a "zig-zag" connection rather than the 

16 usual serial connection. 'll1e file format chosen for CAMDAT wa-; based on GENESIS (Taylor et al., 1987) and 

17 EXODUS and their associated data manipulation and plotting programs (Gilkey, 1986a,b, 1988; Gilkey and 

18 Ranag<m, 1987). CAMDAT is fully described in Rechard (1992). 

19 1.3.2 Program Linkage and Model Applications 

20 Program linkage and data flow t11rough CAMDAT are controlled by CAMCON. Computer programs that 

21 make up tl1e CAMCON system are major program modules, support program modules, and translators. Major 

22 program modules refer to prognuns tllat represell! major tasks of t11e consequence modeling. Support program 

23 modules refer to programs such as interpolators that are necessary to facilitate use of major program modules. 

24 Translator program modules refer to prognuns that translate data eit11er into or out of the computational data base. 

25 Figure l-1 shows how programs arc used in the 1992 PA to evaluate human-intrusion scenarios. BRAGFLO, 

26 GRASP-INV, SECO-TP, and CUTI'INGS were run outside of CAMCON, wit11 mruJUal data transfer. GENU-S 

27 was not used because a safety a_<;scssment was not included in t11e 1992 PA. All other codes were used within 

28 CAMCON as shown (Figure 1-1). 
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2. CONCEPTUAL BASIS FOR CONSEQUENCE MODELING 

2 2.1 Introduction 

3 2.1.1 Conceptual Models 

4 This chapter describes U1e conceptual basis for modeling the perfonnancc of the WIPP repository, the waste it 

5 contains, and the surrounding geology and hydrology, and summarizes the available knowledge of the site and the 

6 physical processes U1at operate there. This knowledge forms the framework for the preferred conceptual model 

7 used in WIPP PA (i.e., the model believed by the WIPP PA Dcparuncnt to be the most realistic representation for 

8 the behavior of the disposal system), and for alternative conceptual models. Conceptual model and alternative 

9 conceptual models are defined as follows (Gallegos et al., 1992; NEA, 1992): 

10 • Conceptual model: A set of qualitative assumptions used to describe a system or subsystem for a given 

11 purpose. At a minimum, these assumptions concern the geomelry and dimensionality of the system, 

12 initial and boundary conditions, time dependence, and the nature of the relevant physical and chemical 

13 processes. The assumptions should be consistent with one another and with existing information within 

14 the context of the given purpose. 

15 • Alternative conceptual models: Alternative sets of w;sumptions U1at describe the same system for the same 

16 purpose, where each set of assumptions is consistent with the existing information. 

17 Each alternative conceptual model identifies U1e processes that t..hc mathematical models must characterize and 

18 provides the context within which the maU1ematical models must operate. 

19 As an exmnple of U1e role alternative conceptual models play in performance assessment, Volume I of the 

20 1992 WIPP PA documents the use of three alternative conceptual models for the subsurface transport of 

21 radionuclides in the Culchra Dolomite Member of the Rustler Formation. (See Section 2.2 for an explanation of 

22 the regional geohydrology, Section 4.2 for an explanation of the lransport. pathway, and Section 7.6 for a 

23 discussion of the transport model. Sec Section 5.1 of Volume I of this report for a comparison of disposal-

24 system performance estimated using each of U1c three conceptual models. Sec Volume 4 of this report for 

25 additional analysis of these and other alternative conceptual models.) In the first conceptual model, lransport. 

26 occurs only in clay-lined fractures in a single-porosity medium, and chemical retardation does not occur. In the 

27 second conceptual model, lransport occurs in a dual-porosity medium (clay-lined fractures and ma1rix); 

28 radionuclidcs may diffuse into the pore volume of both the clay linings and the rock matrix. Chemical retardation 

29 does not occur. In the third conceptual model, believed by the WIPP PA Deparlmcnt to be the most realistic 

30 representation for the behavior of the system, lransport occurs in a dual-porosity medium, as in the second 

31 conceptual model, except that chcmic<ll retardation docs occur as a result of sorption of radionuclidcs in both clay 

32 linings and rock ma1rix. 
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The first of these t11ree alternative conceptual models is not supported by available infonnation (see Section 

2 2.2.4), and is included in t11e analysis m; an unrealistic, hut known, endpoint of a continuum on which a realistic 

3 endpoint is unknown. As such, it provides useful guidance on the largest releases that may be anticipated as a 

4 result of groundwater tnmsport in the Culebra. Comparison of all three conceptual models provides insight into 

5 the uncertainly in performance estimates resulting from an incomplete understanding of the dual-porosity behavior 

6 of the Culebra and the lack of defensible data describing chemical retardation of mdionuclides (see Section 2.2.4). 

7 Other major aspects of Lhe conceptual model for the WIPP used in the 1992 PA include the following: 

8 generation of gas in the waste-emplacement panels by degradation of waste and containers; closure and re-

9 expansion of the panels by salt creep; the relea"e of radionuclides at the ground surface and into the Culebra as a 

10 result of borehole intrusion during exploratory drilling; changes in groundwater flow resulting from future climatic 

1 1 changes; and the effect of passive marker systems on intrusion rates. 

12 2.1.2 Chapter Organization 

13 The WIPP and surrounding environment provide multiple harriers to radionuclide migration. This chapter 

14 explains the WIPP PA's present understanding of the conceptual basis of these harriers. The chapter is organized 

15 imo two major parts: 

16 • natural harrier system (Section 2.2)-the regional geology and hydrology surrounding the WIPP (Section 

17 2.2.1); the stratigraphy below and above the repository (Section 2.2.2); climate, water balance, and 

18 groundwater flow in the WIPP vicinity (Section 2.2.3); and radionuclide transport in the Culehra Dolomite 

19 (Section 2.2.4) 

20 • engineered harrier system (Section 2.3)- the repository and seal design (Section 2.3.2); the waste itself 

21 (Section 2.3.3); t11e radionuclide source tenn (Section 2.3.4); and closure, flow, and room/waste interactions 

22 (Section 2.3.5) 

23 2.2 Natural Barrier System 

24 2.2.1 Regional Geology 

25 ·n1e geology of the WIPP and the surrounding area hw; been imroduced briefly in Chapter 2 of Volume 1, and 

26 is described elsewhere in detail (e.g., lliss, 1975; Powers et al., 1978a,h; Cheeseman, 1978; Williamson, 1978; 

27 Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988; llolt and Powers, 1988, 1990; Beauheim and Holt, 

28 1990; 13rinster, 1991). The brief review presented here describes regional structural features and introduces the 

29 major stratigraphic units. Specific geologic features that affect compliance-assessment modeling are described in 

30 subsequent sections of this chapter. 
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Natural Barrier System 
Regional Geology 

ll1e WIPP is located ncar the northern end of the Delaware Basin, a structural depression that fonned during 

2 the Late Pennsylvanian and Pcnnian Periods, approximately 300 to 245 million years ago (Figures 2-1 and 2-2). 

3 Sedimentation within the suhsiding h:L.;in resulted in the deposition of up to 4,000 m (13,000 ft) of marine strata. 

4 Organic activity at the hasin margins produced massive carhonate reefs that separated deep-water facies from the 

5 shallow-water shelf sedimcnL' deposited landward. 

6 Pcnnian-agc rocks of importance to WIPP perfonnance-asscssmcnt modeling are those of the Guadaiupian and 

7 Ochoan Series, deposited between approximately 265 and 245 million years ago (Figure 2-3). During this time 

8 subsidence in tl1e Delaware Ba-;in wa-; initially rapid, resulting in deposition of deep-water shales, sandstones, and 

9 limestones of the Delaware Mountain Group. Intcnnitlent connection with the open ocean and a decrea•;e in 

10 clastic sediment supply, possihly in response to regional tectonic adjusunents, led to the deposition of a thick 

11 evaporite sequence. Anhydrites and halites of the Castile Fonnation are limited to the structurally deeper portion 

12 of the hasin, enclosed witl1in the reef-facies rocks of the Capitan Limestone. Suhsidencc wit11in the basin slowed 

13 in Late Pcnnian time, and t11e halites of t11e Salado Fonnation, which include the host strata for the WIPP, extend 

14 outward from the hasin center over the Capitan Reef and the shallow-water shelf facies. Latest Permian-age 

15 evaporites, carhonates, and clastic rocks of the Rustler Fonnation and the Dewey Lake Red Beds record the end of 

16 regional suhsidence and include tl1e la.;t marine rocks deposited in soutllea~;tem New Mexico during the Paleozoic. 

17 llle overlying sandstones of t11e Triassic-age Dockum Group reflect continental deposition and mark the onset of a 

18 period of regional tectonic stahility that lasted approximately 240 million years, until late in the Tertiary Period. 

19 Penn ian-age strata of the Delaware Ba.;in now dip gently (generally less than I 0 ) to the ea<;t, and erosion ha<; 

20 exposed progressively older units tow:u·d t11e western edge of tl1e hasin (Figures 2-1 and 2-4). This tilting reflects 

21 the Lllc Pliocene and early Pleistocene (approximately 3.5 million to I million years ago) uplift of the Capitan 

22 Reef to fonn the Guadalupe Mountains more than 60 km (37 miles) west of the WIPP (Figures 2-I, 2-4). Field 

23 evidence suggests that additional uplil't may have occurred during tl1e late Pleistocene and Holocene, and some 

24 faults of the Guadalupe Mountains may have heen active within the last I ,000 years (Powers et al., I 978a,b). 

25 North and east of tl1e WIPP, the Capitan Reef has not been uplifted and remains in the subsurface (Figure 2-5). 

26 'llle present landscape of the Delaware Basin has been influenced hy near-surface dissolution of the evaporites 

27 (Bachman, 1984, I 987). Karst features created hy dissolution include sinkholes, suhsidence valleys, and hreccia 

28 pipes. Most of these features fonned during wetter climates of the Pleistocene, altlwugh active dissolution is still 

29 occurring wherever evaporites arc exposed at the surface. Some dissolution may also be occurring in the 

30 subsurface where circulating groundwater comes ill contact with evaporites: for example, modem subsidence in 

31 San Simon Swale e:L.;t of t11c WIPP (Figure 2-6) may be related to localized dissolution of the Salado Fonnation 

32 (Anderson, 1981; Bachman, 1984; Brinster, 1991). Nash Draw, which formed during the Pleistocene by 

33 dissolution and suhsidcncc, is the most prominent karst feature ncar the WIPP. As discussed again in Section 

34 2.2.2.6 following, evaporites in the Rustler Fonnation have been affected hy dissolution near Nash Draw. 

35 The largest karst feature in tl1e Delaware Basin is t11e Balmorhea-Loving Trough, south of the WIPP along the 

36 axis of t11e hasin (Figure 2-6). Dissolution of evaporites, perhaps along t11c course of a predecessor of tl1c modem 

37 Pecos River, resulted in suhsidence and the deposition of Cenozoic alluvium up to 300m (984 ft) tl1ick in south-
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Figure 2-1. Generalized geology of the Delaware Basin, showing the location of the Capitan Reef and the 
erosional limits of the basinal fonnalions (Lappin, 1988). 
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Figure 2-2. Geologic time scale (simplified from Geological Society of America, 1984). 
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Figure 2-3. Stratigraphy of t11e Delaware Dasin (modified from Mercer, 1983; Drinster, 1991) 
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Map of the WIPP vicinity showing the land-withdrawal area (labeled "WIPP Boundary"), the study 
area of Drinstcr (1991 ), and the location of observation wells (II aug el al., 1987; Brinster, 1991). 
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em Eddy Coumy, and up to almost 600 m (1970 ft) tllick across the state line in Texas (Bachman, 1984, 1987; 

2 Brinster, 1991). 

3 2.2.2 Stratigraphy 

4 This review is based primarily on the summary presented by Brinster (1991), and is limited to tllosc units that 

5 may have an important role in future perfonnance of the disposal system. Hydrologic data about tlle units have 

6 been summarized by Brinster (1991), and are, in general, not repeated here. Stratigraphic relationships between the 

7 units are shown in Figure 2-3. Figure 2-6 shows the region examined in detail by Brinster (1991) and tlle location 

8 of wells that provide hasic data. 

9 2.2.2.1 BELL CANYON FORMATION 

1 o The Bell Canyon Fonnation consisL-; of 210 to 260 m (690 to 850 ft) of sandstones and silL<; tones witll minor ... 
1 1 limestones, dolomites, and conglomerates (Williamson, 1978; Mercer, 1983; Harms and Williamson, 1988). 

12 Sandstones within t11e upper portion of t11e Bell Canyon Fonnation occur as long, sinuous channels separated by 

13 siltstones, reflecting tlleir deposition hy density currents tllat flowed into t11c deep basin from tlle Capitan Reef 

14 (Harms and Williamson, 1988). These sandstones have been targets for hydrocarbon cxplomtion elsewhere in tlle 

15 Delaware Basin and arc also of interest for t11e WIPP pcrfonnance assessment because tlley arc tllc first aquifers 

16 below the evaporite sequence that hosts t11c repository. 

17 Simulations of undisturhcd repository performance do not include the Bell C:myon Fonnation because a tllick 

18 sequence of evaporites witll very low pcnneability separates the fonnation from tlle overlying units. Simulations 

19 of human intrusion scenarios do not include a horchole pathway for fluid migration between the Bell Canyon 

20 Fonnation (or deeper units) and the repository. Relatively little is known about tlle head gradient tllat would drive 

21 flow along tllis patllway, but data from five wells in tllc Bell Canyon Fonnation suggest tllat flow would be 

22 slight, and, in an unca.scd hole, downward because of brine density effects (Mercer, 1983; Bcauhcim, 1986; Lappin 

23 ct al., 1989). 

24 2.2.2.2 CAPITAN LIMESTONE 

25 The Capitan Limestone is not present at the WIPP, hut is a time-stratigraphic equivalent of the Bell Canyon 

26 Formation to tllc west, nort11, and east (Figures 2-1, 2-3). The unit is a massive limestone ranging from 76 to 

27 230 m (250 to 750 ft) thick. Dissolution and fracturing have enhanced effective porosity, and tllc Capitan is a 

28 major aquifer in t11e region, providing the principal water supply for the city of Carlsbad. Upward flow of 

29 groundwater from t11e Capitan aquifer may be a factor in dissolution of overlying halite and tllc fonnation of 

30 breccia pipes. Existing hreccia pipes are limited to the vicinity of the reef, as is tllc active subsidence in San 

31 Simon Swale (Figure 2-6) (Brinster, 1991 ). 
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2.2.2.3 CASTILE FORMATION 

Natural Barrier System 
Stratigraphy 

2 The Castile Fonnation is approximately 470 m (1540 ft) thick at the WIPP and contains anhydrites with 

3 intercalated limestones ncar the base and halite layers in the upper portions. Primary porosity and penncability in 

4 the Castile Fonnation arc extremely low. However, approximately 18 wells in the region have encountered brine 

5 reservoirs in fractured anhydrite in the Castile Fonnation (Brinster, 1991). Hydrologic and geochemical data have 

6 been interpreted as indicating that these brine occurrences arc hydraulically isolated (Lambert and Mercer, 1978; 

7 Lappin, 1988). Fluid may have been derived from interstitial entrapment of connate water after deposition 

8 (Popiel<lk et al., 1983), dehydration of the original gypsum to anhydrite (Popielllk ct at., 1983), or intermittent 

9 movement of meteoric waters from the Capitan aquifer into the fractured anhydrites between 360,000 and 880,000 

1 0 years ago (Lambert ru1d Carter, 1984 ). Pressures within these brine reservoirs are greater than those at comparable 

11 depths in other relatively penneable units in the region and range from 7 to 17.4 MPa (Lappin ct at., 1989). 

12 Pressurized brine in the Ca<;tilc Formation is of concern for perfonnance assessment because occurrences have 

13 been found at WIPP-12 within t11e WIPP land-witlldrawal area and at ERDA-6 and other wells in the vicinity. The 

14 WIPP-12 reservoir is at a depth of 918 m (3012 ft), about 250m (820ft) below the repository horizon, and is 

15 estimated to contain 2.7x 106 m3 (1.7x 107 barrels) of brine at a pressure of 12.7 MPa (Lappin ct al., 1989). 

16 This pressure is greater than the nominal freshwater hydrostatic pressure at that depth (9 MPa) and is slightly 

17 greater than t11e nominal hydrostatic pressure for a column of equivalent brine at that depth (11.1 MPa). The brine 

18 is saturated, or nearly so, with respect to halite, and has little or no potential to dissolve the overlying salt 

19 (Lappin ct al., 1989). 13rine could, however, reach the repository, overlying strata, and the ground surface through 

20 an intrusion borehole. 

21 Early geophysical surveys mapped a structurally disturbed zone in the vicinity of the WIPP that may correlate 

22 with fracturing or development of secondary porosity within the Castile Formation; this zone could possibly 

23 comain pressurized brine (13oms et al., 1983). Later electromagnetic surveys indicated that the brine present at 

24 WIPP-12 could underlie part ofthe waste panels (Earth Technology Corporation, 1988). WIPP-12 data are 

25 therefore used to develop a conceptual model of the brine reservoir for analyzing scenarios that include the 

26 penetration of pressurized brine. Data describing the Ca<;tile Fonnation brine reservoir arc summarized in Volume 

27 3, Section 4.3 of this report. 

28 2.2.2.4 SALADO FORMATION 

29 The Salado Formation is about 600 m (1970 ft) thick at the WIPP and contains halite interbedded with 

30 anhydrite, polyhalite, glauberite, and some thin mudstones (Adruns, 1944; 13achman, 1981; Mercer, 1983). 

31 Unlike t11e underlying Castile Fonnation, t11e Salado Fonnation overlaps t11c Capitan Limestone and extends 

32 ea<;tward beyond the reef for many kilometers into west Texas (Figure 2-3). Erosion has removed the Salado 

33 Fonnation from the western portion of the ba<;in (Figure 2-1 ). 

34 Where the Salado Fonnation is intact and unaffected by dissolution, natural groundwater flow is negligible 

35 because primary porosity and open fractures arc lacking in the plastic salt (Mercer, 1983; Brinster, 1991 ). The 

36 fonnation is not dry, however. Interstitial brine seeps into the repository at rates up to approximately 0.01 
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l/day/for each m (in length) of excavation (Bredehoefl, 1988; Nowak et al., 1988), and the Salado is assumed to 

2 be saturated (Brinster, 1991). Porosity is estimated to be approximately 0.01 (expressed as void volume per unit 

3 volume of rock). Permeability of the formation is very low but measurable, with an average value of 0.05 

4 microdarcies (5x I0-2° m2) reported by Powers et al. (1978a,b) from well tests. This value corresponds 

5 approximately to a hydraulic conductivity 5x I0-13 m/s (lx I0-7 flld) (Freeze and Cherry, 1979, Table 2.3). In 

6 situ testing of halite in the repository indicates lower pcrmeabilities ranging from I to 100 nanodarcies (I0-22 to 

7 I0-20 m2) (Stormont et at., 1987; Beauheim et al., 1991). Additional information about the geology of the 

8 Salado Formation at the repository is provided in Section 2.3.1, and in Volume 3, Section 2.3 of this report. 

9 2.2.2.5 RUSTLER-SALADO CONTACT ZONE 

10 In the vicinity of Nash Draw, the contact between the Rustler and Salado Formations is an unstructured 

11 residuum of gypsum, clay, and sandstone created by dissolution of halite. The residuum becomes thinner to the 

12 east and intertongues with clayey halite of the unnamed lower member of the Rustler Formation. Mercer (1983) 

13 concluded, on the basis of brecciation at U1e contact, that dissolution in Nash Draw occurred after deposition of the 

14 Rustler Formation. In shafts excavated at the WIPP, the residuum shows evidence of channeling and filling, 

15 fossils, and bioturbation, indicating that some dissolution occurred before Rustler deposition (Holt and Powers, 

16 1988). 

17 The residuum ranges in thickness in the vicinity of the WIPP from 2.4 m (7.9 ft) in P-14 east of Nash Draw 

18 to 33 m (108 ft) in WIPP-29 within Nash Draw (Mercer, 1983). Measured hydraulic conductivity values for the 

19 residuum are highest at Nash Draw (up to 10·6 m/s [ J0-1 flld]), and three to six orders of magnitude lower to the 

20 east (Brinster, 1991). Porosity estimates range from 0.15 to 0.33 (Robinson and Lang, 1938; Hale and Clebsch, 

21 1958; Geohydrology Associates, Inc., 1979; Mercer, 1983). 

22 2.2.2.6 RUSTLER FORMATION 

23 The Rustler Fonnation is of particular importance for WIPP PA because it contains the most transmissive 

24 units above the repository and therefore provides the most likely pathway for the subsurface transport of 

25 radionuclides to the accessible environment. 

26 The Rustler Formation is 95 m (312 ft) thick at the WIPP (as meac;ured in ERDA-9) and ranges in the area 

27 from a minimum of 8.5 m (28 ft) where U1inned by dissolution and erosion west of the repository to a maximum 

28 of 216 m (709 ft) to the cast (Brinster, 1991 ). Overall, the formation is composed of about 40 percent anhydrite, 

29 30 percent halite, 20 percent siltstone and s;mdstone, and 10 percent anhydritic dolomite (Lambert, 1983). On the 

30 basis of outcrops in Nash Draw west of the WIPP, the formation is divided into four formally named members and 

31 a lower unnamed member (Vine, 1963). 1l1ese five unito; (Vine, 1963; Mercer, 1983) are, in ascending order, the 

32 unnamed lower member (oldest), the Culcbra Dolomite Member, the Tamarisk Member, the Magenta Dolomite 

33 Member. and the Forty-niner Member (youngest) (Figure 2-7, Table 2-1 ). 
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Table 2-1. Proper!ies of the Rustler Fonnation Units and Rustler-Salado Contact Zone. (Sources for data 
provided in text.) 

MemberNmne 

Forty-niner 

Magenta 

Trunarisk 

Culebra 

UlUlamcd 

Rustler-Salado 
Contact Zone 

ll1ickness 
(max/min) 

(m) 

20 

8 
4 

11.6 
4 

36 

33 
2.4 

Hydraulic 
Conductivity 

(max/min) 
(m/s) 

5.0x w-9 

5.0x w- 10 

5.0x w-5 

5.0x w- 10 

1 x w-4 

2x w- 10 

1x w- 11 

6x w- 15 

1 x w-6 

1 x w- 12 

Porosity 
(max/min) 

0.30 
0.03 

0.33 
0.15 

5 The Unnamed Lower Member 

6 ll1e unnruned lower member is about 36m (118ft) thick at the WIPP and thickens slightly to lhe east. The 

7 unit is composed mostly of fine-grained silty sandstones and siltstones interbedded wilh anhydrite (converted to 

8 gypsum at Nash Draw) west of lhe W1PP. Incre;t-;ing runounts of halite are present to tl1e cast. Halite is present 

9 over the WIPP (figure 2-8), but is absent north and south of lhe W1PP where lhe topographic expression of Nash 

10 Draw extends eastward. Distribution of halite within this and other members of lhe Rustler Fonnation is 

11 significant because, <L'i is discussed in the following section, an apparent correlation exists between lhe absence of 

12 halite and increased transmissivity in the Culebra Dolomite Member. 
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The ba<>al interval of the unnamed lower member contains silL<>tonc and sandstone of sufficient uansmissivity 

2 to allow groundwater tlow. Transmissivities of 2.9x I0-10 m2Js (2.7x 1()-4 ft2Jd) and 2.4x I0-10 m2ts 

3 (2.2x w-4 rt2td) were calculated from tests at 1-1-16 that included this interval (Beauhcim, 1987a). Asswning all 

4 flow in the 34-m (112-ft) test interval crunc from the 20 m (64 ft) of the basal interval, these transmissivity 

5 values correspond to hydraulic conductivities of 1.5x w-11 m/s (4.2x 10-6 ftld) and 1.2x w-11 ms (3.4x 10-6 

6 ftld). Hydraulic conductivity in the lower portion of the unnamed member is believed to increao;e to the west in 

7 and ncar Nash Draw, where dissolution in t11c underlying Rustler-Salado contact zone has caused subsidence and 

8 fracturing of the sandstone and siltstone (Deauheim and Holt, 1990). 

9 The remainder of the unnamed lower member contains mudstones, anhydrite, and variable amounts of halite. 

10 Hydraulic conductivity of these litlwlogies is extremely low: tests of mudstones and claystones in the waste-

11 handling shaft gave hydraulic conductivity values ranging from 6x J0-15 m/s (2x IQ-9 ftld) to I x IQ-13 m/s 

1 2 (3 x 10-8 ftld) (Saulnier and Avis, 1988; Drinster, 1991). 

1 3 Culebra Dolomite Member 

14 The Culebra Dolomite Member of the Rustler Fonnation is microcrystalline dolomite or dolomitic limestone 

15 with solution cavities (Vine, 1963). In the vicinity of the WIPP, it ranges in thickness from 4 to 11.6 m (13 to 

16 38.3 ft) and has a mean thickness of about 7 m (23 ft). Outcrops of the Culcbra Dolomite occur in the southern 

17 part of Nash Draw and along the Pecos River. 

18 The Culebra Dolomite has been identified <L~ the most likely pathway for release of radionuclidcs to the 

19 accessible environment because of its relatively high hydraulic conductivity near the WIPP, and hydrologic 

20 research ha-; concentrated on tl1e unit for over a decade (Mercer and Orr, 1977, 1979; Mercer, 1983; Mercer et al., 

21 1987; Beauheim, 19R7a,b; LaVcnue et al., 19R8, 1990; Davies, 1989; Cauffman ct al., 1990). Hydraulic data arc 

22 available from 41 well locations in t11e WIPP vicinity (Cauffman et al., 1990). 

23 Hydraulic conductivity of tl1e Culebra varies six orders of magnitude from east to west in the vicinity of the 

24 WIPP (Figure 2-9), ranging from 2x 10-l 0 m/s (6x 10-S ft/d) at P-18 cast of the WIPP to I x w-4 m/s 

25 (6x 10 1 ftld) at 11-7 in Nash Draw (Brinster, 1991). Present understanding of the geologic controls on this 

26 variation in conductivity is based primarily on studies of corc srunples from 17 boreholes, exposures in the walls 

27 of three shafts excavated at the WlPP, and approximately 600 gcophysical logs from boreholes throughout the 

28 vicinity (Figurc 2-10) (llol! and Powcrs. 1988; Powcrs and Hoi!, 1990; Beauheim and Holt, 1990). 

29 Measured matrix porosities of the Culebra Dolomitc nmgc from 0.03 to 0.30 (Lappin et al., 1989; Kelley and 

30 Saulnicr, 1990). Fracture porosity values have not becn mea-;ured directly, but interpreted values from tracer tests 

31 at the 1-1-3 and ll-11 hydropads are 2x1o-3 and Ixi0-3, respectively (Kelley and Pickens, 1986). Data are 

32 insufficient to map spatial variability of porosity. 

33 Variations in hydraulic conductivity in thc Culcbra are believed to be conu·olled by thc relative abundance of 

34 open fracturcs (Snyder. 1985; Beauhcim and Holt. 1990; Brinstcr, 1991) rather than by primary (i.e., depositional) 

35 features of the unit. Lateral variations in depositional environments were small within t11c mapped region, and 
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primary features of the Culchra show little map-scale spatial variability (Holt and Powers, 1988). Direct 

2 measurements of the density of open fractures arc not available from core samples because of incomplete recovery 

3 and fracturing during drilling, hut comparisons between highly fractured outcrops of the Culebra in southern Nac;h 

4 Draw and the relatively unfractured exposures in the WIPP shafts suggests that density of open fractures in the 

5 Culcbra dccre<L<;es to the ca-;t. Qualitative correlations have been noted between hydraulic conductivity and several 

6 geologic features possibly related to open-fracture density, including (1) the distribution of overburden above the 

7 Culebra (figure 2-11) (Holt and Powers, 1988; Beauheim and Holt, 1990); (2) the distribution of halite in other 

8 members of t11c Rustler Fonnation (compare Figures 2-8 and 2-9) (Snyder, 1985); (3) the dissolution of halite in 

9 the upper portion of the Salado Fonnation (figure 2-12) (Beauhcim and Holt, 1990); and (4) the distribution of 

1 0 gypswn fillings in fmctures in t11e Culcbra (Figure 2-13) (Beauhcim and Holt, 1990). 

1 1 Regional tilting of t11e Delaware Basin during the Late Pliocene <md early Pleistocene (see Section 2.2.1) and 

12 subsequent erosion have resulted in a westward decrease in overburden above the Culebra (Figure 2-13). The 

1 3 decrease in confining stress during erosional unloading may have caused fracturing in the Culebra (Bcauheim and 

14 Holt, 1990), and may also have controlled t11e degree to which fractures opened. Locally, however, variations in 

15 conductivity do not correlate precisely witll vm·iations in overburden thickness, and other geologic phenomena 

16 must contribute (Bcauheim and Holl, 1990). 

1 7 Where the present distribution of halite in the Rusllcr Fonnation (Figure 2-8) result-; from post-depositional 

18 dissolution, subsidence over areas of dissolution may have caused fracturing in the Culcbra (Snyder, 1985). 

19 Mapping of depositional environments in l11e Rustler Formation indicates, however, that the present limits of 

20 halite in the fonnation coincide, in general, with a depositional transition from evaporites to mudstones ncar Lhc 

21 margins or a saline pan (Holl and Powers, 1988; Powers and Holt, 1990). Dissolution of the upper portion of tl1e 

22 Salado Fonnation (Figure 2-12), as inferred from stratigraphic thinning observed in geophysical logs, may also 

23 have caused subsidence and fracturing in the Culcbra (Beauheim and lloll, 1990). 

24 Detailed examination of core samples from the Culchra shows that the percentage of fractures that arc filled 

25 wilh post-depositional gypsum crystals increases eastward across the site (Figure 2-13) (Bcauhcim and Holt, 

26 1990). Furtl1cnnore, l11e crystalline structure of the fracture fillings changes across the site, suggesting that the 

27 present conductivity distribution may reflect spatial variability in l11e processes that fonncd fracture fillings. East 

28 of l11e WIPP, fracture-filling crystals have predominantly incremental growth fonns, indicating gradual growth as 

29 t11e fractures opened and no subsequent dissolution. Fractures with incremental fillings probably have had 

30 relatively small apertures and little groundwater flow through them throughout their history. From the WIPP 

31 west, fracture fillings, where present, arc predominanlly pw;sive gypsum crystals that grew in pre-existing void 

32 spaces. By implication, any early, incremental fillings in these fractures must have been dissolved at some time 

33 in U1c past. and the fractures may have had relatively large groundwater flow U1rough them before passive crystal 

34 growth. In places where early, incremental fillings have been removed hy dissolution and pa-;sivc crystal growth 

35 have not formed, or where they have been removed hy further dissolution, conductivity is high. In places where 

36 either passive or incremental crystals fill most fractures, conductivity is low. 

37 
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As observed in core samples from the Culebra, clay minerals commonly occur on the surfaces of 

2 subhorizontal fractures in dolomite (Sewards, 1991; Sewards et at., 199la,b). Present distribution and 

3 composition of clay in the Culebra (and other members of the Rustler Formation) reflect both depositional and 

4 diagenetic processes (Sewards et al., 1992). Clays are most abundant in horizontal layers that represent original 

5 bedding planes in tJ1c evaporite sequences. These clay-rich layers arc found within the Culcbra throughout the 

6 WIPP vicinity. Because they are less competent than the dolomite above and below, clay-rich layers are 

7 preferentially opened during fracturing, creating clay-lined subhorizontal fractures. Clay minerals identified by x-

8 ray diffraction analysis include corrensite (ordered mixed-layer chloritc/saponite) and illite, with minor amounts of 

9 serpentine and chlorite. Corrcnsite is the most abundant of the clay minerals, usually constituting about 50 

1 o percent of the clay assemblage (Scwards et al., 199la). Original detrital clays were illite and smectite; alternation 

11 of smectite into corrcnsitc occurred during early diagenesis as magnesium-rich pore waters migrated through the 

12 formation (Sewards ct al., 1992). Isotopic analyses (Rb/Sr) indicate that clay minerals reached their present 

13 composition during !JH! Late Pcnnian (Brookins et al., 1990). 

14 Because the cation exchange capacity of clay minerals in general and corrcnsite in particular is higher than that 

15 of dolomite or gypsum, clay fracture-linings may play an important role in the chemical retardation of 

16 radionuclides during potential transport (Siegel et at., 1990; Scwards ct al., 1992). Clay fracture-linings may also 

17 affect physical retardation of radionuclidcs hy diffusion into the pore volume of both dolomite matrix and the clay 

18 linings during transport (Section 7.6.2 of this volume; Volume 3, Section 2.6 of this report; memorandum by 

19 Novak et al. in Volume 3, Appendix A of this report). 

20 Tamarisk Member 

21 Where present in southea-;tern New Mexico, the Tamarisk Member ranges in thickness from 8 to 84 m (26 to 

22 276 ft) in southeastern New Mexico, and is about 36m (118 ft) thick at the WIPP. The Tamarisk consists of 

23 mostly anhydrite or gypsum interbedded with tJ1in layers of claystone and siltstone. Near Nash Draw, dissolution 

24 has removed evaporites from the Tamarisk Member, and the Magenta and Culebra Dolomites arc separated only by 

25 a few meters of residue (Brinster, 1991 ). 

26 Unsuccessful attempts were made in two wells, 11-14 and 11-16, to test a 2.4-m (7.9-ft) sequence of the 

27 Tamarisk Memhcr that consists of claystone, mudstone, and siltstone overlain and underlain by anhydrite. 

28 Pcnneahility was too low to mc!L<;urc in either well within tJ1c time allowed for testing, but Beauhcim (1987a) 

29 estimated tJ1c transmissivity of the claystone sequence to he one or more orders of magnitude less than that of the 

30 tested interval in the unnamed lower member, which yielded transmissivity values of 2.9x J0-1 0 m2/s (2. 7x I0-4 

31 ft2td) and 2.4x I0- 1 0 m2/s (2.2x 10·4 ft2td), corresponding to hydraulic conductivities in the basal siltstone of the 

32 unnamed lower member of 1.5x 10·11 m/s (4.2x w-6 ft/d) and 1.2x J0-11 m/s (3.4x 10-6ft/d). 

33 Magenta Dolomite Member 

34 The Magenta Dolomite Member of the Rustler Fonnation is a fine-grained dolomite that ranges in thickness 

35 from 4 to 8 m (13 to 26ft) and is about 6 m (19ft) thick at the WIPP. The Magenta is saturated except near 
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outcrops along Nash Draw, and hydraulic data are available from 14 wells. Hydraulic conductivity ranges over live 

2 orders of magnitude from 5.0x I0-10 to 5.0x J0-5 m/s (1 x I0-4 to 1 x JOI ftld). 

3 A contour map of log hydraulic conductivities of the Magenta Dolomite Member based on sparse data (figure 

4 2-14) shows a decrease in conductivity from west to east, with slight indentations of the contours north and soutll 

5 of the WIPP U1at correspond to tlle tOJ~Jgraphic expression of Nash Draw (Brinster, 1991). Comparison of figures 

6 2-9 and 2-14 show tllat in most locations conductivity of tlle Magenta is one to two orders of magnitude less than 

7 tllat of tlle Culcbra. 

8 No porosity measurements have been made on the Magenta Dolomite Member. Beauheim (1987a) assumed a 

9 representative dolomite porosity of 0.20 for interpretations of well tests. 

1 o Forty-niner Member 

11 The uppermost member of the Rustler Formation, the Forty-niner Member, is about 20 m (66 ft) thick 

12 throughout U1e WIPP area and consists of low-permeability anhydrite and siltstone. Tests in I-1-14 and H-16 

13 yielded hydraulic conductivities of about 5x w-9 mls (1 x I0-3 ftld) and Sx I0-1 0 m/s (1 x w-4 ftld) respectively 

14 (Bcauheim, 1987a). 

15 2.2.2.7 SUPRA-RUSTLER ROCKS 

16 Strata above the Rustler formation are not believed to represent a significant pathway for tlle migration of 

17 radionuclides from the repository to U1e accessible environment because of relatively low transmissivities witllin 

18 the saturated zone. These units are important to performance assessment, however, hccause vertical flux through 

19 them may play an important role in the inflow and outflow of water from the Rustler Formation. Available 

20 models of groundwater flow in the Culebra do not incorporate tlle effects of vertical flux. 

21 Where present, the supra-Rustler units collectively range in thickness from 4 to 536 m (13 to 1758 ft). 

22 Regionally, the supra-Rustler units thicken to the east and form a uniform wedge of overburden across the region 

23 (Brinster, 199 I). Fine-grained sandstones ami siltstones of the Dewey Lake Red Beds (Pierce Canyon Red Beds of 

24 Vine, 1963) conformably overlie tlle Rustler Formation at the WIPP <md are the uppermost Permian rocks in the 

25 region. The unit is absent in Nao;;h Draw, is as much as 60 m (196 ft) thick where present west of tlle WIPP, and 

26 can he over 200 m (656 ft) thick cast of U1e WIPP (Figures 2-4, 2-7). Ea<;t of the WIPP, the Dewey Lake Red 

27 Beds are unconformably overlain by Mesozoic rocks of the Triassic Dockum Group. These rocks arc absent west 

28 of the repository and reach a thickness of over 100m (328 ft) in western Lea County. East of the WIPP, Triassic 

29 and, in some locations, Cretaceous rocks are unconformably overlain by tlle Pliocene Ogallala Formation. At the 

30 WIPP, Permian strata arc overlain by 8 m (25 ft) of the Triassic Dockum Group, discontinuous sands and gravels 

31 of the Pleistocene Gatuiia Fonnation, tlle informally named Pleistocene Mescalero caliche, and Holocene soils 

32 (Holt and Powers, 1 990). 
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Drilling in lhe Dewey Lake Red Beds has not identified a continuous zone of saturation. Some localized 

2 zones of relatively high permeability were identified by loss of drilling fluids at OOE-2 and H-3d (Mercer, I983; 

3 Beauheim, I987a). Thin and apparently discontinuous saturated sandstones were identified in lhe upper Dewey 

4 Lake Red Beds at Il-l, H-2, and ll-3 (Mercer and Orr, I979; Mercer, I983). Several wells operated by lhe J. C. 

5 Mills Ranch (James Ranch) soulh of t11e WIPP produce sufficient quantities of water from lhc Dewey Lake Red 

6 Beds to supply livestock (llrinster, I991). 

7 Hydrologic properties of supra-Rustler rocks are relatively poorly understood because of lhe lack of long-term 

8 hydraulic tests and lhe difficulty of making lhose measurements. Ilydraulic conductivity of lhe Dewey Lake Red 

9 Beds, assuming saturation, is estimated to be 10-8 rnls (I0-3 ftld), corresponding to lhe hydraulic conductivity of 

10 fine-grained sandstone and siltstone (Mercer, I983; Davies, I989). Porosity is estimated to be about 0.20, which 

11 is representative of fine-grained sandstone (Brinster, 1991). 

12 2.2.3 Hydrology 

13 2.2.3.1 PRESENT CLIMATE 

14 The present climate of soulhcastem New Mexico is arid to semi-arid (Swift, I992). Annual precipitation is 

15 dominated by a late summer monsoon, when solar warming of lhe continent LTeates an aunospheric pressure 

16 gradient lhat draws moist air inland from lhc Gulf of Mexico (Cole, I975). Winters arc cool and generally dry. 

17 Mean annual precipitation at lhe WlPP has been estimated to be between 28 and 34 cm/yr (10.9 and 13.5 

18 inlyr) (Hunter, I9R5). At Carlsbad, 42 krn (26 mi) west of lhe WIPP and IOO m (330ft) lower in elevation, 53-

19 year (1931-I9R3) annual means for precipitation and temperature arc 32 cm/yr (12.6 in/yr) and 17.1°C (63°1-} 

20 (University of New Mexico, I989). Freshwater pan evaporation in lhe region is estimated to be 280 cm/yr ( I10 

21 in/yr) (U.S. DOE. 1980). 

22 Short-tenn climatic variahility can he considerahle in the region. For example, the I05-year (I878 to I982) 

23 precipitation record from Roswell, 135 km (84 mi) northwest of lhe WIPP and 60 m (200 ft) higher in elevation, 

24 shows an annual mean of 27 cm/yr (10.6 in/yr) with a maximum of 84 crn/yr (32.9 in/yr) and a minimum of II 

25 cm/yr (4.4 in/yr) (Hunter, I985). 

26 2.2.3.2 PALEOCLIMATES AND CLIMATIC VARIABILITY 

27 Based on lhe past record, it is reasonable to a'sumc lhat climate will change at lhc WlPP during lhc next 

28 10,000 years, and t11e pcrfonnance-asscssment hydrologic model must allow for climatic variability. Presently 

29 available long-term climate models are incapable of resolution on t11e spatial scales required for numerical 

30 predictions of future climates at the WIPP (e.g., llansen et al., I988; Mitchell, I989; Houghton et al., I990), and 

31 simulations using these models are of limited value beyond several hundreds of years into lhe future. Direct 

32 modeling of climates during lhe next 10,000 years has not been attempted for WIPP performance assessment. 
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Instead, perfonnance-assessment modeling uses past climates to set limits for future variability (Swift, 1991, 
2 1992). The extent to which unprecedented climatic changes caused by hmnan-induced changes in the composition 
3 of the Earth's aunosphere may invalidate this assumption is uncertain. Presently available models of climatic 
4 response to an cnhru1ced greenhouse effect (e.g., Mitchell, 1989; Houghton ct al., 1990) do not predict changes of 
5 a larger magnitude than those of the Pleistocene (although predicted rates of change are greater), suggesting the 
6 choice of a Pleistocene analog for future climatic extremes will remain appropriate. 

7 Geologic data from the American Southwest show repeated alternations of wetter and drier climates 
8 throughout the Pleistocene, which correspond to global cycles of glaciation and deglaciation (Swift, 1992). 
9 Climates in southeastem New Mexico have hccn coolest and wcllcst during glacial maxima, when the North 

10 American icc sheet reached its southern limit roughly 1200 km (750 mi) north of the WIPP. Mean annual 
1 1 prccipit11lion at t11ese extremes was approximately twice that of the present. Mean annual temperatures may have 
12 been as much as ·soc (9°F) cooler than at present. Modeling of global circulation patterns suggests these changes 
13 resulted from the disruption and southward displacement of the winter jet stream by the icc sheet, causing an 
14 increase in the frequency ru1d intensity of winter stonns throughout the Southwest (COHMAP Members, 1988). 

15 Dat11 from plant and animal remains and palco-lake levels penni! quantitative reconstructions of precipitation 
16 in southeastern New Mexico during the advance and retreat of the last major icc sheet in North America. Figure 
17 2-15 shows estimated mean annual precipitation for the WIPP for the last 30,000 years, based on an estimated 
18 present precipitation of 30 cm/yr (11.8 in/yr). The precipitation maximum coincides with the maximum advance 
19 of the ice sheet 22,000 to 18,000 years ago. Since the final retreat of the icc sheet approximately 10,000 years 
20 ago, conditions have hcen generally dry, with intennillent and relatively brief periods when precipitation may have 
21 approached glacial levels. Causes of these Holocene fluctuations are uncertain (Swifl, 1992). 

22 Glacial periodicities have heen stable for the last 800,000 years, with major peaks occurring at intervals of 
23 19,000, 23,000, 41,000 and 100,000 years, corresponding to variations in the Earth's orbit (Milankovitch, 1941; 

24 Hays et at., 1976; Imhrie et al., 1984; Imhrie, 1985). Barring anthropogenic changes in the Earth's climate, 
25 relatively simple modeling of the nonlinear climatic response to a'>tronomically controlled changes in the amount 
26 of solar energy reaching t11e Earth suggests that the next glacial maximum will occur in approximately 60,000 
27 years (lmhrie and lmhrie, 1980). Regardless of anthropogenic effects, short-tcnn, non-glacial climatic fluctuations 
28 comparable to those of the last 10,000 years are prohahle during the next 10,000 years and must be included in 
29 perfonnancc-a~;sessmcm modeling. 

30 Climatic variability will he incorporated into the modeling system conceptually by varying groundwater flow 
31 into the Culehra Dolomite Mcmhcr of the Rustler Fonnation as a scaled function of precipitation (Swift, 1991). 
32 Short-term variability in precipitation is approximated with a periodic function that generates peaks of twice 
33 present precipitation three times during the next 10,000 years and with a future climate that is wetter than that of 
34 the present approximately one half of the time. Long-tcnn, glacial increase in precipitation is approximated with 
35 a periodic function that reaches a maximum of twice present precipitation in 60,000 years. For this perfonnance 
36 a'>scssment, climatic variability ha~; hecn included in the consequence ru1alysis hy varying boundary conditions of 
37 the Culchra groundwater-flow model as a scaled function of future precipitation. Potentiometric heads along a 
38 portion of the northern boundaries of the regional model domain were varied between present elevation and 
39 approximately the ground surface, reaching maximum elevations at times of maximum precipitation. 
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Figure 2-15. Estimated mean annual precipitation at the WIPP during the Late Pleistocene and Holocene 
(modilied from Swift, 1992). 

2-28 



2.2.3.3 SURFACE WATER 

Natural Barrier System 
Hydrology 

2 The Pecos River. the principal surface-water feature in southeastern New Mexico, flows southeastward in 

3 Eddy County approximately parallel to the axis of the Delaware Basin (Figure 2-1) and drains into the Rio Grande 

4 in western Texas. In the vicinity of the WIPP, the drainage system includes small ephemeral creeks and draws and 

5 has a drainage area of about 50,000 km2 (20,000 mi2). At its closest point, the Pecos River is about 20 krn 

6 (12 mi) southwest of the WIPP (Brinster, 1991). 

7 Very little, if any, of the surface water from Nash Draw reaches the Pecos River (Robinson and Lang, 1938; 

8 Lambert, 1983). Several shallow, saline lakes in Nash Draw cover an area of about 16 km2 (6 mi2) southwest of 

9 the WIPP (Figure 2-6) and collect precipitation, surface drainage, and groundwater discharge from springs and 

1 o seeps. The largest lake, Laguna Grande de Ia Sal, has existed throughout historic time. Since 1942, smaller, 

11 intermittent, saline lakes have formed in closed depressions north of Laguna Grande de Ia Sal as a result of effluent 

12 from potash mining and oil-well development in the area (Hunter, 1985). Effluent has also enlarged Laguna 

13 Grande de Ia Sal. 

14 2.2.3.4 THE WATER TABLE 

15 No maps of the water t.abfe arc available for the vicinity of the WIPP. Outside of the immediate vicinity of 

16 the Pecos River. where water is pumped for irrigation from an unconfined aquifer in the alluvium, near-surface 

17 rocks are either unsaturated or of low permeability and do not produce water in wells. Teste; of the lower Dewey 

18 Lake Red Beds in 1-1-14 that were intended to provide information about the location of the water table proved 

19 inconclusive hccause of low transmissivities (Beauheim, 1987a). Livestock wells completed south of the WIPP in 

20 the Dewey Lake Red Beds at the J. C. Mills Rm1ch (James Ranch) may produce from perched aquifers (Mercer, 

21 1983; Lappin ct al., 1989), or they may produce from transmissive zones in a continuously saturated zone that is 

22 elsewhere unproductive because of low transmissivitics. 

23 Regionally, water-table conditions can be inferred for the more permeable units where they are close to the 

24 surface and saturated. The Cukbra Dolomite may he under water-table conditions in and near Nash Draw and near 

25 regions of the Rustler Fonnation outcrop in Bear Grac;s Draw and Clayton Basin north of the WJPP (Figure 2-6). 

26 The Magenta Dolomite is unsaturated and presumably above the water table at WIPP-28 and H-7 ncar Nash Draw. 

27 Water-table conditions exist in the Rustler-Salado contact zone near where it discharges into the Pecos River at 

28 Malaga Bend (Brinstcr, 1991 ). 

29 2.2.3.5 REGIONAL WATER BALANCE 

30 Hunter (I 9S5) examined the overall water budget of approximately 5180 km2 (2000 mi2) surrounding the 

31 WIPP. Water inflow to the area comes from precipitation, surface-water flow in the Pecos River, groundwater 

32 flow across the boundaries of the region. and water imported to the region for human usc. Outflow from the 

33 water-budget model occurs <L~ stream-water flow in the Pecos River, groundwater flow, and evapotranspiration. 

34 Volumes of water gained by precipitation and lost by evapotranspiration arc more than one order of magnitude 

35 larger t.11an volumes gained or lost by other me:ms. 
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Uncertainties about precipitation, evapotranspiration, and water storage within the system limit the usefulness 

2 of estimates of groundwater recharge based on water-budget analyses. Regionally, Hunter (1985) concluded that 

3 approximately 96 percent of precipitation was lost directly to evapotranspiration, without entering the surface or 

4 groundwater flow systems. Within the I 000 km2 (386 mi2) immediately around the W1PP, where no surface 

5 runoff occurs and all precipitation not lost to evapotranspiration must recharge groundwater, a separate analysis 

6 suggested evapotranspiration may he as high as 98 to 99.5 percent (Hunter, 1985). Direct measurements of 

7 infiltration rates arc not available from t11c WIPP vicinity. 

8 2.2.3.6 GROUNDWATER FLOW ABOVE THE SALADO FORMATION 

9 Well tests indicate tltat t11c three most permeable units in tl1c vicinity of the WIPP above the Salado 

1 o Formation are tl1c Culcbra Dolomite ;md Magenta Dolomite Members of the Rustler Formation and the residuum 

11 at the Rustler-Salado contact zone. The vertical permeabilities of t11e strata separating these units are not known, 

12 but lithologies and the potentiometric and geochemical data summarized below suggest that for most of the 

13 region, vertical flow between the unit~is very slow. Although preliminary hydrologic modeling indicates that 

14 some component of vertical flow between units can he compatible with observed conditions (Haug et al., 1987; 

15 Davies, 1989), the Culcbra is a<;sumcd to be perfectly confined for the 1992 performance-assessment calculations. 

16 Potentiometric Surfaces 

17 Mercer ( 1983) aud Drinster ( 1991) have constructed potentiometric-surface maps for the Rustler-Salado residuum, 

18 tl1e Culebra Dolomite, rutd the Magenta Dolomite; Drinster's (1991) maps are reproduced here (Figures 2-16,2-17, 

19 and 2-18). These maps show the elevation above sea level to which fresh water would rise in a well open to each 

20 unit. Contours arc based on measured heads (water elevations in wells) that have been adjusted to freshwater-

21 equivalent heads (tlte level to which fresh water would rise in t11e srune well). Maps for the Culebra and the 

22 Magenta Dolomites are based on data from 31 and 16 wells, respectively. The map for the Rustler-Salado 

23 residuum includes data from 14 wells and water elevations in the Pecos River, reflecting an assumption that watcr-

24 table conditions exist in t11c unit ncar the river. 

25 Because the data used to construct the potentiometric maps arc sparse and unevenly distributed, interpretations 

26 must be made with caution. For cxrunplc, the "bull's-cyc" patterns visible in all three maps arc controlled by 

27 single data points, and would probably disappear from t11e maps if sufficient data were available. Contours arc 

28 most reliable where data arc closely spaced, particularly in the immediate vicinity of the WIPP, and are least 

29 reliable where they have been extrapolated into areas of no data, such as the southeast portion of the mapped area. 

30 With these caveats noted, however, the potentiometric maps can be useful in drawing conclusions about flow both 

31 within ;md hetwccn the three uniL<>. 

32 Flow of a constant-density liquid witltin an isotropic medium would be perpendicular to the potentiometric 

33 contours. Near the WIPP, localized regions have hccn identified where variations in brine density result in non-

34 unifonn gravitational driving forces and anomalous llow directions (Davies, 1989), and the effects of anisotropy 

35 on flow patterns arc not fully understood. In general, however, flow in the Rustler-Salado contact zone is from 
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Figure 2-16. Adjusted potentiometric surface of the Rustler-Salado comact zone in the W IPP vicinity (Drinster, 
1991 ). Contours based on head data from indicated wells and water elevations in the Pecos River. 
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Figure 2-17. Adjusted potentiometric surface of the Culehra Dolomite Member of the Rustler Formation in the 
WIPP vicinity (Brinster, 1991 ). Contours based on head data from indicated wells. 
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norlheast to southwest. Flow in the Culcbra is from north to south, and flow in the Magenta is from cast to west 

2 in that portion of U1c study area where data are sufficient to permit interpretation (i.e., near the WIPP). 

3 Differences in flow directions may reflect long-term transient conditions (see "Recharge and Discharge" in Section 

4 2.2.3.6) and indicate low permeability of the strata separating the three units; that is, if the three functioned as a 

5 single aquifer, potentiometric maps would be similar. 

6 Row between units also is a function of hydraulic gradient and can be interpreted qualitatively from the 

7 potentiometric maps. Like lateral flow within units, vertical flow between units is from higher potentiometric 

8 levels to lower levels. Differences between lhc elevations of the potentiometric surfaces reflect low permeabilities 

9 of the intervening strata and slow rates of vertical leakage relative to rates of flow wilhin lhe aquifers. Brinster 

10 (I 991), and Beauheim (l987a) present analyses of vertical hydraulic gradients on a well-by-well basis. 1bese 

11 analyses suggest that, if flow occurs, U1e direction of flow between the Magenta and the Culebra is downward 

12 throughout the WlPP area. Directly above the repository, flow may be upward from the Rustler-Salado residuum 

13 lO the Culebra Dolomite. Elsewhere in the region, bolh upward and downward flow directions exist between the 

14 two units. 

15 Groundwater Geochemistry 

16 Major solute geochemical data are available for groundwater from the Rustler-Salado contact zone from 20 

17 wells, from the Culcbra Dolomite from 32 wells, and from the Magenta Dolomite from 12 wells (Siegel et al., 

18 1991). Groundwater quality in all three units is poor, wilh total dissolved solids (TDS) exceeding 10,000 mg!L 

19 (the concentration specified for regulation by the Individual Protection Requirements of 40 CFR 191 B) in most 

20 locations. 

21 Waters from the Rustler-Salado contact zone have the highest 'IUS concentrations of any groundwaters in the 

22 WIPP area. The lowest concentration reponed from the unit is 70,000 mg/L from H-7c southwest of the WIPP, 

23 and the highest is 410,000 mg!L from H-5 at the norlhea-;t comer of the land-withdrawal area (Siegel ct al., 1991). 

24 Waters from the Magenta Dolomite are the least saline of those in the confined units. Within the Iand-

25 wilhdrawal area, TDS concenlrations range from approximately 4000 to 25,000 mg/L. Higher values arc reported 

26 from I-1-10 soulhcast of the WIPP, where the sample is of uncertain quality, and from WIPP 27 in Nash Draw, 

27 where groundwater chemistry h<L<; been altered by dumping of effluent from pota<>h mines (Siegel ct al., 1991). 

28 Groundwater chemistry is variable in U1e Culebra Dolomite. A maximum TDS concentration of 324,100 

29 mg!L is reported from WIPP-29 west of the repository in Na-;h Draw, and a minimum value of 2830 mg!L is 

30 rcrxxtcd from H-8, 14 km (9 mi) southwest of the repository. Three oU1er wells (1-1-7, H-9, and the Engle well), 

31 all south of lhc WIPP, also contain water with less than 10,000 mg/L TDS (Siegel et al., 1991). 

32 Relative concentrations of major ions vary spatially within the Culebra Dolomite. Siegel ct al. (1991) 

33 recognized four zones containing distinct hydrochemical facies (figure 2-19) and related water chemistry to the 

34 distribution of halite in U1e Rustler f'onnation. Zone A contains a saline (about 2 lO 3 molal) sodium chloride 

35 brine wilh a magnesium/calcium molar ratio greater !han 1.2. Zone A waters occur ea<>tward from the repository, 
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in a region tllat corresponds roughly witll tlle area of lowest transmissivity in tlle Culebra Dolomite. Halite is 

2 present in tllc unnamed lower member of tlle Rustler Formation tl1roughout Zone A, and in tlle eastern portion of 

3 tlle region halite occurs in the upper members as well. Zone 13 is an area of dilute, calcium sulfate-rich water 

4 (ionic strengtllless tlum 0.1 molal) south of tlle repository. lbis region generally has high transmissivity in the 

5 Culebra Dolomite, and halite is absent from all members of tlle Rustler Formation. Zone C, extending from the 

6 repository west to Nash Draw, contains waters of variable composition witll low to moderate ionic strength (0.3 

7 to 1.6 molal), witl1 magnesium/calcium molar ratios less than 1.2. Transmissivity is variable in this region, and 

8 halite is present in tllc Rustler Formation only to the cast, in tlle unnamed lower member. Salinities are highest 

9 near tlle eastern edge of tllc zone. ZoneD waters, found only in two wells in Nash Draw, arc anomalously saline 

10 (3 to 6 molal) and have high potassium/sodiwn ratios tllat reflect contamination by effluent from potash mines. 

11 Distribution of the hydrochemical facies may not be consistent witll tlle inferred nortll-to-south flow of 

12 groundwater in tl1c Culebra Dolomite. Specifically, less saline waters of Zone 13 are down-gradient from more 

13 saline waters in Zones A and C. Chapman (1988) suggested tllat direct recharge of fresh water from tllc surface 

14 could account for tlle characteristics of Zone 13. As discussed in more detail below ("Recharge and Discharge" 

" 15 section), tl1c inconsistency between chemical and potentiometric data could also result from a change in location 

16 and amount of recharge since the wetter climate of tlle la<>t glacial maximum (Lambert, 1991 ). Present flow in 

17 tlle Culebra could be transient, reflecting gradual drainage of a groundwater reservoir filled during tlle Pleistocene 

18 (Lambert and Carter, 1987; Davies; 1989; Lunbert, 1991). Regional hydrochemical facies may not have 

19 equilibrated with the modem flow regime and instead may reflect geographic distribution of halite during a past 

20 flow regime (Siegel and Lmnbert, 1991 ). 

21 Recharge and Discharge 

22 The only documented points of naturally occurring groundwater discharge in tlle vicinity of tl1e WIPP arc the 

23 saline lakes in Nash Draw and tlle Pecos River, primarily ncar Malaga 13end (Hunter, 1985; 13rinster, 1991). 

24 Discharge into the lakes from Surprise Spring was measured at a rate of less tl1an 0.01 m3/s (0.35 ft3/s) in 1942 

25 (Hunter, 1985). Estimatt:d total groundwater discharge into tlle lakes is 0.67 m3/s (24 rt3/s) (Hunter, 1985). 

26 Based on chemical and potentiometric data, Mercer (1983) concluded tllat discharge from the spring was from 

27 fractured and more transmissive portions of tl1e Tamarisk Member of tl1c Rustler Fonnation, and tllat tlle lakes 

28 were hydraulically isolated from tl1c Culebra Dolomite and lower units. Lambert and Harvey's (1987) analysis of 

29 stable isotopes in water from Surprise Spring suprorts the conclusion tllat Surprise Spring and Laguna Grande de 

30 Ia Sal are not discharge roints for the Culebra Dolomite. 

31 Groundwater discharge into tl1e Pecos River is larger tl1an discharge into tlle saline lakes. Based on 1980 

32 stream-flow gage data, Hunter (1985) estimated tl1at groundwater discharge into tllc Pecos River between Avalon 

33 D:un nortll of Carlsbad and a point south of Malaga Bend was no more tllan approximately 0.92 m3/s (33 ft3fs). 

34 Most of this gain in stream flow occurs near Malaga Bend and is tlle result of groundwater discharge from tlle 

35 residuum at tl1c Rustler-Salado contact zone (Hale ct al., 1954; Kunkler, 1980; Hunter, 1985; Brinstcr, 1991). 

36 The only documented roint of groundwater recharge is also ncar Malaga Bend, where an almost immediate 

37 water-level rise has been rerortcd in a Rustler-Salado residuum well following a heavy rainstonn (Hale et al., 
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1 1954). This location is hydraulically down-gradient from the repository, and recharge here has little relevance to 

2 flow ncar the WIPP. Examination of the potentiometric-surface map for the Rustler-Salado contact zone (Figure 

3 2-16) indicates that some inflow may occur north of the WIPP, where freshwater-equivalent heads are highest. 

4 Additional inflow to the contact zone may occur as leakage from overlying units, particularly where the units are 

5 close to the surface and under water-table conditions. Brinstcr (1991) proposed that inflow to the contact zone (and 

6 other units in the Rustler Fonnation) could also come from below, upward through breccia pipes from the Capitan 

7 aquifer north and ea~o;t of the repository. 

8 No direct evidence exists for the location of either recharge to or discharge from the Culebra Dolomite. The 

9 potentiometric-surface map (Figure 2-17) implies inflow from the north and outflow to the south. Mercer (1983) 

10 suggested that recharge from the surface probably occurred 15 to 30 km (9 to 19 mi) northwest of the WIPP in and 

11 north of Clayton Basin (Figure 2-6), where the Rustler Fonnation crops out. An undctennined amount of inflow 

12 may also occur ac; leakage from overlying uniL<; throughout the region. 

13 The potentiometric-surface map (Figure 2-17) indicates that flow in the Culebra Dolomite is toward the 

14 south. Some of this southerly flow may enter the Rustler-Salado contact zone under water-table conditions near 

15 Malaga Bend and ultimately discharge into the Pecos River. Additional flow may discharge directly into the Pecos 

16 River or into alluvium in the Balmorhea-Loving Trough to the south (Figure 2-6) (Brinster, 1991 ). 

17 Recharge to the Magenta Dolomite may also occur north of the WIPP in Bear Grass Draw and Clayton Basin 

18 (Mercer, 1983). The potentiometric-surface map indicates that discharge is toward the west in the vicinity of the 

19 WIPP, probably into the Trunarisk Member and the Culcbra Dolomite ncar Nash Draw. Some discharge from the 

20 Magenta Dolomite may ultimately reach tJ1c saline lakes in Nash Draw. Additional discharge probably reaches the 

21 Pecos River at Malaga Bend or alluvium in the Balmorhea-Loving Trough (Brinster, 1991). 

22 Isotopic data from groundwater samples suggest that groundwater travel time from the surface to the Dewey 

23 Lake Red Beds and the Rustler Fonnation is long and rates of flow are extremely slow. Low tritium levels in all 

24 WIPP-area srunples indicate minimal contributions from the atmosphere since 1950 (Lambert and Harvey, 1987). 

25 Four modeled radiocarbon ages from Rustler Fonnation and Dewey Lake Red Beds groundwater are between 

26 12,000 and 16,000 years (Lambert, 1987). Observed uranium isotope activity ratios require a conservative 

27 minimum residence time in the Culebra Dolomite of several thousands of years and more probably reflect 

28 minimum ages of 10,000 to 30,000 years (Lmnhcrt and Carter, 1987). Stable-isotope data are more ambiguous: 

29 Lambert and Harvey ( 1987) concluded that compositions are distinct from modern surface values and that the 

30 contribution of modern recharge to the system is slight, whereas Chapman (1986, 1988) concluded that available 

31 stable-isotope data do not pcnnit interpretations of groundwater age. Additional stable-isotope research is in 

32 progress and may resolve some uncertainty about groundwater age. 

33 Potentiometric data from four wells support the conclusion that little infiltration from the surface reaches the 

34 transmissive units of the Rustler Formation. Hydraulic head data are available for a claystone in the Forty-niner 

35 Member from DOE-2, 1-1-3, 1-1-4, 1-1-5, and H-6. Comparison of these heads to Magenta heads in surrounding 

36 wells shows tl1at flow between the units at all four wells may be upward (Beauheim, 1987a). This observation 

37 offers no insight into the possibility of infiltration reaching the Forty-nincr Member, but it rules out the 

38 possihility of infiltration reaching the Magenta Dolomite or any deeper units at these locations. 
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1 Location and amount of groundwater recharge and discharge in the area may have been substantially different 

2 during weuer climates of the Pleistocene. Gypsiferous spring deposits on the ea<;t side of Nash Draw are of late 

3 Pleistocene age and reflect discharge from an active water table in the Rustler Fonnation (Bachman, 1981, 1987; 

4 Davies, 1989; Drinstcr, 1991 ). Coarse sands and gravels in the Pleistocene Gatufia Fonnation indicate deposition 

5 in high-energy, through-going drainage systems unlike those presently found in the Nash Draw area (Bachman, 

6 1987). Citing isotopic evidence for a Pleistocene age for Rustler Formation groundwater, Lambert and Carter 

7 (1987) and Lambert (1991) have speculated that during the late Pleistocene, Nash Draw may have been a principal 

8 recharge area, and flow in tl1e vicinity of the WIPP may have been eastward. In this interpretation, there is 

9 essentially no recharge at the present, and tl1c modern groundwater-flow fields reflect the gradual draining of the 

10 strata. Preliminary modeling of long-tenn transient flow in a two-dimensional, east-west cross section indicates 

11 that, although the concept remains unproven, it is not incompatible with observed hydraulic properties (Davies, 

12 1989). As the pcrfonnancc-a-;sessmcnt groundwater-flow model is further developed and refined, the potential 

13 significance of uncertainty in t11e location and amount of future recharge will be re-evaluated. 

14 2.2.4 Radionuclide Transport in the Culebra Dolomite 

15 Hydraulic tests using nonreactive tracers have been conducted in tllc Culehra Dolomite Member of tlle Rustler 

16 Fonnation ncar tllc WIPP at tlle H-2, H-3, H-4, H-6, and H-11 hydropad well locations (Kelley and Pickens, 

17 1<J86; Saulnier, 1987; Beauhcim, 1987h,c; Jones ct al., 1992) (see Figures 2-6 and 2-8 for well locations). At tlle 

18 H-2 and H-4 hydropads, transmissivity in the Culehra is low, and tracer test results are best explained by 

19 characterizing tllc Culehra a-; a single-porosity, matrix-only medium in which interconnected open fractures are not 

20 present (see Section 2.2.2.6 for a discussion of fractures in tlle Culebra). At the H-3, ll-6, and H-11 hydropads, a 

21 dual-porosity, fracture-plus-matrix model for transport provides tllc best agreement witll tlle tracer test data. 

22 Neither a single-porosity, fracture-only nor a single-porosity, matrix-only model provides a suitable interpretation 

23 of tllc tracer test data at t11ese locations (Jones ct al., 1992). The 1-1-3 and H-11 hydropad locations lie soutll and 

24 soutllCast of the wa-;te panels, within tl1e predicted flow patlls from tl1e panels (La Venue and RamaRao, 1992), and 

25 tl1c WIPP PJ\ Department therefore believes that a dual-porosity transport model provides tllc most realistic 

26 estimate of subsurface releases at the accessible environment boundary. Alternative conceptual models for botll 

27 single-porosity, fracture-only transport (believed to he an unrealistic hut known endpoint of a continuum of 

28 models on which a realistic endpoint is uncertain) and dual-porosity, matrix-plus-fracture transport (believed to be 

29 realistic) were used in t11e 1992 PA. Results are compared in Volume I, Chapter 5 of this report. 

30 Unlike tllc nonreactive materials used in tracer tests, radionuclides may be retarded during transport by 

31 chemical interactions with the rock. Distribution coefficients (Kds, mUg), defined for a given element as tlle 

32 concentration sorbed per gram of rock divided by the concentration per a milliliter of solution, are used to describe 

33 the partitioning of radionuclides between groundwater and rock. As descrihcd in Section 7.6, Kds are tllcn used to 

34 derive retardation factors, defined as mean fluid velocity divided hy mean radionuclide velocity, which take into 

35 account pore space geometry and the t11ickncss of clay linings that line pores and fractures as well as Kd values. 

36 Distribution coefficients may he detennined experimentally for individual radionuclides in specific water/rock 

37 systems (e.g., Lappin ct al., 1989), hut because values arc strtmgly dependent on water chemistry and rock 

38 mineralogy and the nature of the flow system, experimental data cannot be extrapolated directly to a complex 

39 natural system. For the I<J92 (and 1991) preliminary pcrfonnance assessments, cumulative distribution functions 
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(cdfs) for Kds were bw;ed on judgment clicilcd from an expert panel as described in the following section. In 

2 keeping with t11e agreement between t11e DOE and the State of New Mexico (U.S. DOE and the State of New 

3 Mexico, 1981, a-; modi lied), Kds used in final compliance evaluations will be based on experimentally justified 

4 data 

5 Sensitivity analyses perfonned as part of the 1990 PA indicated that, conditional on the models and 

6 distributions used in t11e 1990 calculations. variability in distribution coefficients was one of the most important 

7 contributors 10 overall variability in cumulative releases tJuough groundwater transport (Helton et al., 1991), and 

8 that overall performance w<L-; sensitive to tlle choice of conceptual model (single porosity versus dual porosity) for 

9 transport (Bcrtram-I-Iowery ct al.. 1990). Sensitivity analyses perfonned as part of the 1991 PA confirmed the 

10 importance of botll chemical retardation and physical retardation (Helton et al., 1992). The potential impact of 

11 uncertainty in the conceptual model for transport is examined again in the 1992 PA. 

12 2.2.4.1 EXPERT JUDGMENT ELICITATION FOR Kds 

13 Unlike other expert panels organized for WIPP performance assessment, which consisted of experts with no 

14 formal affiliation wit11 SNL (e.g., tllC future intrusion and markers panels discussed in Chapter 5 of this volume 

15 m1d the source tcnn panel discussed later in this chapter), the Radionuclide Retardation Expert Panel consisted of 

16 SNL staff members who arc currently working or have worked on retardation in the Culebra. In other regards, 

17 procedures for t11e presentation of t11e issues and the elicitation of results were a<; suggested by Hora and !man 

18 ( 1989) and Bonm10 ct al. ( 1990). 

19 The Radionuclide Retardation Expert Panel was requested to provide probability distributions for distribution 

20 (sorption) coefficients for eight elements (mncricium. curium, uranium, neptunium, plutonium, radium, thorium, 

21 m1d lead) tllat represent a spatial average over t11e total area of concem (from a hypothetical intrusion borehole to 

22 the boundary of the accessible environment). This wa<; to be done for two separate cases: (I) the coefficients that 

23 result from the clay that lines the fractures in the Culcbra Dolomite, and (2) t11e coefficients that result from the 

24 matrix pore space of the Culebra Dolomite. During the meetings, t11e panelists decided to furtller break down the 

25 problem by examining the coefficients that would result from the particular rock species and two different 

26 transport fluids: (1) transport fluid that is predominantly relatively low-salinity Culcbra brine, or (2) transport 

27 fluid t11at is predominantly high-salinity Salado brine. Probability distributions were thus provided for four 

28 situations for each radionuclide. 

29 Two short meetings were held in April J<J<J1 to discuss the physical situation and the issue statement. The 

30 period between the second and third meetings (approximately one month) was available for the panelists to 

31 exmnine tllc existing data base and discuss the rcsuJL-; witll each other. The third meeting, held at the end of May 

32 I 991, involved the expert judgment elicitation training, a discussion mnong t11e panelists as to the cases and 

33 assumptions to be used during the elicitation, and tlle actual elicitation sessions. At tlle request of one of the 

34 panelists, judgments were elicited separately from the experts. Each panelist provided distributions where they 

35 were able. Incompleteness resulted in some ca..,es from a lack of knowledge about a particular radionuclide. 

36 Specific distributions provided by each panelist arc presented in Volume 3 of the 1991 edition of this report 

2-39 



Chapter 2. Conceptual Basis for Consequence Modeling 

(Section 2.6.10 of WlPP PA Division [199lc]). The composite distributions used in lhc 1992 performance-

2 a'>sessment calculations arc provided in Volwne 1 of this report (Section 2.6.4). 

3 The panelists judgment<; were based on a body of data generated largely by experiments wilh rock samples 

4 taken from lxlreholcs in the vicinity of lhe WIPP (Trauth et al., 1992): 

5 • plutonium Kds (Dosch <md Lynch, 197R; Lynch and Dosch, 1980; Dosch, 1980; Nowak, 1980; Seme et 

6 al., 1977; Tien et al., 1983) 

7 • americium Kds (Dosch <md Lynch, 1978; Lynch and Dosch, 1980; Nowak, 1980; Scme et al., 1977; Tien 

8 etal., 1983) 

g • curium Kds (Dosch and Lynch, 197R; Seme et al., 1977; Tien et al., 1983) 

10 • neptunium Kds (Dosch and Lynch, 1978; Seme et al., 1977; Tien et al., 1983) 

11 • uranium Kds (Dosch, 1981; Dosch, 19RO; Seme et al., 1977; Tien et al., 1983) 

12 • strontium Kds (w; analog for radium) (Dosch and Lynch, 1978; Lynch and Dosch, 1980; Dosch, 1980; 

1 3 Scme et al., 1977) 

14 • rddiwn <md lead Kds (Tien et al., 1983) 

15 • lhorium Kd s (Ticn et al., 1983). 

16 The Kd values reported in these references were calculated by indirect means: Measurements were not taken of the 

17 activity sorbed to the rock. Rather, measurements were taken as to the activity lost from the solution contacting 

18 the rock. 

19 Ticn ct al. (1983) differed in their experimental approach from the other experimenters cited above. Tien et al. 

20 (1983) compiled experimental distribution coefficients from open literature that might be applicable to 

21 investigations of a potential repository site in bedded salt in lhe Palo Duro Basin of Texas. 

22 2.2.4.2 PLANNED AND ONGOING EXPERIMENTAL WORK RELATED TO RADIONUCLIDE 
23 TRANSPORT IN THE CULEBRA 

24 The WlPP Test Phase Plan (U.S. DOE, 1990a, currently in revision) contains experimental programs that 

25 will provide additional information on both chemical and physical retardation. 

26 Chemical retardation will be addressed through laboratory experiments lhat will measure adsorption of 

27 radionuclides as a function of water composition to characterize adsorption in lhe wide range of groundwater 

28 compositions expected in lhe Culebra. Oatch sorption experiments, in which crushed Culebra rock will be placed 
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1 in a brine solution containing the radionuclides of interest, will provide Kd values for many different conditions, 

2 but will provide liule infonnation about retardation in natural fractures. Kds based on these experiments will 

3 provide an upper bound on the amount of sorption that can be expected. A set of column-flow experiments is 

4 therefore in progress U1at will mea-;ure radionuclide sorption in columns of intact Culebra rock (core samples from 

5 the Air Intake Shaft at the WIPP), thus providing a more direct detennination of natural (both chemical and 

6 physical) retardation in U1e Culebra (see U.S. DOE, 1992, and references cited therein for additional infonnation 

7 about these experiments). 

8 Retardation could also be addressed U1rough tracer tests at a proposed new seven-well hydropad, to be called H-

9 19 (Deauheim and Davies, 1992). lbe test may be conducted at the site of an existing well (e.g., H-3), or a new 

10 location may llc selected. In either case H-19 will be in a region of relatively high transmissivity south or 

11 southeast of the waste panels, within t11e envelope of predicted flow paths to the accessible environment. Tests 

12 with both conservative and reactive (but not radioactive) tracers will examine transport along various paths 

13 llctween a central well and six outer wells drilled at different radii from the central location. Specific objectives of 

14 these tests are to: address questions about vertical heterogeneity in the Culebra (tests will isolate specific 

15 horizontal layers within the Culehra in different wells to examine vertical llow and transport between layers); to 

16 provide data to allow evaluation of altcmative conceptual models for transport in the Culebra, including 

17 anisotropic, heterogeneous, and channeling models; to provide infonnation about chemical retardation processes on 

18 a field scale; to provide additional evidence that matrix diffusion is an important process in retardation; and to 

19 provide core samples for additional laboratory tests from the region of predicted flow pat11s to the accessible 

20 environment. Results of t11e field tracer tcsl<> are anticipated to be available for usc in pcrfonnance assessment 

21 beginning in 1995 (Beauhcim and Davies, 1992). 

22 2.3 Engineered Barrier System 

23 The WIPP disposal system includes engineered barriers that minimize the rate at which radionuclides may 

24 migrate through the hydrogeologic scuing to the accessible environment. As presently designed, the repository 

25 relies on seals in panels, drifts, and shafts to prevent migration through the excavated openings. If perfonnance 

26 assessmems indicate additional harriers arc needed to reduce potential radionuclide transport up an intrusion 

27 borehole, modifications can be made to the fonn of the waste and backfill or to the design of the waste-

28 emplacement area-; that will enhance long-tenn perfonnance. Section 2.3 contains descriptions of the repository 

29 and sea.l design, t11e w:t-;te, the radionuclidc source tenn, :mdthe room/waste interactions. Because the perfonnance 

30 of engineered h:miers is dependent on the properties of the surrounding strata, Section 2.3 also contains additional 

31 infonnation ahout t11c Salado Fonnation at t11e repository horizon. 

32 2.3.1 The Salado Formation at the Repository Horizon 

33 Depositional processes that created the Salado Formation were laterally persistent over large areas, and 

34 individual stratigraphic horizons wiU1in U1e fonnation can be recognized in potash mines and boreholes throughout 

35 the WIPP region (Lowenstein, 19RR). Forty-four anhydrite and polyhalite "marker beds" in the Salado Fonnation 

36 have been identilicd and nurnhcred within the approximately 2700 km2 (1050 mi2) of the Carlsbad potash mining 
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district (Jones et al., 1%0). Thinner intcrhcds of anhydrite, clay, and polyhalite occur throughout the fonnation, 

2 and arc also laterally persistent. 

3 Lithologic layers in the Salado Formation dip less than I 0 to the southeast at the WIPP, and the waste-

4 emplacement area is hcing excavated at a constant stratigraphic horizon rather than at a constant elevation so that 

5 all waste panels will share the same local stratigraphy. This slight slope of the repository will result in a 

6 difference in floor elevation between the highest and lowest panels of less than 10m. 

7 Panels are excavated entirely within a 7 .3-m (24-ft) thick section of halite and polyhalitc between anhydrite 

8 marker beds I38 (MDI38) and I39 (MDI39), approximately 380m (1250 ft) below the top of the Salado 

9 Formation (Figure 2-20a). Waste-emplacement panels arc excavated in the lower portion of this section, 

10 approximately 1.4 m (4.6 ft) above MD 139 (Figure 2-20b). Excavation has penetrated MB 139 in sumps of all 

1 1 four shafts, and in other locations. Experimental rooms, located in a separate part of the repository north of the 

12 waste-emplacement area (sec Section 2.3.2), have been excavated at a stratigraphic level higher than that of the 

13 waste-emplacement panels, in part, so that borehole tests can be conducted beneath the room floors in undisturbed .. 
14 strata of the waste-emplacement horizon. 

15 Anhydrite interbeds arc of import:mce for perfonnance a'>sessment because they are more penneable than the 

16 halite layer containing the disposal room, and therefore provide the dominant pathway for fluid migration. As 

17 discussed in more detail in Volume 3, presently available WIPP test data indicate undisturbed permeabilities 

18 ranging between IQ- 16 and I0- 21 m2 for anhydrite and between I0- 19 and I0-24 m2 for halite (Gorham ct al. 

19 memo in Volume 3, Appendix A of t11is report). Interbeds included in t11c I992 perfonnance assessment arc 

20 MD 139, and anhydrites A and D and MD 138 located above the waste-emplacement panels (Figures 2-20a and 2-

21 20b). 

22 Excavation of the repository and the consequent release of lithostatic stress has <..Teated a disturbed rock zone 

23 (DRZ) around the underground openings. The DRZ at the WIPP has been confinned by borehole observations, 

24 geophysical surveys, and gas-flow tests, and varies in extent from I to 5 m (3.3 to I6.4 ft) (Stormont et al., 

25 1987; Peterson et al., 1987; Lappin et al., 1989). Fractures and microfractures within the DRZ have increased 

26 porosity and permeability of the rock ami incrc<L~cll brine now from the DRZ to the excavated openings (Borns and 

27 Stonnont, 1988, 1989). Fracturing has occurred in MD 139 below the waste-emplacement panels and in both 

28 anhydrites A and D above t11e waste-emplacement panels. It is not known how far fracturing in the anhydrite 

29 interbeds extends laterally from the excavations at this time, nor is the ultimate extent of the DRZ known. Most 

30 defonnation related to development of t11e DRZ is believed to occur in the first five years after excavation (Lappin 

31 etal., I989). 

32 Fracturing in the DRZ, particularly in the anhydrite interbeds, may provide an enhanced pathway for fluid 

33 migration out of t11e repository and possibly around panel and drift seals. Characterization of fracture-related 

34 penneability in these layers is essential to modeling of two-pha-;e (gas and brine) fluid flow into and out of the 

35 repository. Work is in progress on modeling the possible pressure dependency of fracture penneability in 

36 :mhydrite interbeds, and results will he incorporated in future PAs. 
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Borehole observations of pore-fluid pressure and permeability suggest that there may be a transition zone 

2 extending outward beyond the DRZ. Within this transition zone pore-fluid pressures have dropped from their 

3 undisturbed, pre-excavation level, apparently without irreversible rock damage and large permeability changes 

4 (Gorham et al. memo in Volume 3, Appendix A of this report). The full extent of the transition zone is 

5 uncertain, as arc its material properties. Properties of the transition zone used in the 1992 PA calculations arc 

6 discussed in a memorandum of July 14, 1992 by Davies et al. in Volume 3, Appendix A of this report 

1 2.3.2 Repository and Seal Design 

8 Major components of repository design that affect performance assessment are the waste itself, the 

9 underground W<L<;te-emplaccmem area and its access drifts and shafts, and the seals that will be used to isolate the 

10 emplacement area when the repository is decommissioned. The underground workings wiii ultimately consist of 

1 1 eight waste-emplacement panels, access drifts and shafts, ;md an experimental area (Figure 2-21). Drifts in the 

12 central portion of t11e repository will also he used for waste emplacement, providing the equivalent of an additional 

1 3 two p;mcls for waste emplacement. A more detailed discussion of repository design is available in Volume 3 of 

1 4 this report. 

15 All underground horizontal openings are rect<mgular in cross section. The emplacement area drifts are 4.0 m 

16 (13 ft) high by 7.6 m (25 ft) wide; t11e disposal rooms are 4.0 m (13 ft) high, 10.1 m (33 ft) wide, and 91.4 m 

17 000 ft) long. Pillars between rooms arc 30.5 m (100ft) wide. 'lbe eight waste-emplacement panels will each 

18 have an initial volume of 46,000 m3 ( 1.6x 10° ft3 ). The northern drift emplace area will have an initial volume 

19 of 34,000 m3 ( I.2x 10° f11), and the southern drift emplacement arc.:'1 will have an initial volume of 33,000 m3 

20 ( 1.2x I 06 ft1) (Rcchard ct al., 1990a). Overall, the waste-emplacement areas will have an initial volume of about 

21 435,000 m1 (1.5x 107 ft1). 

22 The four vertical access shafts arc cylindrical and range in diameter from 5.8 m (19 ft) to 3.0 m (10ft). 

23 Shafts are lined in the units above the Salado Formation to prevent groundwater inflow and provide stability; they 

24 arc unlined in the salt. 

25 Excavation of the first waste-emplacement panel is complete; the remaining panels will be excavated as 

26 needed. Wwae will be emplaced within the panels in drums or metal boxes, and panels will be backfilled and 

27 scaled as they arc filled. Seals will be installed in panels, drifts, and the vertical shafts before the repository is 

28 decommissioned. Wwac, backfill, and seals will he consolidated by creep closure after decommissioning. 

29 2.3.2.1 WASTE CHARACTERIZATION 

30 The waste that will be emplaced in t11e WIPP must meet t11c Waste Acceptance Criteria for the Waste 

31 Isolation Pilot Plmll (U.S. DOE, 199Ia) as explained in Volume I of this report (Chapter 3). 'Jbese acceptance 

32 criteria specify t11at waste material containing particulates in certain size and quantity ranges will be immobilized, 
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1 that waste liquid content he restricted to that remaining in well-drained containers and be less than one volume 

2 percent of the wa•ae container, and that radionuclides in phyrophoric fonn be limited to less than one percent by 

3 weight of the external container. The requirements also prohihit disposal at the WIPP of wastes containing 

4 explosives, compressed gases, and ignitable, corrosive or reactive materials. 

5 The current design of the WIPP ha~; a total emplacement volume for contact-handled transuranic (CH-TRU) 

6 waste of 6.2x I06 n3 (approximately 175,600 m3) (U.S. DOE, 1980; Public Law 102-579, I992). The 

7 estimated volume of CJ-1-TRU waste supplied by the 10 waste-generator and/or storage sites for the 199I 

8 Integrated Data Base (IDB, US DOE 199lb) was approximately 53,700 m3 of stored waste and an additional 

9 42,800 m3 of waste to he generated by 20I3. Estimates of the volume of waste to be generated may change in 

10 the future. Rather than revise the volume of waste emplaced in the WIPP each year, the current pcrformancc-

11 a-;sessmcnt calculations arc h;L-;ed on an initial CJ-1-TRU-wastc volume of approximately I 75,600 m3, the design 

12 volume. This is mostly for modeling convenience and will not have a significant effect on comparisons to 40 

13 CFR I9IB. 

14 The current estimate of the stored and projected waste total about 96,500 m3. Therefore, an additional 

15 79,000 m3 of waste could be emplaced in the WIPP. The characteristics of the additional 79,000 m3 of waste 

16 were estimated from the characteristics of the projected waste of the five largest future generators. Because of 

17 changes that arc occurring in weapons production and waste processing the waste that has not been generated 

18 cannot llc characterized precisely. Estimates of waste characterization currently used in performance assessment 

19 have the potential for a large uncertainty. /\s discussed in Section 3.3.5 of Volume 3 of this report, uncertainty in 

20 t11e constituents that affect gas generation from corrosion of iron-based materials and from biodegradation of 

21 cellulosics and ruhhers have heen included in the I 992 preliminary performance assessment. 

22 Characterization of t11e CII-TRU waste for the current performance-assessment calculations was based on a 

23 scale-up of masses estimated from expanded waste-characterization information. Based on I 75,600 m3 of CH-

24 TRU waste emplaced in t11c WIPP, estimates of a total of about I2,000,000 kg of combustibles, 20,000,000 kg 

25 of metals and glass, and 25,000,000 kg of sludges were calculated. The total masses of iron-based metals, 

26 cellulosics, and ruhbers were also calculated, and arc provided in the memorandum by Peterson in Volume 3, 

27 Appendix A of this report. The masses of these materials arc required for performance assessment because they 

28 inOuence gw; gcnemtion and potential radionuclide transport. 

29 The weight of the W<L•;tc containers, drums and boxes, and of container liners were estimated because they also 

30 effect gas-generation potential. It was assumed in t11c estimation of t11e container weights that only steel 55-

31 gallon drums and standard wa~te boxes (SWBs) will be emplaced in the WIPP. Other than test bins, these are the 

32 only containers that can currently be transported in a TRUPACT-11 (NuPac, 1989). Based on cmplacing I75,600 

33 m3 of CII-TRU-wastc in drums and SWBs, it was estimated that about 5I8,000 drums and 35,600 SWBs would 

34 be disposed of in the WIPP. The total weight of U1c low-carbon steel in the drums and SWBs is larger that the 

35 estimated weight of cmmdihlc iron-hw;cd materials in the waste. 

36 The estimates of the total weight of the metals and glass and combustibles were nearly the same as were 

37 estimated for the 1991 PI\ analyses (WIPP PA Division, I991a). The weight of sludge decreased significantly 

38 from the I 99 I estimate. The weight of sludge in I 99 I was based on U1e total weight of waste and average 
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weights of combustibles and metals and glass. The current estimate of the weight of sludge was based on 

2 expanded input from the sites. The estimates of the weights of iron-based comxlible metals and bi(xJegradable 

3 materials were slighUy decreased from the 1991 estimates. 

4 2.3.2.2 SEALS 

5 Seals will be emplaced in the entrance to each panel, in two locations within the drifts between the panels and 

6 the vertical shafts in U1c drifts between the experimental area and the vertical shafts, and in each of the four vertical 

7 shafts (Figure 2-21, 2-22) (Nowak et al., 1990). Design of these seals reflect<; specific functions for each type of 

8 seal. Seals in the upper portion of the shafts must prevent groundwater flow from the transmissive units of the 

9 Rustler Formation from reaching U1e lower portions of the shafts and the waste-emplacement areas. Seals in the 

10 lower portion of the shafts must provide a long-term, low-permeability barrier that will prevent Salado Formation 

1 1 brine and gas from migrating up the shaft. Panel seals (and drift seals) will inhibit long-term migration of 

12 radionuclide-cont<uninated brine through the drifts to the base of the shafts and must also provide safe isolation of 

13 radionuclidcs during the opcrationalt'ha<;c of the repository. 

14 The primary long-term component of both lower shaft and panel seals will be crushed salt, confined between 

15 short-term rigid bulkheads until creep closure reconsolidates it to properties comparable to those of the intact 

16 Salado Formation. The short-term seals will be concrete in the panels and drifts, and composite barriers of 

17 concrete, bentonite, and consolidated crushed salt in the shafts. Crushed salt in the long-term portion of the seals 

18 will he preconsolidated to approximately 80% of the density of the intact formation and will compact further to 

19 approximately 95% of initial density within 100 years, at which time penncabilities arc expected to be comparable 

20 to those of the undisturbed rock (Nowak and Stonnont, 1987). Panel seals will be 40 m (131ft) long, with 20m 

21 (66ft) of prcconsolidatcd crushed salt between two 10-m (33-ft) concrete barriers. Shaft-seal systems will extend 

22 from the reposilory horizon in the Salado Formation to the surface, and will include composite barriers at tbe 

23 appropriate depths for individual lithologic units, including the Culebra Dolomite Member of the RustJcr 

24 Formation (Nowak et al., 1990). Additional information ahout seal design is presented in Volume 3 of this report. 

25 Marker Ded 139 will he scaled below each panel and drift seal by grouting, either with crushed-salt-based 

26 grout, cementitious material, bitumen, or other appropriate materials. Other anhydrite layers will be sealed 

27 similarly. Salt creep is expected to close fractures in halite in the DRZ over time, and engineered seals are not 

28 planned for the DRZ outside of MD 139 :md oU1cr interbeds. 

29 2.3.2.3 BACKFILL 

30 Void space between wa-;te containers and elsewhere in the underground workings will be backfilled before 

31 scaling and decommissioning (Tyler ct al., 1988; Lappin et at., 1989). The primary function of backfill will be 

32 to reduce initial void space in the excavated regions and to accelerate the entombment of the waste by creep 

33 closure. Consolidation of backfill by salt creep may reduce penneability in the waste-emplacement regions and 

34 limit brine llow through the waste; long-term properties of the backfill are uncertain, however, and will depend on 
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fluid pressures within the panels. As discussed in Section 2.3.5, the pressure history of the repository will depend 

2 on the complexly coupled processes of salt creep, gas generation within the waste, and brine inflow from the 

3 surrounding Salado Formation. Pcrfonnance-assessment calculations for 1992 assume a backfill of pure, 

4 unconsolidated crushed salt, with a relatively high permeability that provides little resistance to fluid now. Pure 

5 salt will not sorb radionuclides, and retardation of radionuclides within the repository environment is not 

6 simulated. Design alternatives for backfill that contains bentonite as an additional barrier to retard radionuclides 

7 have been examined (U.S. DOE, 1990b, 1991c; Butcher et al., 1991; Pfeifle and Brodsky, 1991; Brodsky and 

8 Pfeifle, 1 992) and will he available if needed. 

9 2.3.2.4 ENGINEERED ALTERNATIVES 

10 The WIPP has been designed to dispose of waste in the form in which it is shipped from the TRU-waste-

11 generator and/or storage sites. Preliminary performance-assessment calculations indicate that modifications to the 

12 waste form that limit dissolution of radionuclides in brine have the potential to improve predicted performance of 

13 the repository (Marietta et al., 1989; Bertram-Bowery and Swift, 1990). Modifications to the backfill and design 

14 of the room could also reduce radionuclide relea<;es. Modifications could also, if needed, mitigate the effects of gas 

15 generated within the repository. Present performance assessments are not complete enough to determine whether 

16 or not such modifications will be needed for regulatory compliance, but the DOE has investigated engineered 

17 alternatives to waste form and repository design so that alternatives will be available if needed (U.S. DOE, 

18 1990b). The Engineered Alternatives Task Force (EATF) has identified 19 possible modifications to waste form, 

19 backfill, and room design that merit additional investigation (U.S. DOE, 1990b, 1991c). The 1992 pcrformance-

20 a-;sessment calculations do not include simulations of these alternatives. Selected alternatives may be examined in 

21 future pcrfonnancc-assessment calculations, however, to provide guidance to DOE on possible effectiveness of 

22 modifications. 

23 2.3.3 Radionuclide Inventory 

24 As described in additional detail in Volume 3, Chapter 3 of this report, the radionuclide inventory for the 1992 
25 performance assessment is estimated from input to the 1991 Integrated Data Base (IDB, U.S. DOE, 199lb). The 

26 199 I IDB inventory of contact-handled transuranic (CH-TRU) waste (defined as transuranic waste with a surface 

27 dose rate not greater than 200 mrem/hr [Public Law 102-579, 1992]) identifies approximately 53,700 m3 of waste 

28 as currently stored at generator sites, and projects an additional volume of 42,800 m3 that will be generated in the 

29 future. The design volume of the WIPP ( 175,600 m3) will accommodate an additional approximately 79,100 m3 

30 of waste that is not described in the fOB. Performance assessments usc an inventory in which the amount of CH-

31 TRU is scaled up from the IDB volume to the design volume. CH-TRU activity of the initial design-volume 

32 inventory, expressed in curies, is estimated by scaling the curie inventory of the projected CII-TRU waste from 

33 each of the five sites that will generate the most waste in the future by a factor of 1.89 (the ratio of design volume 

34 to lOB volume) (Volume 3, Sections 3.3 and 3.4 of this report). This scaling of the inventory to a standard 

35 volume is done for modeling convenience, primarily to ensure the commensurability of analysis results from one 

36 iteration of pcrfonnance w;sessment to UlC next. Because the rclea-;es allowed by the EPA arc normalized using a 

37 waste unit factor based on UJC total inventory of transuranic waste (U.S. EPA, 1985; sec Volume 1, Appendix A, 
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and Volume 3, Section 3.3.4 of this report), scaling of the inventory does not have a proportional effect on the 

2 location of the CCDF used for preliminary comparison with 40 CFR 191.13 (Volume I, Section 5.1 of this 

3 report). 

4 The initial design-volume inventory of CH-TRU waste used in the I 992 perfonnance assessment contains 

5 8.2x 106 Ci (memorandum hy Peterson in Volume 3, Appendix A of this report). Uncertainty in this inventory 

6 is large, particularly given the potential changes in the sources of CH waste due to changes in weapons 

7 production. Existing legislation, regulations, and agreements do not limit the total curie inventory of CH-TRU 

8 waste that may he emplaced, hut do limit the total volume of waste that may be emplaced in the WIPP (6.2x 106 

9 ft3, or I 75,600 m3) (Public Law 102-579, 1992). 

10 Remotely-handled transuranic wa-;te (RH-TRU), defined to have a surface dose rate greater than 200 mrem/hr 

11 but less than 1,000 rem/hr, will also be emplaced in the WIPP. The total RH-TRU inventory is limited to 

12 5.1 xI o6 Ci; no more than live percent of t11e RII-TRU canisters emplaced at the WIPP may have surface dose 

13 rates that exceed 100 rem/hr. and the activity of the RH-TRU waste shall not exceed 23 Ci/liter averaged over the 

14 volume of a canister (Public Law I 02-579, 1992). Existing and projected RH-TRU waste in the lOB (US OOE, 

15 1991 b) has a volume of 6.667 m3. This is slightly less than the WIPP design volume for RH-TRU waste (7080 

16 m3), but is predicted by t11e IDI3 to require 8071 canisters, somewhat more than the design capacity of 7950 

1 7 canisters. The discrepancy occurs because the volume of waste placed in each canister differs depending on the 

18 generator site, and not all canisters will be filled to the capacity w;sumed for the WIPP design criteria. The 1991 

19 IDD also indicates that there may be a considerable volume of uncharacterized waste that will probably be 

20 classified as RH-TRU. Given UJCse uncertainties, the RH-TRU inventory is not scaled to design volume, and is 

21 used in the 1992 PA as reported in the 1991 IDI3. The total remotely-handled inventory for 1992 is approximately 

22 3.5x 106 Ci, of which 1.8x 106 Ci result from transuranic radionuclides and isotopes of uranium (i.e., 

23 radionuclides with atomic numhcr greater U1an or equal to 92) (memorandum from Peterson, Volume 3, Appendix 

24 A of this report). 

25 Radioactive decay wit11in the repository is simulated with a simplified set of decay chains, provided in 

26 Volume 3, Section 3.::U of this report. Of the 70 radionuclides identified as present either in the initial WIPP 

27 inventory or a-; decay products, 26 are considered explicitly in PA analyses of direct releases from the repository to 

28 U1e ground surface. (Sec Section 4.2 of this volume for a discussion of human intrusion scenarios and Section 7.7 

29 of this volume for a discussion of modeling of releases during drilling.) Radionuclides omitted from the 

30 simplified decay chains arc those that have very short half-lives, very low activities, or both. Subsurface transport 

31 within the Culebra Dolomite Memhcr of the Rustler Fonnation (see Sections 4.2 and 7.6 of this volume) is 

32 simulated for the nine most important radionuclidcs, identified in Volume 3, Section 3.3.3 of this report. 

33 The only radioactive gas expected in the repository is radon-222, created from decay of radium-226. Decay of 

34 thorium-230 will cause the activity of radium-226 in a panel to increase from about 0 Ci at the time of 

35 emplacement to 8 Ci at 10,000 ycm·s. Because radon-222, with a half-life of only 3.8 days, will exist in secular 

36 equilibrium (equal activity) with radium-226, with a half-life of 1600 years, its activity will also be insignificant 

37 Ummghout U1e 10,000-ycar period. At 100,000 years the activity of radium-226 would increase to about 58 Ci in 

38 a panel, and the actjvity of radon-222 would still not be significant. Not including release of volatile radionuclides 

39 docs not significantly affect t11e total radionuclidc rclca-;e. 
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2.3.4 Radionuclide Solubility and the Source Term for Transport Calculations 

2 Before 1991, WIPP perfonnance a<;sessments calculated the source tenn for transport modeling* using the 

3 same estimated range and distribution (logunifonn from w-9 to I0-3 M) for the solubility limil of all radionuclide 

4 species in repository brine (Lappin et al., 1989; Brush and Anderson, 1989a). A fixed distribution was applied to 

5 all radionuclides for PA calculations before 1991 because, as is explained below, the state of knowledge at that 

6 time did not allow for the differentiation of radionuclides. 

7 During the first meeting of the WIPP PA Source Term Group (in June of 1988), Choppin reported that 

8 estimates of the speciation and solubilities of americium, neptunium, plutonium, uranium, and thorium in both 

9 the Salado and Castile brines for expected concentrations of organic ligands were not possible because there are no 

10 thennodynamic data (solubility products for solid phases, or stability constants for dissolved organic or inorganic 

11 complexes) for these clements in solutions with ionic strengths equal to those of the Salado and Castile brines 

12 (Brush and Anderson, 1989b ). In addition, Chopp in observed that data reported by different groups using different 

13 experimental techniques are often ctmtradictory, making the use of subjective expert judgment necessary for 

14 preliminary data selection for PA usc until data from WIPP-specific experimental programs are available (see 

15 Section 2.3.4.2). 

16 In lieu of data from laboratory experiments, lhe Source Tenn Group recommended a "best estimate" of 

17 10·6 M for the concentration of plutonium and americium in any brine that resaturates the WIPP disposal rooms 

18 (Brush and Anderson, 1989a). This is the intcnnediatc value (on a logarithmic scale) of the range of dissolved 

19 radionuclide concentrations (1 o-9 to w-3 M) that have been used for sensitivity studies of the source tenn. 

20 Because the PA calculations require t11c input of a probability distribution, the entire range discussed above was 

21 used as a Iogunifonn distribution. Because of the lack of applicable experimental data, there was no differentiation 

22 belween l.hc conccntralions of various radionuclidcs in the 1989 PA. The 1990 estimated range in effective 

23 radionuclide solubilities was intended to include the effects of possible colloid formation within the repository 

24 (Rechard ct al., 1990a). The conservative assumption was that colloidal materials would be completely 

25 transportable (i.e., that they would not be sorbed or precipitated witJ1in the repository). 

26 2.3.4.1 EXPERT JUDGMENT ELICITATION 

27 Since the beginning of the WIPP PA effort, it has been recognized that assuming a fixed solubility 

28 distribution for all radionuclidcs does not adequately capture the considerable uncertainty in radionuclide 

29 concentrations expected in the repository. ·n1e need for a better understanding of the source tenn was further 

30 highlighted by sensitivity <malyses perfonned as part of the 1990 preliminary perfonnance assessment. These 

31 sensitivity analyses indicated that, conditional on the models and distributions used in the 1990 calculations, 

32 uncertainty in the solubility limit wa-; the most important single contributor to variability in total cumulative 

33 releases to the accessible environment resulting from groundwater trru1sport (Helton et al., 1991). 

* The source term for transport modeling for the PA is !lased an analytical model that calculates the cquilillrium 
concentration of the radionuclide species in the repository llrine. Sec Section 7.4 and Appendix A. 
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Decause of the paucity of experimental data for the conditions and solutions expected specifically at the WIPP, 

2 a panel of experts external to the WIPP Project, called the Source Term Expert Panel, was convened in the spring 

3 of 1991 to provide the performance-assessment team with judgment about both dissolved and suspended 

4 radionuclides* for specific elements under variable Eh and pH conditions. Their judgments have been used to 

5 develop radionuclide solubilities that vary by radionuclide and type of brine solution. The resulting solubility 

6 ranges have been used in t11e 1991 and 1992 PA calculations. 

7 Selection of the Source Term Expert Panel and elicitation of their judgment on solubility limits followed the 

8 procedure suggested by llora and !man (1989). Candidates for the expert panel on source term were gathered by a 

9 two-tiered nomination process. Initial nominations were solicited from an SNL staff member and an external 

10 consultant, as well as from members of t11e Performance Assessment Peer Review Panel and the National 

11 Research Council's WIPP P<mel. Additional nominations were requested from all those contacted. Curricula vitae 

12 from those who were interested in participating in such a panel and available during the entire study period were 

13 reviewed by a two-member selection committee external to SNL. Some individuals removed themselves from 

14 consideration hccausc of prior time commitments, current contracts with SNL, a self-determined lack of expertise, 

15 or involvement in an oversight organization. Nominees were evaluated on the basis of expertise and professional 

1 6 reputation; four experts were selected whose complementary areas of specialization provided tlle needed breadtll and 

1 7 balance to the panel. • • 

18 During the first meeting of the Source Tenn Expert Panel (March 1991 ), tlle Panel members were presented 

19 with published papers and reports identified from a comprehensive literature search that focused on radionuclide 

20 solubility in high-ionic-strength solutions in salt formations, covering the United States repository program as 

21 well a-; experiments conducted in Germany, Canada, Finland, Sweden, and at the Commission of the European 

22 Communities, Joint Research Center atlspra, Italy. Otller issues discussed in these publications were speciation, 

23 colloids, tlle leaching of radionudides from high-level wac;te (HLW) glass, and tlle impact of backfill materials. 

24 A surrunary of tlle expert judgment elicitation procedure and results, presented in detail in Trauth et al. (1992), 

25 follows. A final report on this effort by t11e memhcrs the Source Tenn Expert Panel will be available in 1993. 

26 As stated above, the Source Term Expert Panel wac; selected to include a balance in the required areas of 

27 expertise (experience in actinide chemistry and with high-ionic-strength solutions). At the first meeting, the 

28 panelists divided the problem into areas of specific responsibility and provided a structure for assembling the 

29 individual judgments to obtain a single distribution codifying the collective judgment of the panel. In addition, 

30 the group of experts decided to be elicited together to produce one set of resu!L<;. A consequence of the group 

31 elicitation is that the uncertainty expressed by specific experts could not be assessed. However, many of the inter-

32 expert differences were captured during the elicitation process resulting in more widely dispersed probability 

33 functions. 

-----··-----------

Because of the limited state of knowledge regarding colloids, the Source Term Expert Panel chose to limit their 
judgments to dissoloved radionuclides (soluhility)_ 

* * In the case of the Soun.:c Tcnn Expert Panel, expertise was required in actinide chemistry and high-ionic-strength 
chemistry. Therefore. experts from hoth these disciplines were selected. These individuals used their 
complementary expertise to arrive at judgments that satisfy all the pertinent constraints of the solubility 
prohlem. 
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In addition to a literature review (discussed above), preparation for elicitation involved computer calculations 

2 hy the panel members using a standard hrine that simulates the brine in the Salado Formation as the solvent 

3 (W IPP Brine A) (Lappin et a!., 1989). 'lllese efforts resulted in the determination of the oxidation state(s) in 

4 which the radionuclides would exist in the WIPP rooms and drifts. Moreover, the solution and solid species that 

5 would coexist with that particular oxidation state were identified using two regimes: ( 1) one regime based on solid 

6 species with the highest solubility and therefore highest radionuclide concentration, and (2) another regime based 

7 on solid species with the lowest solubility and therefore lowest radionuclide concentration. Which regime 

8 predominates depends on the chemical properties within the repository, which in tum may depend on pH and ionic 

9 strength of the hrine and the presence of carhonates and/or sulfates. Furthermore, the factors controlling each 

1 0 regime may differ for different radionuclides. 

11 The experts' judgments on the solubility distributions were elicited at the second meeting (in April of 1991). 

12 The assessment for each distribution hegan by establishing the upper and lower solubility regimes and the 

13 calculated solubility of each radionuclide within each regime. The resulting probability disuibutions for the 

14 radionuclides used in t11e 1992 calculations are presented in Volume 3 of this report (Section 3.3.5). Because the 

15 calculated solubility is a single number that does not incorporate any uncertainty, it was necessary to account for 

16 uncertainty in bot11 t11e calculated value and the underlying conditions, such as pH. 

17 Typically, the calculated value would be used to establish a fractile, often either the 0.10 or 0.90 fractile, of 

18 the distribution. The absolute lower limit of the distribution was obtained by considering the sensitivity of 

19 solubility to the underlying hrine chemistry. The interior fractiles were obtained after the 0.10 and 0.90 fractiles 

20 and the endpoint~; were established. Where possible, concentration data from well water from the Nevada Yucca 

21 Mountain site (J-13) was used with a correction for the ionic-strength difference between the J-13 water and the 

22 WIPP Brine A to detcnnine the 0.50 fractile. For the determination of the 0.25 and 0.75 fractiles, one speciation 

23 was thought in some cases to be more likely, resulting in a skewed distribution. In other cases, both speciations 

24 were thought to he likely, resulting in a more synunctrical disuibution. 

25 The Source Term Expert Panel had considerable difficulty dealing with colloids because of a lack of 

26 experimental data and limited knowledge of the physical principles governing t11eir formation. Some diversity of 

27 opinion existed ahout the significance of colloids. The panel did not believe that they could make judgments 

28 ahout suspended-solids concentrations at t11e present time. They planned to include recommendations for future 

29 experiments related specifically to colloids in a final panel report. Transport of radionuclides in colloids has not 

30 been included in the 1992 PA. 

31 Correlations between the concentrations ac;signed to the radionuclides were discussed briefly by the panel. llle 

32 consensus was that correlations do exist, possibly between americium(lll) and curium(III), and between 

33 neptunium(IV) and plutonium(IV). The panel is expected to address this issue in a forthcoming report on their 

34 findings. 
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2 Future WIPP performance :L<;sessmcnts will rely increa<;ingly on data from planned soluhility tests of actual 

3 waste. These tests will complement the laboratory studies of radionuclide chemistry. The laboratory program is 

4 currcnlly determining soluhilitics and sorption coefficients of plutonium and its oxidation state analogues in 

5 synthetic hrines under various conditions of pi I, and will soon examine actinide speciation and measure stability 

6 constanL<; for complex ions (Brush, 1990). As currently planned, the actinide source-tcnn program will involve 

7 filling test containers with a mixture of natural and synthetic brines with compositions chemically similar to 

8 those of intcrgranular brines found in the Salado Fonnation. Container size will depend on waste homogeneity; 

9 heterogeneous waste types such as combustibles will usc "drum scale" vessels of 210 L volume, while more 

10 homogeneous types such :L<; process sludges will use "liter scale" test containers. The containers will penn it 

1 1 regular hrine sampling, and gas monitming and venting. 

12 2.3.5 Creep Closure, Fluid Flow, and Room/Waste Interactions 

13 When the repository is decommissioned, free hrine initially will not he present within the emplacement area, 

14 and void space above the hack filled waste will he air-filled. Brine seepage from the Salado Fonnation wiii have 

15 filled fractures in anhydrite intcrheds ahove and he low the emplacement area (Lappin et al., 1989; Rechard et al., 

16 1990h). 

17 Following excavation salt creep will he gin to close tl1c repository. In the ahscnce of elevated gas pressures 

18 within the repository, modeling of salt creep indicates that consolidation of the waste in unreinforced rooms would 

19 he largely complete within 100 years (Tyler ct al., 1988; Munson et al., 1989a,b). Brine will seep into the 

20 emplacement area from U1e surrounding salt, however, and gas will be generated in the humid environment by 

21 corrosion of metals, radiolysis of brine, and microbial decomposition of organic material. Some gas wiii disperse 

22 into the surrounding anhydrite layers. Continued gas generation could increase pressure within the repository 

23 sufficiently to reverse hrine inflow and partially or completely desaturate the waste-emplacement area. Pressure 

24 may be high enough to open fractures in the anhydrite interhcds ahove and below the repository, allowing 

25 additional lateral migration of gas from the waste-emplacement area. High pressure may also halt and partially 

26 reverse closure hy salt creep. In the undisturhed final stale, the emplacement area could be incompletely 

27 consolidated and gas-filled raU1er Uwn hrinc-lilled. 

28 All of the major processes active in the waste-emplacement area are linked, and all are rate- and time-

29 dependent. For ex:unple, creep closure will he. in part, a function of pressure within the repository. Pressure wiii 

30 he in tum a function of tllC amount of gas generated and the volume availahlc within the repository and the 

31 surrounding Salado Fonnation for gas storage. Gas-storage volume will be a function of closure rate and time, 

32 with storage volume decreasing as consolidation continues. Time and rate of gas generation, therefore, will 

33 strongly influence repository pressurization and closure. Gas-generation rates will be dependent on specific 

34 reaction rates :md the availability of react.1nts. including water. Some water can he generated by microbial activity 

35 (Brush and Anderson, ICJX'Jh). Additional water will he provided by hrine inflow, which, is assumed to occur 

36 according to two-phase immiscible flow t11rough a porous medium and which will depend in large part on 

37 repository pressure, so that some ga<;-gcncration reactions could he partially self-buffering. 
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Responses of the disposal system to human intrusion are equally complicated. Consequences will depend on 

2 the time of intrusion, the degree to which the repository has closed, and the amount of ga" generated. If intrusion 

3 occurs into a fully pressurized, dry. and partially unconsolidated waste-emplacement area, venting of gas up the 

4 borehole will permit brine to resaturate available void space. Following eventual deterioration of plugs in an 

5 intrusion borehole, brine may flow from the emplacement area into the borehole, transporting radionuclides 

6 upward toward the accessible environment. Upward flow from a pressurized brine pocket in the Castile Formation 

7 may contribute to flow and radionuclide tnmsport. 
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3. PERFORMANCE ASSESSMENT METHODOLOGY 

2 This chapter contains an overview of WIPP pcrfonnance-asscssment methodology. Additional infonnation 

3 about this subject is provided in other published sources (Helton et al., 1991; WIPP PA Division, I99Ia). 

4 3.1 Conceptualization of Risk for the WIPP Performance Assessment 

5 The WIPP pcrfonnance assessment uses a conceptualization for risk similar to that developed for risk 

6 assessments for nuclear power planL-;. This conceptualization characterizes risk in tenns of what can go wrong, 

7 how likely things are to go wrong, and what the consequences are of things going wrong. This description 

8 provides a structure on which both the representation and calculation of risk can be based. 

9 Kaplan and Garrick ( 1981) have presented this representation of risk as a set of ordered triples. The WIPP 

1 0 pcrfonnance assessment uses their representation, and defines risk to be a set '1( of the fonn 

11 'R.... = {(5;.pS;,cS; ), i = 1, ... ,nS}. (3-1) 

12 where 

13 S; = a set of similar occurrences, 

14 pS; = probability Umt an occurrence in set 5; will take place, 

15 cS; = a vector of consequences associated with S;. 

16 nS = number of sets selected for consideration, 

17 and the sets S; have no occurrences in cmmnon (i.e., the S; are disjoint sets). This representation fonnally 

18 decomposes risk into what can happen (the S; ), how likely things are to happen (the pS; ), and the consequences 

19 of what c<m happen (the cS; ). The S; arc scenarios in the WIPP pcrfonnance assessment, the pS; arc scenario 

20 probabilities, and the vector cS; contains the nonnalizcd EPA releases and other perfonnance measures associated 

21 with scenario 5;. Other pcrfonnance measures of interest arc dose and health effects for safety assessments, and 

22 concentrations of heavy metals and volatile organic compounds (VOCs) for hazardous waste assessments. 

23 Risk results in '1( can he summarized with complementary cumulative distribution functions (CCDFs). 

24 These functions provide a display of U1e infonnation contained in the probabilities pS; and the consequences cS;. 

25 With the assumption that a particular consequence result cS in the vector cS has been ordered so that cS; ~ cS;+ 1 

26 for i = 1, ... , nS, the CCDF for this consequence result is the function F defined hy 

27 F(x) = probability Uwt cS exceeds a specific consequence value x 
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nS 

= LPSj (3-2) 
j=i 

2 where i is the smallest integer such that cS; > x. As illustrated in Figure 3-1, F is a step function that 

3 represents the probabilities that consequence values on the abscissa will be exceeded. To avoid a broken 

4 appearance, CCDFs are usually ploued with vertical lines added at the discontinuities. 

5 The steps in the CCDFs shown in Figure 3-1 result from the discretization of all possible occurrences into 

6 the set-; 5; .... 5ns· Unless t11e underlying processes are inherently disjoint, the use of more sets 5; will tend to 

7 reduce the size of these Ssteps and, in the limit, will lead to a smooth curve. 

8 3.1.1 Calculation of Risk 

9 The calculation of risk and its associated uncertainty begins with the detennination of the sets 5;, which are 
' 10 the scenarios to be analyzed. Once t11ese sets are determined, their probabilities pS; and associated consequences 

11 cS; must be detennined. In practice, development of the S; is an iterative process that must take into account 

12 the procedures required to determine the probabilities pS; and the consequences cS;. For the WIPP performance 

13 assessment, the overall process is organized so that pS; and cS; are calculated by various models, the 

14 configuration of which depends on the individual S;. 

15 Usc of these models requires values for imprecisely known variables that can be represented by a vector 

16 (3-3) 

17 where each Xj is an imprecisely known input required in the analysis and n Vis the total number of such inputs. If 

18 the analysis has been developed so t1Hll each XJ is a real-valued quantity for which the overall analysis requires a 

19 single value, t11e representation for risk in Equation 3-1 can be restated as a function of x: 

20 1{.(x) = {[S;(x), pS;(x),cS;(x)]. i = l, ... ,nS(x)} (3-4) 

21 As x changes, so will 1((x) and all summary measures that can be derived from 1((x). Thus, rather than a 

22 single CCDF for each consequence comained in the vector cS shown in Equation 3-1, a distribution of CCDFs 

23 resulls from t11c possible values that X can reprcscm (Figure 3-2). 

24 The distribution assigned to the individual variables .Xj in X reflect uncertainty in the modeling system. 

25 Factors that affect uncertainly in risk resulls can be subdivided into those that affect imprecisely known variables, 

26 those related to the selection of conceptual and computational models, and those related to scenario selection. 

27 Factors related 10 scenario selection can he further subdivided into completeness, aggregation, and stochastic 
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variation. Uncertainty about imprecisely known variables may result from incomplete data or measurement 

2 uncertainty, and can affect all three clements of the triple introduced in Equation 3-1. Uncertainty about the 

3 appropriate choices of models can affect both pS; and cS;. Due to the complex nature of risk assessments, model 

4 selection can also affect the definition of the 5;. Completeness refers to the extent that a performance assessment 

5 includes all possible occurrences for the system under consideration. In terms of the risk representation in 

6 Equation 3-1, completeness deals with whether or not all possible occurrences are included in the union of the sets 

7 5;. Aggregation refers to the division of the possible occurrences into the sets S;. Resolution is lost if the S; 
8 are defined too coarsely (e.g., nS is too small) or in some other inappropriate manner. Computational efficiency 

9 is lost if nS is too large. Model selection refers to the actual choice of the models used in a risk assessment. 

to Uncertainty about the appropriate model choice can affect both pS; and cS;. Due to the complex nature of risk 

1 1 assessments, model selection can also affect the definition of the S;. Uncertainty about imprecisely known 

12 variables, which may result from incomplete data or measurement uncertainty, c:m also affect all three elements of 

13 the risk triple. Stochastic variation is represented by the probabilities pS;, which are functions of the many 

1 4 factors that affect the occurrence of the individual sets S;. 

t 5 Individual variables Xj may relate to each of these different types of uncertainty. For example, individual 

t 6 variables might relate to completeness uncertainty (e.g., the value for a cutoff used to drop low-probability 

17 occurrences from the analysis), aggregation uncertainty (e.g., a bound on t11e value for nS), model uncertainty 

18 (e.g., a 0-1 variable that indicates which of two altemative models should be used), variable uncenainty (e.g., a 

19 solubility limit or a retardation for a specific element), or stochastic uncertainty (e.g., a variable that helps define 

20 the probabilities for the individual 5; ). 

21 3.1.2 Characterization of Uncertainty In Risk 

22 Characterization of t11e uncertainty in the results of a performance a.<>sessment requires characterization of the 

23 uncertainty in x, the vector of imprecisely known variables. This uncertainty can be described with a sequence of 

24 probability distributions 

25 (3-5) 

26 where Dj is the distribution developed for the variable Xj. j= 1, 2, ... , n V, contained in X. The definition of these 

27 distributions may also be accompanied by the specification of correlations and various restrictions that further 

28 define the possible relations among the Xj. These distributions and other restrictions probabilistically characterize 

29 where the appropriate input to use in tl1e performance assessment might fall, given that the analysis is structured 

30 so that only one value can be used for each variable under consideration. 

31 Once the distributions in Equation 3-5 have been developed, Monte Carlo techniques can be used to determine 

32 the uncertainty in 1((x) from the uncertainty in x. First, a sample 

33 (3-6) 
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is generated according to the specified distributions and restrictions, where nK is the size of the sample. 

2 Pcrformance-a<;sessment calculations arc then performed for each sample clement Xk, which yields a sequence of 

3 risk results of the form 

4 11:.(xk) = {[s;(xk ), pS;{xk},cS;(xk )]. i = l, ... ,nS{xk}}. (3-7) 

5 fork= 1, ... , nK. Each set 11:_{xk} is the result of one complete set of calculations performed with a set of 

6 inputs (i.e., x.U that t11c review process producing the distributions in Equation 3-5 concluded was possible. 

7 Further, a-;sociatcd with each risk result 11:_{xk) in Equation 3-7 is a probability or weight* that can be used in 

8 making probabilistic statements about t11c distribution of 11:_(x). 

9 A single CCDF can be produced for each set 11:.{ xk) of results shown in Equation 3-7, yielding a family of 

10 CCDFs of the fonn shown in Figure 3-2. This distribution of CCDFs can be summarized by plotting the mean 

11 value and selected percentile values of the exceedancc probabilities shown on the ordinate for each consequence 

12 value on the abscissa. for exmnple, the mean plus the 1Oth, 50th (i.e., median), and 90th percentile values might 

13 be used (Figure 3-3). The mean and percentile values can he obtained from the exccedance probabilities associated 

14 with the individual consequence values and the weights or "probabilities" associated with the individual sample 

15 elements. 

16 Consideration of a family of CCDf-s allows a distinction hetween the uncertainty that controls the shape of a 

1 7 single CCDF and the uncertainty that results in a distribution of CCDFs. The stepwise shape of a single CCDF 

18 reflects the fact that a numher of different occurrences have a real possibility of taking place. This type of 

19 uncertainty is referred to as stocha-;tic variation in this repon. A family of CCDFs arises from the fact that fixed, 

20 out unknown, qumHities arc needed in t11e estimation of a CCDF. 'Jbe distributions that characterize what the 

21 values for these fixed quantities might be lead to a distribution of CCDFs, with each single CCDF reflecting a 

22 specific sample clement Xk. 

23 Both Kaplan and Garrick (1981) and the Intemational Atomic Energy Agency (IAEA, 1989) distinguish 

24 between these two types of unccnainty. Specifically, Kaplan and Garrick distinguish between probabilities derived 

25 from frequencies and probabilities t11at characterize degrees of belief. Probabilities derived from frequencies 

26 correspond to the probabilities pS; in Equation 3-1, while probabilities that characterize degrees Df belief (i.e., 

27 subjective prooahilitics) correspond to the distributions indicated in Equation 3-5. The IAEA report distinguishes 

28 between what it calls Type-A uncenainty and Type-B uncertainty. 'Inc IAEA rcpon defines Type-A unccnainty to 

29 he stochastic variation; as such, t11is uncertainty corresponds to the frequency-based probability of Kaplan and 

30 Garrick and t11c pS; of Equation 3-1. Type-B uncertainty is defined to be uncertainty that is due to lack of 

31 knowledge about fixed quantities; tlms. this uncertainty corresponds to the subjective probability of Kaplan and 

* In random or Latin hypercut>e s;unpling. this weight is the reciprocal of the sample size (i.e., linK) and can be 
used in estimating means, cumulative distrihution functions, and other statistical properties. This weight is often 
referred to as the prohahility for each observation (i.e .. sample Xk ). However, this association is not technically 
correct. If continuous distributions are involved. the actual probability of each observation is zero. 
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Garrick and the distributions indicated in Equation 3-5. This distinction ha.-; also been made by other authors, 

2 including Vesely and Ra.-;muson (1984), Pate-Cornell (1986), and Parry (1988). 

3 For a given conceptual model in the WIPP performance assessment, subjective uncertainty enters the analysis 

4 due to lack of knowledge about quantities such as solubility limit<>, retardation factors, and flow fields. Stochastic 

5 uncertainty enters the analysis through the assumption that future exploratory drilling will be random in time and 

6 space (i.e., follows a Poisson process). However, the rate constant A. in the delinition of this Poisson process is 

7 assumed to be imprecisely known. Thus, subjective uncertainty exists in a quantity used to characterize stochastic 

8 uncertainty. 

9 3.1.3 Risk and the EPA Limits 

10 The EPA expressly identifies the need to consider the impact of uncertainties in calculations performed to 

11 show compliance with the Containment Requirements. Specifically, Appendix B of 40 CFR 191 suggest'\ that 

12 ... whenever practicable, the implementing agency will assemble all of the results of the performance 
13 a<>sessments to determine compliance with § 191.13 into a "complementary crnnulative distribution function" 
14 that indicates t11e probability of exceeding various levels of cumulative release. When the uncertainties in 
15 parmneters are considered in a performance assessment, the effects of the uncertainties considered can be 
16 incorporated into a single such distribution function for each disposal system considered. The Agency 
17 assumes that a disposal system can he considered to be in compliance with [section] 191.13 if this single 
18 distribution function meets the requirements of [section] 191.13(a) (U.S. EPA, 1985, p. 38088). 

19 The representation for risk in Equation 3-1 provides a conceptual basis for the calculation of the 

20 complementary cumulative distribution function (CCDF) for normalized releases specified in 40 CFR 191B. 

21 Further, this representation provides a structure that can he used for both the incorporation of uncertainties and the 

22 representation of the effects of uncertainties. 

23 Each CCDF in the family of CCDFs t11at results from Eq. 3-7 would he the appropriate choice for 

24 comparison against t11e EPA re4uirements, if Xk contained the correct variable values for use in determining the 

25 pS; and cS; and~( the assumed conceptual models correctly characterize the disposal system. Increasing the 

26 sample size nK will, in general, produce a better approximation of the true distribution of CCDFs, but will not 

27 alter the fact that the distribution of CCDFs is conditional on the assumptions of the analysis. 

28 If nK is large, displays of t11e complete family of CCDFs can be difficult to interpret. As discussed in the 

29 previous section, mean and percentile curves can be used to summarize the information contained in the family. 

30 Appendix B of 40 CFR 191 suggests tJutt "the effects of the uncertainties considered can be incorporated into a 

31 single [CCDF]" (U.S. EPA, 1985; p. 38088), hut40 CFR 191 does not contain specific guidance on which curve 

32 should he compared to the Containment Requirements. In previous work, the mean curve has generally been 

33 proposed for showing compliance with§ 191.13(a) (e.g., Cranwell et al., 1987, 1990; llunter et al., 1986). Only 

34 mean curves are shown in Volume I of t11is report. Complete families of curves and the associated summary 

35 curves are presented in Volume 4 of t11is report. 
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Whenever a distrihution of curves is reduced to a single curve, information on uncertainty is lost. Replicated 

2 Monte Carlo analyses can characterize the uncertainty in an estimated mean CCDF or other summary curve. 

3 However, repre~enting the uncertainty in an e~timated value in this way is quite different from displaying the 

4 variability or uncertainty in the population from which the estimate is derived. For example, the uncertainty in 

5 the estimated mean curve in Figure 3-3 is less than the variability in the population of CCDFs that was averaged 

6 to obtain this mean. Therefore, rcsuiL' of the preliminary WIPP performance assessments are displayed as both 

7 complete families of CCDFs (as illustrated in Figure 3-2) and summary curves (as illustrated in Figure 3-3). 

8 Because CCDFs arc conditional on the assumptions of the analysis, no single curve or family of curves from 

9 a ~ingle analysis can di~play conceptual model uncertainty. The WIPP performance assessment examines 

10 conceptual model uncertainty by repeating the complete Monte Carlo analysis for each alternative conceptual 

1 1 model, and comparing mean CCDFs. Only those portions of the analysis specific to the alternative conceptual 

12 models (e.g., selected panunctcr values or computational models) are altered. All other models and parameter 

13 values arc the smne in each analy~i~. and the two conceptual models are thus compared ceteris paribus (all other 

14 things being equal). The shift in the location of the CCDF provides a measure of the uncertainty introduced by 

15 the existence of alternative conceptual models, and provides the Project guidance on which alternative conceptual 

16 models have the greatest potential to affect disposal-system performance. 

11 3.2 Selection of Scenarios 

1 8 40 CFR I 9 I docs not include the tenn ~ccnario in it<; definition of performance assessment, referring instead 

19 only to events and processes that might affect the disposal system during the next 10,000 years. Considering the 

20 consequences of i~olated events and processes, however, is not sufficient; the various combinations of events and 

21 proces~es that define pos~ihle future ~tatcs of the disposal system must be considered in a complete analysis. 

22 Combinations of events and processes are referred to ac; scenarios in Bertram-Howery and Hunter (1989), Marietta 

23 et al. (1989), Cranwell et al. (1990), Bertram-Howery et al. (1990), and WIPP PA Division (199la). 

24 3.2.1 Conceptual Basis for Scenario Development 

25 The ~ccnarios S; arc ohtaincd hy subdividing a set S (the ~ample space) that contains all possible 10,000-

26 year time historic~ at the WIPP beginning at the decommissioning of the facility. Because resources for analysis 

27 are finite and the set 5 has infinitely many elements, an important goal of scenario development is to recognize 

28 and remove from full considcmtion those scenarios for which the impact on compliance with 40 CFR 1918 can be 

29 reasonably anticipated to be negligible due to low probability, low consequences, or regulatory exclusion. 

30 Five suhsets of 5 provide a starting point for scenario development (Figure 3-4). The reasoning behind 

31 selecting the~e ~uhsets is provided in Section 4.2.3 of this volume. First, the base-case subset S 8 consists of all 

32 elements in 5 that fall within the hounds of what can be reasonably anticipated to occur at the WIPP over 

33 
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Figure 3-4. 

/Sample 
/ SpaceS 

TRI-6342-3402-0 

Decomposition of the sample space S into high-level subsets, where S 8 designates the base-cac;e 

suhset, S M designates a minimal disruption subset, S E designates a regulatory exclusion subset, 

S L designates a low-probability suhset, and So designates (s8uSMUS£us~.t. 
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10,000 years, and represems the undisturbed perfonnance of the disposal system. Second, a minimal disruption 

2 subset S M consists of all clements in S that involve disruptions that result in no significant perturbation to the 

3 consequences associated with the corresponding elements in the base-case subset S 8 . Third, a regulatory 

4 exclusion subset S E consists of all clements in S that are excluded from consideration by regulatory directive 

5 (e.g., human intrusions more severe than the drilling of exploratory boreholes). Fourth, a low-probability subset 

6 S L consists of clements of S not contained in S 8 whose collective probability is small (e.g., the probability of 

7 S L is less than 0.000 I) regardless of their potential consequences. Everything that remains in S after the 

8 identification of S8, SM. SE, and SL now becomes a fifth subset S0 , where the subscript 0 represents 

9 "Other." In set notation, 

10 (3-8) 

1 1 where the superscript c is used to designate the complement of a set. 

1 2 Evaluation of compliance with Lhe Containment Requirements of 40 CFR 191 B does not depend equally on 

13 each of the live subsets of S. By definition, clements of S E are excluded from consideration. The relative 

14 contributions of the other four subsets to a hypothetical CCDF for the WIPP arc shown in Figure 3-5. Releases 

1 5 a-;sociarcd with the base case S 8 for the WIPP are zero for this analysis (see Chaptcr 5 of Volume I and references 

16 cited there), and the consequences of both S 8 and S M therefore plot well below the EPA limits, at the extreme 

17 upper left of the CCDF. Consequences of S L arc by definition of sufficiently low probability (less than I0-4 in 

18 104 years) that they plot below the EPA limiL-;. High-consequence elements of S L plot at the lower right of the 

19 CCDF. Compliance depends primarily therefore on the examination of So, and specifically on a set of additional 

20 scenarios S;, i= 1, ... , nS, obtained by further refining (i.e., subdividing) the subset So. S E• SL. and S M could 

21 be defined to be mutually exclusive, but this distinction is not imporlant here so they are represented in Figure 3-4 

22 with non-empty intersections. As descrihed in Section 4.2.1, S 8 and So are constructed to be mutually 

23 exclusive and to have empty intersections with S M and S L. 

24 Although the scenarios that affect compliance for the WIPP come from the set S;, performance assessments 

25 must also include S 8 . The overall paucm of Figure 3-5 can be seen in the resuhs of the WIPP preliminary 

26 perfonnance w;scssments, with 5 8 dctennining the upper left of the CCDF and the remainder being determined by 

27 the S;. 

28 This analysis docs not exclude SL from consideration in the comparison with the EPA release limits. The 

29 contribution from 5 1_ would always plot to the lower right of the CCDF, well below the EPA probability limits, 

30 and therefore would not maHer in a compliance decision. S M is not included in WIPP PA so the probability of 

31 SM is not accumulated as shown in Figure 3-5, i.e., only the probability of S8 is included. The net effect of 

32 excluding 5 M is to raise the CCDF toward the probability limits; therefore, including S M would not negate a 

33 compliance decision. 

34 Consequences of 5 M cannot be seen on the CCDF for the WIPP because releases from S 8 are zero. 

35 Consequences of 5 L, which, if calculated, would appear as an extension on the extreme lower right of the CCDF, 

36 are also not displayed directly in the resuhs of the WIPP performance assessments. 
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Construction of a CCDr for comparison with the EPA release limits. Note that the location of 
cSo a1 the lower left of the plot is correct for the WIPP-where no releases arc predicted from the 
undisturbed hase C<L<;e-hut is not a generic requirement for all sites. 
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The WIPP perfonnance assessment does not follow the exact EPA guidance in defining S L. Appendix B of 

2 40 CFR 191 suggests that" ... perfonnance assessments need not consider categories of events or processes that 

3 are estimated to have less than one chance in 10,000 of occurring over 10,000 years" (U.S. EPA, 1985, 

4 p. 38088). By suitably defining the events and processes selected for consideration (i.e., by making nS 

5 sufficielllly large), all probabilities can theoretically be made less than the specified bound. Conceptually, the 

6 WlPP performance <L-;scssmcnt avoids the potential problems raised by the wording of the guidance by placing a 

7 bound on the total probability of all occurrences that are removed from detailed consideration (i.e., the probability 

8 pSL for S L) rather than the individual probabilities for a number of different scenarios. In practice, the distinction 

9 has liLLie impact because, as discussed later in Chapter 4 of this volume, probabilities estimated for elements of 

10 S L arc substantially below the suggested cutoff. 

1 1 3.2.2 WIPP Performance-Assessment Approach to Scenario Development 

12 Recognition of the five subset-; of S provides the basis for the WIPP perfonnance assessment's approach to 

13 scenario development. Because S 8 • S E• S L, and S M may account for a large part of the sample space S and 

14 also have readily predicted cllcct-; on the CCDF used for comparison with the EPA release limits, S 8 , S E• S L, 

15 and S M arc determined in the frrsl stage of development before So is subdivided into the scenarios S; shown in 

1 6 Figure 3-4. 

17 The WIPP performance a-;scssmcnt uses a two-stage procedure for scenario development and the determination 

18 of sccn:rrio probabilities. The purpose of tJ1e first stage is to develop a comprehensive set of scenarios that 

19 includes all occurrences that might reasonably take place at the WIPP, and to determine the probabilities of these 

20 scenarios. The result of this stage is a set of sccn:rrios that summarize what might happen at the WIPP. These 

21 scenarios provide a basis for discussing the future behavior of the WIPP and a starting point for the second stage 

22 of the procedure, which is the definition of scenarios S; and the determination of the probabilities pS; at a level of 

23 detail that is appropriate for usc with the conceptual and computational models employed in the performance 

24 a-;sessment. 

25 The first stage of the analysis focuses on the determination of the sample space S and the subsets SB, SE, 

26 S L, S M :md So. Major groupings of scenarios within So are also recognized at this time, and defined for 

27 reference purposes as summary sccnmios. 'll1is stage of the analysis uses a sccn:rrio-selection procedure suggested 

28 by Cranwcll ct al. (1990) that consists of the following five steps: (1) compiling or adopting a "comprehensive" 

29 list of events and processes that potentially could affect the disposal system, (2) classifying the events and 

30 processes to aid in completeness arguments, 0) screening the events and processes to identify those that can be 

31 eliminated from consideration in the perfonnance assessment, (4) developing scenarios by combining the events 

32 and processes that remain after screening, and (5) screening scenarios to identify those that have little or no effect 

33 on the shape or location of the mean CCDF. 

34 The purpose of the first step is to develop the sample space S, which consists of all possible 10,000-ye<lf 

35 time histories that involve the identified events and processes. The sample spaceS is subdivided into the subsets 

36 5 8 , S£. SL. SM, and 50 in Steps 2 :md 3. The screening associated with Steps 2 and 3 also removes time 
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histories from S that arc physically unreasonable. In Step 4, a preliminary subdivision of the subset So into 

2 additional summary scenarios is accomplished through a two-part process. In the first part, subsets of So (i.e., 

3 scenarios) are defined that involve specific events or processes. However, these scenarios are not mutually 

4 exclusive. In the second part, a subdivision of So into mutually exclusive scenarios S; is accomplished by 

5 forming all possible intersections of lhe single event/process scenarios and their complements. The fifth and final 

6 step in the process is a screening of the scenarios S; on the basis of probability, consequence, and physical 

7 reasonableness. The purpose of this screening is to determine if some of the S; can be removed from the 

8 analysis. 

9 A second stage of scenario development is necessary because the summary scenarios developed in the first 

10 stage are, in general, not defined at sufficiently fine levels of resolution for use in the construction of a CCDF that 

11 adequately displays the effects of stochastic, or Type-A, uncertainty (Section 3.1.2). The computational scenarios 

12 described in Section 4.4 of this volume represent a substantially finer subdivision of So than that used to 

13 construct the summary scenarios, but they arc based on the same screening of events and processes conducted 

14 during the ftrst stage of sccmtrio development. As in previous scenario construction for preliminary performance 

15 assessments of the WIPP. inadvertent intrusion into the repository during exploratory drilling is the only 

16 disruptive evem considered in the 1992 assessment, and lhe computational scenarios reflect subdivisions based on 

17 time and number of intrusion, the activity of the waste intersected, and whether or not pressurized brine is 

18 encountered in the Castile Formation below the repository. 

19 The detennination of both scenarios and scenario probabilities is a complex process with significant 

20 uncertainties. To help assure that the WIPP performance assessment brings a broad perspective to this task, 

21 expert panels have been formed to provide a diversity of views with respect to possible futures at the WIPP and 

22 the probability of human intrusion. The formation of these panels and the results obtained from their 

23 deliberations are documented in Hora et al. (1991) and the memorandum by Hora in Volume 3, Appendix A of this 

24 report. 

25 No inherently correct grouping exists of the possible time histories into scenarios; the probabilities associated 

26 with individual scenarios S; can always be reduced hy using a finer grouping. As long as low-probability S; are 

27 not discarded, the use of more but lower probability 5; will improve the resolution in the estimated CCDF shown 

28 in Figure 3-1. Because a consequence must he calculated for each scenario S;, the use of more S; results in more 

29 detailed specification of the calculalions lhat must be performed for each scenario. 

30 For cx<lfllple, a scenario S; for the WIPP might he defmcd by 

31 S; ={x: x a single 10,000-ycar time history beginning at decommissioning of the facility under 

32 

33 

consideration in which a single borehole occurs}. 

34 A more refined definition would be 

:'\-14 
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5ik = { x: X a 10,000-year history at the WIPP beginning at decommissioning in which a single borehole 

2 occurs between (i -I) x 103 and i x 103 years and no boreholes occur during any other time 

3 interval}. 

4 Then, 

5 

6 

10 
5ik c si,i = 1, ... ,10, and si = US;k 

k=l 

(3-10) 

(3-11) 

7 Thus, Si and uk5ik contain t11c smne set of time histories. However, the individual S;k are smaller sets of 

8 time histories that are included in t11e larger set S;. In terms of performance assessment, each S;k describes a 

9 more specific set of conditions that must be modeled than does Si. The estimated CCDF in Figure 3-1 could be 

10 constructed with cit11er 5; or the S;k, although the use of the Sik would result in less aggregation error, and thus, 

11 provide better resolution in the resultant CCDF. 

12 The 5i appearing in the definition of risk in Equation 3-1 should be developed to a level of resolution at 

13 which it is possible to view the analysis for each 5; as requiring a fixed, but possibly imprecisely known, vector 

14 X of variable values. When a set 5; is appropriately defined, it should be possible to use the same model or 

15 models and the smne vector of variable values to represent every occurrence (e.g., a 10,000-year time history for 

16 the WIPP) in Si. Scenario definition must permit the consequences cSi appearing in Equation 3-1 to be 

17 calculated with reasonable efficiency, while holding the amount of aggregation error that enters the analysis to a 

18 reasonable level. Thus, although subdivision of S into a large number of Si (e.g., on the basis of time of 

19 inLrusion) may result in increased resolution in the estimate of cS, it may also result in a computationally 

20 impractical <malysis. Pcrfonnance assessments must balance these competing requirements. 

21 3.3 Determination of Scenario Probabilities 

22 The second element of tlle ordered Lriples shown in Equation 3-1 is the scenario probability pS;. As with 

23 scenario definition, the probabilities pSi have been developed at two levels of detail. 

24 Preliminary probabilities for the summary scenarios have been developed by Marietta et al. (1989) and 

25 Guzowski (1991 ). Apostolakis et al. (1991) provide an additional discussion of techniques for determining 

26 probabilities in the context of perfonmmce assessment for radioactive-waste disposal. 

27 Probabilities for t11e computational scenarios used in the construction of CCDFs are discussed in Chapter 5 of 

28 this volume, <md arc b;t-;cd on the assumption that the occurrence of boreholes through the repository follows a 

29 Poisson process (i.e., arc random in time and space) with a rate constant A. Formulas for determining pS; 

30 dependent on t11is assumption arc derived in Chapter 5. The derivations arc general and include both the stationary 

31 (i.e., const<mt A) <md nonstationary (i.e., time-dependent A) cases. The 1992 performance assessment estimates 

32 consequences using both constant values for A <md time-dependent values derived from expert judgment. 
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3.4 Calculation of Scenario Consequences 

2 The third element of the ordered triples shown in Equation 3-1 is the scenario consequence, cS;. Estimation 

3 of cS; is done using a linked system of computational models described in greater detail in Chapters 7 and 8 of 

4 this volume. 

5 The models used in the WIPP performance assessment, as in other complex analyses, exist at four different 

6 levels. First, conceptual models provide a framework in which information about the disposal system can be 

7 organized and linked to pnx:csses that can be simulated with quantitative models. An adequate conceptual model is 

8 essential for both the development of the sample space So appearing in Equation 3-8 and the division of So into 

9 the scenarios S; appearing in Equation 3-1. As defined in Chapter 2, alternative conceptual models may exist that 

10 arc equally consistent with the available information. Consequences for each scenario must be estimated 

11 separately for each alternative conceptual model included in the analysis. 

12 Second, mathematical models are developed to represent the processes at the site. The conceptual models 

13 provide the context within which these mathematical models must operate and define the processes they must 

14 characterize. The mathematical models are predictive in the sense that, given known properties of the system and 

15 possible perturbations to the system, they predict the response of the system. Among the processes represented 

16 by these mathematical models are fluid flow, mechanical deformation, radio nuclide transport in groundwater, 

17 removal of waste through intruding boreholes, and human exposure to radionuclides released to the surface 

18 environment. Mathematical models for these processes, and others, are described in Chapter 7 of this volume. 

19 'lbird, numerical models are developed to approximate the mathematical models~ Most mathematical models 

20 do not have closed-form solutions, and numerical procedures must be developed to· provide approximations to the 

21 solutions of the mathematical models. In essence, these approximations provide "numerical. models" that calculate 

22 results that arc close to .the solutions of the original mathematical models.· For example, Runge-Kutta procedures 

23 arc often used to solve ordinary differential equations, and finite difference and 11nitc element methods arc used to 

24 solve partial differential equations. In practice, it is unusual for a mathematical' m<Xle.l to.have a solution that can 

25 be determined without the usc of an imermcdiale numerical model. Numerical models used in the WIPP 

26 performance assessment arc described in appendices to this volume. 

27 Fourth, the complexity of the system requires the use of computer codes to implement the numerical models. 

28 Figure 3-6 illustrates the sequence of linked codes used in the 1992 WIPP performance assessment. Each of the 

29 models appearing in this figure is briclly described in Table 3-1; more infonl)ation is available in Chapter 7 and 

30 appendices to this volume, and in references cited there. 

31 3.5 Monte Carlo Analysis Techniques 

32 As discussed in more detail by Helton et al. (1991) and in Volume 4 of this report, the WIPP performance 

33 assessment uses Monte Carlo techniques for uncertainty and sensitivity analyses. In the context of this report, 

34 uncertainty analyses evaluate uncertainty in performance estimates that results both from the existence of 

35 alternative conceptual models and from the uncertainty about imprecisely known input variables. Sensitivity anal-
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Monte Carlo Analysis Techniques 
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Models used in 1992 WIPP performance assessment. The names for computer models (i.e., 
computer codes) are shown in capilallettcrs. 
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Table 3-1. Sununary of Computer Models Used in the 1992 WIPP Perfonnance Assessment 

Model 

BRAG FLO 

CCDFPERM 

CUTTINGS 

GENU-S 

GRASP-!NV 

PANEL 

SANCHO 

SEC02D 

SECOTP 

Description 

Describes the muhiphase flow of gas and brine through a porous, heterogenous reservoir. 

DRAGFLO solves simultaneously the coupled partial differential equations that describe the mass 

conservation of gas and brine along with appropriate constraint equations, initial conditions, and 

boundary conditions (Chapter 7). 

Constructs probabilities for various computational scenarios associated with human intrusion by 

exploratory drilling (Section 1.4.2 of Volume 3 ). 

Calculates the quantity of radioactive material (in curies) brought to the surface as cuttings and 

cavings generated by an exploratory drilling operation that penetrates a waste panel (Chapter 7). 

Estimates potential radiation doses to humans from radionuclides in lhe environment (Leigh et 

al., in review). 

Automatically generates simulations of transmissivity fields (estimates of transmissivity values) 

conditioned on mewmred transmissivity values and calibrated to steady-state and transient pressure 

data at well locations using an adjoint sensitivity and pilot-point technique (LaVenue and 

RarnaRao, 1992). 

Calculates rate of discharge and cumulative discharge of radionuclides from a repository panel 

lhrough an intrusion borehole. Discharge is a function of fluid flow rate, nuclide solubility, and 

remaining inventory (Chapter 7). 

Finite element prognun that solves quasistatic, large defonnation, inelastic response of two­

dimensional solids (Stone et al., 1985). Used in the 1992 perfonnance assessment to detennine 

porosity of the waste as a function of time and moles of gas generated (Section 1.4.7 of 

Volume 3). 

Calculates single-phase Darcy flow for groundwater-flow problems in two dimensions. The 

fonnulation is based on a single partial differential equation for hydraulic head using fully 

implicit time differencing (Chapter 7). 

Simulates lluid llow :md tnmsport of mdionuclides in fractured porous media (Chapter 7). 
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yses dctcnninc the contrihution of individual input variahles to the uncertainty in model predictions. As used 

2 here, both these types of analyses provide infonnation about the effects of suhjcctivc, or Type-B, uncertainty. The 

3 effect<; of stochastic, or Type-A, uncertainty are incorporated into the pcrfonnancc a.o;sessment through the scenario 

4 probabilities pS; appearing in Equation 3-1. 

5 Monte Carlo analyses involve live steps: (I) selection of the variahles to be examined and the ranges and 

6 distrihutions for their possihle values; (2) generation of the samples to be analyzed; (3) propagation of the samples 

7 tbrough tbe analysis; (4) uncertainty analysis; and (5) sensitivity analysis. These steps are described briefly in tbe 

8 following sections. A more complete discussion can be found in Helton et al. (1991). 

g 3.5.1 Selection of Variables and Their Ranges and Distributions 

10 Monte Carlo analyses usc a prohahilistic procedure for the selection of model input. Therefore, tbe first step 

1 1 in a Monte Carlo analysis is the selection of uncertain variahles and of ranges and distributions tbat characterize 

12 tbc uncertainty in their possihle values. These variahles are typically input parameters to computer models, and 

1 3 the impact of the a<;signed ranges and distrihutions can be great: analysis results are controlled in large part by tbe 

14 choice of input. Rcsulls of uncertainty and sensitivity analyses, in particular, strongly reflect the characterization 

15 of uncertainty in the input data. 

16 As discussed in detail in Volume 3 of this report, infonnation ahout the ranges and distributions of possible 

17 values is drawn from a variety of sources, including field data, laboratory data, literature, and, in instances where 

18 significant uncertainty exists and site-specific infonnation is unavailable or insufficient at the time of the 

19 analyses, suhjectivc expert judgment. In general, data from these sources cannot be examined statistically and 

20 incorporated directly in pcrfonnance-a<;scssmcnt analyses, because data are rarely gathered with the specific model 

21 application in mind. Spatial and temporal scales over which tbc data are valid often do not match tbose of tbc 

22 models' applications, and in many cases, real site-specific data arc simply not available. Data may be sparse or 

23 unavailable because measurements arc infeasible (e.g., drilling sufficient boreholes to detennine tbe regional 

24 heterogeneity of transmissivity in overlying aquifers), because direct measurements would in tbemsclves create 

25 risk (e.g., drilling of boreholes through the repository to dctcnnine tbc extent of an underlying brine reservoir), 

26 because meR<;uremcnts arc impossible (e.g., measuring future drilling technology), or for otber rea<>ons. 

27 The review process that leads from tbe available data to the construction of the cumulative distribution 

28 functions (cdfs) used in the perfonnance-assessmcnt analyses is described in detail in Volume 3 of tbis report. 

29 Because of the nature of tl1e available data llild the type of analysis, this review process is unavoidably subjective, 

30 llild involves tbc expert judgment of tbe investigators llild perfonn:mcc-assessment analysts. 

31 The ultimate outcome of the review process is a distribution function F(x) of the fonn shown in Figure 3-7 

32 for each independent variable of interest. For a particular variable Xj. the function F is defined such that 

33 prob( X < X j :5 X + ~X) = F( X + ~)- F( X) (3-12) 
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Distribution function for an imprecisely known analysis variable. For each value x on the 
abscissa, the corresponding value F(x) on the ordinate is the prohahility that the appropriate value 
to usc in the analysis is less than or equal to x (Helton et al., 1991). 
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Monte Carlo Analysis Techniques 
Selection of Variables and Their Ranges and Distributions 

1 That is, F(X+Lll") - F(x) is equal to lhe probability lhat lhe appropriate value to use for Xj in lhc particular analysis 

2 under consideration falls hctwecn x and (x +Ill"). 

3 3.5.2 Generation of the Sample 

4 Various techniques arc available for generating samples from lhe assigned distribution functions for lhe 

5 variables (McGralh ct al., 1975; McGralh and Irving, 1975a,b), including random sampling, stratified sampling, 

6 and Latin hypercube sampling. As discussed in more detail in Bellon et at. (1991 ), lhe WIPP performance 

7 a~;sessmcnt uses stratified sampling and Latin hypercube sampling. 

8 Stratified sampling is a modification of random sampling in which a systematic coverage of lhe full range of 

9 possible values is forced by subdividing lhe sample space into strata with assigned probabilities. The 

1 o decomposition of the subset S 0 shown in Equation 3-8 into scenarios Si as indicated in Equation 3-1 is a form 

1 1 of stratified sampling in which the scenario probabilities pS; arc the strata probabilities. Stratified sampling 

12 forces lhe inclusion of low-probability, but possibly high-consequence, scenarios, and is used to incorporate 

13 stocha<;tic, or Type-A, uncertainty into lhe WIPP performance a<;sessment. 

14 Latin hypercube sampling (McKay et al., 1979), in which lhe full range of each variable is subdivided into 

15 intervals of equal probability and samples arc drawn from each interval, is used to incorporate subjective, or Type-

16 B, uncertainty, into lhe WIJ>J> perfonnancc assessment. Specifically, a Latin hypercube sample of size 70 was 

17 generated from lhe 49 variables in Tables 6.0-1, -2, and -3 in Volume 3 of lhis report. The restricted pairing 

18 technique of lman and Conover (1982) wa~; used to prevent spurious correlations wilhin lhe sample. The resultant 

1 9 sample is listed in Volume 4 of lhis report. 

20 3.5.3 Propagation of the Sample through the Analysis 

21 The next step is lhc propagation of the sample lhrough lhe analysis. Each clement of lhe sample is supplied 

22 to lhc model as input, and the corresponding model predictions arc saved for use in later uncertainty and sensitivity 

23 studies. The Compliance Assessment Methodology Controller (CAMCON) has been developed to facilitate lhc 

24 complex calculations and storage of the input and output files from each program (Rechard, 1989, 1992). This 

25 methodology incorporates data bases, sampling procedures, model evaluations, data storage, uncertainty and 

26 sensitivity analysis procedures, ;md plotting capabilities into a unified structure. The structure and operation of 

27 CAMCON is illustrated in Figure 1-1. 

28 Additional information on CAMCON and its use in lhe 1992 WIPP performance assessment is given in 

29 Chapter I of this volume and in Rcchard (1992). 
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3.5.4 Uncertainty Analysis 

2 Once a sample has been generated ru1d propagated through a model, uncertainty in the model predictions can be 

3 interpreted directly from the CCDF. StochastiC, or Type-A, uncertainty, is represented by the steps in an 

4 individual CCOF. Subjective, or Type-B, uncertainty, can be represented either with a family of CCDFs or with 

5 a summary diagram showing mean and quantile curves, as shown in Figures 3-2 and 3-3. 

6 Uncertaimy in a predicted perfonnance measure can be characterized with an estimated distribution function, 

7 which can be displayed eit11er as the above CCDF, a density function, a cumulative distribution function, or as 

8 box plots (lman and Conover, 1982), as shown in Figure 3-8. The endpoints of the boxes in Figure 3-8 are 

9 formed by the lower and upper quartiles of the data, that is, x.25 and x.75· The vertical line within the box 

10 represents the median, x.50· The sample mean is identified by the large dot. The bar on the right of the box 

1 1 extends to the minimum of x75 + 1.5(x.75 - x.25) and the maximum observation. In a similar manner, the bar 

12 on the left of the box extends to the maximum of x.25- 1.5(x.75- x.25) and the minimum observation. The 

13 observations falling outside of these bars are shown with x's. Box plots display the same infonnation as a 

14 distribution function in a reduced ron~ (witlwut explicit probabilities). They are convenient for presenting and 

15 comparing different distributions in a single figure, especially for displaying outliers (high consequence values). 

16 3.5.5 Sensitivity Analysis 

17 The final step in a Monte Carlo study is sensitivity analysis, which provides infonnation about the 

18 sensitivity of the modeling system to uncertainty in specific input parmneters. Sensitivity analyses can identify 

19 those panuneters for which reductions in uncertainty (i.e., narrowing of the range of values from which the sample 

20 used in the Monte Carlo analysis is drawn) have the greatest potential to increase confidence in the estimate of 

21 disposal-system performru1ce. Identification of sensitive parameters can help set priorities for additional research; 

22 however, because results of these analyses are inherently conditional on the models, data distributions, and 

23 techniques used to generate them, the analyses cannot provide insight about the correctness of the conceptual 

24 models and data distributions used. Qualitative judgment about the modeling system must be used in conjunction 

25 with sensitivity analyses to set priorities for perfonnance-a<>sessment data acquisition and model development. 

26 Sensitivity analysis techniques used in t11e WIPP perfonnance a-;sessment include scatterplots and regression 

27 analysis, and are described in detail by Helton et al. (I 991 ). Results of the 1992 sensitivity analyses are presented 

28 in Volume 4 of this report. 
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4. SCENARIO CONSTRUCTION 

2 4.1 Evaluation of Events and Processes 

3 The selection of scenarios for consideration in WIPP PAis based on the formal five-step procedure described 

4 by Cranwell et al. (1990). The five steps arc (1) compiling or adopting a comprehensive set of events and 

5 processes* that potentially could affect the disposal system, (2) classifying the events and processes to aid in 

6 completeness arguments, (3) screening the events and processes to identify those that can be eliminated from 

7 consideration in the PA, (4) developing scenarios by combining the events and processes that remain after 

8 screening, and (5) screening scenarios to identify those that have little or no effect on the shape or location of the 

9 CCDFs. Section 4.1 summarizes work done on the first three of these steps: the identification, classification, 

1 o and screening of events and processes, referred to jointly as "evaluation of events and processes." Evaluation of 

11 events and processes has not hecn significantly revised since 1991, and more complete discussions of specific 

12 events and processes arc available elsewhere (Guzowski, 1990; WIPP PA Division, 199la). Additional work is in 

13 progress on evaluation of evenl<; and processes in response to reviewers' comments (e.g., Appendix B of Volume 

1 4 I of this report), and will be incorporated in future PAs. 

15 4.1.1 Identifying Events and Processes 

16 The WIPP PAuses the list of potentially disruptive events and processes provided by Cranwell et al. (1990) 

1 7 as a starting point for scenario development (Table 4-1 ). This list was developed by a panel of experts that met in 

18 1976 and again in 1977 under the auspices of the U.S. Nuclear Regulatory Commission to identify events and 

1 9 processes that could compromise the pcrfonnance of an engineered disposal system for nuclear waste constructed in 

20 deep geologic media.** Concerns raised during the development of the WIPP have led to the inclusion of three 

21 additional evenL<> and processes not identified by the panel: gas generation by the degradation of the waste, waste-

22 related explosions, and nuclear criticality. 

* Note that classification of a phenomenon as an event rather than a process, or vice versa, has no affect on 
scenario development. The distinction in terminology is based on 40 CFR 1918 (§191.13(a)), and has been 
interpreted to describe the time interval over which a phenomenon occurs relative to the time interval of 
interest. Events arc relatively brief whereas processes may occur during a large portion of the time interval of 
interest. The distinction is not rigid, however, and the terms are functionally interchangeable in scenario 
development. 

* * As listed in Cranwell ct al. ( 1990), the Scenario Identification Pane] Me1nbcrs and their affiliations were 
William S. Twcnhofcl, United States Geological Survey (USGS), Denver, CO; William W. Dudley, USGS, 
Denver, Co; Randolph Stone, Lawrence Livermore National Laboratory, Livermore, CA; Frederick J. Pearson, 
USGS, Reston, VA; llerhcrt R. Shaw, USGS, Menlo Park, CA; Donald Caldwell, United States Nuclear 
Regulatory C01runission (USNRC). Washington, DC; Ben Ross, The Analytical Sciences Corp., Reading, MA; 
Edward Hawkins, USNRC. Washington. DC; and Martin Tierney, Sandia National Laboratories, Albuquerque, NM. 
Working sessions of this panel were held on Dccemhcr 7-8, 1976, at Grand Canyon, AZ, and again on April 13, 
1977, in Carlshad, NM. 
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Chapter 4. Scenario Construction 

Table 4-1. Potentially Disruptive Events and Processes 

Natural Events and Processes 

Celestial Bodies 

Surficial Events and Processes 

Subsurface Events and Processes 

Meteorite Impact 

Erosion/Sedimentation 
Glaciation 
Pluvial Periods 
Sea-Level Variations 
Hurricanes 
Seiches 
Tsunamis 
Regional Subsidence or Uplift 
Mass Wasting 
Flooding 

Diapirism 
Seismic Activity 
Volcanic Activity 
Magmatic Activity 
Formation of Dissolution Cavities 
Formation of Interconnected Fracture Systems 
Faulting 

Human-Induced EvenL-; and Processes 

InadvenenL Intrusions 

Hydrologic Stresses 

Re)X)Sitory- and W<L<;te-Induced 
EvenL' and Processes 

Explosions 
Drilling 
Mining 
Injection Wells 
Withdrawal Wells 

Irrigation 

Damming of Streams and Rivers 

Caving and Subsidence 
Shaft and Borehole Seal Degradation 
'lbcrmally Induced Stress Fmcturing in Host 
Rock 
Excavation-Induced Stress Fracturing in Host 
Rock 
Gas Generation 
Explosions 
Nuclear Criticality 

Source: Modified from Cranwell ct al., 1990. 
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4.1.2 Classifying Events and Processes 

Evaluation of Events and Processes 
Classifying Events and Processes 

2 This step is optional, and hao; not been carried out explicilly for WIPP P A. Cranwell et al. (1990) included 

3 classification in the procedure 10 assist in organizing the evcms and processes, 10 assist in completeness 

4 arguments, and to provide insighLo; when developing conceptual models of the disposal system. 

5 4.1.3 Screening Events and Processes 

6 Events and processes are screened using three criteria developed by Cranwell et al. ( 1990): probability of 

7 occurrence, consequence, and physical reasonableness; and a fourth criteria specific to PAs conducted for 40 CFR 

8 1918, regulatory requirements. All four arc applied in the context of the 1985 version of 40 CFR 1918 (U.S. 

9 EPA, 1985), and screening will be reexamined when the regulation is repromulgated. 

10 ll1e "probaoility of occurrence" and "consequence" criteria arc bao;ed directly on guidance provided in Appendix 

11 8 of 40 CfR 191: 

12 The [EPA] assumes tllat ... pcrfonnance assessments need not consider categories of events or 

13 processes that are estimated to have less than one chance in 10,000 of occurring over 10,000 years. 

14 Furthennorc, the performance :to;sessmcms need not evaluate in detail the releases from all events and 

15 processes estimated to have a greater likelihood of occurrence. Some of these events and processes may 

16 he omitted from the perfonnam:e assessments if tJ1cre is a reasonable expectation lhat lhc remaining 

17 prooability distrioution of cumulative rclcao;es would not be significantly changed by such omissions 

18 (U.S. EPA, 1985, p. 38088). 

19 As interpreted by the WIPP PA Department, individual events and processes (as well as "categories of events 

20 and processes") that have a probability of more than I chance in 10,000 of occurring over 10,000 years will be 

21 retained for further evaluation. Lower-probability phenomena are identified but not considered further. Low-

22 consequence phenomena (i.e., those that would not significantly change the CCDF) are identified qualitatively in 

23 the WIPP PA methodology and arc eliminated regardless of probability (WIPP PA Division, 199Ia). 

24 Consequences of these phenomena can be evaluated quantitatively if uncertainties warrant. 

25 The final screening criterion described by Cranwell et al. (1990), "physical reasonableness," is not explicitly 

26 described in 40 CFR 1918. As used in WIPP PA, this criterion distinguishes between those phenomena to which 

27 a meaningful probability can be assigned (e.g., meteorite impacts) and those phenomena for which scientific 

28 understm1ding is insufficient to assign meaningful and defensible quantitative probabilities (e.g., the occurrence of 

29 volcanic activity in a geologic selling where such an event is unprecedented). The distinction between "physical 

30 reasonaoleness" and "prooaoility of occurrence" is not rigid, and phenomena identified as "physically unreasonable" 

31 could also be eliminated on t11e basis of extremely low probability. 

32 The "regulatory requirements" criterion is used only to screen events related to human activities, and is based 

33 directly on guidance in Appendix 13 of 40 CFR 191: 
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... inadvertent and intennittent intrusion by exploratory drilling for resources (other than any provided 

2 by the disposal system itsciO can be the most severe intrusion scenario assumed by the implementing 

3 agencies (U.S. EPA, 1985, p. 38089). 

4 As interpreted by the WIPP PA Department, this allows the exclusion of all deliberate human activities that 

5 disrupt the repository, as well as those inadvertent human activities that could result in consequences (e.g., EPA 

6 nonnalized cumulative rclea,es to the accessible environment, or other perfonnance measures) greater than those of 

7 exploratory drilling. Specifically, this criterion is used to screen acts of war, direct mining of the waste, 

8 systematic drilling of multiple boreholes for resource production or other purposes, and modes of intrusion other 

9 than exploratory drilling identified by an expert panel on inadvertent human intrusion into the WIPP (I-I ora el al., 

10 1991; memorandum by Hora in Volume 3, Appendix A of this report). 

11 4.1.4 Summary of Screened Events and Processes 

12 The following summary is taken from the 1991 P A (WIPP PA Division, 1991 a), where each of the events 

13 and processes listed in Table 4-1 are described in detail. As shown in Table 4-2, events and processes are either 

14 retained for consideration in PA or screened out on the basis of the four criteria described in the previous section. 

15 Events and processes retained for consideration are either included in the base-case scenario for the system or used 

16 for developing scenarios describing disturbed perfonnance. 

17 All of the natural events and processes listed in Table 4-1 that have been retained arc part of the undisturbed 

18 perfonnance of the system, and none are included in the development of disturbed-perfonnance scenarios. 

19 Phenomena such as erosion, sedimentation, climatic change (pluvial periods), seismic activity, and some shallow 

20 dissolution are certain to occur during the next 10,000 years, and are part of the conceptual model for the base-case 

21 scenario. Several other listed events (i.e .. sea-level variations, hurricanes, seiches, and tsunamis) are restricted to 

22 coastal areas, and are physically unreasonable at the WIPP location. Surficial geologic events, including regional 

23 subsidence or uplift, mass wasting, glaciation, and flooding, and all subsurface events except seismic activity and 

24 shallow dissolution of the Rustler-Salado contact arc screened out as physically unreasonable or of low 

25 probability. 

26 Of the human-induced events and processes, inadvertent explosions at t11e location of the waste panels are 

27 excluded hy regulatory requirements; inadvertent explosions ncar the waste panels during warfare and nuclear 

28 testing are screened out on the hasis of low prohahility. Irrigation and damming of valleys close enough to the 

29 WIPP to have an impact arc low-probability events because of poor water and soil quality and limited water 

30 supplies. Based on the geologic setting and previous resource evaluations, hoth exploratory drilling for resources 

31 and the drilling of injection wells arc realistic events for the WIPP, and are retained for scenario development. 

32 Intrusion of injection wells into the waste-emplacement region is not modeled explicitly in PA, because drilling 

33 technology and therefore consequences arc a<;sumcd to be the same a' for exploratory drilling. Expert judgment on 

34 the prohahility of intrusion hy injection wells is not available (1-lora, memo in Appendix A of Volume 3). 

35 Injection wells that do not penetrate the repository arc screened out on the basis of low consequence. 
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Events and Processes 

Natural 

Table 4-2. Summary of Screened Events and Processes (from WIPP PA Division, 199la) 

RETAINED 

Base-Case For Scenario 
Conditions Development 

Low 
Probability 

SCREENED OliT 

Physically 
Unreasonable 

Low 
Consequence 

Regulatory 
Requirements 

Meteorite Impact. .......................................................................... x .................................................................................. . 
Erosion/Sedimentation ....................... x ............................................................................................................................... . 
Glaciation .............................................................................................................. x ......................................................... . 
Pluvial Periods (Climate Change) ......... x ............................................................................................................................... . 
Sea-Level Yariations ................................................................................................ x ......................................................... . 
1-Iurricanes .............................................................................................................. x ......................................................... . 
Seiches .................................................................................................................. x ......................................................... . 
Tsunamis 

"Conventional" .................................................................................................... x ......................................................... . 
Meteorite Impact ........................................................................ x .................................................................................. . 

Regional Subsidence or Uplift ................................................................................... x ......................................................... . 
Mass Wasting ......................................................................................................... x ......................................................... . 

~1fi!1I~;~-~;~;:: ::::::::::::::::::::::::::::: ~: :_:_· . .-:·::·._-._· .. · .. · .. · .. ·._-._·:··.·:··:-.--: .. ·._··:·.··.··::-:-:-:-:-:-:::::-::-:-::-::-: :-::::::::::::::::::::. :_~.::::: ::::::::::::::::::::::::::::::::::::::::::::::::::::: 
~~~~~~~t~~~~h}:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~ :::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
Formation of Dissolution Cavities 

Deep Dissolution ................................................................................................. x ......................................................... . 
Shallow Dissolution 

Rustler-Salado Contact. ................ x ............................................................................................................................... . 
Nash Draw* ........................................................................... x ..................... x ......................................................... . 

Fonnation of Interconnected 
Fracture Systems ..................................................................................................... x ......................................................... . 
Faulting ................................................................................................................ x ......................................................... . 

*Screening criterion depends on which possible mechanisms considered for origin of Nash Draw 



Table 4-2. Summary of Screened Events and Processes (from WIPP PA Division, I 99 Ia) (continued) 

Events and Processes 

HlUllan-Induced 
Explosions 

RETAINED 

Base-Case For Scenario 
Conditions Development 

Low 
Probability 

SCREENED OUT 

Physically 
Unreasonable 

Low 
Consequence 

Regulatory 
Requirements 

At Waste-Panels Location ......................................................................................................................................... x ...... . 
Near Waste-Panels Location 

At Surface/Warfare ................................................................... x .................................................................................. . 
Deep Testing .......................................................................... x .................................................................................. . 

Drilling (Exploratory) ............................................... x ....................................................................................................... . 
Mining 

At Waste-Panels Location ......................................................................................................................................... x ...... . 
Near Waste-Panels Location .................................... x ....................................................................................................... . 

Injection Wells ................................................................................................................................ x ............................... . 
Withdrawal Wells 

Water Wells ......................................................... x ....................................................................................................... . 
Oil and Gas Wells 

At Waste-Panels Location ...................................................................................................................................... x ...... . 
Ncar Waste-Panels Location ......................................................................................................... x ............................... . 
Geothermal Wells .......................................................................................................................... x ............................... . 

Irrigation ..................................................................................... x .................................................................................. . 
Danuning of Streams and Rivers 

At Pecos River ............................................................................................................................. x ............................... . 
Near Nash Draw ......................................................................... x .................................................................................. . 

Repository- and Waste-Induced 
Subsidence and Caving ...................................................................................................................... x ............................... . 
Shaft & Borehole Seal Degradation ......... x ............................................................................................................................ . 
Thermally Induced Fractures .................................................................................... x ......................................................... .. 
Excavation-Induced Fractures ................. x ........................................................................................................................... .. 
Gas Generation ................................... x ........................................................................................................................... .. 
Explosions (Gas Ignition) .................................................................................................................. x .............................. .. 
Near Criticality 

Critical Mass (Explosion) ............................................................ x ................................................................................. .. 
Sustained Reaction** ....................................................................................................................................................... .. 

** Retained for additional evaluation 



Evaluation of Events and Processes 
Summary of Screened Events and Processes 

In the category or wa-.te- and repository-induced evenL<; and processes, gas generation and shaft-seal degradation are 

2 part of the conceptual model of the base-ca<>e scenario. Borehole seal degradation is addressed through parameter 

3 uncertainty during modeling. Excavation-induced fracturing in the host rock is handled by including the disturbed 

4 zone surrounding mined openings in the conceptual model of the base-case scenario. Caving into the rooms or 

5 drifts may occur in the short term after decommissioning, but this process has no long-term consequences on 

6 performance because of the mechanical behavior of salt. Thermally induced fracturing of the host rock is not a 

7 physically reasonable phenomenon because of the low thermal output of WIPP waste. Subsidence caused by the 

8 mined openings and explosions caused by the ignition of gases created by wa-;tc dcgr\ldation have no effect on the 

9 long-term performance of the disposal system and can be eliminated from scenario development. Nuclear 

1 0 criticality requires additional evaluation before a screening decision is made. 

11 As shown in Table 4-2, a total of 10 events and processes arc retained for consideration following screening. 

12 Seven of these arc essentially certain to occur, and are included in the conceptual model for the base-case scenario 

13 (sec Section 4.2.3.1). The other three-exploratory drilling, potash mining near the waste panels, and water 

14 wells-arc used to develop sununary scenarios describing disturbed perfonnance of the system. Exploratory 

15 drilling is subdivided into two possibilities: drilling into a waste-filled room or drift and a brine reservoir in the 

16 underlying C<L-.tile Formation (Event E I), and drilling into a waste-filled room or drift without penetrating a brine 

17 reservoir (Event E2). Mining (Event TS) is limited to potash extraction by either conventional or solution 

18 methods in areas beyond t11c boundaries of the waste panels; drilling of withdrawal wells (Event E3) is limited to 

19 water wells in area<; where water quantity and quality will permit water use. Both mining and water wells will be 

20 evaluated in future performance assessments for their effccL'> on groundwater flow in the WIPP area. 

21 

22 4.2 Summary Scenarios 

23 4.2.1 Development of Summary Scenarios 

24 As explained in the 199I PA documentation (WIPP PA, I99Ia, Section 4.1.7), logic diagrams based on the 

25 approach defined by Cranwell ct al. (1 990) arc used to combine events and processes that remain after screening 

26 into summary scenarios. As the logic diagram for the WIPP performance assessment (Figure 4- I) shows, no 

27 temporal relationship between events and processes is implied by their sequence across the top of the diagram; at 

28 each junction within the diagram a yes/no decision is made as to whether the next event or process is added to the 

29 scenario. As a result, each scenario consisL-. of a combination of occurrence and nonoccurrence of all events and 

30 processes that survive screening (Cranwcll ct al., I 990). To simplify scenario notation, only the events and 

31 processes that occur arc used to identify the scenario. Based on the assumption that the events and processes 

32 remaining after screening define all possible futures of the disposal system t11at are important for a probabilistic 

33 assessment, the logic diagram produces scenarios that arc comprehensive and mutually exclusive because all 

34 possible combinations of events and processes arc developed, and each scenario is a unique set of events and 

35 processes. 

36 Figure 4- I shows all of the scenarios (the possible combinations of the four events) that survived the 

37 screening process ti.)r the WIPP (Section 4. 1.4): 
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TS = {x: Subsidence Resulting from Solution 
Mining of Potash} 

Et = {x: One or More Boreholes Pass Through a 
Waste Panel and into a Brine Pocket} 

E2 = {x: One or More Boreholes Pass Through a 
Waste Panel Without Penetrating 
a Brine Pocket} 

E3 = {x: One or More Withdrawal Wells near 
Repository Where Water Quality 
Will Permit Water Use} 

SB = TS c n E1 c n E2 c n E3 c 
S1 = TS c n E1 c n E2 c n E3 
S2 = TS c n E1 c n E2 n E3 c 
S3 = TS c n E1 c n E2 n E3 

S4 = TS c n E1 n E2 en E3 c 

S5 = TScn E1 n E2cn E3 
S6 = TS c n E1 n E2 n E3 c 

S., = TS c n E1 n E2 n E3 

S8 = TS n E1 c n E2 c n E3 c 

S9 = TS n E1 c n E2cn E3 
S10 = TS n E1 c n E2 n E3 c 

S 11 = TS n E1 c n E2 n E3 

S12 = TS n E1 n E2 c n E3 c 

S 13 = TSn E1 n E2cn E3 
S14 = TS n E1 n E2 n E3 c 
S15 = TS n E1 n E2 n E3 

Superscript c (e.g., TS c) Denotes Set Complement 
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Figure 4-l. Potcmial scenarios for the WIPP disposal system. 
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Summary Scenarios 
Development of Summary Scenarios 

1 • E1,lhe inadvertent drilling of an exploratory borehole into a waste-filled room or drift and a brine reservoir 

2 in lhe underlying Castile Formation, 

3 • E2, lhe inadvertent drilling of an exploratory borehole into a waste-filled room or drift lhat does not 

4 intersect a brine reservoir in lhe underlying Castile Formation, 

5 • E3, drilling of water witluJrawal wells in areas where water quality will permit water use, and 

6 • TS, mining for potash by citJJCr conventional or solution melhods in areas beyond lhe boundaries of lhe 

7 waste panels. 

8 For lhe 1992 PA calculations, only t11e base-case scenario and scenarios containing lhe E1 and E2 events were 

9 considered; therefore, only four summary scenarios were evaluated lhis year: lhe base case (expected behavior of 

10 lhe disposal system wilhout disruption by human intrusion), E1, E2, and E1E2. The TS event will be added to 

11 later PA calculations for 40 CFR 1918. The E3 event will be evaluated in safety assessments because it provides 

12 a potential palhway lhrough which human doses could occur. 

13 4.2.2 Screening of Summary Scenarios 

14 The purpose of scenario screening is to identify lhose scenarios lhat will have no or a minimal impact on lhe 

15 shape and/or location of lhe mean CCDf<. The criteria used to screen combinations of events and processes 

16 (scenarios) are similar to those criteria used to screen individual events and processes (Section 4.1.3). These 

17 criteria are physical rea.~onableness of lhe combinations of events and processes, probability of occurrence of lhe 

18 scenario, and consequence. 

19 The probability or occurrence for a scenario is detennined by combining lhe probabilities of occurrence and 

20 nonoccurrence from the events and processes lhat make up lhe scenario. A mechanical approach to determining 

21 scenario probabilities can be implemented by assigning lhe probability of occurrence and nonoccurrence for each 

22 event and process to lhe appropriate "yes" and "no" legs at each bifurcation in lhe logic diagram (Figure 4-1). lbe 

23 probability of a scenario is lhe product of lhe probabilities along lhe palhway lhrough lhe logic diagram lhat 

24 defines lhat scenario. Based on t11e probability criterion in Appendix B of 40 CFR 191 for screening out 

25 individual events and processes, scenarios wilh probabilities of occurrence of less lhan 1 chance in 10,000 in 

26 10,000 years need not be considered in determining compliance wilh 40 CFR 1918, and t11erefore, consequence 

27 calculations arc not necessary. 

28 Consequence in lhis step of lhc procedure means integrated discharge to the accessible environment for 10,000 

29 years. By inferring that the guidance in Appendix B of 40 CFR 191 for individual events and processes also 

30 applies to scenarios, scenarios whose probability of occurrence is greater lhan lhe cutoff in Appendix B can be 

31 eliminated from furlher consideration if lheir omission would not significantly change lhe remaining probability 

32 distribution of cumulative releases. Because lhe degree to which lhe mean CCDF will he affected by omitting 

33 such scenarios is difficult to estimate prior to constructing CCDFs, only lhose scenarios lhat have no releases or 

34 very small, low-probability releases should he screened out from additional consequence calculations. If 
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1 significant changes arc made to the data base, the conceptual models, or mathematical models of the disposal 

2 system, the omitted scenarios should be rescreened. 

3 In implementing this step of the procedure for this preliminary WIPP performance assessment, no scenarios 

4 were screened out. Because parameter values did not define the events, all combinations of events in the scenarios 

5 are physically reasonable. Because final scenario probabilities have not been estimated, no scenarios were screened 

6 out on the basis of low probability of occurrence. Final calculations of consequences have not been completed, so 

7 no scenarios were screened out on the hm;is of this criterion. 

8 4.2.3 Retained Summary Scenarios 

9 This section describes the scenarios retained for consequence analysis that arc considered in the I992 PA 

1 0 calculations. 

11 4.2.3.1 UNDISTURBED SUMMARY SCENARIO (SB) 

12 Guidance from 40 CFR 191 

13 The Individual Protection Requirements of 40 CFR I9I B (§ 191.15) call for a reasonable expectation that the 

14 disposal system will limit annual doses to individuals for I ,000 years after disposal, assuming undisturbed 

15 performance of the disposal system. Undisturbed performance is defined in 40 CFR I9I B to mean "the predicted 

16 behavior of a disposal system, including consideration of the uncertainties in predicted behavior, if the disposal 

17 syslcm is nol disrupled by human intrusion or lhe occurrence of unlikely nalural events" (§ 191.12(p)). Duration 

18 of this performance is not limited hy the definition. 

19 Although undisturbed pcrfonnancc is not mentioned in the Containment Requirements(§ I91.13), undisturbed 

20 performance is not precluded from the containment calculations and, for the WIPP, is the base case of the scenario-

21 development mcth{xlology (Cranwell et a.l., I990; Guzowski, I990). The base-case scenario describes the disposal 

22 system from the time of decommissioning <md incorporates all expected changes in the system and associated 

23 uncertainties for the IO,OOO years of concern for §I91.13. Subpart B of 40 CFR I9I docs not provide a definition 

24 of unlikely natural events to be excluded from undisturbed performance nor, by implication, likely natural events 

25 to be included. Because of the relative stability of the natural systems within the region of the WIPP disposal 

26 system, all naturally occurring events and processes that will occur are part of the base-case scenario and are 

27 nondisruptive. ll1csc conditions represent undisturbed performance (Marietta et al., I989; Bertram-Bowery et al., 

28 1990). They include the events and processes retained for undisturbed conditions, which arc listed in Table 4-2. 
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Base-Case Description 

Summary Scenarios 
Retained Summary Scenarios 

2 After Lhe repository is filled with w;t<;te, Lhc disposal rooms and drifts in Lhe panels are backfilled and seals are 

3 emplaced in the shaft.<; and access drifts to Lhe panels (Figure 4-2). While excavations are open, Lhe saiL creeps 

4 inward because of Lhc dccrca-;e in confining pressure on Lhc salt around Lhc rooms. Portions of Lhe access drifLS and 

5 Lhe lower parts of shaft.-; are filled wilh prcconsolidatcd, crushed salt (Stormont el al., 1987; Boms and Stormont, 

6 1988; Nowak el at., 1990). Because of Lhe high lilhoslatic pressures al lhe repository deplh, saiL creep is expected 

7 lO excn sufficient pressure on lhc crushed salt to consolidate lhe material into low-conductivity seals with 

8 properties similar to those of Lhe host rock. Portions of Lhc upper pans of Lhc shafts are also filled wilh salt, but 

9 pressure is not expected to be sufficient here to cause lhe same degree of consolidation as is expected in lower 

1 0 portions of Lhe shafts. 

11 Gas generation is an imtxlftanl process for Lhc undisturbed C<L<;C. Some waste and some waste containers will 

12 be composed of org;mic material. Because microbes tnmsponed into Lhe repository wilh lhe waste are expected to 

13 be viable under sealed-reJXlSitory conditions (Brush and Anderson, 1989b), organic material in Lhe reposiLOry will 

14 biodegrade wilh concomitant generation of ga-;es. In addition, moisture in Lhe repository, eilher brought in wilh 

15 waste or seeping in from Lhc Salado Fonnation, can corrode meLals in Lhe waste and meLallic waste conLainers 

16 Lhemselves, wilh gas generated as a by-product. Radiolysis also will generate gases. 

17 Sufficient quantities of gas will be generated to result in elevated pressures in Lhe repository, approaching and 

18 perhaps exceeding Iithostatic pressure (approximately 15 MPa). Elevated pressures may open fractures in 

19 anhydrite layers above and below lhe waste-disposal panels, which arc relatively more brittle Lhan Lhe plastic 

20 halite. 

21 Two potential palhways for groundwater flow and radionuclide transport dominate Lhc undisturbed disposal 

22 system (Figure 4-2): 

23 • In the first palh, Lhc pressure gradient between Lhe wac;LC-disposal panels and Lhe Culebra causes brine and 

24 radionuclidcs to migrate from Lhe wa-;tc-diSJXlSal panels to Lhe base of Lhe shafts and up Lhe shafLS toward 

25 Lhe Culebra. This migration may occur directly through panel seals and Lhe backfill in access drift.c;, but is 

26 more likely to occur through anhydrite interbeds (primarily MB 139 below Lhe panels, but possibly also 

27 MB 138 and interbeds A and B above the panels). Cont<uninated brine may enter Lhe interbeds eilher 

28 Lhrough fractures in salt in the DRZ, or directly as a resull of rooms and drifts intersecting lhe interbeds 

29 during construction or room closure. Migration to Lhc base of the shafLS could Lhen occur in fractures in Lhe 

30 anhydrite layers. Migration up the shaft-; occurs lhrough Lhe shaft-seal system. 

31 • The second major path for brine and radionuclide migration from Lhc undisturbed repository is laterally 

32 lhrough anhydrite interbeds toward the subsurface boundary of the accessible environment in Lhe Salado 

33 Formation. Brine enters Lhc interbeds as described for Lhe first palh, and is driven outward from lhe panels 

34 by elevated pressures in Lhe wa'>te resulting from gas generation. 
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Summary Scenarios 
Retained Summary Scenarios 

A tllird patllway for radionuclide transport from tlle undisturbed disposal system was considered in previous 

2 analyses (Lappin et al., 1989), in which brine migrated vertically from tlle panels tllrough tllc intact Salado 

3 Formation toward tlle Culehra. Altllough Ill is patllway has a larger pressure decline over tlle shortest distance Ulan 

4 eitller of tllosc discussed above, and also h~t<; tlle largest cross-sectional area tllrough which migration could occur, 

5 low pcrmcabilitics of tllc intact halite result in extremely long travel times (400,000 years for tlle first arrival of 

6 radionuclides at tlle Culchra, as calculated by Lappin et al. [1989]). Because of tlle improbability of developing 

7 interconnected, vertical fmcturcs in tllc pla<>tic halite, tllis patllway is not modeled in performance assessment. 

8 4.2.3.2 HUMAN-INTRUSION SUMMARY SCENARIOS 

9 Guidance from 40 CFR 191 

10 Appendix B of 40 CfR 191 provides guidance on a number of factors concerning human intrusion. Active 

1 1 controls cannot be assumed to prevent or reduce radionuclide releases for more tllan 100 years after disposal (U.S. 

12 EPA, 1985, p. 38088). Passive institutional controls can be assumed to deter systematic and persistent 

13 exploitation and to reduce tlle likelihood of inadvertent intrusion, but these controls cannot eliminate the chance of 

14 inadvertent intrusion. As discussed in Section 4.1.3, Appendix B (U.S. EPA, 1985, p. 38088) also suggests that 

15 exploratory drilling for resources can be tlle most severe form of human intrusion considered, and tllat tlle 

16 likelihood and consequence of drilling should he ha'>ed on site-specific factors. In keeping witll tllc guidance, this 

17 assessment includes scenarios tllat contain human-intrusion events. 

18 Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation 
19 (Summary Scenario E1) 

20 Scenario El (Figure 4-3) consists of one or more boreholes tllat penetrate tllrough a waste-filled room or drift 

21 and continue into or through a brine reservoir in tllc underlying Castile formation in which brine pressure is 

22 between hydrostatic and litllostatic for that dcptll (Marietta et al., 1989). Radionuclides may be released to the 

23 accessible environment in two ways: some radionuclides will be brought to tlle ground surface during drilling as 

24 particulate material entrained in drilling fluid; additional radionuclidcs may reach tlle subsurface boundary of tlle 

25 accessible environment following long-term groundwater transport up the borehole and laterally down a 

26 potentiometric gradient in the Culcbm Dolomite Mcmhcr of tllc Rustler Fonnation. 

27 Radionuclidcs rclca-;ed during drilling result from tlle drill bit directly intersecting waste. Material ground up 

28 hy tlle drill hit (cuttings) is tr<msportcd to tllc surface hy tJ1c circulating drilling fluid. Additional material may be 

29 eroded from tlle walls of tlle borehole hy tllc circulating drilling fluid (cavings) or by tllc spalling of solid material 

30 into tlle hole as tlle panel depressurizes. Cullings, cavings, and spallings arc collectively referred to as cuuings in 

31 performancc-a-;scssmcnt docwnentation. 

32 After drilling is complete, tlle hole is assumed to he plugged and abandoned. All borehole plugs and drilling 

33 mud remaining in tllc borehole, except for a plug above the Culcbra, arc assumed to degrade into material witll 
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Summary Scenarios 
Retained Summary Scenarios 

1 properties similar to those of silty sand. Plug degradation is in keeping with guidance provided by Appendix B of 

2 40 CFR 191: "consequences of ... inadvertent drilling need not he more severe than ... creation of a groundwater 

3 flow path with a pcnneability typical of a borehole filled by the soil or gravel that would nonnally settle into an 

4 open hole over time-not the permeability of a carefully sealed borehole" (U.S. EPA, 1985, p. 38089). The 

5 borehole is assumed to remain propped open by the material filling it, preventing closure of the hole by salt creep 

6 in the Salado Fonnation. A single plug above the Culebra is assumed to remain intact for Scenario E1, diverting 

7 all upward flow into the Culehra and maximizing radionuclide transport into that unit and toward the subsurface 

8 boundary of the accessible environment. Rate of flow depends on the head difference between the Culebra and the 

9 injected brine and on U1e hydraulic properties of the borehole fill. Radionuclides from the room may be 

10 incorporated into the Ca-;tile brine if it circulates through the waste adjacent to the borehole. 

11 Intrusion Borehole into a Room or Drift (Summary Scenario E2) 

12 Scenario E2, like Scenario El (described above), also consists of one or more boreholes that penetrate to or 

13 Uuough a wa-;te-fillcd room or drift (Figure 4-4). Unlike Scenario El, however, the borehole does not intersect 

14 pressurized brine or any oU1cr important source of water (Marietta et al., 1989). Rcle<L~s of cuttings at the ground 

15 surface during drilling arc identical to Uwse described for Scenario E1, as arc the assumptions about borehole 

16 plugging. Rate of flow into U1e Culcbra is detennined in Scenario E2 by the head gradient between the repository 

17 and the Culebra and the hydraulic properties of the borehole fill. 

18 Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation and 
19 Another Intrusion Borehole into the Same Panel (Summary Scenario E1 E2) 

20 Scenario E I E2 consists of exactly two boreholes that peneu·atc wa-;tc-filled rooms or drift<; in U1e same panel 

21 (Figure 4-5) (Mariella ct al., 1989). One borehole also penetrates pressurized brine in the Castile Fonnation, 

22 whereas the oU1cr horcholc docs nor. Assumptions about the degradation of borehole plugs arc the same as those 

23 described for Scenarios E1 and E2, except that in this case specific plugs arc assumed to remain intact so a<; to 

24 maximize flow from the Castile hrine reservoir through the waste and into the Culebra. The borehole that 

25 penetrates the pressurized brine (the E 1-type borehole) remains plugged between the waste and the Culebra; the 

26 other borehole (the E2-typc borehole) remains plugged ahove the Culebra. Brine flow in Scenario E1E2 is driven 

27 by the head difference between the Ca-;tile brine reservoir and the Culebra. 

28 Radionuclides are released directly to the surface during drilling of the two holes as described with E1 and E2; 

29 addition;tJ releases from U1is system arc dependent on U1c sequence in which the holes arc drilled. The plug in the 

30 borehole that penetrates U1e pressurized brine reservoir allows brine flowing up the hole to enter the repository but 

31 not leave the repository until the second hole penetrates the same panel. Once the second hole is drilled, a 

32 pathway is formed for brine and gas from the pressurized brine reservoir to flow through waste panels and nearby 

33 members to this new hole and up to the Culcbra Dolomite Member. If the hole that docs not penetrate pressurized 

34 brine is drilled first, g<L' and/or fluid pressure is relieved; this is followed by brine llow and radionuclide transport 

35 up the hole as a result of brine inflow into the panel from the host rock, possibly enhanced by creep 
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closure of rooms and drifts. Flow is diverted into the Culebra by the plug located above this unit. The 

2 subsequent drilling and plugging of the borehole that penetrates the pressurized brine reservoir results in flow 

3 through the repository and up the other borehole. If driving pressure is depleted, Scenario E1E2 reverts to 

4 Scenario E2, because the borehole that penetrates the pressurized brine no longer contributes to flow and transport 

5 (Marietta et al., 1989). For modeling convenience, analyses of Scenario E1E2 assume that both boreholes are 

6 drilled at or close to the same time. 

1 4.2.4 Computational Approximations of Scenarios E1, E2, and E1 E2 

8 The 1992 PA calculations use the same conceptual approximations for Scenarios E1, E2, and E1E2 that were 

9 used in the 1991 calculations (WIPP PA Division, 1991b, Sections 5.1.1 and 5.1.2). E2-type intrusions are 

10 simulated explicitly using the BRAGFLO, SANCHO, and PANEL codes (Sections 7.2, 7.3, and 7.4, and 

11 Appendices A and 8 of this volume). 

12 E 1 E2-type intrusions arc not simulated explicitly because the axisymmetric cylindrical geometry used for 

13 BRAGFLO cannot readily accommodate two intrusion boreholes (WIPP PA Division, 1991b, Section 5.1.1). 

14 E I E2-typc boreholes arc simulated tl1crcforc using a single borehole and the assumption that all brine in the panel 

15 mixes with all Castile brine !lowing up tl1c borehole. This assumption duplicates the primary feature of Scenario 

16 E 1 E2-all radionuclidcs in a single panel arc potentially available for transport up the borehole. Because the flow 

17 path between the two boreholes is omitted, the simplification may somewhat overestimate both the amount of 

18 wa<;tc dissolved and the rate at which !low occurs through the wa<;te and up the borehole. 

19 E 1-type intrusions are also not simulated explicitly, in this case for computational efficiency. Consequences 

20 of El-type intrusions are instead assumed to be the same a<; the consequences for E2-typc intrusions occurring at 

21 the same lime. Probabilities are determined separately for the two types of intrusions (Section 5.3 of this 

22 volume); the contributions of Scenarios E1 and E2to the overall CCDF are therefore not identical. 

23 Justification for this approximation is ba<;cd on the assumption that brine flowing up the El borehole from 

24 the Castile reservoir does not circulate through the waste. All radionuclides entering the borehole arc assumed to 

25 be dissolved in brine that entered the waste from the far field of the Salado Formation or that was initially present 

26 in the panels. Comparison in the 1991 PA (WIPP PA Division, 1991b, Section 5.1.2) of the consequences of 

27 E 1- and E2-type intrusions for 60 realizations indicates that cumulative llow of brine from the panel into the 

28 borehole is in most (hut not all) realizations greater for the E2 borehole than for the E1 borehole. Larger brine 

29 !lows from the waste (<md t11erefore larger potential radionuclide releases) occur for the E2 lxlrehole because the 

30 elevated Ca-;tilc brine pressure present in the E I borehole retards brine inllow into the waste from, the far field of 

31 the Salado Formation. Brine !lows from the w<L<;tc into the E1 borehole exceed those into the E2 borehole only 

32 for those realizations in which total llow is small because the panel was not brine-saturated at the time of 

33 intrusion. These small total !lows make only a small contribution to the total radionuclide release, and do not 

34 invalidate the approximation. 
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5. DRILLING INTRUSION PROBABILITIES 

2 5.1 Introduction 

3 Representation of a perfonnance assessment as a set of ordered triples and the construction of CCDFs (Section 

4 3.1) both involve the idea of scenario probabilities; in tum, the idea of scenario probabilities makes sense only if 

5 an underlying sample space is defined. Current performance assessments that address the EPA release limits use a 

6 sample space S defined by 

7 S ={x: x a single 10,000-year history of the facility under consideration, beginning at 

8 decorrunissioning}. (5-Ia) 

9 Each history, x, is assumed to be complete in the sense that it provides a full specification, including time of 

10 occurrence, for everyU1ing of importance to performance assessment. The swnmary scenarios (base case, EI, E2, 

11 and EIE2) arc U1en defined as subsets of S. Specifically, 

12 

13 

El = { x: x a single 10,000-ycar history in which at least one borehole penetrates a waste-filled room or 

drift and a pressurized brine reservoir}. (5-I b) 

14 £2 ={x: x a single 10,000-year history in which at least one borehole penetrates a waste-filled room or 

15 drift without penetrating a pressurized brine reservoir}, and (5-lc) 

16 EI£2 = { x: x a single 10,000-year history in which at least one pair of boreholes penetrates waste-filled 

17 rooms or drifts in the same panel; one of the boreholes in this pair penetrates a pressurized 

18 brine reservoir while the other does not}. (5-ld) 

19 Each summary scenario is further divided into disjoint subset S; called computational scenarios. For example, 

20 El~us;. (5-2) 

21 where U1c 5; appear in U1e ordered-triple representation in Equation (3-1 ). In the terminology of probability 

22 theory, the 5; are events (as are the summary scenarios: base case, E I, E2, and E I E2), and the pSi are 

23 probabilities for these events. However, to avoid confusion engendered by the different disciplines' usc of the 

24 word "cvcnl," the 5; will be ca.lled scenarios and the pSis will simply be called probabilities. The purpose of this 

25 chapter is to show how the p.\~·s are calculated in the 1992 performance-assessment exercise; but before 

26 proceeding, it is important to recognize several properties of the 5i s (computational scenarios) and the pSis 

27 (computational scenario probabilities). 
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lL is the discretization of the sample space S; into the sets S; that leads lO the steps in the estimated CCDFs 

2 (Section 3.2). To construct CCDFs of the fonn shown in Section 3.2, the time histories associated with a given 

3 summary scenario must be sorted into disjoint sets such that 

4 o each S; is sufficiently homogeneous that it is reasonable to use the same consequence result cS; for all 

5 element<> of S; 

6 o a probability pS; can he detcnnined for each S; 

7 o the computational costs for estimation of pS; s and cS; s arc acceptable. 

8 5.2 Probability Computations 

9 This section describes a decomposition of summary scenarios involving drilling intrusions into 

1 0 computational scenarios on the basis of number of intrusions and their times of occurrence and derives fonnulas 

11 necessary to convert from drilling rates lO scenario probabilities. For these derivations, the occurrence of 

12 individual drilling intrusions is a-;sumed to he random in time and space, although the drilling rate need not be 

13 ac;sumed constant or, for that matter, continuous through time. 

14 The symbol Sk (a, h) will he used to denote suhsetc; of the sample space defined hy 

15 Sk(a,h)={x:x an clement of S that involves exactly k drilling intrusions in the time interval 

16 [a' /J] } . (5-3) 

17 One objective of this section is to present the probability p[Sk(a,b)] for Sk(a,b). Membership in Sk(a,b) 

18 only places a restriction on intrusions in the time interval [a, b] and thus docs not preclude intrusions in other 

19 time intervals. As a result, an additional objective will be to present the probability p(ni:::1 Sn(i)(li-l•t;)} for the 

20 set ni:::15n(i)(l;-I,ti), where to <lt <···<ln and each n(i), i=1,2, ... ,n, is a nonnegative integer. This 

21 corresponds to detennining the present of a scenario in which exactly n(l) intrusions occur in time interval 

22 [t0 ,ti], exactly n(2) intrusions occur in time interval [t1,t2], and so on. Helton (in press) has suggested a 

23 general fonn for these intrusion probabilities; the core of ideas behind his suggestion is outlined below. 

24 The probability of having exactly one intrusion in the time interval [ u, v] is approximated by a function F 

25 such that 

26 

27 where the preceding notation is a shorthand for the statement that the ratio 

28 
p[ S1 (u, v)]- F(u, v) 

(v- u)2 
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is hounded a<; v- u approaches zero. More precisely, the statement in Equation 5-4 is satisfied on a time interval 

2 [a,b] if there exists a number B and a sequence of times a= to< r1 <···< tn = b such that, if 1 ~ i ~ n and 

3 t;-1 ~ u < v ~ b, then 

4 

l

p[5i(u, v)]- F(u, v) 
2 <B. 

(v- u) 
(5-6) 

5 The expressions in Equations 5-4 and 5-6 are providing a mathematical form for the statement" F(u, v) is a good 

6 approximation to p[ 51 (u, v)] when v- u is small." 

7 The function F in Equation 5-4 can be defined in a number of ways. The simplest definition is 

8 F(u,v)=A.(v-u). (5-7) 

9 In this case, F corresponds to a Poisson process with a time-independent rate constant A. (i.e., a homogeneous 

1 o Poisson process) and 

11 
[A(b-a)t 

p[Sk (a,b)]= k! exp[-A.{b-a)]. (5-8) 

12 lbe probability of intrusion by drilling was modeled a<; a homogeneous Poisson process in the 1991 series of PA 

13 calculations. The constant A was taken as an imprecisely known parameter with upper bound equal to the 

14 maximum drilling mte required by EPA standards; i.e., A was uniformly distributed between zero and A max, with 

15 
A max = ( 2 

30 
) • (area of waste panels) 

km •10,000 yr (5-9) 

=3.28xi0-4 yr-1 

16 The next step in generalizing beyond Equation 5-7 is 

17 F(u, v) = A.(u)(v- u), (5-10) 

18 in which ca<;e F corresponds to a Poisson process with a time-dependent rate constant (i.e., a nonhomogeneous 

19 Poisson process) and 

20 (5-11) 

21 
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This result can be used to compute the probability of a general scenario in which exactly n(l) intrusions occur in 

2 time interval [t0,ti], exactly n(2) intrusions occur in time interval [tl,tz], and so on. If this general scenario is 

3 denoted by S (n), where 

4 n = [n(I), n(2), ... , n(n)] and to= a, ln = b, 

5 then 

6 

r [ 
1

. ln(i)l [ b l 
p[S(n)] =[I n/i)! f ~(.~)ds cxp -f f...(s)ds . 

z-1 lz-1 a 

(5- I2) 

7 Computational scenarios and corresponding probabilities for surrunary scenarios EI and E2 can be generated by 

8 specification of the time intervals [t;_ 1, t;] and the n(i) appearing in Equation 5- I 2, and by suitably defining the 

9 function f...(t) appearing in that equation. 

1 0 In the preferred conceptual model for the 1992 series of PA calculations, probability of intrusion by drilling is 

11 modeled a<; an inhomogeneous Poisson process using Equations 5- I I and 5-12; for comparison, the I 992 PA also 

12 uses a homogeneous Poisson process (Equation 5-9) as an alternative conceptual model for drilling intrusions. 

13 For the preferred conceptual model, the time-dependent drilling rates, f...(t), are calculated with an algorithm 

14 proposed by Hora (see Section 5.2; also Bora's memo in Appendix A of Volume 3 of this report) using 

15 infonnation obtained in an expert judgment process concerning effects of human intrusion into the WIPP. Note 

16 that Hora's algorithm gives drilling rates in units of 

number of boreholes 

1 7 km 2 • 10, 000 yr 

18 and the time-dependent drilling rates used in Equations 5-11 and 5-12 are scaled from Hora's values by multiplying 

19 by area of the waste panels (Equation 5-9). As stated above, f...(t) may also have to be scaled to reflect, for 

20 example, the fraction of the area of waste panels that overlaps brine pockets. 

21 Computational scenarios for the El E2 summary scenario can be defined in a manner similar to the ones 

22 employed for the E1 and E2 scenarios. Once defined, the probabilities of these computational scenarios arc best 

23 calculated using the ba~;ic result in Equation 5-11 together with the scenario 

24 'BP+-(t;_ 1,t;) = {x: x an element of S in which a waste panel is penetrated by one or more 

25 boreholes that pass through a pressurized brine pocket in the time interval ( t i _ 1, t i) 

26 and hy one or more boreholes that do not pass through a pressurized brine pocket in 

27 the time interval (t;_ 1,t;)}. 

28 Then, in extension of the derivations on pages 2-23 to 2-27 of the 1991 Volume 2 (WIPP PA Division, 1991b), 
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2 where 

3 nP 

4 

5 Ai (t) 

6 aBP 

7 aTOT(l) 

nP~ f'i 11 J'i I p['BP+-(1;_1,1;)]: ~1 1-exp t;~:(t)dt 1-exp t;~:(l)dt , 

the nwnber of waste panels 

= ( nP:~~OT) A(l) 

= (a TOT( l)- aBP I nP) J.(t) 
a TOT 

= area of pressurized brine pocket under wa<;te panels (m2) 

= area of l'" waste panel (m2) 

8 a TOT = total area of waste panels (m2). 

Probability Computations 

(5-13) 

9 Variable activity loading in the repository was described using the same representation used in the 1991 PA 

10 (Helton et al., 1992, Chapter 2). Intrusion probabilities were calculated using the code CCDFPERM (Volume 3, 

1 1 Section 1.4.2 of this report). 

12 5.3 Lambda Function Generation 

13 The 1992 performance assessment is the first to incorporate the judgments of experts on possible future 

14 modes of intrusion into the WIPP and on how markers may mitigate the effects of these intrusions; 40 CFR 191, 

15 Subpart B, (U.S. EPA, 1985) requires consideration of both these questions. Specifically, 40 CFR 191, Subpart 

1 6 B, indicates that the DOE "should consider the effects of each particular disposal system's site, design, and passive 

1 7 institutional controls in judging the likelihood and consequence of ... inadvertent hwnan intrusion" (Appendix B 

18 of U.S. EPA, 1985). The discussion that follows in Sections 5.3.1, 5.3.2, and 5.3.3 describes W1PP PA's 

19 methodology for addressing the mitigating effect of passive markers. This approach may be refined and modified 

20 as the performance assessment process matures. The following material, largely excerpted from Bora (memo in 

21 Appendix A, Volume ~ of this report). is intended to give an overview of the expert-judgment processes and 

22 reasoning that entered into the construction of a probabilistic model of inadvertent intrusion by exploratory 

23 drilling. 

24 5.3.1 The Expert Judgment Process 

25 During 1990-1992, experts external to SNL were assembled to study the likelihood of potential inadvertent 

26 human intrusion into tJ1e WIPP. These experts formed two groups--one group (called the Futures Panel) studied 
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what future societies might he like and how they might inadvertently intrude into nuclear waste (I-Iora et at., 

2 1991 ). The second group (called the Markers Panel), after considering the findings of the first group, studied how 

3 markers might be used to warn future societies about the presence and danger of the buried waste (memorandum by 

4 Hora in Volume 3, Appendix A of this report). Doth groups provided probabilities and probability distributions 

5 for critical aspects of the human intrusion problem. 

6 The Futures Panel was divided into four teams. Each team was composed of four experts from various fields 

7 of social and physical science. Each team was asked to address the same set of questions. The results of their 

8 work suggest<; that future societies may undertake activities that could lead to inadvertent intrusion into the WIPP. 

9 These teams judged tl1at a number of factors (such as level of technology, demand for resources, population level, 

1 o and ability to retain knowledge about nuclear waste) would influence the likelihood of inadvertent intrusion. 

11 Because the teams used different structures for analysis and considered different factors that would influence the 

12 likelihood of inadvertent intrusion, the result<; of their endeavors had to be interpreted individually in order to be 

13 used in the construction of Lambda Functions. 

14 As the Futures Panel was completing its effort, the Markers Panel, consisting of 13 experts, was organized 

15 into two teams to study markers for the WIPP site. These markers may be incorporated into the repository design 

16 to serve as warnings to future societies about the presence of nuclear waste. Each team was asked to consider the 

17 findings of the Futures teams, to suggest design characteristics for a marker system, and to assess the efficacy of 

18 such a system of markers in deterring inadvertent human intrusion. Based on the assumption that the ability of a 

19 marker system to deter intrusions rests on the survival of the marker system over an extended period of time and 

20 the ability of potential intruders to detect the markers and to understand the messages that they carry, the Markers 

21 Panel members were asked to provide estimates of probabilities for several event<>: 

22 • First, the probability that a marker and its message(s) would remain intact. (This first probability estimate 

23 was requeste<J for various times in the future.) 

24 • Second, if the marker and its messages remain intact, the probability that the potential intruders are able to 

25 understand the message and thus become forewarned of the inherent dangers of intrusion. (This second 

26 probability estimate was requested for several different types of intrusion.) 

27 The above two probability estimates were made under various assumptions about the st.ate of technology in the 

28 future. 

29 As noted above, the Futures Panel posed several types of activities that could lead to inadvertent intrusion 

30 into the WIPP (drilling, mining, archaeological investigation); hut on the basis of guidance in Appendix D of 40 

31 CFR Part 191 (U.S. EPA, 1985), it was concluded that the preliminary performance assessment need not consider 

32 intrusion modes such a-. mining or archaeological investigation that may result in more severe consequences than 

33 exploratory drilling for resources. Moreover, the guidance also provides an upper bound for the drilling intensity 

34 to be used in the performance assessment. Three modes of exploratory drilling were identified by the experts 

35 examining human intrusion issues. These modes are exploratory drilling for mineral resources (primarily fossil 

36 fuels), drilling water wells, and drilling for injection disposal wells. Because the repository is well below the 

37 water table in an area where water quality is poor, drilling for water was judged to be an insignificant threat when 
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compared to drilling for mineral resources (see Section 4.1.3 of this volume). Drilling for disposal wells was 

2 identified as a possible threat by one of the four Futures teams, hut probabilities were not provided. Thus, 

3 exploratory drilling for resources is the only mode of intrusion considered in the 1992 preliminary comparison. 

4 5.3.2 Algorithm for Generating Lambda Functions 

5 The time-dependent drilling rates, or lambda functions, that arise in modeling the probability of drilling 

6 (Section 5.2 of this volume) were calculated in the 1992 PA exercise using an algorithm constructed by Hora 

7 (memo in Volume 3, Appendix A of U1is report). The purpose of this algorithm was to assemble quantitative 

8 expert judgments conceming future human intrusion into the WIPP. 

9 The existence of markers and the ability of a society to interpret the warnings left at the WIPP may depend 

1 o upon the state of development of that society. In this exercise, the state of development of the society was 

1 1 represented by the level of the technological development of the society. The level of technological development 

12 (high, medium, or low) was randomly generated from probability distributions provided by the Futures teams. 

1 3 Prior to this .step, however, the Futures team whose level of technology was to be sampled had to be chosen. 

14 This was necessary because the four teams studying potential futures developed analyses independently and in 

15 different ways and there was no simple way to combine their findings. For this reason, a team was randomly 

16 selected on each generation of a lambda function. The assessments from each team represent their collective 

17 judgment. In contrast, memhcrs of one of the Markers teams individually provided probability assessments while 

18 the other team provided a consensus set of probability distributions. Thus, when one of the two Markers teams 

19 was randomly chosen. it could also he necessary to select randomly one of the tcmn members for that iteration. 

20 This procedure avoided making unfounded assumptions about how to combine disparate distributions. 

21 Next, using a given level of technology, the frequency (f) at which attempted inadvertent intrusion occurs in 

22 the absence of markers or monuments was elicited from the Futures experts. This time-dependent frequency is 

23 called the raw drilling intensity; it docs not Lake into account deterrence by markers. Thus, to gain an estimate of 

24 the eiTectivc drilling intensity A, the raw drilling intensity was modified in the following way: For each of the 

25 several points in time that the raw drilling intensity was evaluated, the probability of the markers existing (PI) 
26 and the probability of the markers deterring an intrusion attempt given that the markers exist (p2 ) were evaluated. 

27 "Jbese two probabilities modify the raw drilling intensity to give the effective drilling intensity, 

28 A= /(1- PtP2). 

29 lbe algorithm for generating inadvertent intrusion can t.hen he succincUy described by the following steps: 

30 1. Randomly select one of the four Futures teams. 

31 The following steps use distributions conditional on the outcome of step I: 

'5-7 



Chapter 5. Drilling Intrusion Probabilities 

1 2. Randomly select a level of technology in the future. When probabilities of levels of technology are 

2 time-dependent, a rank correlation of I will be used to generate the level of technology in the several time 

3 periods. 

4 3. Generate a random variable to determine the intrusion intensity. When intrusion intensities vary with 

5 time periods, a rank correlation of I will be used to generate the intrusion intensities in the several time 

6 periods. 

7 4. Randomly select one of the Markers teams and a Marker team member, if necessary. 

8 5. For each time period generate the probability that markers arc extant given the level of technology. 

9 6. For each time period, generate the probability that the markers deter intrusion given that the markers arc 

1 0 extant, the level of technology, and the mode of intrusion. 

11 7. Compute the effective drill in~ intensity for each time period. 

12 Note that in step 3, a single random number is used to select an intrusion intensity for all periods. This 

13 assumption results in the variability of the performance measure being maximized among the Monte Carlo 

14 iterations. 

15 5.3.3 Use of the Lambda Functions 

16 The effective drilling intensity, A.(t ), is used to generate probabilities of computational scenarios for human 

17 intrusion by drilling in the manner described in Section 5.2. However, the algorithm described in Section 5.3.2 

18 does not provide direct input to sensitivity and uncertainty analyses; instead, the code implementing the algorithm 

19 is run many times in order to generate a family of equally likely realizations of the lambda functions, and it is this 

20 family of realizations that is sampled in the Monte Carlo calculations (see Section 5.2, Volume 3 of this report). 

21 A family of 70 realizations was generated for the I992 series of calculations; one of these realizations is shown on 

22 Figure 5-1 and the remainder are displayed in Appendix D of Volume 3. The realizations of A.( 1) can be regarded 

23 as a random sample from an effectively infinite population of drilling intensities implicitly defined by the expert-

24 judgment data and the reasoning that went into the construction of Bora's algorithm (Section 5.3.2). The 

25 variability shown by members of this artificial population (see Appendix D, Volume 3) represents the assessed 

26 uncertainty in future drilling intensities and the effectiveness of markers. 
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6. DATA AND CDFS 

2 6.1. Conventions 

3 Volume 3 of tllis report provides distribution functions for parameter values used as input to tlle 1992 PA 

4 calculations, and references for the primary data sources on which tllc distributions are ba<;ed. Volume 3 uses 

5 standard terms of probability tlleory and statistics or nonstandard terms to characterize model parameters. Very 

6 brief explanations of these terms arc provided below; more detailed explanations arc provided in Section 1.2 of 

7 Volume 3. 

a 6.1.1 Probability Distribution Functions 

9 For a continuous, uncertain parameter, say X, tllc probability density function (pdf) is a function J(x) ~ 0 

1 0 with the properties 

11 J:!(x)dx = probability that uncertain parameter X lies in interval (a, b): 

12 r:J(x)dx=1 

13 The cumulative distribution function (cdf) w;sociatcd witll J(x) is defined by 

14 F(x) = roo f(s )ds = probability that uncertain parameter X is less than or equal to x. 

15 Uncertain parameters may also he called "imprecisely known parameters" elsewhere in this series of reports. 

16 Probability density functions (pdfs) and cdfs can he similarly defined for uncertain parameters that take on a 

17 denumerable number of values, x;.i = 1,2, .... The sequence{!; },i = 1,2, ... , such that!;> 0 and 

18 _LJ;=l, 

19 is the discrete analogue of tllc continuous pdf, and 

20 F(x) = L/; 
all x; <x 

21 is the discrete analogue of tJ1e continuous cdf. 
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6.1.2 Empirical Distribution Functions 

2 Empirical cdfs are histograms or piecewise-constant functions that are based on percentiles derived from a set 

3 of measurements (data), or a set of subjective estimates of experts. For independent measuremenLc; (data) of some 

4 quantity. the empirical cdf is an unbiac;cd estimator of the unknown population cdf of that quantity (BJorn, 1989, 

5 p. 216); this property docs not always apply to empirical cdfs derived from subjective estimates of expert<;. 

6 6.1.3 Range 

7 The range of a distribution is denoted by (a, b), the pair of numbers in which a and bare respectively the 

8 minimum and maximum values that can reasonably be taken by the uncertain parameter X. 

9 6.1.4 Mean and Sample Maan 

10 The mean value (or, simply, mean) of a distribution is one measure of the central tendency of a distribution; 

1 1 it is analogous to the arithmetic average of a series of numbers. The population mean, J.l, is defined by 

12 Jl = J~oo xf(x )dx for continuous distributions, or 

13 L x;!; for discrete distributions. 

allx; 

14 The sample mean, denoted by .f. is the arithmetic average of values in an empirical data set. A sample mean 

15 can also he ac;signed to empirical cdfs derived from subjective estimates of experts. 

16 6.1.5 Median and Sample Median 

17 The median value of a cdf is denoted by x50 and is that value in the range at which 50% of all values lie 

18 above and below (i.e., t11e 0.5 quantile). Sample medians, here denoted by x50 , can be obtained directly from 

19 empirical cdfs. 

20 6.1.6 Variance and Coefficient of Variation 

21 The variance of a distribution, cr2, is the second moment of t11e distribution about iL<> mean, i.e., 

I
oo 2 

22 cr2 = -oo (x- J.l) f(x)dx for continuous distributions, or 
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allx; 

Conventions 
Variance and Coefficient of Variation 

2 The standard deviation, cr, is the positive square root of the variance. The coefficient of variation, the ratio 

3 of standard deviation to mem1, crfj.J., is a convenient measure of the relative width of a distribution. 

4 The sample variance, s2, of a set of mea~urcments of parameter X, say X1, X2•···· XN is the sum 

N 

5 N~IL(Xn<f)2. 
n=l 

6 The sample variance of independent measurements of some quantity is an unbiased estimator of the population 

7 variance of that quantity (Biom, 1989, p. 197). (A variance can also be formally calculated for empirical cdfs 

8 derived from subjective estimates of experts; this is not a sample variance, however.) 

9 6.1.7 Categories of Distributions 

10 Distributions used in the 1992 PA arc grouped into five categories: 

11 • continuous, analytical distributions (nonnal, lognormal, uniform, or loguniform) 

12 • discrete, analytical distributions (Poisson, binomial) 

13 • constructed empirical distributions ba<;ed on measurements 

14 • constructed empirical distributions based on expert judgment 

15 • miscellaneous categories (null distributions; i.e., constants and tabular functions). 

16 6.1.7.1 CONTINUOUS DISTRIBUTIONS 

17 Four continuous, analytical distributions arc frequently used in the 1992 PA: 

18 • Normal. Normal designates the nonnal pdf, a good approximation to the distribution of many physical 

19 parameters. 

20 • Lognormal. Lognonnal designates a Iognonnal pdf. a distribution of a variable whose logarithm follows 

21 a normal distribution. 

22 • Uniform. Uniform designates a pdf that is constant in the interval (a, b) and zero ouL-;idc of that interval. 
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• Loguniform. Logunifonn designates a logunifonn pdf, a distribution of a variable whose logarithm 

2 follows a unifonn distribution. 

3 6.1.7.2 DISCRETE DISTRIBUTIONS 

4 A frequently used discrete distribution is the Poisson distribution. The Poisson pdf is often used to model 

5 processes taking place over continuous intervals of time such a-. the arrival of telephone calls at a switch station 

6 (queuing problem) or tllc number of imperfections per unit length produced in a bolt of cloth. The Poisson pdf 

7 was used in the 1991 probability model for human intrusion by exploratory drilling. The 1992 probability model 

8 for human intrusion incorporates effects of deterrence by markers; this model is based on generalized Poisson 

9 distributions. 

10 6.1.7.3 CONSTRUCTED DISTRIBUTIONS (DATA) 

11 A constructed distribution of the Data type is simply an empirical cdf constructed from sets of measured data 

12 points in the data base. For intrinsically discrete data, the empirical cdf is a piecewise-constant function 

13 resembling a histogram. For intrinsically continuous data, the empirical cdf is always converted to a piecewise-

14 linear function by joining the empirical percentile point<; with straight lines; this is done to ensure that, in Monte 

15 Carlo sampling, the distribution of sampled parameter values will cover all of the range of the distribution 

16 (Tierney, 1990, p. ll-5). 

17 In some cases, the PA Department may modify constructed distributions of the Data type by extending the 

18 range of the data set to include estimated 0.01 and 0.99 quantiles. Because the rcmge of measurement<> in a data set 

19 may not reflect the true range of the random variable underlying the measurements, the PA Department may 

20 estimate the nmge by x + 2.33s, where x is the sample mean and s is the sample standard deviation. 

21 6.1.7.4 CONSTRUCTED DISTRIBUTIONS (SUBJECTIVE) 

22 Constructed distributions of the Subjective type are histograms based on subjective estimates of range (the 0 

23 and 100 percentile) and at Iea<>t one interior percentile point (usually the 50 percentile or median). The subjective 

24 estimates of percentile points are usually obtained directly from experts in the subject matter of the parameter of 

25 concern. Histograms for intrinsically continuous parameters arc always converted to piecewise linear cdfs by 

26 joining the subjective percentile points with straight lines. 

27 6.1.7.5 MISCELLANEOUS CATEGORIES 

28 Null categories of distributions are described below: 

29 • Constant. When a distribution type is listed as constant, a distribution has not been assigned and a 

30 constant value is used in all PA calculations. 

6-4 



Conventions 
Categories of Distributions 

1 • Spatial. The spatial category indicates that the parameter varies spatially. This spatial variation is 

2 usually shown on an accompanying figure. The median value recorded is a typical value for simulations 

3 that use the parameter as a lumped parameter in a model; however, the value varies depending upon the 

4 scale of the model. The range of a spatially varying parameter is also scale dependent. 

5 • Table. The table category indicates that the parameter varies with another property and the result is a 

6 tabulated value. For example, relative permeability varies with saturation; its distribution type is listed as 

7 table (also, the median value is not meaningful and is therefore omitted in the table). 

8 6.2 Selection of Parameter Distributions 

9 6.2.1 Requests for Data from Sandia Investigators and Analysts 

1 0 The PA Department follows a well-defined procedure for acquiring and controlling the parameter distributions 

11 used in consequence and probability models: 

12 • Identify Necessary Data. Each year, the PA Department identifies data that are necessary to construct 

13 parameter distributions for the preliminary performance assessment. Members of the department may 

14 compile data from published reports, personal communications with investigators, and other sources. 

15 • Request Median Value and Distribution. The PA Department then requests that the investigators 

16 provide either new data or a median value and distribution for each parameter in a large subset of the 

17 parameters. Some model parameters arc specific to the PA calculations and so individuals in the PA 

18 Department are considered the experts for these parameters (e.g., probability model parameters). Initially, 

19 Sandia investigators arc responsible for providing data, or if data are unavailable, distributions for all 

20 parameters. As this procedure for acquiring data is repeated, a few parameters arc evaluated through formal 

21 elicitation. 

22 • Update Secondary Data Base. The PA Department enters the endorsed or elicited data for all 

23 parameters into the secondary data base. The PA Department then either constructs parameter distributions 

24 or uses distributions provided by the investigator; the PA Department selects a subset of these parameters 

25 to sample in each annual PA exercise, keeping all other values constant at their median values, unless 

26 specifically noted. 

27 • Perform Consequence Simulations and Sensitivity Analyses. The PA Department runs 

28 consequence simulations and sensitivity analyses with selected subsets of parameters from the updated 

29 secondary dala base. The sensitivity analysis evaluates the sensitivity of a parameter in determining 

30 variation of the result (i.e., CCDF). 

31 Determine Whether Parameter Is Important in Analysis. By means of the sensitivity analyses, 

32 the PA Department can detenninc whether the parameter as specified is significant in the calculations. 
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6.2.2 Construction of Distributions 

2 The PA Deparunent follows the five-step procedure outlined below to construct probability distributions 

3 (cdfs): 

4 1. Determine whether site-specific data for the parameter in question exist. If data exist, go to step 3. 

5 2. Request that the investigator supply a specific shape (e.g., normal, lognormal) and associated numerical 

6 

7 

parameters for the distribution of the parameter. If specific shape and distribution parameters cannot be 

supplied, go to step 4; otherwise go to step 5. 

8 3. Determine the size of the combined data sets. Is sample size is sufficiently large, PA staff constructs 

9 distribution (go to step 5). 

10 4. If sample size is small, or investigator cannot provide a specific distribution, request that the investigator 

11 provide subjective estimates of the range and details on the distribution of the parameter. 

12 5. Assign distribution. 

13 6.2.3 Some Limitations on Distributions 

14 The major limitations on the validity of the probability distributions assigned to parameters in the 1992 PA 

15 are believed to be a consequence of two things: 

16 The equating of spatial variability with model parameter uncertainty, particularly for lhat class of 

1 7 pardllletcrs called material-property parameters. 

18 • The neglect of correlations between model parameters. 

19 These limitations are discussed in detail in Volume 3 (Section 1.3.3). 
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7. CONSEQUENCE MODELING 

2 7.1 Radioactive Decay 

3 The quantity of radioactive material that reaches the accessible environment depends in part on the growth and 

4 decay of the component radionudides in the waste. The Bateman equations (Wehr et al., 1984) are used to 

5 calculate this decay within the repository. The Bateman equations in tenns of activity are: 

6 
dN· 
_I =-f....·N·+f....·N· I dt I I I 1- ' 

7 where N; is the activity of radionuclide i, tis time, and f...; is the disintegration constant of radionuclide i. 

8 For given initial inventories Nf0l, the solution can be written as 

j 

9 ( ) "' -A. ·t N; t = Lai.je J , 

J=i 

1 o where the coefficients a;,j are defined by the recurrence relations 

11 

12 and 

13 

i-1 

a··= N~O)- "'a· · 
1,1 I L 1,) 

J=l 

i > j. 

14 7.2 Multiphase Flow Through Porous Media 

(7-1) 

(7-2) 

{7-3) 

(7-4) 

15 A computational model called BRAGFLO (BRine And Gas FLOw) that simulates two-phase fluid flow 

16 through porous, heterogeneous reservoirs has been developed for WIPP PA. As discussed in Appendix A of this 

17 volume, BRAGFLO uses finite-difference methods to solve the coupled nonlinear partial differential equations 

18 (PDEs) describing Lhe mass conservation of the gas and brine components distributed between the gas and liquid 

19 phases. 

20 The PA Deparunelll uses BRAG FLO in Monte Carlo consequence analyses to quantify the flow of brine and 

21 gas tJ1rough the repository and su1Tounding strata for both the undisturbed, base-case scenario and human-intrusion 

22 scenarios. For the 1992 PA, the code is used to model fluid llow within the Salado Formation and the repository, 

23 including a representation of the shaft system for undisturbed performance. The Culehra Dolomite Member of the 
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Rustler Formation and a hypothetical pressurized brine reservoir in the Castile Formation are included in the 

2 model because of their potential roles as a sink and a source, respectively, for fluid flow. 

3 7.2.1 Features and Capabilities of BRAGFLO 

4 BRAGH..O is capable of describing three-phase (e.g., water, gas, and oil) fluid flow through porous media in 

5 one, two, or three dimensions. Only two phases (brine and gas) are modeled for WIPP PA; calculations to date 

6 have only been performed in one and two dimensions. The code uses spatially varying meshes and solves the 

7 coupled nonlinear PDEs using nonlinear Newton-Raphson iteration, automatic time-stepping, and direct or 

8 iterative solvers. 

9 Additional features of BRAG FLO are the capability to incorporate the following: the effect of halite creep on 

1 o waste porosity using output from the SANCIIO code (see Section 7.3 and Appendix B of this volume); 

11 anisotropic permeabilities; nonideal gas behavior (Redlich-Kwong-Soave); rock compressibility; and kinetic or 

12 reactant-dependent gas generation as ;t function of fluid saturations. 

13 Multipha<>e flow is simulated as simultaneous immiscible displacement in porous media. Regions within the 

14 model domain (e.g., waste, seals, and lithologic units) are represented as solid continua of interconnected void 

15 space, and porosity is expressed as the ratio of void volume to total volume for each region. Flow occurs 

16 according to heuristic extensions of Darcy's Law, in that the rate of flow of a homogeneous fluid through a porous 

17 medium is proportional to the hydraulic gradient and to the cross-sectional area normal to the direction of flow, 

18 and inversely proportional to fluid viscosity (see Appendix A of this volume for additional discussion). 

19 Permeability is the constant of proportionality in Darcy's law. flow is assumed to be laminar, and fluids are 

20 viscous and Newtonian. Forces that affect fluid flow arc those due to pressure, gravity, capillarity, and viscous 

21 shear. fluid saturation is defined to be the ratio of fluid volume to void volume. At least one fluid phase is 

22 present at all times, and all void volume is occupied by fluid. 

23 Effects of capillary pressure and relative permeability occur when two (or more) fluid phases are present in a 

24 porous medium. Curvature of the interface separating fluid phases and surface tension cause a capillary pressure 

25 difference across the interface. During fluid flow, interference between the phases deforms the interface. Relative 

26 permeability describes this interference on a macroscopic scale, and varies with fluid saturation. Relative 

27 permeability is expressed as the ratio of the permeability of the rock (or other material) with the fluid in question 

28 at a given saturation to the permeability of the rock when 100 percent saturated with the fluid. 

29 Residual saturation of a fluid phase is defined as the smallest saturation of fluid required to form continuous 

30 pathways through the medium. It is the minimum saturation at which the phase will flow in response to a 

31 pressure gradient. Below residual brine saturation, brine exists as a thin film around rock grains or as isolated 

32 pocket<;, and gas is present in sufficient volume to form an interconnected pathway. The relative permeability for 

33 brine is zero. Above residual brine saturation and below residual gas saturation, both brine and gas form 

34 continuous pathways through the porous network, and relative permeabilities for both phases are greater than zero. 
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When brine saturation is sufficiently high tllat gas saturation falls below residual, gas exists only as isolated 

2 pockets surrounded by brine. Gas flow does not occur, and relative permeability for gas is zero. 

3 7 .2.2 Interaction of Important Repository Processes 

4 The coupling of processes simulated by BRAGFLO is illustrated schematically in Figure 7-1. The material 

5 properties tllat describe tlle repository system are represented in tlle center of a triangle, tlle apices of which 

6 represent tllc physical processes tllat operate within tlle system. Arrows indicate !he major interactions. 'Thus, tlle 

7 amount of brine present in !he room is a function of two-phase flow, and is a contributing factor in tlle rate and 

8 amount of gas generation. The rate and amount of gas generation are contributing factors to two-phase flow, as is 

9 brine consumption by corrosion reactions !hat generate gas. Changes in wac;te porosity result from halite creep; it 

10 affects botll two-phase flow and, tllerefore, gas generation tllrough its influence on brine solubility. Completing 

11 the coupled interactions, bolh two-phase flow and gas generation affect halite creep (through tlleir impact on 

12 pressure witllin the panels) and therefore have an effect on changes in waste porosity. 

13 7.2.3 General Assumptions Used in 1992 PA Two-Phase Flow Modeling 

14 The following is a list of major assumptions used in two-phase flow modeling for tlle 1992 PA: 

15 • Rock permeabilities (1) varied witll material type, (2) were uniform within a material, and (3) did not vary 

16 with time. 

17 • Void volume of waste was estimated as a function of pressure using SANCHO (Section 7.3 of tllis 

18 volume). 

19 • Gas potential was based on an extrapolation of inventory volume fractions of combustibles and 

20 metals/glasses to design capacity (Section 2.3.2.1 of !his volume; Volume 3, Section 3.4 of this report). 

21 • Gas generation occurs by corrosion of ferrous metals and biodegradation of combustible materials only, and 

22 tlle contribution of radiolysis is assumed to be negligible (Volume 3, Section 3.3 of tllis report; WIPP PA 

23 Division, 1991c, Section 3.3). 

24 • All gas was assumed to have !he physical properties of hydrogen, which will be a principal component 

25 resulting from corrosion of ferrous metals (Volume 3, section 1.4.1 of tllis report). 

26 • As long as corrodible or biodegradable waste remains, gas generation is a function only of brine saturation 

27 (WIPP PA Division, 1991c, Section 3.3). 
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Mu~iphase Flow Through Porous Media 
General Assumptions Used in 1992 PA Two-Phase Flow Modeling 

• Water is consumed during corrosion of ferrous metals; biodegradation reactions require the presence of water 

2 to occur but have no effect on the net water balance (WIPP PA Division, 199lc, Section 3.3). 

3 • No reactions affect gas after it is generated (WIPP PA Division, 199Ic, Section 3.3). 

4 • The solubility of gas in brine is assumed to be negligible. 

5 • The Salado Formation is assumed to be initially I 00 percent brine saturated. 

6 • Initial pressures in the Salado Formation vary hydrostatically from a sampled pressure at the elevation of 

7 MB 139 (Volume 3, Section 2.4.3 of this report). 

8 7.3 Waste-Filled Room Deformation 

9 Consequence models of multiphase flows within a wac;te-filled room (Section 7.2) require that the effective 

1 0 porosity and permeability of waste and backfill materials be specified. Realistic estimates of effective porosity and 

11 permeability must in tum account for three phenomena: 

12 • waste-material composition (metallics, sludges, combustibles) 

13 • geomechanical closure of the room 

14 • back pressure of gac;es generated in the room by chemical and biological degradation of waste materials. 

15 Thus, the ideal model of multiphase flow within a waste-filled room would couple the two-phase flow model 

16 described in Section 7.2 and Appendix A with a model that can simulate the goo mechanical closure of the room. 

17 This ideal model, however, is not practically achievable. Direct solution of the fully coupled equations of 

18 two-pha<;e flow and geomechanical closure in the repetitive manner required by the PA methodology is unrealistic 

19 using present resources; the PA Deparunent instead has chosen to examine the sensitivity of the system to closure 

20 using simplifications of the coupling that capture closure approximately while keeping calculations of two-phase 

21 flow manageable. In the 1991 series of PA calculations, a simple approximation was made: Effects of room 

22 closure and gas pressure were ignored and room material-property parameters were assigned time-independent 

23 values that were based on the assumed waste-material composition. (See Sections 3.4.7 and 3.4.8 of WIPP PA 

24 Division [199lc]). 

25 The present ( 1992) series of calculations includes effects of room closure and gas generation in an indirect 

26 way. A separate (i.e., uncoupled) calculation of the effective porosity of a waste-filled room as a function of 

27 time and total moles of gw; generated was made (Mendenhall and Lincoln, February 28, 1992, memo in Appendix 

28 A, Volume 3 of this report); data from this calculation were used to fit a porosity "surface" (Figure 7-2) that was 

29 then used as a constraint on room porosity in the equations of two-phase flow (see Appendix A on BRAGFLO). 
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Waste-Filled Room Deformation 

1 The room deformation component of the separate calculation was accomplished with SANCHO, a finite element 

2 computer program for simulating the quasistatic, large-deformation, inelastic response of two-dimensional solids; 

3 a brief description of the SANCHO code is provided in Appendix B. Details of room-deformation and gas-

4 generation component<; of the separate calculation and values of mechanical and material-property parameters used 

5 in the separate calculation are provided in Volume 3 of this report. 

6 7.4 Waste Mobilization 

7 Following the occurrence of an E2 or EIE2 scenario (Section 4.2.3.2), flow of hrine through a collapsed 

8 WIPP panel and up an intrusion borehole may result in mobilization of dissolved, radionuclide-bearing compounds 

9 and their transport towards the Culehra Dolomite Member of the Rustler Formation. The consequence model that 

1 0 simulates the process of waste mobilization is currently implemented in part of a computer code called PANEL. 

1 1 The mathematical model on which PANEL is based is described in Section 1.4.4 of Volume 3 of this series of 

12 reports, and represents an extreme simplification of a potentially complex situation that in reality involves a 

13 mixture of waste forms having widely varying physical and chemical compositions in contact with 

1 4 inhomogeneous flows of hrine. The discussion that follows (I) details the assumptions that were made in order to 

15 arrive at the simplified mathematical model of waste mobilization (Section 7.4.I) and (2) briefly presents the 

16 simplified model of waste mobilization (Section 7.4.2). 

17 7.4.1 Assumptions 

1 B Eight assumptions about panel geometry, waste and backfill composition, brine discharge, and brine-waste 

19 chemical reactions are implicit in the PA Department's current model of wa<;te mobilization: 

20 I. A collapsed WIPP panel (rooms and drifts) is idealized as a single, connected cavity of constant volume 

21 (Figure 7-3). 

22 2. Waste and backfill within the collapsed WIPP panel (cavity) are treated as a homogeneous porous 

23 medium of constant porosity and infinite permeability; radionuclide-bearing compounds are uniformly 

24 distributed throughout the cavity. 

25 3. The idealized panel (cavity) is connected to sources and sinks for brine by one or more discrete inlets or 

26 outlets (horeholes); hrine may also flow across walls of the cavity (Figure 7-3). 

27 4. Steady-state discharge of brine tluough the idealized panel is assumed to hold for all time; that is, 

28 

29 where the net discharge, Q(t), is calculated with the model for multipha-;e flow (Section 7.2). 
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2 Figure 7-3. Idealized collapsed WIPP panel in PANEL model. 

3 5. The pore spaces of the idealized panel are fully saturated with hrine at all times; that is, mobilization of 

4 radionuclide-bcaring compounds in the ga<; pha<;e is ignored. 

5 6. Chemical equilibrium and uniform mixing of liquid-phase compounds throughout the idealized panel are 

6 achieved on time scales that are much smaller than the mean residence time of the brine in the cavity. 

7 7. The solubility limit for a given isotope (e.g., LJ-234) of a given element (e.g., uranium) is assumed to be 

8 proportional to the solubility limit of the element; the constant of proportionality is taken as the ratio of 

9 the mass of the isotope that currently remains in the cavity to the sum of the masses of all currently 

1 0 remaining isotopes of the element. 

11 8. Mobilization is limited to dissolved radionuclides; suspended radionuclides (colloids) arc not considered to 

12 be mobilized by the brine. 

13 

14 

15 

16 

17 

Assumptions I and 2 imply that the total pore space in the idealized, collapsed WIPP panel is constant and 

equal to E V, where E is t11e constant porosity and V is the cavity volume; assumption 5 implies that the total 

pore space is filled wiU1 brine at all times. Assumptions 3 and 4 imply that the mean residence time of brine in 

the repository is given by 

EV 
t=-

Q' 
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Assumptions 

regardless of the stated time dependence of Q. Assumption 6 implies that characteristic times to reach chemical 

2 equilibrium and characteristic times for complete mixing of dissolved species by diffusion through cavity pore 

3 spaces are always much smaller than 't. Because the rates of chemical reactions between dissolved and immobile 

4 species are unknown, the validity of assumption 6 cannot be tested at this time; times for complete mixing by 

5 diffusion can be estimated hut have not yet been compared with mean residence times for brine. 

6 Assumption 7 was made in order to simplify the equations that descrihc the masses of the various radioactive 

7 isotopes of an clement that remain in the cavity at any time after occurrence of an E2 or E1E2 scenario (see 

8 Section 7.4.2 below and Section 1.4.4 of Volume 3). An altemative assumption would set isotope solubility 

9 limits equal to the elemelll solubility limit. 

10 7.4.2 Simplified Mathematical Model 

11 The simplified mathematical model of waste mobilization is expressed as a system of coupled, ordinary 

12 differential equations, with each system applying to a radioactive decay chain: 

13 (7-5) 

14 where i = 1, 2, .... N numbers the N radionuclides in a given decay chain, a dot ( •) over a quantity means the time 

15 derivative,and 

16 M;(t) = ma-;s of ;th radionuclide remaining in cavity at timet> t0 (kg), 

17 Q(t) = discharge of brine through cavity at t > t0 (m3/s), 

18 Si = solubility limit for element associated with i1h radionuclide (kg/m3), 

19 Aj = decay constmll for ;th radionuclide (s·l ), and 

20 t0 = the time of initiation of a disruptive scenario (s). 

21 In Equation 7-5, lM j signifies summation over the remaining masses of all radionuclides (including the ;th 

22 radionuclide) associated with a given element. The initial conditions of Equation 7-5 arc 

23 (7-6) 

24 where Mi0 (t0 ) is the initial (t = 0) inventory of the ;th radionuclide (kg) aged by the Bateman equations (Section 

25 7.1) to reflect mass remaining at t0 > 0. 
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7.5 Groundwater Transmissivity Fields 

2 The WIPP PA Deparunent employs a multiple-realization technique to account for spatial variability of the 

3 transmissivity field within the Culebra Dolomite (LaVenue and RamaRao, 1992). The technique uses an 

4 automated inverse approach to calibrate a two-dimensional model to both steady-state and transient pressure data. 

5 The multiple-realization technique can be broken down into three steps: 

6 1. Unconditional Simulation. An unconditional simulation of the WIPP transmissivity fields is 

7 

8 

9 

generated. This is a random field that has the same spatial correlation structure as the transmissivity 

measurements, but does not necessarily match measured transmissivities at the location of their 

measurements. 

10 2. Conditional Simulation. The random field produced in Step I is conditioned in this step so that it 

11 

12 

13 

honors exactly the measured transmissivities at the locations of their measurements. The resulting field, 

called a "conditional simulation" of the transmissivity field, is used as the initial estimate of the Culebra 

transmissivity field. 

14 3. Automated Calibration. The conditional simulation of the transmissivity field is then calibrated so 

15 that the pressures computed by the groundwater-flow model (both steady and transient state) agree closely 

16 (calibrated within the uncertainty in head measurements, i.e., between 1 and 2 m) with the measured 

17 pressures in a least-square sense. Calibration is achieved by placing synthetic transmissivity values 

18 (pilot points) automatically where the sensitivity of the difference between observed and calculated 

19 pressure to changes in the transmissivity field is greatest. When calibration is completed, a conditionally 

20 simulated tr<msmissivity field is obtained that conforms with all head and transmissivity data at the WIPP 

21 site and may be regarded therefore as a plausible version of the true distribution of transmissivity. 

22 This process is repeated to produce the desired number of calibrated, conditionally simulated fields. (Seventy of 

23 these fields were calculated in tltis manner for the 1992 PA calculations.) A description of this methodology, 

24 extracted from LaVenue and RamaRao (1992), follows. (A more complete discussion of the methodology is 

25 provided in Appendix D of this volume.) 

2s 7.5.1 Unconditional Simulation 

27 The following methods have been used earlier in groundwater hydrology for generating unconditional 

28 simulations: nearest-neighbor method (Smith and Freeze. 1979; Smith and Schwartz, 198 I), matrix 

29 decomposition (de Marsily, 19R6), multidimensional spectral analysis (Shinozuka and Jan, 1972; Mejia and 

30 Rodrfguez-Iturbc, 1974), turning-bands method (Mathcron, 1971. 1973; Mantoglou and Wilson, 19R2; 

31 Zinuncrman and Wilson, 1990). Here Ute turning-bands method is used. 

32 In the turning-bands method, a two-dimensional stochac;tic process is generated by the summation of a series 

33 of equivalent one-dimensional processes (Mantoglou and Wilson, 1982): 
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Unconditional Simulation 

(7-7) 

2 where Zs ( N) is the two-dimensional field to be simulated, Z; ( ~N;) is the one-dimensional process in the line 

3 inteJVal (band) of line i measured by ~; and containing N; (the projection of point N onto line i), and L is the 

4 number of lines selected. As in La Venue ct al. (1990), the 1992 calculations model the WIPP transmissivity data 

5 as a two-dimensional field with an intrinsic random function of order zero (IRF-0), making it possible to usc the 

6 Weiner-Levy Process to generate the line process Z;(sN;) in Equation 7-7. 

7 7_5.2 Conditional Simulation 

8 The procedure for conditioning is based on the following relationship: 

9 Z(x)"" Z0 k{x) + [Z,te(x)- Zudx)]. (7-8) 

10 where Z(x) is the true (but unknown) value of the field at point x, Z0 k{x) is the kriged estimate of Z atx based 

11 on the observed values of Z at the locations of the observations, Zuc (x) is the unconditionally simulated value of 

12 the field at point x, and Zuk (x) is value of the kriged estimate at x based on the unconditionally simulated values 

13 of Zuc at the locations of the observations. Equation 7-8 clarifies the conditioning step as one of adding a 

14 simulated kriging error on a kriged field using the mca,ured data. This step involves kriging twice, once with the 

15 measured transmissivitics and another time with the unconditionally simulated transmissivities, both at the 

16 location of the observations. The simulated kriging error is rendered zero at all obscJVation points. 

17 7.5.3 Automated Calibration 

18 In the 1992 calculations, model calibration is done by an indirect approach. Synthetic transmissivity values, 

19 referred to as pilot points. arc automatically placed in regions of the conditionally simulated transmissivity field 

20 where an objective function (Equation 7-9) is most sensitive to changes in the this transmissivity field. This 

21 objective function is defined as the weighted sum of the squared deviations between the model computed pressures 

22 and the obscJVcd pressures, wit11 the summation being extended in the spatial and temporal domain where pressure 

23 mea,urcmcnl<; are taken: 

L 

24 .!(!!)= L~~(k)E- 1 (kkp(k). (7-9) 

k=l 

25 where .I(!!) is the weighted least square (WLS) error criterion function, !! is the vector of parameters 

26 (Yp = log10 Tp)• TP is the pilot-point transmissivity, ~P is the difference between the computed and obseJVed 

27 pressures, E is the covariance matrix of errors in the observed pressure, k is the time step number, L is the 

28 number of time steps, and Tis the transpose. 
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1 Pilot points arc added to the existing measured transmissivity data set during the course of calibration. After a 

2 pilot point is added to the transmissivity data set, the augmented data set is used to obtain a revised, conditionally 

3 simulated transmissivity field for a subsequent iteration in calibration. With the addition of a pilot point, the 

4 transmissivity distribution in the neighborhood of the pilot point gets modified with dominant modifications 

5 being closer to the pilot-point location. 

6 Pilot points are placed at locations where their potential for reducing the objective function (Equation 7-9) is 

7 highest This potential is quantified by the sensitivity coefficients (d./ fdY) of the objective function J with 

8 respect to Y, the Iogaritlun (to base I 0) of pilot-point transmissivity. Coupled adjoint sensitivity analysis and 

9 kriging are used to compute the required derivatives (RamaRao and Reeves, 1990). The transmissivities at pilot 

10 points are a<;signed hy an unconstrained optimization algorithm and a subsequent imposition of constraints. The 

11 optimization algorithm, which belongs to a class of iterative search algorithms, involves the repeated application 

12 of the following equation until convergence is achieved: 

13 (7-10) 

14 where i is the iteration index, d..i is the direction vector, ~i is the step length (a scalar), and Ki is a vector of 

15 parameters to be optimized (i.e., logarithms of pilot pointtransmissivities to base 10). 

16 There are two levels of iteration used in the calibration process, designated as "inner" and "outer" iterations. 

17 An inner iteration relates to the iterations needed to optimize the transmissivities of the pilot points. When the 

18 convergence of an inner iteration is achieved, the pilot points are added to the transmissivity data set, and then the 

19 outer iteration may proceed. During t11e outer iteration, optimal location of the next set of pilot point<; is 

20 detennined using coupled kriging and adjoint sensitivity analysis. Subsequently, their transmissivities are 

21 optimized by a sequence of inner iterations. 

22 Convergence criteria for the inner iterations are as follows: 

23 • The pcrfonnance mc<L~ure .I drops below a prescribed minimum value. 

24 • The number of iterations equals a prescribed maximum for t11e inner iterations. 

25 • The ratio of the nonn of the gradient to the initial gradient nonn reduces below a prescribed value. 

26 • The gradient nonn is less than a prescribed minimum. 

27 • The relative change in the objective function falls below a prescribed value. 

28 Outer iterations cease once the performance mea~ure .I drops below a prescribed minimum value or the number of 

29 iterations equals a prescribed maximum for the outer iterations. 
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7.6 Groundwater Flow and Transport 

2 Following the occurrence of an E2 or E1E2 scenario (Section 4.2.3.2), flow of brine through a collapsed 

3 WIPP panel may result in mobilization of dissolved, radionuclide-bcaring compounds from wac;te (Section 7.4), 

4 the transport of these compounds up an intrusion borehole, and eventually their injection inlO the Culcbra 

5 Dolomite Member of the Rustler Fonnation (Section 2.2.2.6). Dissolved compounds that reach the Culebra could 

6 then be carried to the accessible-environment boundary by advection and diffusion in groundwater flowing in the 

7 Culebra. Thus, to estimate consequences of certain disturbed-case scenarios, models of groundwater flow and 

8 solute transport through t11c Culcbra are needed. 

9 The consequence model that simulates groundwater flow in the Culebra is currently implemented by a 

10 computer code called SEC0_2DII (Appendix C). The mathematical model on which SEC0_2DH is based is 

11 described in Section 7.6.1 (below), which details assumptions that were made in order to arrive at the current 

12 model of groundwater flow; t11is section also contains discussions of modeling the effects of climate change on 

13 boundary conditions for the Culcbra flow model. 

14 Simulations of solute transport in groundwater flowing through the Culcbra are currently implemented by a 

15 companion to the SEC0_2DH code called SECO_ TP (Appendix C). The mathematical model on which 

16 SECO_ TP is based is described in Section 1.4.6 of Volume 3 of the present series of reports. Section 7 .6.2 

17 (following) contains discussion of the <t<o;sumptions tllat were made in order to arrive at the current model of solute 

18 transport; it also contains discussion of t11e 1992 treatments of hydrodynamic dispersion (Section 7 .6.2.1) and 

19 chemical sorption in fracture flows (Section 7 .6.2.2). 

20 The mathematical models of groundwater flow and solute transport are based on a conunon, highly simplified 

21 conceptual model of the Culebra Dolomite Member of the Rustler Formation: The Culcbra Dolomite Member is 

22 imagined to be a sheet-like mass of rock having lateral dimensions of the order of tens of kilometers and unifonn 

23 thickness of about 8 meters. Sets of planar fractures, all parallel to the plane of bedding, run continuously 

24 throughout the rock mass (Figure 7-4, top) and it is a<o;sumcd t11at all water flow through the Culebra is sustained 

25 by the fracture sets, i.e., there is no flow tJ1rough matrix blocks separating fractures (Figure 7-4, lower left) even 

26 though the matrix blocks arc assumed to be saturated and have a finite kinematic porosity. The surfaces of 

27 fractures arc assumed to be uniformly coated witll layers of clay of constant thickness greater than or equal to 0 

28 (Figure 7-4, lower right) that arc never allowed to entirely fill the void space of a fracture; these clay layers are 

29 assumed to he saturated and to have finite kinematic porosity, but as in the matrix material, no advective flow is 

30 allowed through a clay layer. 
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Figure 7-4. Conceptual hydrologic model of the Culcbra Dolomite Member. 
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Groundwater Flow and Transport 
Groundwater Flow in the Culebra 

2 Groundwater flow aL regional and local scales within the Culebra Dolomite is simulated by solving the 

3 following partial differential equation in two dimensions (x,y): 

4 S/)h =V•(K•Vh) 
ar 

(7-11) 

5 where 

6 h = lz(x,y,t), the hydraulic head(m), 

7 ~~ = S5 (x,y,t), the specific storage of the Culcbra (m· 1 ), 

8 K = K (x,y,l), the hydraulic conductivity tensor (rnls). 

9 'Ibe specific storage and hydmulic conductivity tensors are obtained from more directly measurable quantities. 

10 
S = S(x,y) 

s !lZ , 

11 where 

- f(x,y) 
K=-­l'.Z , 

12 S(x,y) = storage coefficient in t11e Culcbra (dimensionless), 

1 3 l'.Z = Z( x,y ), Cute bra t11ickncss (m), 

(7-12) 

14 f {x,y) = one of a set of simulated transmissivity tensors (units: m2fs). See Section 2.6.9 of Volume 3 

15 for a discussion of how transmissivity fields are generated. Also sec Section 7.5 of this report. 

16 Given appropriate initial and boundary conditions, the SEC0_2DH code is used to solve Equation 7-11 

17 numerically to yield a potentiometric head field, h(x,y,t), which may be used to compute specific discharge (or 

18 Darcy velocity) at any poim in the Culebra: 

19 q(x,y,t)=-K•Vh(mls). (7-13) 

20 The storage coefficients S(x,y), and the Culebra L11ickncss !lZ are treated a<> constant<> (as opposed to functions 

21 of position) in the 1992 series of calculations. 
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7.6.1.1 BOUNDARY CONDITIONS 

2 Groundwater flow is modeled separately in regional and local grids (Figure 7-5) to provide increased resolution 

3 in the area of primary interest around the WlPP. In solving Equation (7-11), boundary conditions are specified on 

4 the outer edges of the regional grid; these boundary conditions may be a mix of the following kind, depending 

5 upon geological and hydrological conditions at a point on the regional boundary: (1) Dirichlet (specified h on 

6 boundary); (2) inhomogeneous Neuman (specified gradient-; of h on boundary); (3) Robin boundary conditions [a 

7 mixture of (1) and (2)]; and (4) adaptive boundary conditions, in which flux ( q) is specified at inflow boundaries 

8 and head (h) is specified at outflow boundaries. Boundary conditions for the local grid, in which radionuclide 

9 transport is modeled, are determined by the groundwater flow calculated for the regional grid. The actual problem 

1 0 geometry and specifications for boundary conditions that were used in the 1992 series of calculations can be found 

1 1 in Volume 4 of this report. 

12 7.6.1.2 EFFECTS OF CLIMATE CHANGE 

13 The effects of climate change are simulated through inclusion of time-dependent Dirichlet boundary 

14 conditions. Specifically, potentiometric heads on portions of the northwestern and northeastern edges of the 

15 regional grid (closest to the assumed recharge area for the Culebra) are set according to the formula (Swift, 1992, 

16 1991) 

17 J3AR+1 (AR-1)( . <l> 1 )] h1(x,y,t)=h,(x,y'L 
4 

--
2
- cos8t-sm2 r+ 2 cos<l>r (7-14) 

18 where 

19 hJ = future potentiometric head (m) 

20 hp = present potemiometric head (m) 

21 AR = Recharge mnplitude factor (dimensionless) 

22 e = Pleistocene glaciation frequency (Hz) 

23 <l> = frequency of Holocene-type climatic fluctuations (Hz). 

24 The recharge amplitude factor, A R• is a number to be chosen between 1 and y > 1. If AR = 1, it is seen that 

25 there are no effects of climatic change. If AR>1. the maximum future head, hp will be greater than the present 

26 head. The constant y is a scaling factor that is chosen to ensure physically reasonable head values on the portion 

27 of the recharge boundary where boundary conditions are applied. 
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Figure 7-5. Example of regional and local grids used for disturhed fluid flow and transport calculations. 
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7.6.2 Solute Transport in the Culebra 

2 The mathematical model of solute transport at the local scale is described in Section 1.4.6 of Volume 3 of the 

3 present series of reports. The physical assumptions and limitations of the 1992 version of the solute transport 

4 model are the same a•; those of the 1991 version (sec 6.5.2.3 in WlPP PA Division, 199Ib), namely: 

5 1. The numerical solution is limited to two dimensions, reflecting tl1e conceptual model of the Culebra 

6 Dolomite member (Figure 7-4). 

7 2. Hydrodynamic dispersion is quantified with a Fick's law term. 

8 3. Fracture flow is modeled as an equivalent porous medium of constant porosity. 

9 4. No adveclivc transport exists tlrrough the Culebra matrix; however, one-dimensional diffusion of solutes 

10 across fracture-matrix interfaces arc allowed (Figure 7-4). 

11 5. Adsorption of solutes on solid phases obeys a linear isotJ1enn. 

12 6. Local chemical equilibrium always exists between solutes and solid phases. 

13 7. Material-property p<rraJncters arc treated as constants over distin·;:t material regions; in other words, 

14 intramatcria.l spatial variability is ignored. 

15 The purpose of a<;sumption 4 is to permit simple simulation of t11e phenomenon of dynamic solute storage 

16 within porous materials surrounding fractures. As solute concentration in fractures increases, solute will diffuse 

17 into and become immobilized witl1in tl1c matrix; if concentrations in fractures decreases with time, solute is 

18 retlllllcd to fractllrcs by diffusion out of the matrix. 

19 The major differences between the 1992 and 1991 versions of t11e solute transport model lie in the former's 

20 treatment of dispersivity parameters and adsorption effects in fracture flows. Details of chMges in the way these 

21 irnporlaJlt physical effects arc implemented in the model <1re presented in the remainder of this section. 

22 7.6.2.1 MODELING HYDRODYNAMIC DISPERSION 

23 The comrxments of the hydrodynamic dispersion tensor for the fracture system Dij, <1re (Scheidegger, 1960) 
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2 where Vi, i = 1,2, arc t.hc components of !he average linear velocity vector in !he fracture system (m/s), aL and 

3 aT are respectively longitudinal and transverse dispersivities (m), D* is !he molecular diffusion coefficient of !he 

4 "average" solute species (m2fs), and 

6 The dispcrsivities, aL and aT, arc measures of !he dispersion of !he true linear velocity vector about !he 

7 average value. Ideally, these parameters would be estimated hy fitting transport model calculations to results of 

8 tracer tests conducted in t.he Rustler Formation at an appropriate scale; but, in !he absence of tracer-test results 

9 suitable for parameter estimation, !he PA Department has had to rely on subjective judgments and resuiL<; from 

1 0 stochastic transport theory to form the necessary estimates. In 1991, it was assumed !hat a L, aT were 

11 imprecisely known constants (WIPP PI\ Division, I99lc, Section 2.6.2), with longitudinal dispersivity varying 

12 between 50 and 300 meters and transverse dispersivity varying between 5 and 30 meters (i.e., one-tenth of 

13 longitudinal dispersivity). 

14 The trcaunent of Culchra dispersivity in the present (1992) series of PA calculations relies heavily on 

15 stochastic transport theory, cxemplilicd by t.he universal scaling approach used by Neuman (1990) to investigate 

16 !he compatibility of fractal transmissivity fields wit.h !he observed scale dependence of dispersivity. Neuman 

17 provides an expression t.hat relates longitudinal dispcrsivity to !he mean value of !he variogram of In T variance at 

18 t.he scaleS and t.hc travel distance L, namely 

19 (7-15) 

20 where C0 
is a constant - I in isotropic media; and 

21 a;(s)=r(v,v)= v
1
2 I I y(x-y)dxdy, (7-16) 

v v 

22 where y (h) is t.hc variogram of In T, h = I x-y I. and each integration in t.he above expression is carried over a 

23 fiXed area v, - L 2. In current ( 1992) P A calculations, C0 = 1 and L is taken to be !he size of t.he model block in 

24 which aL is heing evaluated. 
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The variogram, y(h), is taken to be the one used in the "local" scale generation of the 1992 random 

2 transmissivity fields (Section 7.5 and Appendix D, Volume 3), 

3 y(h) = 1.2x I0-3 h. (7-17) 

4 Here, the "local" scale is defined as that appropriate for the transmissivity measurements, i.e., a scale length 

5 between slug tests radii of influence and pump tests radii of influence; such a scale length is of the order of 10 

6 meters. Note that Equation (7-17) is a linear variogram, for which the concepts of "correlation length" and 

7 "integral scale" have no meaning. 

8 The integral in Equation (7-16) has been evaluated by Joumel and Huijlbregts (1978, p. 113) for a linear 

9 variogram y(h) =hand a rectangular mesh with dimensions Land f.. Their result is analytically messy, but in 

1 0 the case where L = f ( v =area of a square of side L), their expression reduces to 

11 y(v, v) = 0.5213 L. 

12 Multiplying this expression by the constant in Equation (7-17), 1.2 x w-3 , and substituting for y(v, v) in 

13 Equation (7-13) gives an expression for t11e longitudinal dispcrsivity in terms of the size of the model block in 

14 which a L is being evaluated: 

15 <Xr-::6.2 X J0-4 L2 (m). (7-18) 

16 In practice, a value of 1.5 meters is added to the <XL obtained by Equation (7-18) in order to account for microscale 

17 dispersion that must occur below the "local" scale. 

18 The ratio of longitudinal to transverse dispersivity docs not seem to be scale dependent; data from Gclhar ct al. 

19 (1992) suggest that this ratio is almost always between 10 and 50. In the present (1992) series of calculations, 

20 the fixed relation 

21 (7-19) 

22 was adopted. 

23 Note that using model block size as travel distance in obtaining Equation (7-18) is equivalent to the 

24 assumption that dispcrsivity reaches its asymptotic limit at the scale of a model block, and any other non-

25 asymptotic behavior is taken care of by variability of the simulated transmissivity fields (Section 7.5 and 

26 Appendix D, Volume 3). 
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2 Chemical retardation of solutes by sorption on fracture surfaces was modelled in 1990-1991 PA calculations with 

3 a formula proposed by M.D. Siegel (1990). Siegel suggested that the effective solute velocity in a clay-lined 

4 fracture, Veff is related to the average linear velocity of groundwater in the fmcture, V, by 

5 (7-20) 

6 where 

7 Pc = density of clay liner (kgfm3), 

8 Kdc = partition coefficient of solute in clay (m3fkg), 

9 2bc = total thickness of clay layer in a fracture (rn), and 

1 0 2b = fmcturc apctlure (m). 

11 The expression on the right side of Equation (7-20) is called R, the retardation factor; the partition coefficient Kdc 

12 is also called the distribution coefficient. 

13 Consideration of Equation (7-20) will show that it cannot generally describe retardation of solutes being 

14 transported through an open, saturated fracture; in this case, retardation of solute molecules must proceed by 

15 reactions between the mobilized species and stationary species located on the solid surface facing the fracture void 

16 space. In contrast, Equation (7-20) turns out to be a "thin-skin" approximation to retardation of mobile solutes 

17 within pore spaces of the clay layer, which is valid only after solute molecules have diffused or been advectcd into 

18 the clay layer and conccntrational equilibrium is nearly established. In other words, Equation (7-20) is appropriate 

19 for conccntrational equilibrium; note, however, that it may take a long time to reach concentrational equilibrium 

20 by diffusion of solute through highly sorbing clay and that, by assuming instantaneous equilibrium, the 

21 retardation of solutes in fracture flows may have been overestimated in the 1990-1991 calculations. 

22 The PA Deparunent abandoned use of Equation (7 -20) in 1992 and, for reasons provided below, has set R = 1 

23 in fracture flows (sec Equation 1.4.6-1 in Section 1.4.6, Volume 3 of tllis report). An approximate, but 

24 physically motivated expression for the retardation of solutes in fracture flows is derived in the remainder of this 

25 subsection and used to justify tlle choice of R = I. 

26 Freeze and Cherry ( 1979, p. 411) give an expression for the retardation factor in solute transport through a 

27 planar fracture of apenure 2b: 

28 (7-21) 
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where 

2 K 
= mass of solute on solid pha~e per unit area of solid phase ( ) 

a m. 
concentration of solute in solution 

3 Equation (7-21) should be valid when time scales for (I) diffusion across a fracture aperture and (2) achievement of 

4 equilibrium in surficial chemical reactions are always much smaller than other problem time scales (e.g., time 

5 required to advect a solute molecule across a grid cell, time required to diffuse into clay layers). 

6 The surficial distribution coefficient, K0 , can be related to the familiar mass-based distribution coefficient 

7 (Freeze and Cherry, 1979, p. 405), 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

K _ mass of solute on solid phase per unit mass of solid pha~e 
d - concentration of solute in solution 

(m3f kg). 

by 

where 0 111 is the surface area per unit mass of the solid phase (m21kg). Obviously, cr 111 depends upon the 

physical nature of the solid phase, here a natural aggregation of clay grains on the surfaces of saturated fractures in 

the Culebra Dolomite. No measurements or estimates of 0 111 for these clays seem to be available, but an order­

of-magnitude estimate of this quantity can be rapidly made if the clay is visualized a~; an aggregation of regularly 

packed spheres of radius a (i.e., spheres centered on vertices of a cubic lattice of elemental size 2a). To begin 

making this estimate, consider M kg of bulk clay having grain-density pg; then the number of spheres in this 

mass is 

and the surface area of the solid phm;e that is presented to the pore space of the M kg of clay is 

It follows that 

A 3 
crn• = M "' apg , 

ap., Kd and so Ka .:: _.;.;.,. __ 
3 

22 Substitution of this result in Equation (7-21} gives the promised order-of-magnitude estimate of the fracture 

23 retardation factor: 

24 
(7-22) 
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Note the superficial similarity of expressions in Equations (7-20) and (7-22). Their relative magnitudes are 

2 nevertheless always different as can be seen by forming the ratio of (R-l)s from the respective formulas; for 

3 instance, the ratio of (R-1) for Equation (7-22) to (R-1) for Equation (7-20) is of the order of a/be, the ratio of 

4 clay particle size to clay layer thickness. In all but the narrowest of fracture apertures, a/be should be of the order 

5 of w-2 or less (take a= 1 jlffi, b = 100 Jlm). Thus, retardations computed from Equation (7-22) should be much 

6 less than retardations computed from Equation (7-20), justifying the earlier claim that retardation in fracture flows 

7 (i.e., "single porosity" model) may have been overestimated in the 1990-1991 series of PA calculations. 

8 Clay layers on fracture surfaces actually played two roles in 1990-1991 PA models of solute transport in the 

9 Culebra Dolomite: (I) the role described above, i.e., as agents of retardation of solutes in fracture flows, and (2) as 

10 barriers to mass transfer or solutes across the matrix-fracture interface (the "matrix skin resistance" of Section 

11 2.6.7 in WIPP PA Division, 1991c). The PA Department has also abandoned the second of these roles for clay 

12 linings in 1992 versions of the solute-transport models. Clay linings are now treated as extensions of the matrix 

13 and a single diffusion equation [Equation ( 1.4.6-5), Section 1.4.6, Volume 3 of this series] is used to model solute 

14 mass transrx)rt in an effective porous media comprised of Culebra matrix blocks and their adjacent clay linings. 

15 7.7 Direct Removal of Waste 

16 Of the possible pathways for release during the I 0,000-year regulatory period, one of the most important is 

17 that caused by the direct removal of waste t11at would result when an exploratory drill bit inadvertently penetrates a 

18 waste storage room. To quantify the extent of radioactive release resulting from direct removal of waste, the 

19 model described below, extracted from Berglund (1992), ha-; hccn developed. 'The current performance assessment 

20 model assumes that future drilling techniques will be similar to those in usc today. lbis assumption is necessary 

21 to provide a ba-;is on which predictions of rele<t<;e c<m be estimated. 

22 In rotary drilling, a cutting bit attached to a series of hollow drill collars and drill pipes is rotated at a fixed 

23 angular velocity and is directed to cut downward through underlying strata. To remove the material loosened by 

24 the drilling action, a drilling fluid ("mud") is pumped down the drill pipe, t11rough <md around the drill bit, and up 

25 to the surface within the mmulus formed by the drill pipe m1d the tx)feholc wall (Figure 7-6). 

26 If an exploratory drill hit penetrates a waste-filled room, wa<;te resulting from three separate physical processes 

27 can mix with the drilling fluid m1d be trm1sported to the surface: 

28 • cuttings-waste contained in the cylindrical volume created by the cutting action of the drill bit through the 

29 wa-;te, 

30 • cavings-waste that erodes from the borehole in response to the upward-flowing drilling fluid within the 

31 annu Ius, and 

32 • spallings-waste surrounding the enxled borehole that is transrxmed by waste-generated gas escaping to the 

33 lower-pressure borehole. 
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Figure 7-6. Rotary drilling. 
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A discussion of these three processes follows. 

2 7.7.1 Cuttings 

3 For a gauge borehole, the volume of cuttings removed and transported to the surface is equal to the product of 

4 the drill bit area and the drill depth. Thus, to estimate the total volume of waste removed due to the cutting action 

5 of the drill bit (V), it is only necessary to know the compacted repository height (h) and the drill-bit area (A): 

6 V=Ah. (7-23) 

7 The cuttings volume calculated in this manner is a lower bound to the total quantity of wac;te removed by drilling. 

8 7.7.2 Cavings 

9 While a numher of factors that influence drillhole wall erosion have been identified in the literature (Broc, 

10 1982), industry opinion singles out fluid shear stress as the most important factor (Walker and Holman, 1971; 

11 Darley, 1969). This analysis therefore assumes that horehole erosion is caused primarily by the magnitude of 

12 fluid shear stress acting on the horeholc wall. This analysis also assumes that erosion of wall material occurs 

13 when the fluid shear stress at the wall exceeds the effective shear strength for erosion of the wall material (the 

14 surrounding compacted repository wastes) and that the diameter of the bored hole increases until this condition no 

15 longer exists. In this process, it is w;sumed that sufficient time is available to complete the erosion process. All 

16 the eroded material is assumed to pass to the surface in the flowing drilling fluid. 

1 7 Flow in the annulus between the drill pipe and borehole wall is usually laminar (Darley and Gray, 1988). 

18 Adjacent to the collars, however, the smaller annular volume created by the larger collar diameter (Figure 7-6) 

19 causes higher mud velocities, making flow either l;uninar or turbulent (Berglund, 1990; Pace, 1990). For laminar 

20 flow, the analysis lends itself to classical solution methods. Turbulent flow, where the flow is assumed to be 

21 axial with no rotational component, requires a more approximate approach. 

22 7. 7.2.1 LAMINAR FLOW 

23 Below Reynolds numbers of about 2100 for Newtonian fluids and 2400 for some non-Newtonian fluids 

24 (Walker, 1976), experiments have shown that the flow of a fluid in a circular pipe or annulus is well behaved and 

25 can he described using a well-defined relationship hctween the velocity field and the fluid shear stress. This type of 

26 flow is called Imninar. Drilling fluids exhibit non-Newtonian fluid behavior, making it necessary to choose a 

27 functional fonn for the variation of viscosity with shear rate for t11e fluid. Of t11e several different functional forms 

28 that can he used to account for the varying viscosity, this ;malysis uses a fonn chosen hy Oldroyd (1958) and 

29 further developed by Savins and Wallick ( 1966). 
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2 

Savins and Wallick (1966) have shown that the solution for laminar helical flow of a non-Newtonian fluid in 

an annulus could be written in terms of three nonlinear integral equations: 

3 

4 

5 _ 4Q ( RJ)JI (a2 -p2 )(p2 _ ')...2 f _ F,---+4- p-0, 
· rtR3 2 11 P 

(7-24) 

(l 

6 

7 where Q is the drilling fluid (mud) flow rate; r is the radial coordinate; a is the ratio of the collar radius over the 

8 cutting radius ( R; 1 R) (Figure 7-6); M1 is the drill string angular velocity; 11 is the viscosity of the drilling fluid; 

9 p is the non-dimensional radial coordinate representing the ratio rf R; and J....2, Rl/2 , and Care parameters related 

10 to the fluid shear stresses. As long as annular flow remains in the laminar regime, the above three nonlinear 

11 integral equations can be solved numerically to determine the final eroded volume of the borehole (a function of 

12 the effective shear strength for erosion, "t fail) and the resulting total cavings volume. 

13 7.7.2.2 TURBULENT FLOW 

14 At a Reynolds number of ahout 3000, now becomes fully turhulent; momentum effects dominate and fluid 

15 viscosity is no longer as important in characterizing pressure losses. A far more important parameter is the 

16 surface roughness past which the fluid must flow. 

17 The increased complexity of turbulent flow makes empirical procedures necessary. For axial flow in an 

18 annulus, the pressure loss under turbulent conditions can be approximated by (Broc, 1982) 

19 
t:-.P = 2 .fL"p v 2 

(0.8165)D' 
(7-25) 

20 where f is the coefficient of pressure head loss (Fanning friction factor), D is the hydraulic diameter, L is the 

21 borehole length, Vis the average fluid velocity, and p is the drill fluid density. 

22 If the shear stress due to the flowing fluid is assumed to be uniformly distributed on the inner and outer 

23 surfaces of the annulus, it can he easily shown using Equation 7-25 that the shear stress is related to the average 

24 fluid velocity through the relation 
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(7-26) 

3 The Fanning friction factor is empirically related to the Reynolds number and relative roughness by the 

4 equation (Whillaker, 1985) 

5 I 41 [ £ I. 255 ] 
..[1 =- ogw 3. 72D + Re..fl ' (7-27) 

6 where £/ D is the relative roughness and Re is the Reynolds number. For circular pipes, D in this equation 

7 represents the inside dimncter <md £ is the absolute roughness or the average depth of pipe wall irregularities. In 

8 the absence of a similar equation for flow in <Ul annulus, it is assumed that this equation also applies here, where 

9 Dis the hydraulic diameter, and f. is the absolute roughness of the waste-borehole interface. 

10 The ahove three equations can be used to obtain the final eroded borehole radius under turbulent flow 

1 1 conditions by forcing the fluid shear stress acting on the borehole wall to equal the shear strength for erosion of 

12 the repository waste ( 'tfail ). 

13 7.7.3 Spallings 

14 The spalling of borehole walls is a common occurrence in oil and gas drilling and can be caused by an 

15 encounter with a geopressurized fonnation; a similar evem may occur if an exploratory drill bit penetrai.Cs a wasi.C-

1 6 filled, pressurized room at the WIPP. Corrosion and biodegradation of the wa<>te will generate gas, raising the gas 

17 pore pressure in the waste to values approaching and perhaps exceeding the lilhosLatic level within the next 700 to 

18 2,000 years. Because the pcnneahility of t11e surrounding Salado Fonnation is expected to he I to 7 orders of 

1 9 magnitude less th<Ul that of t11e compacted wa<>te, the Salado C<Ul be considered impenneablc compared to the waste. 

20 The intrusion of a drill bit imo the wa-;te could t11erefore "suddenly" expose Lhe waste with its high pore pressure 

21 (for example, 14.8 MPa) to the borehole hydrostatic pressure of 7.7 MPa (assuming a saturated salt solution is 

22 used while drilling), causing gas to escape to the borehole after flowing through the compacted waste. The 

23 escaping gas may compromise t11e stability of the borehole wall and contribute to the quantity of waste material 

24 that reaches Lhc surface environment. 

25 Spalling is a complex process that involves the flow of ga'> in a moving waste matrix, changing stress states, 

26 changing porosity and permeability of t11e wa,te, waste failure, Md when the waste interacts with the drill hit, 

27 turbulent mixing of the three phases-solid waste, drilling fluid, <Uld gas. The approach for modeling spalling 

28 caused by the intrusion of an exploratory drill hit is still being developed. 

29 'the currem state of understanding for spall a<> related to WIPP is treated in Berglund (1992). In addition to a 

30 discussion of related literature, Berglund ( 1992) describes several types of calculations, each of which addresses a 

31 different aspect of gas !low and w:L'>te response from a penetrated, gas-pressurized, waste storage room. The waste 

32 response is found to he v cry dependent on the constitutive nature of the compacted composite waste, a feature 
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that is currently unknown. If the waste is assumed to behave as a granular, soil-like material with a nonlinear 

2 constitutive character and a small cohesive strength, the behavior of the waste subject to gas flow indicates a 

3 movement toward the borehole after penetration. In both the one- and two-dimensional computational models, 

4 where an instantaneous borehole pressure drop is assumed, the inward motion of the waste-borehole boundary 

5 would quickly (in milliseconds) be blocked by the presence of the drill string and would remain impressed against 

6 the drill string while a sufficient pore pressure gradient is maintained. 

7 What happens to the waste as it is impressed against the drill string is not known because the interface 

8 between the waste and drill stem is very difficult to characterize without experimental verification. One 

9 possibility is the compressed waste will completely block the flow of drilling mud. Whether the drilling 

1 0 operation can proceed in such circumstances is unknown. Certainly the flow of gas out of the wa<;tc will be 

1 1 further restricted if not completely blocked. Such a restriction would prolong the compressive stresses acting 

12 between the drill string and the waste. Another possibility is that some drilling fluid may be able to channel its 

1 3 way through the waste-drill string houndary carrying eroded waste up into the upper borehole. 

14 'lbe driller may, however, be able to detect the resistance afforded by the waste pressing against the drill stem 

15 by the increase in torque, circulation pressure, and by a drop in mud flowrate (Austin, 1983). Under such 

16 conditions the driller may raise the cutting bit and allow the "spall" to continue naturally, eventually proceeding 

17 after the process diminishes (Shon, 1982). Often under these conditions a repetitive process is undertaken of 

18 cleaning out, drilling ahead a few feet of new hole, picking up the drill bit to check for fill, then cleaning out 

19 again. This is repeated until spalling slows. lbe clcanout procedure can be used for 12 to 24 hours, or longer, if 

20 it shows sign of becoming effective (Short, 1982). 

21 If drilling can proceed with the waste impressed against the drilling equipment, erosion will probably occur at 

22 the interface and could cominue until a significant portion of the gas has leaked from the penetrated room or the 
23 target drill depth is reached. Based on leakage rates from the waste with uniform permeabilities, significant 

24 volumes of ga<; will be removed from the room only after several hours for the greatest waste permeability and 

25 hundreds of days for t11e least permeability. Moreover, the decrease in waste permeability caused by the 

26 compressive stress field at t11e drill string-waste interface is likely to decrca<;e the gas leakage rates significantly. 

27 In the analyses considered in Berglund (1992), actions to prevent a blowout taken by the driller after 

28 encountering a ga-;-pressurized fonnation arc also discussed. When formation gas flow into a borehole is detected 

29 at the surface, such as by an increase in return mud volume, the driller usually will "close in" the well by 

30 engaging blowout prcventers (BOPs) to prevent serious injury to personnel and damage to equipment. 'Ibis action 

31 is usually taken within a minute or two after the "kick" is first observed, and the effect is that the gas flow from 

32 the formation to the borehole is effectively curtailed (Mills, 1984). The well is then "killed" by increasing the 

33 mud density in the horehole so that the formation (wa<;te) pore pressure is in balance with the mud pressure. The 

34 drilling can then safely continue. With the pressure gradient in the borehole wall thus reduced to zero, spallation 

35 will cease and waste will be brought to t11c surface by erosion only. BOPs arc engaged only if a blowout 

36 condition is detected. For high-permeability ww;tes (k = 1 X 1 o-13 m2), the rate of flow of gas to the borehole 

37 will increase the mud volume in t11c annulus significantly, and it is very likely that the well will be "killed." 

38 However, for lower permeabilities, the gas flowrate is much reduced; t11e driller may not engage BOPs but 

39 continue drilling, tlms allowing spall into the borehole to occur. 
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1 Estimating llle amount of material lllat may eventually be passed imo llle borehole as llle result of gas 

2 generation in the repository is difficult and speculative. However, based upon llle analysis performed and llle 

3 literature examined to date, it docs not appear to be unreasonable lllat a volume of waste greater lllan llle lower 

4 bound cuttings volume (bit area x waste deplll) could eventually reach the ground surface. Currently, lilLie data 

5 are available that predict the constitutive nature of llle compacted, decomposed waste at llle time of intrusion, nor 

6 have there been any experimems perfonned lllat could confirm the mechanisms for borehole spall as discussed. 

7 These data are currently being developed. 
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APPENDIX A: BRAGFLO AND PANEL 

2 A.1 Background 

3 The WIPP PA Deparunent has developed a computational model called BRAGFLO (BRine And Gas FLOw) 

4 to simulate two-phase now through porous, heterogeneous reservoirs. BRAGFLO numerically solves the coupled 

5 nonlinear partial differential equations (PDEs) describing the mass conservation of the gas and brine components 

6 distributed between the gas and liquid phases. Finite difference methods are used to develop analogs of the mass 

7 conservation PDEs in two spatial dimensions. These analogs are integrated over time using a modified Newton-

a Raphson method and variable time spacing. 

9 BRAGFLO output is used to provide input for an equilibrium-mixing cell mathematical model called PANEL 

10 to evaluate radionuclide concentrations resulting from the mixing of brine with waste. PANEL has no geometry; 

11 it can be thought of as a point. The brine flow up the borehole that is calculated by BRAGFLO is input to 

12 PANEL so that appropriate amounts of radionuclides detennined by their respective solubilities can be added to the 

13 brine now 0 

14 A.1.1 BRAGFLO Features and Limitations 

15 BRAGFLO is a modeling tool that can accommodate conceptual model changes and is therefore well suited to 
16 test various alternative conceptual models. This flexibility results, in part, from the highly structured and modular 

17 coding style used. BRAGFLO is also designed to be robust and numerically stable when simulating multiphase 

18 now over a wide range of conditions and input property values. 

19 Current limitations of BRAG FLO include: 

20 • Only isothermal two-phase now is modeled. 

21 • Only two components or chemical species are modeled, and only one of the components can be distributed 

22 between both phases, such as a gas component existing in the gas phase and a water or oil phase as 

23 dissolved gas. In the case of the WIPP performance assessment, the waste-generated gas exists in both the 

24 gas phase and the brine phase, but the brine exists only in the brine phase (the brine has zero vapor 

25 pressure). 

26 • The porous medium within each numerical grid block is treated as a single continuum; discrete fracturing or 

27 dual porosity is not considered. 

28 • Grid block connectivity is not arbitrary and is fixed by spatial constraints. The solution domain cannot be 

29 modeled by mixed dimensionality. 
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Appendix A: BRAGFLO and PANEL 

• If two phases or components exist anywhere in the repository, both component mass balances must be 

2 solved everywhere in the repository even though isolated areas may be governed solely by single-phase 

3 flow. 

4 • Non-Darcy flow, where flow is proportional to a potential gradient (for ex<unple, molecular diffusion) is not 

5 modeled. 

6 • Au ids are assumed to exhibit Newtonian behavior (fluid viscosity does not vary with rate or time of shear). 

7 A.1.2 Performance Assessment Role of BRAGFLO and PANEL 

8 The WIPP PA Deparunent is using BRAGR.O to study the effects of gas on the flow of brine through the 

9 repository and up an intrusion borehole. Specifically, BRAGR..O models the effects of the interaction of the 

1 0 following phenomena: 

11 • gas generation from corrosion and microbiological degradation of the waste, 

12 • brine movement from the surrounding rock through the waste over time, 

13 • possible saturation of the waste by mixing with brine from an underlying pressurized reservoir that reaches 

14 the wa<;te through a borehole created by an exploratory drill bit, and 

15 • creep closure of t11e surrounding host rock. 

16 D RAGA...O uses wells w model gw; generation from corrosion and microbiological degradation of the wac;te, 

17 the brine flow from a breached underlying pressurized brine pocket, <md brine influx from the surrounding host 

18 rock. In BRAGFLO, wells may be acconunodated by using simple well models or by directly including well 

19 geometry and properties in tl1e numerical mesh. This process is described in detail in the 1991 performance 

20 assessment documentation (see Section 5.2.2.5 of WIPP PA Division, 1991). 

21 PANEL uses the results of BRAGFLO to predict mixing of radionuclides with brine (see Section A.3). 

22 Creep closure of the host rock surrounding the repository will result in pressurization or rock deformation, 

23 changing material porosities and penneabilities. Presently, BRAGR..O is capable of using as input varying room 

24 porosity, which changes with closure as predicted by SANCHO (Appendix B). Porosities and absolute 

25 permeabilities of all other materials in the modeled waste room are currently treated as imprecisely known 

26 constants. 
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A.2 Flow (BRAGFLO) 

2 A.2.1 Fundamental Equations 

3 The BRAGfLO flow model simultaneously solves five equations: 

Flow (BRAG FLO) 
Fundamental Equations 

4 • a partial differential equation that describes the mass conservation of gas in the reposiwry and surrounding 

5 formation, 

6 • a partial differential equation Umt describes the mass conservation of the brine in the repository and 

7 surrounding formation, 

8 • a saturation constraint equation, 

9 • a mm;s fraction constraint equation on the componenL' making up the brine pha,e, and 

1 0 • a capillary pressure constraint equation. 

1 1 The above equations, along with appropriate boundary and initial conditions and material property relationships, 

12 form the basis ()f the model's fundamental equations. These equations are described in detail in Volume 3 of this 

13 report (Section 1.4.1) and the 1991 performance assessment documentation (see Section 5.2 of WIPP PA 

14 Division, 1991). 

15 A.2.2 General Conceptualization 

16 BRAGR...O can simulate the simultaneous flow of two immiscible phases through a porous anisotropic 

17 reservoir. The reservoir may consist of many materials with widely differing characteristics. Reservoir properties 

18 may also vary spatially wiU1in a particular material type. 

19 A description of multiphasc porous media flow is necessary to understand the assumptions involved in 

20 modeling multiphase flow through porous media. Details of the equations of motion for multiphase flow 

21 describing a<;sumptions, derivations, and implementation are wide-spread throughout the petroleum literature (Bear 

22 et al., 1968; Bear, 1975, 1979; Dake, 1978; Crichlow, 1977; Collins, 1961; Aziz and Settari, 1979; Peaceman, 

23 1977; Crookston et al., 1979; Coats, 1980; Vaughn, 1986; Rubin and Vinsome, 1979; Scheidegger, 1960). The 

24 nomenclature, assumptions, and conceptualization used here are typical of those found in much of the multiphase 

25 reservoir modeling literature referenced ahove. 

26 BRAGA~O is based on a description of porous media presented by Bear (1975), Bear et al. (1968), and Bear 

27 and Bachmat (1967). The porous media is characterized as a portion of space occupied by heterogeneous matter 

28 made up of a solid phase and at lea<;t one fluid phase. The space that is occupied by the fluid phases is called the 
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1 pore or void space. Some of the pores are interconnected (effective porosity) and others are not This void space 

2 forms a tortuous network of randomly sized and located channels. The porous medium forms a continuum with 

3 the solid matrix present in each representative volume. 

4 The conceptualization of fluid flow through such a porous media is consistent with assumptions and 

5 descriptions presented in Bear (1975). The fluids are assumed to be Newtonian and may be compressible. The 

6 flow in the void space is laminar and confined to well-defined channels with fluid panicles moving parallel to the 

7 channel walls. The forces acting on the fluid particles result only from pressure, gravity, capillary action, and 

8 shear. Flow in the network of channels contained in a given volume gives rise to average gradients that are 

9 independent of the geometry of individual channels. 

10 BRAG FLO simulates multiphase flow through porous media. Two types of multiphase flow are possible, 

11 miscible and immiscible. BRAGFLO considers immiscible displacement only. In this case, both fluids flow 

12 simultaneously through the porous network. The two fluid phases are separated by an interface whose curvature 

13 and surface tension give rise to a capillary pressure difference across the interface (Brooks and Corey, 1964; Corey, 

14 1986; Peaceman, 1977; Dake, 1978; Crichlow, 1977; Collins, 1961). The interface is assumed to be abrupt and 

15 any transitions from one phase to another occur over a distance of negligible length compared to the channel 

16 diameter (Bear, 1975). 

17 The concept of saturation is introduced to describe the occupation of void space by more than one fluid. 

18 Saturation is defined as the volume fraction of void space occupied by a particular fluid. Interfacial tension exists 

19 where the two immiscible fluids contact each other. The shape of the resulting meniscus defines the wettability of 

20 the system (Brooks and Corey, 1964; Bear, 1975). For example, the convex side of the meniscus faces toward the 

21 welling phase, while the concave side faces toward the non-welling phase. Interfacial tension and wettability may 

22 depend on the direction the interface is moving. This phenomenon is called hysteresis. Hysteresis is a secondary 

23 effect and is not currently modeled (Brooks and Corey, 1964). 

24 Three saturation regions are differentiated in the two-phase system, brine and gas, for example. Assuming a 

25 brine-wet reservoir, at low brine saturations, brine forms in isolated rings or exists as a thin film. As brine 

26 saturation increases, a condition is reached where the brine forms a continuous phase that is capable of 

27 transmitting pressure. Above this critical saturation or "irreducible saturation," brine flow is possible. Potential 

28 flow of brine below the irreducible brine saturation will not occur. At high brine saturations, brine isolates the 

29 ga<; and the gas no longer forms a continuous pha'>e. This occurs at the irreducible gas saturation. 

30 Bear's continuum approach is assumed for mulliphase flow (Bear, 1975). Each fluid is a continuum and the 

31 various continua occupy the void space simultaneously. The equations of motion for multiphase flow used here 

32 are based on heuristic extensions of Darcy's law (Hubbert, 1956; Bear, 1975, 1979; Dake, 1978; Crichlow, 1977; 

33 Collins, 1961; Dullien, 1979; lliall, 1968; de Marsily, 1986; De Wiest, 1965; Aziz and Sellari, 1979). 

34 The following is a statement of Darcy's Jaw in differential form: 

35 
k 

qv = --[VP- pgj 
Jl 

(A-1) 
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1 where Qv is tlle volumetric flow rate per unit cross-sectional area, k is tlle absolute or inlrinsic permeability of tlle 

2 porous media, J.! is tlle fluid viscosity, p is tlle fluid density, g is tlle gravitational constant, and P is tlle fluid 

3 pressure. 

4 Darcy's original observations were made on tlle one-dimensional vertical flow of water tllrough a fully 

5 saturated porous medium (Hubbert, 1956). Darcy postulated tlle law, which states tllat tlle flow of water under 

6 tllese conditions is proportional to tlle change in potential. Many generalizations of Darcy's law can be found in 

7 tlle literature (Bear, 1975, 1979; Bear et al., 1968; Bear and Bachmat, 1967; Dake, 1978; Crichlow, 1977; 

8 Collins, 1961; Dullien, 1979; Hiatt, 1968; de Marsily, 1986; De Wiest, 1965; Aziz and Settari, 1979). These 

9 generalizations extend Darcy's observation to oilier fluids, to tlle simultaneous flow of immiscible fluids, to 

1 0 multiple dimensions, and to compressible fluids. These generalizations are used in obtaining tlle equations of 

11 motion governing tlle two-phase flow assumed in BRAGH.O. 

12 The first extension is a generalization from an isotropic to an anisotropic medium. This extension is 

13 developed heuristically as well as tlleoretically in Bear (1975). Implicit in tllis generalization is tlle extension to 

14 two and tllrcc dimensions. 

15 The second extension is tllat of accouming for fluid compressibility effects. Hubbert (1940) shows tllat 

16 extensions of Darcy's law to compressible fluids, such as gas, arc valid provided tlle density of tlle fluid is a 

17 function of pressure only and tlle flow is irrotational. 

18 The tllird extension of Darcy's law account<; for tlle presence and flow of multiple immiscible phases. Once 

19 steady-state flow is achieved, Darcy's law may be extended to describe tlle separate flow of each phase (Bear, 1975). 

20 This extension imroduces !he concept of effective penneabilities, relative permeabilities, and capillary pressure. 

21 For each phase, !he absolute permeability of Equation A-1 is replaced by tlle effective phase permeability, and 

22 tlle pressure of Equation A-1 is replaced by tlle phase pressure. These effective permeabilities are empirically 

23 determined by pressure drop and flow measurements. Numerous experiment<; verify tlle validity of tllis extension 

24 and suggest tllat !he effective permeability depends on characteristics of tllc rock, tlle wettability characteristics, 

25 surface tension, tlle shape of tlle interface separating tlle phases, and phase saturation. The effective permeabilities 

26 do not appear to depend on fluid viscosities or tlleir specific discharges (Bear, 1975; Scheidegger, 1960). Instead of 

27 using effective permeabilities, it is more convenient to refer to relative permeabilities, which are defined for each 

28 phase as tlle ratio of tlle effective phase permeability to tlle absolute or inlrinsic permeability of tlle medium 

29 (mea<;ured when tlle medium is saturated wilh a single fluid). 

30 A.2.3. Geometry 

31 BRAGI-1...0 is developed in tenns of a one-, two- or tllree-dimensional block-centered grid system. In general, 

32 tlle tllrcc-dimensional numerical metllods are nonnally based on Cartesian xyz coordinates. The finite difference 

33 fonnulations in BRAGH,O are sufficienlly general to handle grid block "stretching" (variable grid spacing) in tlle 

34 directions of flow, as well as variable grid thickness or cross-sectional area in directions normal to flow. In 
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addition, the coordinate system may be rotaLCd in three-dimensional space, with respect to the direction of gravity 

2 resulting in the generalized case of gravity componenLS in each of the coordinate directions. 

3 Because of these genemlities, many geometries may be considered. Some of these include the following: 

4 • Cartesian geometry (one-dimensional linear vertical, horizontal, or inclined flow; two-dimensional planar 

5 areal sweep, vertical or inclined flow; three-dimensional flow), 

6 • Cylindrical geometry (two-dimensional axisymmetric cylindrical geometry with axis of symmetry oriented 

7 parallel, normal, or inclined to tlle direction of gravity), 

8 • Spherical symmetry, and 

9 • Non-Cartesian geometry (variable grid thickness and cross-sectional areas normal to flow). 

10 To model in axisymmetric cylindrical geometry or spherical symmetry requires only an external 

11 transformation to obtain tlle equivalent Cartesian grid block sizes required for DRAGRD. For example, consider 

12 the two-dimensional convergent flow toward a well in radial coordinates rand z (Figure A-1) (symmetry is 

13 a<;sumed in the angular direction, 9). 

14 

z 

' 

TRI-6342·1476-1 

15 Figure A-1. Schematic representation of an axisymmetric cylindrical model. 
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1 If the coordinate transfonnations of x(x, z) = r, y(x, z) = 21tr and z(x, z) = z, then an equivalent Cartesian 

2 system of the cylindrical geometry is defined. In the Cartesian system, flow is in the x and z directions. The 

3 length in the non-flow or synunetric direction, y, varies with x and accounts for the increase in cross-sectional area 

4 (nonnal to radial flow) with radial distance from the well. The transfonnation are justified by the equivalence of 

5 the volume integration in t11c two coordinate systems. An arbitrary function of rand z, f(r, z) is integrated over 

6 the cylindrical element volume as 

Z.t-+1 xi+l 21r 
7 F= J J Jf(r,z)rdE>drdz (A-2) 

Zt 'i 0 

8 When the above transfonnations arc defined, Equation A-2 is identical to the integration in Cartesian coordinates 

9 carried out below: 

Zk+I Xi+I 2Jtr 

10 G= J J Jg(x.z)dxdydz (A-3) 

Zt X; 0 

11 Therefore, t11e conversion from radial geometry to the DRAGFLO Cartesian fonnulation requires only setting the 

12 mesh width ( y) of each grid block equal to the circumference of a circle passing through the center of that grid 

13 block. 

14 The way in which grid block sizes may vary is not arbitrary and depends on restrictions concerning grid block 

15 connectivity and interface LToss-sectional areas. In DRAGFLO, two criteria dctennine valid grid block stretchings. 

16 First. grid-block strctchings are confined to certain directions dependent on the dimensionality of the flow. For 

17 example, in one-dimensional flow, the length of all grid blocks (LU, dy, and dZ) may vary in the direction of 

18 flow. In two-dimensional flow (x andy directions), the length LUcan vary only in the x-direction while the length 

19 d.Y can vary only in t11c y-direction. For t11rcc-dimensional flow, the length of the grid blocks can only vary in 

20 the direction of flow coincident to their respective orientations. That is, LU varies only in x, dy varies only in y, 

21 and dZ =varies only in z. ll1e reasons for these restrictions arise when dctennining appropriate averages for flows 

22 across block interfaces, given values evaluated at the centers of adjacent blocks. Secondly, grid block sizes may 

23 vary only in a way that results in a one-to-one connectivity between grid blocks in each direction starting from 

24 the origin. Grid block stretchings that violate only the first criterion may or may not be physically valid and arc 

25 acceptable by DRAGFLO, although a warning message alerts the user to possible problems. Strctchings that 

26 violate criterion two above will not run. The grid patterns of Figure A-2 (a, b, and c) depict grid stretchings in 

27 one, two. and three dimensions, respectively, which arc consistent with both criteria above. 

28 The reason t11at some violations of the first criterion above present problems is that they may require 

29 restrictive assumptions concerning t11e average cross-sectional area between adjacent grid blocks for calculating 

30 interblock transmissibilities, flow rates, and velocities. The reason violations of the second criterion arc not 

31 acceptable is because t11ey are inconsistent with the bookkeeping assumed in BRAGFLO for mapping the 

32 coordinates of the grid block centers from their spatial positions to their locations in the numerical space. 
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Figure A-2. Grid-block stretching for now in (a) one, (b) two, or (c) three dimensions. 
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A.2.4 Derivation of Flow Equations 

2 The derivation of lhe flow equations begins by consideration of mass conservation in a differential volume 

3 element. The derivation will initially be presented for one-dimensional compressible flow and lhen generalized to 

4 olhcr dimcnsionalitics. The derivation is generalized to allow for lhc cross-sectional area normal to flow to vary 

5 in lhe direction of flow. 

6 Consider lhe mass conservation of a single component in a two-phase system about lhe control volume 

7 depicted in Figure A-3. 

qr 
Q 

J (x) ~z (x) 

x- _ _ J (X+~X) 
~z (X+~x) 

1----------------~----~~x 

8 
X X+~X 

TR~342·2101·0 

9 Figure A-3. Control volume for derivation of flow equations. 

10 Flow is in the x direction across a length ill. The cross-sectional area normal to flow varies wilh x 

1 1 ac; A(x) = t.y(x) • t..z(x). Therefore, the cross-section areas at the left boundary and right boundary are 

12 t.y(x)•t..z(x) and t.y(x+ill)•&(x+ill) respectively. The mass flux entering lhc clement atlhc left face is 

13 J(x), while lhe mass !lux leaving atlhc right face is .l(x +ill}. Included in lhc mass balance are terms for mass 

14 rate of injection (per unit volume of reservoir) due to wells, q, and chemical reaction, qr. We also acknowledge 

15 lhat lhe density and saturation of lhe component, as well ac; lhe porosity of lhe reservoir, may change wilh time. 

16 The ma~s conservation equation simply states that 

17 [rate in] - [rate out] + [rate injected]+ [rate reacted]= [rate accumulated] (A-4) 
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The rate at which mass enters the element from the left boundary is 

2 ./(x)•~y(x)•&(x) 

3 The rate at which mass exits the element at the right boundary is 

4 J(x+M)•~y(x+&)•&(x+&) 

5 The rate at which mass is injected or produced by or from a well into the element is 

7 where A is an average value of the product of ~y and & across the block length M, the volume of the block 

8 being ~y•&•M. 

9 Similarly, the rate at which mass is reacted in the element is 

11 The rate at which mass is accumulated in the element volume is 

13 because ~ • p • S • AM is the mass contained in the clement. The bars signify an average of the value in the 

14 clement. W c have assumed that t11c size of the clement does not change with time. 

15 The statement of component mass conservation (Equation A-4) is written as 

16 (A-5) 

17 

18 Dividing Equation A-5 hy M gives 

19 

20 (A-6) 

21 

22 If we define a derivative to be 

23 
~f(x)= lim f(x+M)-f(x) 

dX 
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then in this limit, the differential form of the component mass conservation equation is 

2 
J{Jx.1Y~) J(lj)pS) - ax + q.1y~ + q,.1y~ = .1y~-dl- (A-7) 

3 where we have noted in the limit as L\x -t 0 that .1y~ -t .1y(x)~(x), p -t p(x), qi -t cp(x), and S -t S(x). 

4 

5 Following a 'similar procedure in considering two-dimensional and three-dimensional flow results in the 

6 following differential forms of the component mass conservation equations: 

7 Two-dimensional form: 

8 (A-8) 

9 Three-dimensional fonn: 

10 
J(.!x) a(.1y) J(Jz} _ J(lj)pS) 

---------+q+q ---ax dy (}z r dt 
(A-9) 

11 

12 We have generalized to allow flux in U1e y and z directions, J y and .I z respectively. 

13 If Equations A-7, A-8, <md A-9 are compared, the differential component mass conservation equations may be 

14 generalized for arbitrary dimensionality a' follows: 

15 
- J(rppS) 

-V•al + a(q+ q,)= a-dt- (A-10) 

16 where a is a geometric factor and depends on dimensionality a<; follows: 

17 

18 

19 

20 

21 

22 

23 

one dimension: a(x, y, z) = .1y(x)~(x), 
two dimensions: a(x, y, z) = ~(x, y), 

three dimensions: a( x, y, z) = I , 

and 'V e af iS shorthmld for a( O..f X) + a( O..f y) + a( 0./ l) . 
ax ay az 

It is important to note that. in general, a varies spatially and, therefore, remains inside the above derivative terms. 

In two-dimensional flow, .lz is zero, and in one-dimensional flow, both .ly m1d .lz arc zero. 
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1 Equation (A-ll) is written for one component. In multicomponent systems, the mass of each component 

2 must be conserved. This results in multiple conservation equations (one for each component) similar to Equation 

3 A-11. 

4 The development leading up to Equation A-ll assumed that the component exists in one phase because its 

5 mass is assumed equal to the product ~pS. We now relax this assumption and write the two mass conservation 

6 equations for a two-phase, two-component system in which each component may be distributed between each of 

7 the phases. Such conditions arise when gas dissolves in liquid or liquid vaporizes into gas. 

8 For convenience and generality, the two phases will consist of a wetting and a non-wetting phase denoted by 

9 lowercase wand n, respectively. The two components will be distinguished according to wetting and non-wetting 

10 and denoted by uppercase W and N. We recognize that wettability is a characteristic of the phase and not a 

1 1 component property. The nomenclature "wetting component" is used to indicated that this component in general 

12 dominates the wetting phase and similarly for the non-wetting component. 

13 Component concentrations are required when a phase may consist of more than one component. Define C/j 

14 as the mass fraction of the Ith component in the jth phase. Using the above nomenclature, four concentration 

15 terms can be defined for the general two-component, two-phase system: CNw• Cww, CNn• and Cwn· Because all 

1 6 the ma-;s in a pha-;e must come from the two components, then the component concentrations in each phase are 

1 7 related as 

18 CNw + Cww = 1.0 and CNn + Cwn = 1.0 (A-ll) 

19 With the above concepts and nomenclature defined. Equation A-1 0 is applied to both the wetting and non-

20 wetting components as follows: 

21 Non-wetting component mass balance: 

22 (A-12) 

23 Wetting component mass balance: 

24 (A-13) 

25 Comparison of Equations A-12 and A-13 with A-10 shows that aside from the addition of some subscripts, the 

26 major differences come from allowing for the possibility of component mass in the element volume to be 

27 distributed between the two phases. f-or example, in the wetting component mac;s balance (Equation A-13), the 

28 first term in the time derivative, ~p11 S11 Cw11 is the mass of the wetting component distributed to the non-wetting 

29 phase in the clement volume. The second term in the time derivative, ~PwSwCIVw is the mass of the wetting 

30 component distributed to U1e wetting phac;e in U1c clement volume. 
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1 The component mass llux vectors .1 N and .lw consist of comributions from both phases. The flux can be 

2 expanded and wriucn to accoum for these contributions as follows: 

3 (A-14) 

4 (A-15) 

5 vn and vw arc the superficial velocities for the non-wetting and wetting phases, respectively. 

6 So far in this development, no assumptions have been made concerning the velocities or their relationships to 

7 pressure or potential. In DRAGFLO, Darcy's original law, extended to multiphase and multidimensional flow and 

8 accounting for gravity and capillary forces, relates superficial velocities to potential. 

9 As mentioned in Section A.2.2, when two immiscible fluids occupy the pore space, they become separated by 

10 an imerface. The curvature and surface tension of this interface produces a pressure difference called the capillary 

11 pressure. This capillary pressure has been experimentally obseJVed to vary with saturation. In DRAGFLO, the 

12 capillary pressure is defined by Equation A-16 as the difference between non-wetting phase pressure and wetting 

13 phase pressure. 

14 (A-16) 

15 Assuming each phase pressure is partially responsible for the flow of only that phase, Darcy's law in 

16 differential fonn becomes 

17 (A-17) 

18 (A-18) 

19 where g is tile gravitational constam of acceleration and D is the depth, which may vary spatially with all three 

20 coordinates. 

21 In Equation A-17 and A-18, Kn and Kw are the effective permeabilities to flow for each phase. Unlike the 

22 absolute penneability of a porous medium in Darcy's original law that is independent of the flowing fluid (except 

23 for gas at low pressures), the effective penneability depends on the characteristics of the rock and fluid and has 

24 been experimentally observed to vary with the type and mnount of fluid present (i.e., to vary with saturation). 

25 Instead of effective permeability, it is more common to encounter relative penneabilities in the rcseJVoir literature. 

26 The relative pcrmeabilities arc defined as the ratio of the effective pcnneability of a phase to the absolute 

27 penneability (or single lluid pcnneability) of the porous medium. 

28 (A-19) 
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k = Kw 
1W K (A-20) 

2 The dependence of capillary pressure and relative permeability on fluid saturation is described in more detail in 

3 Volume 3, Section 2.3.1 of this report. 

4 Substitution of Equations A-14, A-15, A-17, A-18, A-19, and A-20 into A-12 and A-13 results in the two-

S component ma-;s conservation equations, A-21 and A-22. 

6 (A-21) 

-V• 11 11 171 (VP,, -p11gVD)+ w w"" (VPw -pwgVD) +a(qN +qrN) [ 
aC111 p k K aCw p k K ] 

J111 Jlw 

7 (A-22) 

8 Equations A-21 and A-22, along with A-ll, A-16, and the phase saturation constraint, Equation A-23, form 

9 the system of equations solved simultaneously in DRAGFLO. 

10 (A-23) 

11 The constraint on saturation simply states that all of the pore space volume is occupied by the fluid pha-;es. 

12 The absolute penncability that appears in Equations A-21 and A-23 is directional and may be in general 

13 viewed as a second-order tensor. When the permeability of a porous medium depends on direction, the medium is 

14 characterized as being anisotropic. In DRAGFLO, the anisotropic porous medium is assumed to be orlhotropic 

15 with the three orthogonal axes of the medium being aligned wit11 the three coordinate axes. The off-diagonal 

16 clements of the penneability tensor arc zero for an orthotropic porous medium. The diagonal permcabilities are 

17 Kx, K y, and K z. Some pre-processing of penneability data may be required if the data is taken in directions not 

18 aligned with the model's coordinate axes. 

19 Assuming the concentrations and all of the physical properties of the fluids and the porous media are defined, 

20 the system of equations defines the spatial and temporal variation in the four dependent variables Sn, Sw, Pn, and 

21 Pw. The saturation constraint (Equation A-23) :md the definition of capillary pressure (Equation A-16) are used to 

22 eliminate two of the dependent variables. 
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Theoretically, any two of lhe variables may be eliminated from lhe system, leaving two primary dependent 

2 variables. Some combinations may be numerically more advantageous lhan others. Selecting bolh phase 

3 pressures as primary dependent variables is not appropriate because saturation would lhen be obtained from lhe 

4 capillary pressure dependence on saturation, which may not he defined below residual saturations or capillary 

5 pressure may not uniquely specify a saturation. 

6 In BRAGFl.O, lhe primary dependent variables arc selected a<> Sn and Pw. Sn is aligned wilh lhe non-wetting 

7 mass conservation partial differential equation (Equation A-21), while Pw is aligned with Equation A-22. 

8 Equation A-23 determines Sw from Sn, and Equation A-16 is used to obtain Pn once Sw and Pw are known. No 

9 fundamental difference wa<> observed when lhe primary dependent variables of Pn and Sw were used during simple 

10 test problems. Nevertheless, lhe current BRAGFl.O formulation assumes Sn and Pw as primary dependent 

1 1 variables. 

1 2 A.2.5 Initial and Boundary Conditions 

13 Sn, Sw, Pn, and Pw 

14 

15 Specification of boundary and initial conditions is required to complete lhe formulation. Upon examination 

16 of Equations A-21 and A-22. it is evident lhat t11ey arc second-order wilh respect to non-wetting phase pressure 

1 7 ( Pn) and wetting phase pressure ( P w ). Thus, two boundary conditions arc required for each phase pressure in each 

18 dimension (two for Pn and P..v in x, two for Pn <UJU P.,., in y, and two for Pn and Pw in z). BRAGFLO handles 

1 9 boundary conditions in a way t11at typifies reservoir models; tllat is, t11e reservoir of interest in enclosed by a 

20 boundary across which t11ere is no flow in the direction normal to it. Mathematically, lhese types of conditions 

21 are Neumann boundary conditions in which the nonnal derivative of pressure to lhe boundary is zero. In 

22 BRAGFLO, this is accomplished by assigning a zero value to lhe normal transmissibilities along each of lhe 

23 boundaries for bolh t11c gas and brine phases. 

24 Through t11e use of wells, BRAGFLO has t11e capability to override lhe no-flow conditions. By locating 

25 pressure-constrained or flow-constrained fictitious wells along lhe boundaries, fixed pressures along lhe boundary 

26 or non-zero flow into or out of the reservoir across lhe boundary can he approximated. 

27 No-flow boundary conditions may occur on two types of boundaries: one is lhe physical boundary of lhe 

28 reservoir being modeled; lhc olhcr is along a line of symmetry. An implicit assumption in lhe usc of no-flow 

29 boundaries is t11at t11e boundaries arc located far enough away from lhe wells or olhcr regions of interest lhat lhe 

30 boundaries exert negligible influence on the flow behavior in the reservoir over lhc duration of simulation time. 

31 A number of variables and properties must he specified at timet= 0. These initial conditions consist of: (1) 

32 lhe two dependent variables aligned with Equation A-21 and Equation A-22 (S, and Pw), (2) the reservoir 

33 properties of porosity and the directional penncahilities, and (3) lhe concentrations of metal and cellulose. These 

34 variables must he specified throughout the simulation volume and along the boundaries. All olhcr material 

35 properties (fluid and reservoir properties) must also he specified; however, properties such as relative 
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permeabilities, capillary pressures, densities, viscosities, dissolved gas, etc., are functions of tlle previously 

2 specified dependent variables and arc calculated in BRAGR..O. 

3 A.2.6 Numerical Solution Techniques 

4 The numerical techniques in tlle BRAGR..O flow model are based on a fully implicit finite difference 

5 representation of tlle nonlinear conservation equations. In implicit methods, tlle dependent variable at a particular 

6 location is cvalumcd as a function of tlle current values of its neighbors and tlle current value of any coefficients. 

7 In explicit metllods, current values of the dependent variables are evaluated as a function of previously determined 

8 (or past-dated) values of dependent variables and coefficients. Implicit metllods are inherently more numerically 

9 stable compared to tlleir explicit or hybrid (IMPES) coumerparts (Fanchi et al., 1982; Carnahan ct al., 1969; 

10 Smitll, 1965). The penalty for tllis increased stability is tlle increased computational effort associated witll tlle 

11 simultaneous solution of t11e resulting finite difference analogs of tlle conservation equations at each grid block 

12 center. A complete discussion of numerical solution techniques is provided in tlle 1991 perfonnance assessment 

13 documentation (see Section 5.2 of WIPP PA Division, 1991). 

14 A.2.7 Benchmark Results 

15 BRAGFLO has been benchmarked against two otller multiphase reservoir codes (BOAST II and TOUGII). 

16 The results of four one-dimensional, radial benchmarks (witlJ/witllout dissolved gas and witll/without gas 

17 generation) showed excellent agreement mnong the t11ree codes. Benchmark results arc provided in tlle 1991 

18 performance a~;sessment documentation (see Section 5.2.2.3 of WIPP PA Division, 1991 ). 

19 A.2.8 Postprocessing 

20 BRAGFLO output has in tlle past consisted solely of various distributions-pressures, saturations, 

21 interblock, flows, etc. However, detailed analyses of the results, such as tllose discussed in tlle RCRA report 

22 (WIPP PA Deparunent, 1CJ92) and the 1991 sensitivity analysis report (Helton et al., 1992), require more detailed 

23 output. Exmnples include extents of gas flow in parlicular regions (such an ll1c anhydrite layers) and especially 

24 numerous integrated qumllities, such a-; imegrated flows up intrusion boreholes or flows tllrough drift or shaft 

25 seals. 

26 La<>t year, tllese imegrations and summary types of calculations were done externally to BRAGR..O using 

27 CAMCON postprocessing tools, in particular, ALGEBRA. However, tlle postprocessors can deal only witll data 

28 in tlle BRAGR..O output files. Because tlle qmmtity of output from BRAGR..O can be vast, results arc generally 

29 printed out only every 15 or 20 time steps. For most purposes, this provides an adequate amount of detail. 

30 However, some of tlle integrations are done on qualllities ll1at can vary extremely rapidly. For exmnplc, tlle rate of 

31 brine flow up an intrusion borehole cm1 sometimes be very high irrunediately following tlle intrusion, but last for 

32 only a few time steps. Assuming that the high rate lasts for 15 or 20 steps, ratller tllan just two steps, can 

33 seriously overestimate the quamity of brine t11at flowed up the borehole in tllat time period. 
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This shortcoming was corrected in 1992 by performing these integrations internally to BRAGFLO. All 

2 integrations and summary statistics used in detailed analysis of BRAGFLO output are now calculated at each step 

3 of a performance calculation. Thus, these result<; are a<; accurate as the fundamental solution quantities calculated 

4 in BRAGFLO (brine pressures and ga<; saturations). No additional errors are introduced by postprocessing partial 

5 results. 

6 A drawback to performing these integrations internally to BRAGFLO is that portions of the code become 

7 mesh specific. In order to integrate !lows up an intrusion borehole, for example, the location of the borehole 

8 must be "hardwired" into the code. In addition, quantities that arc of interest in one mesh do not even exist in 

9 another mesh because the conceptual model differs. To program the integration and summary calculations to be 

1 0 completely general to enahle it to perfonn on any mesh is not feasible under the PA time constraints. Thus, 

11 multiple versions of BRAGFLO currently are used, each one differing only in the number and type of output 

12 summary calculations that are done for the particular mesh and conceptual model being used. All other internal 

13 workings of the different versions are identical. 

14 A.3 Waste Mobilization (PANEL) 

15 PANEL's waste mohilization model mathematically computes the radionuclide concentrations in the brine 

16 that result from the waste mixing with the brine. This model a<;sumes that the concentrations of all species are 

17 unifonn through the waste room, that the cenccntrations of all species are always in equilibrium, and that 

18 solubility limits for a given clement are allocated among its isotopes on the basis of relative abundance. 

19 Radioactive decay hascd on the Bateman equations (Section 7.1 of this volume; WIPP PA Division 1991, Section 

20 7.2.3) is also taken into consideration. A complete description of the waste mobilization model is provided in the 

21 PANEL discussions found in Volume 3 of this report (Section 1.4.4) and in the 1991 performance assessment 

22 documentation (sec Section 5.3.2 of WIPP PA Division, 1991). 
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APPENDIX 8: SANCHO 

2 8.1 Overview 

3 SANCHO is a special purpose, finite-clement computer program developed at Sandia National Laboratories to 

4 solve problems of the quasistatic, large-deformation, inelastic response of two-dimensional (i.e., planar or 

5 axisymmetric) solids (Stone ct at., 1985). This program numerically solves the general, nonlinear partial 

6 differential equations that govern relaxation to equilibrium between stresses and applied loads in a solid body. 

7 Because the general equations are an undcrdctcrmined system, they must be supplemented with constitutive 

8 equations for up to three optional material models: a finite strain, clastic-plastic strain-hardening model; a 

9 volumetric plasticity model; and a metallic creep model. The material models actually used in the 1992 series of 

10 PA calculations arc described in Section 1.4.7 of Volume 3. 

11 SANCHO uses a finite-element method to obtain a numerical solution; the elements are bilinear, 

12 isoparamctric quadrilaterals with constant bulk strain. The solution strategy for obtaining equilibrium includes the 

13 use of an iterative scheme designed around a self-adaptive, dynamic relaxation algorithm; the iterative scheme is 

14 an explicit, central-difference, pseudo-time integration with artificial damping. Because the scheme is explicit, no 

15 stiffness matrix is formed or factored- a feature that can reduce computer storage requirements. 

16 8.2 Summary of Theory and Fundamental Equations 

17 The theory underlying SANCHO is that of the motion of point-like particles that are imbedded within a solid 

18 body V, which occupies a region of three-dimensional space and is subject to deformation under the influence of 

19 prescribed body and surface forces. These particles usually occupy the comers or centers of elements of a mesh 

20 that is placed over the volume V at the time (t = 0) that deformation begins; the configuration at this time is 

21 called tl1c reference configuration and the position of a particle is specified by its vector of material coordinates, 

22 X. In the reference configuration, the solid body is ao;surned to be strain free, though not necessarily stress free. 

23 As Lime increases and the body dcfonns, the particles move with the material along trajectories denoted by 

24 x = I;{X,t). (B-1) 

25 The vector function !; describes the motion of a particle that starts at X at t = 0; clearly 

26 !;{X.O) =X. 

27 It is the vector function !; that is the basic dependent variable in problems of this kind because knowledge of it 

28 permits graphic visualization of the change in shape of the deforming body. For purposes of computing the 

29 dynamics of dcfonnation, however, it is more convenient to view the flow of the particles through threc-

30 dimensional space as though they were imbedded in a continuous fluid moving with a velocity field, 
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a v = -;(X,t) = TJ(X,t), 
at 

(B-2) 

2 defined fort~ 0 and any point x E R 3 (note that X is now an arbitrary point in space); this is called the Eulerian 

3 point of view. 

4 The Eulerian point of view permits the calculation of the true acceleration of an clement of mass that is 

5 instantaneously located at x: from (B-1) and (B-2) and the chain rule of calculus, it is seen that the true 

6 accelemtion is just the material derivative of V, 

7 
dv av 
-=-+v•Vv 
dt at 

(B-3) 

8 The fundamental equation governing the deformation of the solid body V follows by application of Newton's Laws 

9 of Motion to an arbitrary clement of mass in volume V (see Malvern, 1%9 Section 5.3): 

10 

11 where 

12 p = mass density (kg/m3) 

dv 
p-=V•T+pb 

dt 

13 T = the Canchy stress tensor ( kg/m · s2
) 

14 b = sum of specific body forces (i.e., forces per unit mass: usually, gravity; m/s2). 

1 5 The mass density must also satisfy the continuity equation: 

16 
dp 
-=-pV•V 
dt 

(B-4) 

(B-5) 

17 SANCHO wa' actually designed to solve the equilibrium equations associated with (B-4) and (B-5), i.e., the 

18 dynamical equations that apply when lvl and the time rate-of-change of density arc small or zero [hut in numerical 

19 practice a "quasist.atic" approximation is employed that requires the re-introduction of artificial time derivatives 

20 having much the same form as the left-hand sides of (B-4) and (B-5)]. The qua<;istatic approximation to the 

21 equations of motion takes the form (Stone et al., 1985) 

22 (B.Q) 

23 and allows for three kinds of boundary conditions: 

24 1. Jump condition at a contact discontinuity defined hy some internal surface S0 ; this condition requires that 

25 (B-7) 
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Summary of Theory and Fundamental Equations 

where n0 is the outward unit nonnal on So. and the(+) and(-) signs on the stress tensors signify respectively 

2 values taken on the outer and inner sides of So. 

3 2. Traction boundary conditions on some external surfaceS" of the fonn 

4 T • n1 = S(t) on S1 (B-8) 

5 where n 1 is the outward unit normal on S 1, and S( I) is a prescribed vector function of time. 

6 3. Displacement boundary conditions on some external surface S2; 

7 ~(X,t) = k(t) on S2 (B-9) 

8 where k(t) is a prescribed vector function of time. 

9 Taken alone, equations (B-6) and the boundary conditions (B-7) through (B-9) obviously do not detennine 

10 stress distributions. In the two-dimensional geometries of the SANCHO code, the stress tensor has three 

11 independent components; in matrix notation, 

12 

13 and so one more relation is needed in order to make a determinate system of equations. The constitutive 

14 equations or the stress-strain rclat.ions defining the nature of the material under consideration are usually chosen in 

15 a way that supplies l11e required, addition relationships (note, however, that the fonn of the constitutive equations 

16 may vary in space because different kind~ of materials may occupy different parts of the solid body V). 

17 The constitutive equations in SANCHO arc usually expressed a•; ordinary differential equations (ODEs) for the 

18 componenL" of t11e stress tensor or L11e components of llle deviatoric stress tensor, 

19 T' = T- ol = T + pi (B-10) 

20 where cr denotes l11e mean normal stress and p is the mean normal pressure. For examples of tlle ODEs 

21 goveming material models used in L11e 1992 PA calculations, see Section 1.4.7 of Volume 3. 
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APPENDIX C: SECO FLOW AND TRANSPORT MODEL 

2 C.1 Flow 

3 SEC0_2DH calculates single-phase Darcy now for groundwater now problems in two dimensions. The 

4 formulation is based on a single partial differential equation for a hydraulic head using fully implicit time 

5 differencing. Both confined and unconfined aquifer conditions arc simulated. The now is solved in both a regional 

6 and a local grid, each of which is defined independently of the grid that defines the aquifer properties. A semi-

7 coarsening multigrid solvers is used to increa.<>e solution efficiency for large array dimensions. High-order accuracy 

8 particle tracking is available for both grids. The codes are written in DEC VMS FORTRAN. The codes are 

9 designed specifically for execution on VAX computers operating under the VMS operating system. The guiding 

1 o philosophy for the SECO codes is to make the problem definition convenient and to facilitate as much as possible 

11 the running of grid-convergence tests and local-area simulations within the larger regional-area simulation. The 

12 codes are particularly well suited for testing altemati ve conceptual models for now and transport. 

13 C.1.1 Governing Equation 

14 SEC0_2DH simulates groundwater flow at regional and local scales within the Culebra Dolomite by solving 

15 the following partial differential equation in two dimensions (.x,y) in time (t) for potentiometric head, h: 

16 
S iJh = V • ( KV h) - W 

s ar (C-1) 

17 where K is the (tensor) hydraulic conductivity, Ss is the specific storage of the porous material (the Culebra), t is 

18 time, and W is a volumetric nux (out of the Culcbra) per unit volume of formation (used to simulate wells or 

19 recharge). The principal axes of K must be aligned along the coordinate directions x andy. Ss, K, and W may be 

20 functions of (x, y, 1). For a derivation of this equation from Darcy's now and the equation of mass conservation, 

21 see McDonald and Harbaugh (1988). 

22 C.1.2 Discretization and Solvers 

23 Equation C-1 (or the steady-state version with iJhfiJt = 0) is discretizcd using standard second-order differences 

24 in space and first-order backward (fully implicit) differences in time (McDonald and Harbaugh, 1988; Roache, 

25 1976). The fully implicit time differencing produces unconditional stability for this linear equation, but requires 

26 solution of an elliptic equation at each time step. In MODFLOW and ol.l1er common groundwater hydrology 

27 codes, this linear, elliptic equation is solved hy either the two-line successive over-relaxation (SOR) iterative 

28 method or by a direct solver. The direct solver is not considered to he pmctical for realistic grids (sufficiently fine 

29 resolution), being excessively sensitive to computer round-off error (especially on V AX-cl<LI\S computers) and very 

30 slow. In SEC0_2DJ-I, t11c solver options arc point SOR, (single) line SOR (e.g., see Roache, 1976), and the 
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1 semi-coarsening multigrid solver MGSS2, which was developed at Ecodynamics (personal communication with P. 

2 Knapp, Ecodynamics Research Associates, Albuquerque, NM). 

3 The semi-coarsening multigrid solver (MGSS2) is the default option. For very coarse resolution (e.g., a 6x6 

4 grid that might be used for development of code enhancements), the point SOR solver is fastest. However, 

5 MGSS2 results in significantly increased efficiency for problems with fine resolution and strongly varying 

6 conductance (due to either hydraulic conductivity variations or highly stretched grids). FLU1her, the MGSS2 solver 

7 does not require that the user estimate an optimum relaxation factor, as SOR solvers do. 

8 C.1.3 Block-Centered Discretization 

9 SEC0_2Dll has been written with an option flag called MAC to select either the most common block-

1 o centered discretization (MAC= 1 ), with the cell edge coincident with the aquifer edge, or node-centered discretization 

11 (MAC=O), with the cell center (or node) on the aquifer edge. Unless required by a specific study, the default cell 

12 configuration is MAC= 1. This configuration clearly more accurately locates the aquifer edge for both Dirichlet 

13 (fixed-head) and Neummm (fixed-gradient) boundary conditions. For QA purposes, MAC=O is unsupported in 

14 SEC0_2DH. 

15 C.1.4 Problem Decoupling 

16 To make the problem definition convenient and to facilitate the running of grid convergence tests and local-

17 area simulations within the larger regional-area simulation, the problem definition is decoupled from the 

18 computational grid. The aquifer properties arc defined on a discrete data base that can be independent of the 

19 computational grids. A sequence of grid solutions docs not require the user to define aquifer properties point by 

20 point in each computational grid; likewise, the regional computational grid is dccoupled from the local 

21 computational grid, both in space and time. A number of parameters, including the boundaries of the 

22 computational regions, the spatial increments (cell sizes), the simulation times, and the time steps, are all 

23 decouplcd in both space and time. The only requirement is that the local grid-problem domain of definition must 

24 lie within the regional grid-problem domain of definition. Likewise, definition of boundary conditions (types and 

25 values) and wells (locations and pumping schedules) are decoupled from the computational grid and are defined in 

26 the continuum. 

27 C.2 Transport 

28 SECO_ TP uses a total variational diminishing (TVD) scheme to solve the two-dimensional radionuclide 

29 transport equation in a fractured porous medium (Salari et al., 1992). The TVD scheme employed by SECO_TP 

30 uses three-level time differencing and directional splitting to improve accuracy and execution time. 

31 An overview theoretical development of SECO_TP that follows has been extracted from Salari et al. (1992). 

32 A more detailed explanation is available from Salmi ct al. (1992) and the work cited below. 
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Transport 
Governing Equation 

2 The relevant partial differential equation contains advection, dispersion, absorption, source, and decay tenns. 

3 The radionuclide transpon problem consists of N species equations, k = 1, ... , N: 

4 (C-2) 

5 

6 where the dependent vruiables are Ck, the concentration of the kth radionuclide. Physical parameters include 

7 D(x, 1), a 2x 2 hydrodynamic dispersion tensor (velocity-dependent); V(x), the Darcy velocity; cp(x), the fracture 

8 porosity; Rk, the retardation coefficient; Ak, the species decay constant; and Ck, the concentration of the kth 

9 injected radionuclide. The well injection rate is Q. Detailed physical descriptions of these tenns can be found in 

10 Huyakom and Pinder (1983) and Bear and Bachmat (1990). A dual-continuwn model requires the additional source 

11 tenn r k to represent the flux due to the exchange of contaminant between the fracture and matrix domain. 

12 fracture flow (single-porosity) and fracture/matrix-flow (dual-porosity) versions of Equation C-2 are presented and 

13 discussed in detail in Volume 3 of this report (Section 1.4.6). TheN equations are linear and sequentially coupled. 

14 A general Robin boundary condition is asswned: 

15 (C-3) 

16 on a planar rect.:mgular domain n. For various choices of a(x). p(x). and y(x), one may obtain Dirichlet, 

17 Neumann, or Cauchy boundary conditions on different portions of the boundary. The flow field is obtained from 

18 SEC0_2DI-I. 

19 The two-dimensional goveming equation is solved using an approximate factorization (Fletcher, 1988) with 

20 an implicit treatment of boundary conditions. The convective tenns arc modeled by TVD (Yee, 1987) and the 

21 remaining tenns by central differencing. Solution of the goveming equation is explained in detail in Salrui et al. 

22 (1992). 

23 C.2.2 Code Verification 

24 The SECO_TP code has heen applied to test problems and is shown to be accurate for both high and low 

25 mesh Pecletnumbcrs. SECO_ TP hm; been verified for temporal and spatial accuracy using the following unsteady 

26 equation and its solution, with V = ui: 

27 (C-4) 
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where 

2 g(x,y,t)=(x-ut)2 +y2, 

3 and 0 < x <I, 0 < y <I. The initial condition is given by 

4 I [ x4 y4 ] C(x,y,O)=- -+-
I2u a.L a.T 

(C-5) 

5 The exact solution to Equation C-4 is 

6 C( )=-I [(x-ut)4 Ll x, v,t + . 
. I2u a.L a.T 

(C-6) 

7 Because the computational domain is finite, the Dirichlet boundary conditions are time dependent and may be 

8 obtained from the exact solution. 

9 Table C-1 presents the computed solution to Equation C-4 at time= 25 for four different grid sizes and time 

10 steps. The magnitude of the coefficients are u = O.I, a. L = O.I, and a.T = 0.1. Examination of the ratio of root 

1 1 mean square (RMS) of errors shows tlmt tlte overall solution is second-order accurate in time and space. 

12 The SECO_TP code has also been bcnchmarked against exact transport solutions in Javandel et al. (1984), 

1 3 Tang et at. (1981), and Knupp and Salari (1992). 

14 Table C-I. Convergence Results, Uniform Grid 

Size At ~y RMS RMS Ratio 

20x20 0.05 0.25 7.697E-3 

40x40 0.025 O.I25 I.954E-3 3.94 

80x80 O.OI25 0.0625 4.92IE-4 3.97 

I60x I60 0.00625 0.03I25 1.234E-4 3.99 

15 
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APPENDIX D: CULEBRA TRANSMISSIVITY FIELD SIMULATIONS 

2 The infonnation presented in this appendix is extracted from La Venue and RamaRao (1992). 

3 D.1 Background 

4 EfforL<; to incorporate uncertainty in the Culebra transmissivity field into PA calculations have been 

5 somewhat evolutionary. In the 1990 PA calculations, the Culcbra was divided into seven zones or regions. A 

6 mean transmissivity value and an associated standard deviation was assigned to each zone. By sampling from the 

7 distributions associated with each zone, multiple realizations of zonal transmissivity values were subsequently 

8 used as input to the flow and transport calculations. Although computationally elegan~ the specification of zones 

9 significantly reduces t11e spatial variability within a given realization because each zone has a constant value. In 

10 addition, large differences in the values assigned to each zone in a given realization may occur generating severe 

11 step changes in the pcnncability field. 

12 In an effort to improve the transmissivity field used in the 1991 PA calculations, conditional simulations 

13 (CS) of Culebra transmissivity fields were produced by conditioning upon the observed transmissivity values and 

14 the pilot points which were added in t11e LaVenue et al. (1990) model. The CS transmissivity fields were then 

15 used in a groundwater flow model (WIPP PA Division, 1991). The boundary conditions necessary to reduce the 

16 differences between the observed and calculated steady-state head<; were then determined. Those realizations that did 

17 not meet a minimum error criteria were not considered adequate and were discarded. This work resulted in over 60 

18 conditional simulations t11at had acceptable fits to the observed steady-state freshwater heads. These 60 fields were 

19 subsequently used in the calculations by smnpling on a uniformly distributed variable assigned to each CS field 

20 (WIPP PA Division, 1991). The differences between each realization is depicted by a groundwater travel-time 

21 cumulative-distribution function, where travel times range from approximately 10,000 years to 30,000 years. 

22 These travel times arc used as an internal diagnostic mea<;ure in the generation of CS transmissivity fields. Travel 

23 times used in the calculation of Environmental Protection Agency (EPA) normalized releases of radionuclides to 

24 the accessible environment arc calculated using the CS transmissivity fields and the SECO flow and transport 

25 codes. 

26 In March of 1991, a geostatistics/stochastic-hydrology expert panel (GXG) was convened to provide guidance 

27 for adequately incorporating the uncertainty of the Culebra transmissivity field into the PA calculations. After 

28 reviewing the previous work, the GXG had several concerns regarding t11e approach taken in LaVenue et at. 

29 ( 1990). One of the principal concerns raised by the GXG panel members related to the subjectivity inherent in the 

30 manual calibration approach. For example, the model was calibrated in a piecewise fashion by sequentially 

31 selecting regions to he calibrated, instead of calibrating the whole model area at the same time. The model was 

32 sequentially calibrated in the northwest (upgradient) region. southwest region, southern region, and central region 

33 or WIPP-site boundary area. As mentioned in the 1990 study, the regions upgradient and downgradient from the 

34 WIPP-site area were calibrated prior to making any changes witl1in the WIPP-site boundary. This approach was 

35 employed in order to reproduce the regional hydraulic gradients across the northern and southern WIPP-site 

36 boundaries; it is mwlogous to producing a regional flow model to provide boundary conditions for a local scale 
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model. The GXG panel wondered whether there would be any major differences in the calibmted transmissivity 

2 field had the entire model area been calibrated at the same time. 

3 Several recommendations were proposed by the GXG panel members and are described in detail in Gallegos 

4 (1992). One of U1eir reconunendations included repealing the modeling performed by LaVenue et at. (1990), 

5 which included steady-state and transient model calibration, numerous times. However, instead of simply kriging 

6 the transmissivities, conditional simulations would be generated and subsequently calibrated. The conditional 

7 simulations would allow for different transmissivity fields to be used as the initial fields for the model. These 

8 fields would initially be conditioned on the observed transmissivity data only. Subsequent model calibration 

9 would then condition each of the conditionally simulated fields to the observed steady-state and transient heads. 

10 Because the GXG panel also expressed concerns regarding the manual assignment of transmissivities to the pilot 

11 points, the approach used in La Venue et al. (1990) was also enhanced to include optimization routines that were 

12 needed to a.-;sign transmissivity values to tl1e pilot points once their location wa<; selected. 

13 The present study addresses the uncertainty in the travel time by embedding the problem in a probabilistic 

14 framework. The true transmissivity distribution at the WIPP site is conceptualized to be one realization of a 

15 stochastic process. Accordingly, a large number of realizations of U1is stochastic process, which are very plausible 

16 versions of the true transmissivity at UlC WIPP site, are generated. This ensemble of realizations is thus used 

17 with the groundwater flow model to generate an ensemble of the corresponding travel times. The distribution of 

18 the travel times provides an understanding of U1e uncertainty. While several statistical measures can be used to 

19 quantify the uncertainty, a complimentary cumulative distribution function (CCDF) is commonly used for a 

20 graphical display of the uncertainty in travel time. 

21 This appendix describes the methodology of this new approach as it is used in the Culebra system. (A more 

22 complete explanation of this new approach and its application is provided in LaVcnue and RamaRao [1992].) 

23 Seventy calibrated conditionally simulated (CCS) transmissivity fields were produced using this approach; these 

24 fields are discussed in Section 2.6.3 of Volume 3 of this report and are presented in Appendix C of Volume 3 of 

25 this report. 

26 0.2 Overview of Methodology 

27 The solution methodology involves U1e generation of a large number of random transmissivity fields, each of 

28 which is in close agreement with all U1e measured data at the WlPP site. The collected data at the WIPP site is 

29 comprised of (1) transmissivity measurements, and (2) pressure measurements (both steady state and transient 

30 state). Confonnity between a random tr;msmissivity field and U1e mea-;ured data is achieved in stages, as described 

31 below. Figure D-1 presents an overview of the different steps in this study. 

32 First, unconditional simulations of the WlPP transmissivity fields are generated. These are random fields, 

33 having the srune statistical moments (the mean and the variance) and the same spatial correlation structure, as 

34 indicated by the transmissivity measurements. (These fields need not. however, match the measured 

35 transmissivities at the location of U1eir measurements.) 
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Figure D-1. Calibration of conditionally simulated transmissivity fields: flow chart. 
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These transmissivity fields arc then conditioned, so that they honor exactly the measured transmissivities at 

2 the locations of their measurements. The resulting fields are called conditional simulations of the transmissivity 

3 fields. 

4 The conditional simulations of transmissivity field are then further conditioned, such that the pressures 

5 computed by the groundwater flow model (both steady and transient state) agree closely with the measured 

6 pressures, in a least-square sense. This phase is known as calibration or the solution of inverse problem, and 

7 accountc; for a large part of the time and effort in this study. When the calibration is completed, one obtains a 

8 random transmissivity field that is in conformity with all the data at the WIPP site, and may therefore be regarded 

9 as a plausible version of the true distribution of transmissivity at the WIPP site. 

10 In this study model calibration is done by an indirect approach. An objective function is defined as the 

11 weighted sum of the squared deviations between the model computed pressures and the observed pressures, with the 

12 summation being extended in the spatial and temporal domain where pressure measurements are taken. The 

13 classical formulation of t11e calibration then requires the minimization of the objective function, subject to the 

14 constraints of the groundwater flow equations in the steady and transient state. This approach is implemented by 

15 iteratively adjusting the transmissivity distribution until the objective function is reduced to a prescribed 

16 minimum value. 

17 A common approach to calibration consists in dividing the model domain into a few zones, in each of which 

18 the transmissivity is treated as constant. The transmissivitics in the different zones constitute the parameters to be 

19 adjusted in the optimization process. Clearly, the delineation of zones is a subjective process and docs affect the 

20 results of the calibration. Thus, it may become necessary to consider several alternative zonation patterns for 

21 calibration. Also, in this approach, uniform transmissivities are assigned to each zone. This representation may 

22 be considered as inadequate, particularly while addressing the issues of spatial variability (within a zone). 

23 To avoid the above difficulties of the zonation approach, an approach using pilot points as parameters is 

24 adopted here. A pilot point is a synthetic transmissivity data point, that is added to an existing measured 

25 transmissivity data set during the course of calibration. A pilot-point is defined by its spatial location and by the 

26 transmissivity value assigned to it. After a pilot point is added to the transmissivity data set, the augmented data 

27 set is used to obtain kriged or conditionally simulated transmissivity fields, for a subsequent iteration in 

28 calibration. With the addition of a pilot point, the transmissivity distribution in the nt>ighborhood of the pilot 

29 point gets modified with dominant modifications being closer to the pilot-point location. The modifications in 

30 the different grid blocks are determined by kriging weights and are not uniform (as in the zonation approach). 

31 Conceptually, a pilot point may be viewed as a simple model to effect realistic modifications of transmissivity in 

32 a large region of the model. 

33 A coupled kriging-and-adjoint sensitivity analysis is used for the location of the pilot point; optimization 

34 algorithms arc used for assigning the transmissivity of a pilot point. Thus, the pilot-point approach to calibration 

35 hac; been rendered objective, a feature considered very desirable for the WIJ>P site. Further, a multistage approach 

36 has been used in implementing this met11odology. This aspect bears similarity to the dynamic programming 

37 method of optimization. 
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0.3 Code Development: An Overview 

2 A comprehensive e<xle package hw; been assembled using many of the codes already developed and frequently 

3 used in groundwater now simulations. They arc listed below. For details of the theory and application of these 

4 codes, the following references cited may be consulted: 

5 • TUBA, unconditional simulation of transmissivity field (Zirrunennan and Wilson, 1990), 

6 • AKRIP, generalized kriging (Kafritsas and Bras, 1981), 

7 • SWIFT II, modeling pressures (steady and transient state) (Reeves et al., 1986a,b,c) 

8 • GRASP II, adjoint sensitivity analysis (steady and transient state) (Wilson ct al., 1986; RamaRao and 

9 Reeves, 1990), and 

1 0 • STLINE, groundwater travel time and travel paths (lntera, Inc., 1989). 

1 1 In addition to using the above codes, the following new codes have been developed in the present task. The 

1 2 details of the new codes are provided in La Venue and R.amaRao (1992). 

13 • MAIN-drives the different modules 

14 • CONSIM-gencrates conditional simulations of transmissivity from the unconditional simulations of 

15 transmissivity 

16 • PILOTL-Iocates tJ1e pilot points based on sensitivity analysis 

17 • PAREST-assigns the pilot point transmissivities by minimization of a least square objective function 

18 0.4 Simulated Transmissivities 

19 In the earlier modeling efforts for WIPP (LaVenuc ct al., 1990), kriging has been employed to address the 

20 issue of spatial variability in transmissivity. In an effort where only one calibrated field is to be produced, kriging 

21 becomes an obvious choice. Kriging provides optimal estimate of the transmissivity at a point, thereby 

22 necessarily smoothing out tJ1e true variability between measurement points. On the contrary, simulated values 

23 reproduce the fluctuation pauems in transmissivity, which may lead to extreme values in travel times. Thus, 

24 simulated fields are useful to resolve the residual uncertainty not addressed by kriging. 
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0.4.1 Unconditional Simulation 

2 An unconditional simulation of tr:msmissivity field is a r:mdom field having the same statistical moments 

3 (me:m and variance) and the same spatial correlation structure as indicated hy the measured transmissivities in the 

4 field. An unconditionally simulated transmissivity field is said to be isomorphic with the true field, and is 

5 independent of the true field. The following methods have been used earlier in groundwater hydrology for 

6 generating unconditional simulations: 

7 • nearest neighbor method (Smith and Schwartz, 1981; Smith and Freeze, 1979), 

8 • matrix decomposition, 

9 • multidimensional spectral analysis (Shinozuka and J:m, 1972; Mejfa and Rodrfguez-Iturbe, 1974), and 

10 • turning bands method (Matheron, 1971, 1973; Mantoglou and Wilson, 1982; Zimmerm:m and Wilson, 

11 1990). 

12 In this study, the turning b:mds method has been used. It is an extremely fa<;t and efficient algorithm :md the code 

13 llJBA to implement this, is available in public domain. 

14 A two-dimensional (or a three-dimensional) stochastic process is generated in this method by the summation 

15 of a series of equivalent one-dimensional processes. Figure D-2 shows a definition sketch taken from Mantoglou 

16 aild Wilson (1982). The region P shows a grid of points at each of which the two-dimensional field is to be 

17 generated. In particular, consider a point N in the grid where the two-dimensional field [ Z5 (N)] is to be simulated. 

18 Consider a particular line i, lhe length along which, from the origin 0, is measured by ~i. This line is 

19 divided into a number of intervals (bands), of length !1~;, in each of which the one-dimensional process Z; is 

20 computed. Let N; be the projection of the point N onto the line i. Let Z;(~;) be the one-dimensional process in 

21 the band containing N;. Then the two-dimensional process [ Z5 ( N)] is obtained by summing the contributions 

22 from the different lines, by the relation 

23 

L 

:Lz;(~N;) 
Zs(N) = i=I .fL 

24 where Lis the number of lines selected. Usually Lis hctween 16 and 20. 

(D-1) 

25 LaVenue et al. (1990) analyzed the WIPP transmissivity data and identified the spatial structure of the two-

26 dimensional transmissivity field. They modeled it as an isotropic process and as an intrinsic random function of 

27 order zero (lRF-0), with the generalized covariance function (GCF) given by 

D-8 



X 

' 

/ 

I \ 

N 

Simulated Transmissivities 
Conditional Simulation 

Region P 

TRI-6342-3303-o 

Figure D-2. Schematic representation of the field and turning band-; lines (Mantoglou and Wilson, 1982). 

D-IJ 



Appendix D: Culebra Transmissivity Field Simulations 

kz(r)=-a0 r (GCF) 

2 r = a radial distance (D-2) 

3 a0 = a constant 

4 The subscript 2 denotes a two-dimensional process. 

5 If k1 (r) is the GCf for an equivalent one-dimensional process, 

6 (D-3) 

7 The Weiner-Levy process is known to be an IRF-0 process and is accordingly used to generate the line 

8 process. The relevant equations are given below. 

9 Z;(~)= W(~). (D-4) 

10 where W( ~) is the Weiner-Levy Process. 

1, W(O)=O, (D-5) 

12 W(~ + ~~) = W(~) + gU(~). (D-6) 

13 (D-7) 

14 :rn 

15 (D-8) 

16 where U( ~) is a uniformly distributed random variable. 

11 0.4.2 Conditional Simulation 

18 An unconditionally simulated transmissivity field, which is made to honor exactly the measured 

19 transmissivity at the locations of the measurements, is called a conditionally simulated transmissivity field. The 

20 procedure of conditioning is described below. 

21 Let Z(x) be the true value (not known) of the field at a point x. One may decompose Z(x) as below: 

22 Z(x) = Z0 k{x) + [ Z(x)- Z0 k(x)], (D-9) 
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where Z0 k{x) is the kriged estimate of Z, at x, based on the observed values of Z at the locations of the 

2 observations. 

3 Here, [ Z( x)- Z0 k ( x)] is a true kriging error and is unknown, since the true value of Z( x) is unknown. It is 

4 possible to simulate this error. 

5 Using the unconditionally simulated values (Zuc) at the locations of the observations (not the actual 

6 observations), a kriged field ( Z11k) is generated. One may write, using a similar decomposition as above, 

7 (D-10) 

8 where [ Z11c ( x)- Z 11k{ x)] is also a kriging error, and is known and may be called a simulated kriging error. This 

9 error is isomorphic with t11e true kriging error. More imponantJy, this error is independent of the kriged values: 

10 (D-11) 

1 1 Substituting t11e known simulated kriging error for the true but unknown kriging error, in Equation D-9, one 

1 2 obtains: 

13 Z( X) "" Z 0 k (X) + [ Z11C (X)- Zuk (X)] (D-12) 

1 4 Equation D-12 clarifies the conditioning step as one of adding of simulated kriging error on a kriged field 

15 using the measured data. This step involves kriging twice, once with the measured transmissivities and another 

16 time with the unconditionally simulated transmissivities, both at the location of the observations. The 

17 superposition of the t11ree different transmissivity fields is graphically illustrated in Figure D-3. 

18 The (average) trcmsmissivity of each grid block is obtained here, using Gaussian quadrature. A 2x 2 Gauss 

19 point scheme is used for quadmture in each grid block. 

20 The conditional simulations constitute t11e most important input to the groundwater flow model. It is useful 

21 to appreciate the following properties of a conditional simulation (CS): 

22 I. The CS field honors the measured values exactly at the measurement locations. This 

23 follows from t11e fact the kriging is an exact interpolator, so that the simulated kriging error is zero at 

24 measurement locations and, further, t11e kriged value from observations (Z0 k) reduces to the measured 

25 value, for !he same reason. 
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f-igure D-3. Conditional and unconditional simulation: relationships. 

D-12 

TR 1-6342·3304-Q 

X 



Simulated Transmissivities 
Conditional Simulation 

1 2. The CS field has the same spatial correlation structure as indicated by the measured 

2 data. This follows from an orthogonality property of the kriging errors (Equation D-1 I), which states 

3 that the kriging errors (both uuc ami simulated) are uncorrelatcd with any kriged values for stationary field 

4 and with generalized increments for the inLrinsic fields (Del finer, I 976; Delhomme, I 979). Accordingly, 

5 the addition of simulated kriging error field to a krigcd field docs not alter the spatial correlation structure 

6 of the kriged field. It may be recalled that the kriged field itself has the same correlation sLrueture as 

7 implied by the data. 

8 3. The average of many CS fields at a location x, is merely the kriged estimate at x 

9 [Z0dx)]. 

10 4. The variance of many CS fields at a location x is given by the kriging variance. 

11 5. The CS fields reproduce the true variability of the field, in contrast to a smoothed 

12 field given by kriging. 

13 6. The conditioning step introduces a robustness with respect to the features of the 

14 reality that are not specifically known or imposed on the (unconditionally) 

15 simulated field. This rohustness increases with the amount of the conditioning data. 

16 0.4.3 Computational Options for Simulated Fields 

17 The simulated kriging error is rendered zero at all ohservation points (sec Figure D-4). When a pilot point is 

18 added to the ohserved Lransmissivity data set, two options exist: 

19 • The pilot point may be given t11e full status of an observed data point. Then the simulated kriging error at 

20 the pilot point is also rendered zero. In this case. the simulated kriged error field varies from one iteration 

21 to the other, and needs to be computed at every iteration. 

22 • The simulated kriging error is rendered zero only at the observed data point and not at the pilot points. 

23 Thus, the pilot points arc used to ohtain the kriged field using the 'augmented' data. But the simulated 

24 kriged error field remains the same as the initial field t11rough all the iterations. It does nm need to he 

25 recomputed during t11c various iterations. 

26 While ohtaining t11e kriged field using the simulated data at the measurement locations, two options exist: 

27 • Assume t11at the simulated value ( Z11c) ha.-; the smne errors as the actual measurements. 

28 • Assume that t11e simulated value ( Z11c) ha.<; no errors. 
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2 For every CS field, Lhe mean and variance of Lhe Lransmissivity arc computed and compared wilh Lhat of Lhe 

3 WIPP data. Also, using Lhe code AKRIP, Lhc generalized covari:mce function (GCF) of Lhc field is obtained <md is 

4 compared with Lhat obtained from measured data at Lhe WIPP. A close agreement between Lhe two provides 

5 verification Lhat Lhe generated CS field is a plausible version of Lhe reality at Lhe WIPP site. The procedure is 

6 repeated for all Lhe CS fields. 

7 A collection of all the CS fields generated constitutes an ensemble. For any one location in Lhe field, 

8 transmissivity values across all Lhe fields in Lhe ensemble are studied and !.heir mean and variance computed. A 

9 spatial distribution of Lhe ensemble mean and variance should closely agree wilh Lhe spatial distribution of krigcd 

1 o values and kriging variance obtained from the kriging exercise itself. 

11 0.5 Automated Calibration 

12 In an automatic algorithm, it becomes necessary to reslfict Lhc number of parameters (to be identified) to a 

13 small number; this step is called parruncterization. The zonation approach and Lhe pilot-point melhodology can 

14 bolh be viewed as two alternative paths for parameterization. As shown above, the pilot-point approach 

15 eliminates an inherent subjectivity in Lhc zonation approach and provides for the most objective inverse algorilhm. 

16 0.5.1 Objective Function 

17 The objective function that is to be minimized in Lhc calibration is a weighted lca<;t-square-error criterion 

18 function. It comprises of two components, a model-fit criterion and a plausibility criterion. The model-fit 

19 criterion is a weighted sum of the squared deviations between the computed and measured pressures taken over all 

20 points in spatial and temporal domains, where pressure measurements have been made. The plausibility criterion 

21 demands that the calibrated Lransmissivitics be not too far from their prior estimates. A relative weight TJ between 

22 the plausibility criterion and t11c model-fit criterion has been used. In the present study, due to Lhe nature of Lhe 

23 pilot point methodology (de Marsily et al., 19R4), the plausibility criterion is disregarded by setting Tl = 0; Lhe 

24 code, however, has tllC capability to usc it. 

25 Equation D-13 defines t11e objective function in general tenns: 

L 

26 ./(~)= Lf:~(k)B- 1 (kkp(k) (model fit) 

k=l 

27 (plausibility), (D-13) 

28 where: 
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1{!!) = weighted le<L<;t square (WLS) error criterion function 

f.p = {e(k)- Eob (k)} 

f.u = {!!-!!est} 
R = covariance matrix of errors in p b 

-0 

u = covariance matrix of errors in u 

!! vector of parameters (Yp = Iog10 Tp) 

ll = relative weight of the plausibility criterion to model fit criterion 

k = time step number 
p(k} = pressures computed 

Eob(k} pressures observed 

T = transpose 

TP = pilot point transmissivity 

L = number of time steps. 

14 After optimal estimates of!! are obtained, the posterior covariance matrix of the parameters is given by 

15 

16 ~T (k} =Jacobian Matrix= [dp(k}J. 
- du' 

17 

18 where P is the posterior covariance matrix of the parameters. 
=flU 

19 0.5.2 Parameters of Calibration 

(D-14) 

20 The pilot-point transmissivities are the parameters that are adjusted for calibration. However, in the 

21 mathematical implementation, the logarithms (to base 10) of the transmissivities (and not the transmissivity) are 

22 treated as parameters. The calibration parameters are given by 

24 where Tp is the transmissivity at a pilot point (suffix p denotes pilot point). Figure D-4 illustrates the concepts 

25 of pilot points presented above. 
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2 Pilot points are placed at locations where their potential for reducing the objective function is the highest. 

3 This potential is quantified by the sensitivity coefficients (dJjdY) of the objective function J, with respect toY, 

4 the logarithm (to ba"c 10) of pilot-point transmissivity. A large number of candidate pilot points arc considered, 

5 usually the centroids of all t11e grid blocks in the now-model grid. The selected candidate pilot points are ranked in 

6 the descending order of the magnitude of their absolute sensitivity coefficient<;, i.c.,ldJfdYI. The required number 

7 of pilot points is chosen from the top of the ranked list of points. 

8 Coupled adjoint sensitivity analysis and kriging is used to compute the required derivatives, and the procedure 

9 is documented in RamaRao and Reeves (1990). It is described brieny here. 

10 Let P be a pilot point added to a set of N observation point<;. Let Tp be the transmissivity assigned to pilot 

1 1 point P. Kriging is done using Yp, where 

12 

13 The krigcd estimate (Y*) at the centroid of a gridblock m, is given by 

14 

N 

r,;, = Lyk • Ym.k + Yp •Ym.p. 
k=l 

(D-15) 

(D-16) 

15 where k is the subscript for observation point, p is the subscript for pilot point, and y m,k and y m,p are the 

16 kriging weights for the interpolation point 111 and data point k and interpolation point m and data point p, 

17 respectively. 

18 

19 When a pilot point transmissivity is perturbed, the kriged transmissivities and, hence, the permeabilities in 

20 all gridblocks arc altered, causing the objective function J to change. Accordingly, using the chain rule, 

21 
M * 

d.! _ I dl t~r,, 
dYp - dY*, dYp 

m=l " 

(D-17) 

22 where M is the total number of grid blocks in the now model. 

23 
dY* 
__!?!_- y (from Equation D-16) dY - m.p 

p 
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dJ ~ dJ 
dY = L.J dY* Wlfm.p 

P m=i 111 

T* K Pm b Ill = Ill -g Ill 
llm 

dl -I (IO)K dJ --*- n m--
dY111 dK111 

(D-18) 

(D-19) 

5 where T* is the estimated transmissivity, K* is the estimated penneability, p is fluid density, Jl is fluid 

6 viscosity, g is acceleration due to gravity, b is gridblock thickness, and m is the subscript denoting gridblock. 

7 Combining Equations 0-18 and D-1 9 

8 
d.! ~ dJ 
-- = ln(IO) L.J Ym.pKm -­
dYp dK111 111=1 

(D-20) 

9 The sensitivity coefficient, d.lfdK111 of the objective function with respect to the pcnneability in a gridblock 

1 0 m is obtained by adjoint sensitivity analysis. 

11 Adjoint sensitivity analysis provides an extremely fa<;t algorithm, particularly when, for a given objective 

12 function J, the sensitivity coefficients are to he computed for a large number of parameters (penneabilities in 

13 thousands of grid blocks, as is the case here). 

14 Let the groundwater flow model he represented by the following matrix equation: 

15 

16 where for a fully implicit scheme of time integration adopted here, 

17 

18 

19 

20 

21 

22 

23 

24 

25 

p 

A 

!1 
c 
~ 

r 
/:;J 

n 

= 
= 
= 
= 
= 
= 
= 

= 

vector of gridblock pressures 

C+B = = 
§)!it 

conductance matrix 

storativity matrix 

vector of source terms 

rn - rn-i 

time 

time level (I ,2,3 .... L) 

D-18 

(D-21) 



L = maximum time level of t11e simulation. 

2 First. an adjoint state vector (A } is obtained by the solution of the following equation: 

3 

4 where T denotes the transpose of t11e matrix. 

5 Equation D-22 is solved hackwanJs in time, from n = L to n = I with 

6 

Automated Calibration 
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(0-22) 

(0-23) 

7 If o.i is a generic sensitivity parruneter in the gridhlock i, the sensitivity coefficient dJfdo.i is evaluated by 

8 the expression: 

9 d.! =_i!_+ ~AnT •[ ()~ pn _ ofl pn-I_ arl 
da· oa· £...,;- ao. - oa·- oa· 

I I n=J I I I 

(D-24) 

10 

11 Here, the Equation D-24 is evaluated with O.j = Ki, the permeability in t11c ;th gridhlock. 

12 0.5.4 Pilot Points: Transmissivities 

13 The transmissivities at pilot points arc a.~;signed by an unconstrained optimization algorithm and a subsequent 

14 imposition of constraints. 

15 The optimization algorithm chosen here helongs to a class of iterative search algorithms. It involves a 

16 repeated application of t11c following equation until convergence is achieved: 

17 (D-25) 

18 where i is the iteration index, g_j is the direction vector, ~j is the step length (a scalar), and rj is the vector of 

19 parameters to be optimized (i.e., logarithms of pilot-point transmissivities to b<L-;e 10). 

20 The steps in U1e implementation of this algoritlun are as follows: 

21 I. For the selected number of pilot points, choose the initial estimates of the parruneters (Yp = Iog!O Tp). 

22 These are taken to be the kriged or the conditionally simulated values in the gridblocks, where pilot 

23 points are located depending upon the option chosen. 
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2. Compute the direction vector, d.;, as per one of the three algorithms discussed helow (Fletcher-Reeves, 

2 Broyden's, or Davidon-Fletcher-Powell). The direction vector constitutes a direction in the hyperspace of 

3 the parameters, and advancing along this direction, yields new values of the parameters. The step-length 

4 ~ determines the actual advm1ce along this direction. 

5 3. Determine the optimal step-length~. which minimizes the objective function. (How the step length is 

6 determined is explained in detail in LaVenue and RamaRao [1992].) 

7 4. Update the parameters: 

9 5. Impose the constraints, a<; explained in Section 0.5.5. 

10 6. Check for convergence. 

11 7. If convergence is achieved, the optimization algorithm is completed, the pilot point<; are added to the data, 

12 and execution of the main algorithm continues. 

1 3 8. If con vergence is not achieved, let i = i + 1, and go to Step 9. 

14 9. Using the augmented data set, generate a new conditional simulation of trm1smissivity field, derive the 

15 corresponding pressure field, m1d recompute the gradient vector using the already selected pilot-point 

16 locations. (The pilot-point selection process will he skipped.) 

17 10. Go to Step 2. 

18 The code includes three options for the computation of the direction vector d.;. They are the algorithms due 

19 to (1) Fletcher-Reeves, (2) Broyden, and (3) Davidon-Retcher-Powell (Luenherger, 1973; Gill et al., 1981; Carrera 

20 and Neuman, 1986). (These options are explained in detail in La Venue m1d RamaRao [1992].) 

21 0.5.5 Pilot Point Transmissivities: Constraints 

22 It is possible that the optimization algorithms may dictate large changes in the parameters and bring about an 

23 impressive reduction in the objective function. Such recommended large changes may he viewed as undesirable for 

24 several rea-;ons. At any point in the field, one can obtain a kriged estimate of transmissivity and iL<; variance 

25 (kriging variance). One may construct a confidence interval (assuming a normal distribution of kriging errors) for 

26 the transmissivity. It is reasonable to expect the calibrated value to he within the confidence hand. A constraint 

27 may he imposed to achieve this. 

28 Further. situations may exist where the confidence hand may be large. A large change in the parameter 

29 value, even if contained within the confidence hand. cm1 cause a large change in the spatial-correlation structure of 
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the transmissivity field. One of the objectives in calibration can then be to limit the maximum charge to a 

2 specified value, so that the geostatistical structure is not altered significantly. 

3 Consider the kth parameter, whose value is Yk (kth element in the vector of parameters, X). Then, 

4 

5 where i is an iteration index. 

.1Yk.i = ( Yk.i+l - Yk,i) 

=~;•dk.i 

6 Constraint 1: The parameter value should lie within the confidence band. 

7 

(D-26) 

(D-27) 

8 where the subscript o indicates initially kriged value, based on the measured data only. Thus Yk,o gives the 

9 initially kriged value at the location of the k1h pilot point, and cr~0 gives the initially computed kriging variance 

10 at the same location, m is t11e multiplier of t11e standard deviation, which gives the semi width of the confidence 

11 band. If normal disuibution is assumed for kriging errors, and if 95% confidence levels are desired; m = 2. 

12 Constraint 2: The change in any parameters must be limited to AY max. 

13 (D-28) 

14 After the optimization, these constraints arc implemented for each parameter. In reality, only one constraint 

15 is active for a pilot-point. Also, in implementation, the optimal step length computed is reduced if the constraint 

16 became active, still preserving the direction. 

11 0.5.6 Convergence Criteria 

18 It may be noted that there arc two levels of iteration, designated as inner and outer iterations. An inner 

19 iteration relates to the iterations needed to optimize the transmissivitics of the pilot points. Thus, when an inner 

20 iteration is repeated, the pilot-point locations arc fixed as at the beginning of the sequence of inner iterations. 

21 When the convergence of ;m inner iteration is achieved, the pilot points arc added to the transmissivity data set. 

22 This then sets the stage for ;m outer iteration. During the course of outer iteration, optimal location of the next 

23 set of pilot points is done using coupled kriging and adjoint sensitivity analysis. Subsequently, their 

24 transmissivities are optimized by a sequence of inner iterations. Figure D-5 clarifies these points. 

25 It may be noted that both inner and outer iterations go through all phases of the algorithm, except that inner 

26 iterations skip the phase of selecting pilot points from a grid of candidate pilot points. 
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T-Field 
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Figure D-5. Inner and outer iterations of calibration. 
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0.5.6.1 CONVERGENCE CRITERIA: INNER ITERATIONS. 

2 I. The perfonnance measure J drops below a prescribed minimum value (JMIN): 

3 
J::s;JMIN 

Automated Calibration 
Convergence Criteria 

(D-29) 

4 2. The number of iterations (NITER) equals a prescribed maximum number of iterations, for the inner 

5 iterations (rmRMXI): 

NITER~ ITERMXI 
6 (D~ 

7 3. The ratio of the nonn of the gradient, to the initial-gradient nonn reduces below a prescribed value 

8 (GRNR): 

9 1111 GRNR _L< 
IIKoll- (gradient nonn ratio) 

(D-31) 

10 4. The gradient nonn IIKII is less UuUJ a prescribed minimum (GRMIN): 

1 1 lkll::s;GRMIN (D-32) 

12 5. The relative change in objective function is defined, a<; MfJ, where M is the change in the objective 

13 function during one iteration. Iterations are tenninated if this relative change falls below a prescribed 

14 value (RELCJ): 

15 M::::; RELCJ 
.I 

16 0.5.6.2 CONVERGENCE CRITERIA: OUTER ITERATIONS. 

(D-33) 

17 Outer iterations arc tenninated essentially on criteria (1) and (2) of inner iterations. They are not repeated. 

18 
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PREFACE 

This volume documents model parameters that were used in sensitivity and uncertainty studies by the Performance 
Assessment (PA) Depmtment of Sandia National Laboratories in its 1992 preliminary comparison of the Waste Isola­
tion Pilot Plant (WIPP) with the Environmental Protection Agency's (EPA's) Environmental Standards for the Man­
agement and Disposal of Spent Nuclear Fuel, High-Level, and Transuranic Radioactive Wastes ( 40 CFR 191 ). 

Besides the DOE Project Integration and Site Offices in New Mexico, which oversee the project, the WIPP currently 
has two major participants: Sandia National Laboratories in Albuquerque, New Mexico, which functions as scientific 
investigator; and Westinghouse Electric Company, which is responsible for the management of WIPP operations. 
The specific tasks of Sandia are (1) characterizing the disposal system and surrounding region and responding to spe­
cific concerns of the State of New Mexico, (2) assessing the performance of the WIPP (e.g., assessing regulatory 
compliance with 40 CFR 191, Subpart B, except the Assurance Requirements), (3) performing analytic, laboratory, 
field experiments, and applied research to nuclear waste disposal in salt, relevant to support tasks 1 and 2 (disposal 
system charactelization and performance assessment), and (4) providing ad hoc scientific and engineering support 
(e.g., supporting enviroumental assessments such as Resource Conservation and Recovery Act (RCRA, 1976) and the 
National Environmental Policy Act (NEPA, 1969). This volume helps fulfill the performance assessment task. 

For the perfonnance assessment, the PA Department at Sandia maintains a data base, the secondary data base (SDB), 
which contains interpreted data from many primary sources. The data are used to form a conceptual model of the 
WIPP disposal system. The SDB provides a set of parameter values (median, range, and distribution type where 
appropriate) and the source of tl1ese values. As better information becomes available, the parameter values reported 
herein will be updated. Tlms, this volmne is only a snapshot of the data that supports parameters in the SDB com­
piled as of April 1992. Updated parameter reports will be issued annually as a separate volume of the Preliminary 
Performance Assessment for the Waste Isolation Pilot Plant. A previous data report was published in December 1991 
(WIPP PA Division, 1991). 

The 1992 comparison and background infommtion on the comparison are reported in Volumes 1, 2, and 4 of this 
repmt: 

SNL (Sandia National Laboratories) WIPP PA Department. 1992. Preliminary Performance Assess­
ment for the Waste Isolation Pilot Plant, December 1992-Volume 1: Third Comparison with 40 CFR 
191, Subpart B. SAND92-0700/l. Albuquerque, NM: Sandia National Laboratories. 

SNL (Sandia National Laboratorieo;;) WIPP PA Department. 1992. Preliminary Performance Assess­
ment for the Waste Isolation Pilot Plant, December 1992-Volume 2: Technical Basis. SAND92-
0700/2. Albuquerque, NM: Sandia National Laboratories. 

SNL (Sandia National Laboratories) WIPP PA Department. 1993. Preliminary Performance Assess­
ment for the Waste Isolation Pilot Plant, December 1992-Volume 4: Sensitivity Analyses for 40 CFR 
191, Subpart B. SAND92-0700/4. Albuquerque, NM: Sandia National Laboratories. 

The present volume documents paranteter values used in models described in Volume 2; in tum, sensitivity and 
uncertainty analyses employing the models of Volume 2 are reported in Volumes 1 and 4. 

Transforming data into distributions of model paranteters is a major PA Department task. Although the PA Depart­
ment is resJXlnsible for comparing the WIPPwith 40 CFR 191, Subpart B, the majority of data used for these compar­
isons is supplied by experimenters m1d analysts characterizing the disposal system and surrounding regional geology 
as noted in the acknowledgments. 

In addition to individual contributors who established current data, earlier contributors are also acknowledged. Much 
of the data provided prior to 1991 is sun)marized in Systems Analysis, Long-Term Radionuclide Transport, and Dose 
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Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern New Mexico; March 1989, edited by Lappin et al. 
(1989). Because of this report's wide circulation, we found it convenient to refer to this report as a data source, 
although in many cases it only summarizes others' work. Its selection as a source is not meant to diminish the contri­
butions of the original authors. However, Lappin et al. (1989) is the first report in which ranges were assigned for 
many parameters, so it does provide a primary reference for these ranges. Furthermore, some of the data has not yet 
been published and thus Lappin et al. (1989) may be the only source until documentation is complete. 

We appreciate the time and suggestions supplied by the final peer reviewers: D. R. Anderson (6342), E. D. Gorham 
(6119), R. C. Lincoln (6345), and J. R. Tillerson (6121). In addition, the editorial help on the text and over 100 illus­
trations provided respectively by J. 01apman and D. Pulliam of 'tech Reps, Inc., Albuquerque, New Mexico, greatly 
improved t11e report. 
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1. INTRODUCTION 

1.1 Purpose and Organization of Report 

1 
2 
3 
4 
5 
6 
7 
8 
9 

The purpose of this volume is to describe parameters of mathematical models chosen as of July 1992 for use by 
11 the Performance Assessment (PA) Department of Sandia National Laboratories in its 1992 evaluation of the long-
12 term performance ("performance assessment") of the Waste Isolation Pilot Plant (WIPP). In this volume, perfor-
13 mance assessment refers to the prediction of all long-term performance. For example, the models and parameters can 
~~ be used to compare WIPP performance with the requirements of the Environmental Protection Agency's (EPA's) 

16 Environmental Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level, and Transuranic 
17 Radioactive Wastes (40 CFR 191), with long-term safety goals for individual exposure (doses) that may be necessary 
18 for environmental impact statements (National Environmental Policy Act [NEPA, 1969]), and with long-term 
19 requirements of hazardous waste regulations (Resource Conservation and Recovery Act of 1976 [RCRA, 1976]). 
20 

10 

21 
22 About 300 distinct parameters are listed in this report for use in the consequence and probability models used in 
23 simulations of the WIPP. Data bases, sources, and reasoning that supported the choices of probability distributions 
24 for each of the 300 parameters were described in the 1991 counterpart of the present volume (i.e., WIPP PA Division, 
25 1991, Vol. 3). In the present volume, emphasis is placed upon sources and reasoning behind the 49 parameters that 
26 were sampled in the 1992 PA calculations for purposes of sensitivity and uncertainty analyses; these 49 parameters 
27 
28 are given extended discussion in the form of data tables andgraphies. Most of these parameters specify the physical, 
29 chemical, or hydrologic properties of the rock formations (geologic barriers) in which the WIPP is placed; a substan-
30 tial number of the parameters specify physical, chemical, or hydrologic properties of the seals, backfill, and waste 
31 form (engineered balTiers); and some pertain to future climatic variability or future episodes of exploratory drilling at 
32 the WIPP. Dimensions of selected engineered features of the WIPP underground facility are also listed, although 
33 
34 these dimensions are not counted as part of the 300 parameters. 

35 
36 The EPA Standard, 40 CFR 191, explicitly acknowledges the uncertainties associated with scientific predictions, 
37 especially when predictions cover thousands of years, and mandates that this uncertainty be reported when making 
38 comparisons with the Standard, Subpart B. One of several sources of uncertainty in scientific predictions is uncer-
39 
40 tainty in the values of the parameters in mathematical models used to make those predictions; consequently, this 
41 report also lists estimates of the range and distribution (uncertainty) of the parameters. 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

The organization of this volume is as follows: 

• Tile remainder of Chapter 1 presents conventions used in the data tables, and background information on tlle 
selection of distributions, performance assessments, and tlle WIPP. Chapter 1 is arranged so tllat information 
specific to tlle data is presented first, followed by more general information (e.g., background on the WIPP 
consequence models). 

• Chapter 2 provides consequence-model parameters for geologic barriers. 

• Chapter 3 provides consequence-model parameters for tlle engineered barriers and source terms. 

• Chapter 4 provides consequence-model parameters for global materials such as fluid properties (e.g., Salado 
Formation brine compressibility) and properties of agents tllat act upon the WIPP disposal system such as cli­
mate variability and human-intrusion boreholes. 

• Chapter 5 provides parameters for human-intrusion probability models. 

• Chapter 6 lists tlle specific parameters t11at were varied for tlle December 1992 preliminary comparison of the 
WIPPwitl140 CFR 191, Subpart B. 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

INTRODUCTION 
1.2 Conventions 

• Appendix A is a compilation of memoranda from principal investigators; each memorandum documents either 
data or recommendations concerning the choice of a parameter's distribution or use of the parameter in a con­
sequence model. 

• Appendix B is tabulated data for existing wells near the WIPP site (i.e., data on Well ID, location, and forma­
tions penetrated). 

• Appendices C and D provide graphic and tabular representations of certain parameters that are not conve­
niently placed in the main body of the report. 

• Following the cited references is a table of conversion factors between SI and common English units; a glos­
sary of terms; and a list of variables, acronyms, and initialisms. 

1.2 Conventions 

18 
19 Chapters 2 through 5 provide data and information used in the PA Department's 1992 mathematical models of 
20 the WIPP system. The parameter sheets, graphs, and discussions in these chapters may use standard terms of proba-
21 bility theory and statistics or non-standard terms to characterize model parameters; brief explanations of these terms 
22 are provided below, along with a key to the parameter sheets. 
23 
24 

1.2.1 Probability Distribution Functions 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

For a continuous parameter, say X, the probability density function (pdf) is a function f(x) > 0 with the properties 

b 

If (x) dx =probability that uncertain parameter X lies in interval (a,b): 
a 

I f(x)dx 1 . 

39 
40 The cumulative distribution function (edt) associated with f(x) is defined by 
41 
42 
43 
44 
45 
46 

X 

F ( x) = I f ( s) ds = probability that uncertain parameter X is less than or equal to x. 

47 Probability density functions (pdfs) and cdfs can be similarly defined for uncertain parameters that take on a 
48 
49 denumerable number of values, xi, i=1,2, .... The sequence {fi}, i=1,2, ... , such that fi > 0 and 

50 
51 
52 
53 
54 
55 is the discrete analogue of the continuous pdf, and 
56 
57 
58 
59 
60 
61 is the discrete analogue of the continuous cdf. 
62 
63 

F(x) 

64 Examples of common, analytic, continuous and discrete probability distributions are shown in Table 1.2-1. 
65 
66 
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Density Function 

f(x) 
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where 

Table 1.2-1. Description of Several Probability Distributions 

Cumulative 
Distribution Function 

F(x) 

X 

Jr(x) dx 
a 

Expected 
Value 

ll 

a 
a= a+A 

B(a,A) = 
rca) r(A) 

r(a+A) and r(y) = Jxr-I e-xdx 

a! A! . 
= if a and A are mtegers 

2. Gamma 

.. a a-1 -A.x ,... x e 
rca) 

3. Exponential 

Ae ~0 

0 

X 

(x) dx 
0 

1- e-A.x 

a 
X 

1 
X 

Variance 
ri 

(b- a) 2 aA 

(a+A) 2 (a+A+l) 
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Table 1.2-1. Description of Several Probability Distributions (Continued) 

Probability 
Density Function 

f(x) 

Normal N (1.1, cr2) 

_1_ exp [--(x_-_1.1_)2] 
crJi;. 2cr2 

-oo::::; X::::; oo 

but for WIPP PA 

a ::::; x ::::; b where P (x >a) = 0.99 and 

P(x >b) = 0.01 

Lognormal 

1 
-- exp [ 1 crx.fiic -

202 
( 1 nx -1.1) 2] 

x~O 

x = eY where y = N (1.1. cr2) 

but for WIPP PA 

P(y>a) = 0.99 and 

P(y>b) = 0.01 

Cumulative 
Distribution Function 

F(x) 

X 

I f(X) dX 

X 

Jf(X) dX 
0 

Expected 
Value 

ll 

ll 

ll = a+ b 
2 

exp [ll (y) + cr2 ~y) J 

Median = eJ.L (y) 

1.1 (y) = a+ b 
2 

Variance 
(J2 

(J2 

(!!.:!!._J2 
4.66 

e2J.L(y)+cr2 ( ecr2(y) -1) 

b-a 
cr

2
(y) = ( 4.66 J
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6. 

Probability 
Density Function 

f(x) 

Uniform 

1 
-a 

a~x~b 

7. Loguniform 

1 
x (lnb -lna) 

a<x<b 

8. Binomial (discrete) 

n! 
x!(n-x)! px(l-p)n-x 

X= 0,1,2,. .. ,N; 

9. Poisson (discrete) 

Jlxe-).1 

x! 
X = 0, 1, 2, ... , oo 

Table 1.2-1. Description of Several Probability Distributions (Concluded) 

Cumulative 
Distribution Function 

F(x) 

x a 
-a 

lnx lna 
lnb lna 

X 

L f(X) 
x=o 

X 

L f(X) 
x=o 

Expected 
Value 

Jl 

a+b Jl 

a=Jl 50 
b Jl+ 50 

b-a 
lnb -lna 

Median= Jab 

np 

Jl 

(b a) 

Variance 
('i 

(b- a) 2 

12 

2 (lnb-

np(1-p) 
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1 1.2.2 Empirical Distribution Functions 
2 
3 
4 Empirical cdfs are histograms or piecewise constant functions based on percentiles derived from a set of mea-
5 surements (data), or a set of subjective estimates of experts. For independent measurements (data) of some quantity, 
6 the empirical cdf is an unbiased estimator of the unknown population cdf of that quantity (Blom, 1989, p. 216); this 
7 property does not rigorously apply to empirical cdfs derived from subjective estimates of experts. 
8 
9 

10 
11 1.2.3 Range 
12 

~! The range of a distribution is denoted by (a,b), the pair of numbers in which a and bare respectively the mini-
15 mum and maximum values that can reasonably be taken by the uncertain parameter X. 
16 
17 

~: 1.2.4 Mean and Sample Mean 
20 
21 The mean value (or, simply, mean) of a distribution is one measure of the central tendency of a distribution; it is 
22 analogous to the arithmetic average of a series of numbers. The population mean, !l, is defined by 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

J x f ( x) dx for continuous distributions, or 

L X/i for discrete distributions. 
aJJ X· 

I 

34 The sample mean, denoted by x, is the arithmetic average of values in an empirical data set. A sample mean can 
35 also be assigned to empirical cdfs derived from subjective estimates of experts. 
36 
37 
38 
3e 1.2.5 Median and Sample Median 
40 

41 The median value of a cdf is denoted by x50 and is that value in the range at which 50% of all values lie above 
:; and below (i.e., the 0.5 quantile). Sample medians, here denoted by xs0, can be obtained directly from empirical cdfs 

44 in the obvious way. 
45 
46 
47 1.2.6 Variance and Coefficient of Variation 
48 
49 
50 
51 
52 
53 
54 
55 
56 

The variance of a distribution, cr2 , is the second moment of the distribution about its mean, i.e., 

J ( x !l) 2 f ( x) dx for continuous distributions, or 

L (xi !l) 2fi for discrete distributions. 
allx. 

I 

57 
58 
59 
60 
61 
62 The standard deviation, cr, is the positive square root of the variance. The coefficient of variation, the ratio of 
63 standard deviation to mean, cr I !l, is a convenient measure of the relative width of a distribution. 
64 
65 
66 
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The sample variance of a set of measurements of parameter X, say X1, X2, X3, .. .XN is the sum 

1 
(N -1) 

n=l 

INTRODUCTION 
1.2 Conventions 

a The sample variance of independent measurements of some quantity is an unbiased estimator of the population 

1 
~ variance of that quantity (Blom, 1989, p. 197). (A variance can also be formally calculated for empirical cdfs derived 

11 from subjective estimates of experts; this is not a sample variance, however.) 

12 
13 
14 1.2.7 Categories of Distributions 
15 
16 
17 Distributions used in this report are grouped into five categories: 
18 
19 
20 1. 
21 

Continuous analytical distributions: beta, normal, lognormal, uniform or loguniform (Figure 1.2-1a), 

22 2. Discrete analytical distributions: Poisson (Figure 1.2-1b), binomial, 

23 
24 

3. Constructed empirical distributions based on measurements (Figure 1.2-1 b), 

25 4. Constructed empirical distributions based on expert judgment ("Subjective Estimates," Figure 1.2-1 b), 
26 
27 5. Miscellaneous categories (null distributions): constant, spatial, and table. 
28 
29 

~~ CONTINUOUS DISTRIBUTIONS 
32 
33 Four continuous, analytical distributions frequently used in this report are described below. 
34 
35 
36 

Normal 37 
38 
39 Normal designates the normal pdf, a good approximation to the distribution of many physical parameters. The 
40 normal distribution arises naturally from the central limit theorem (Johnson and Kotz, 1970a, p. 40; Miller and Fre­
:; und, 1977, p. 104). For purposes of performance assessment, the distribution is arbitrarily truncated at the 0.01 and 

43 0.99 quantities (i.e., the probability that the parameter will be smaller or larger is 1% ), which corresponds to x ± 
44 2.33s, where s is the sample standard deviation. 
45 
46 
47 Lognormal 
48 
49 
50 Lognormal designates a lognormal pdf, a distribution of a variable whose logarithm follows a normal distribu-
51 tion. The distribution is arbitrarily truncated at the 0.01 and 0.99 quantiles. 
52 
53 
54 
55 
56 

Uniform 

57 Uniform designates a pdf that is constant in the interval (a,b) and zero outside of that interval. 
58 
59 
60 
61 Loguniform 

62 
63 Loguniform designates a loguniform pdf, a distribution of a variable whose logarithm follows a uniform distribu-
64 tion. 
65 
66 
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(a) Continuous Distribution Plots 

Figure 1.2-1. Examples of distribution plots. 
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(b) Discrete and Constructed Distribution Plots 

Figure 1.2-1. Examples of distribution plot.'> (concluded). 
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1 DISCRETE DISTRIBUTIONS 
2 

! A frequently used discrete distribution is the Poisson distribution (Figure 1.2-1 b). The Poisson pdf is often used 

5 to model processes taking place over continuous intervals of time, such as the arrival of telephone calls at a switch 
6 station (queuing problem) or the number of imperfections per unit length produced in a bolt of cloth. The Poisson pdf 
7 was used in the 1991 probability model for human intrusion by exploratory drilling. The 1992 probability model for 
8 human intrusion incorporates effects of deterrence of markers and monuments; this model is based on generalized 

1 ~ Poisson distributions (see Section 1.4.2). 

11 
12 
13 CONSTRUCTED DISTRIBUTIONS (DATA) 
14 

~~ A constructed distribution of the Data type is simply an empirical cdf constructed from sets of measured data 

17 points in the data base. For intrinsically discrete data, the empirical cdf is a piecewise-constant function resembling a 
18 histogram. For intrinsically continuous data, the empirical cdf is always converted to a piecewise-linear function by 
19 joining the empirical percentile points with straight lines; this is done to ensure that, in Monte Carlo sampling, the 
20 distribution of sampled parameter values will cover all of the range of the distribution (Tierney, 1990, p. II-5). 
21 
22 
23 In some cases, the PA Department may modify constructed distributions of the Data type by extending the range 
24 of the data set to include estimated 0.01 and 0.99 quantiles. Since the range of measurements in a data set may not 
25 reflect the true range of the random variable underlying the measurements, the PADepartment may estimate the range 
26 by x + 2.33s, where x is the sample mean and s is the sample standard deviation. (The lower limit of this estimate is 
~~ not allowed to be less than zero for an intrinsically positive variable: both the upper and lower limit are not allowed to 

29 exceed physical limits.) This estimate of range is justified by the fact that the indicated end-points are estimates of 
30 the 0.01 and 0.99 quantiles if the variable is normally distributed. If the variable is not normally distributed, the 
31 quantiles will differ in inessential ways (Table 1.2-2). For any distribution with finite mean and variance, Cheby-
32 shev's inequality states that the probability that the random variable x lies outside the interval (x -hs, x + hs), h > 0, 
33 is a quantity less than l!h2 (Blom, 1989, p. 121); i.e., 
34 
35 
36 
37 
38 
39 

P(lx-xl ~hs)::; 1
2

. 
h 

(1.2-1) 

40 If the pdf of the unl'llown distribution is known to be unimodal and symmetric about the mean value, then the 
41 right-hand side ofEq. 1.2-1 can be replaced with 4/(9h2) (Gauss' inequality); i.e., 
42 
43 
44 
45 
46 
47 

I -1 4 p ( X X ~ bS) ::; z . 

48 

49 CONSTRUCTED DISTRIBUTIONS (SUBJECTIVE) 
50 
51 

9h 
(1.2-2) 

Constructed distributions of Subjective type are histograms based on subjective estimates of range (the 0 and 100 
53 percentile) and at least one interior percentile point (usually the 50 percentile or median). The subjective estimates of 
54 percentile points are usually obtained directly from experts in the subject matter of the parameter of concern (see Sec-
55 tion 1.3.1). Histograms for intrinsically continuous parameters are always converted to piecewise linear cdfs by join-
56 
57 

ing the subjective percentile points with straight lines. 

52 

58 
59 Whether a constructed distribution is of the subjective or data type should be evident from the discussion mate-
60 rial on a parameter sheet. 
61 
62 
63 
64 
65 
66 
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Table 1.2-2. Probability of Parameters Lying within Range Defined by x ± hs {after Harr, 1987, 
2 Table 1.8.2) 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Chebyshev's 
h Inequality 

1 0 
2 0.75 
2.33 0.82 
3 0.89 
4 0.94 

21 MISCELLANEOUS CATEGORIES 
22 

Gauss' Exponential 
Inequality pdf 

0.56 0.86 
0.89 0.95 
0.92 0.964 
0.95 0.982 
0.97 0.993 

23 
24 
25 

Other "null" categories of disUibutions are described below: 

26 
27 Constant 
28 

Normal Uniform 
pdf pdf 

0.68 0.58 
0.96 1.00 
0.9802 1.00 
0.9973 1.00 
0.99993 1.00 

29 When a disUibution type is listed as constant, a distribution has not been assigned and a constant value is used in 
30 all PA calculations. 
31 
32 
33 
34 Spatial 
35 

;~ The spatial category of data indicates that the parameter varies spatially. This spatial variation is usually shown 

38 on an accompanying figure. The median value recorded is a typical value for simulations that use the parameter as a 
39 lumped parameter in a model; however, the value varies depending upon the scale of the model. The range of a spa-
40 tially varying parameter is also scale dependent. 
41 
42 
43 

Table 44 
45 
46 The table category of data indicates that the parameter varies with another property and the result is a tabulated 
47 value. For example, relative permeability varies with saturation; its distribution type is listed as table (also, the 
48 median value is not meaningful and is therefore omitted in the table). 
49 
50 
51 
52 1.2.8 Key to Parameter Sheets 
53 
54 
55 
56 
57 
58 

Characteristics of each of the 49 parameters sampled in the 1992 PA calculations are summarized in Parameter 
Sheets (Figure 1.2-2) for the convenience of the reader. Many other important parameters may also receive treatment 
in these Parameter (or Data) Sheets. A key to the meaning of the enUies in a Parameter Sheet is provided below. 

!~ Parameter Sheets are divided by horizontal lines into four boxes. In the first box (top of page), there can be up to 

61 seven entries. 

62 
63 
64 
65 
66 
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Parameter Sheet 

Parameter: Threshold displacement pressure (pt) 
Material: halite and polyhalite within Salado Formation, [Salado, Press CID] 

Definition, Units: Pa 

Values: Range: (2.3 x 105,2.3 x 109) Median: 2.3 x 107 

Distribution: Lognormal 
Correlation: 

Data Source(s): Davies, P. B. 1991a. Evaluation of the Role of Threshold Pressure in Controlling Flow of 

Usage: 

Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-
3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment) 

Davies, P. B. 1991b. Appendix A: "Uncertainty Estimates for Threshold Pressure for 
1991 Performance Assessment Calculations Involving Waste-Generated Gas," Pre­
liminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot 
Plant, December 1991. Volume 3: Reference Data. WIPP Performance Assessment 
Division. Eds. R. P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. luzzolino, M.S. 
Tierney, and J. S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National 
Laboratories. A-37 through A-41. (Investigator Judgment) 

Mathematical model: 
Section 1.4.1, this volume. 

Equation 1.4.1-6. 

Computational models: 
BRAG fLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not applicable 

Figure 1.2-2. Example of a parameter sheet. 
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INTRODUCTION 
1.2 Conventions 

• Parameter: The name of the parameter (e.g., "threshold displacement pressure"), followed by its mathemati­
cal symbol (e.g., "pt") if appropriate. 

• Material: The materials or subsystems in which the parameter applies (e.g. "halite and polyhalite within Sal­
ado Fm.) followed by the current (1992) names for the parameter in the secondary data base (e.g., "[Salado, 
Press CTD]"). 

• Definition: A short definition of the parameter may appear in this entry if there is the possibility of confusing 
the parameter with other quantities; usually, this entry is blank. 

• Units: The physical units in which the parameter is measured (e.g., "Pa" or Pascals). Only SI units are used in 
the tables and secondary data base (except for radionuclide inventory activity, which is expressed in curies). 
Occasionally, for the sake of clarity, the parameter may also be expressed in the Values entry (see below) in 
terms of more familiar or intuitive units, e.g., years instead of seconds. 

• Values: The values entry gives a snapshot of the range and median of the distribution of the parameter; e.g., in 
the values entry of the example, 

Range: (2.3 x 105, 2.3 x 109) Median: 2.3 x 107. 

• Distribution: The type of the distribution of the parameter using type names defined in Section 1.2.7. For 
example, "lognormal" is the continuous, analytical distribution defined in entry 5 of Table 1.2-1. 

• Correlation: Names of other parameters with which the parameter in question is correlated. If this entry is 
blank, the parameter in question is assumed to be functionally and statistically independent of all other param­
eters. 

The second box (from top of page) contains only one type of information. 

• Data Source(s ): A list of the primary documents supplying data and information used by PA Department staff 
in constructing the parameters distribution. (Documents judged to be secondary sources may be cited in Dis­
cussions that may follow each parameter sheet.) Each data-source entry is followed by a parenthetical charac­
terization of the nature of the evidence or argument<; in the source: the possible categories are 

1. WIPP Observational Data. Data from observational measurements made on site at the WIPP or in a labo­
ratory in connection with the WIPP Project. These data are usually published as a formal report or a jour­
nal article, but in some cases may take the form of an internal Sandia memorandum. 

2. Non-WIPP Literature Data. General data for systems or processes that are similar to those occurring at 
the WIPP. These data may be found in formal non-WIPP reports, journal articles, or handbooks. 

3. Investigator Judgment. Evidence or arguments provided by Investigators within the WIPP Project after 
review of available observational data and relevant literature. Investigator judgment is often necessary 
because few hard quantitative data exist or existing data were measured on spatial and temporal scales that 
differ from PA model requirements. 

4. Expert Panel Judgment. Evidence or arguments provided by an Expert Judgment Panel, rather than an 
individual Investigator, after a comprehensive review of related information (e.g., WIPP reports, relevant 
literature). 

5. General Engineering Knowledge. Evidence or arguments based on engineering "rules of thumb," i.e., 
accepted engineering rules and practice whose validity has been endorsed by years of successful applica­
tion but for which there are no consensuable (scientific) explanations. 

59 The third box (from top of page) in a parameter sheet contains information on the use of the parameter in the sev-
:~ eral consequence or probability models employed by the PA Department. 

62 
63 
64 
65 
66 
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INTRODUCTION 
1.3 Background on Selecting Parameter Distributions 

• Mathematical model: General statements on usc of the parameter are supplied in this entry. In the present 
volume on Model Parameters, the reader will be directed towards the appropriate subsections and equations in 
Section 1.4, "Background on 1992 Probability and Consequence Models." 

• Computational models: A list of current computational models used by the PA Department that generally 
require specification of the parameter, starting with the name of the model that uses the parameter in the 1992 
Preliminary Performance Assessment 

10 The last box of a Parameter Sheet (bottom of page) states the ranking of the sensitivity of a parameter with 
11 respect to sensitivity studies addressing three standards or regulations: 40 CFR 191, Subpart B; 40 CFR 268 
~; (RCRA); and NEPA The rankings are based largely on limited, formal sensitivity analyses performed in past years. 

14 Sensitivity analyses conducted during 40 CFR 191 studies are described in Helton et al., 1991, 1992; the 40 CFR 191 
15 entries in the last box of a parameter sheet are based on rankings established in these studies. A recent sensitivity 
16 analysis conducted specifically for the 40 CFR 268 (RCRA) models (WIPP PA Department, 1992) was used to estab-
17 lish the entries under 40 CFR 268 in the last box of the parameter sheets. In these kinds of analyses, a parameter's 
~: sensitivity can be measured by the frequency-of-appearance and relative position of the parameter in rank-regression 

20 tables (see Helton et al., 1991, pg. III-45). A sampled parameter that does not appear in a rank-regression table could 
21 be termed insensitive; a parameter that appears frequently in the tables could be called sensitive, etc. This suggests 
22 the following notation for the ranking of a parameter. 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

• Not applicable: To mean that the parameter is judged not to be uncertain (or imprecisely known); the param­
eter is usually a high-precision constant such as a dimension of an engineered feature or a universal physical 
constant. 

• Not tested: To mean that the parameter is judged to be uncertain but has not yet been selected for sampling, 
i.e., tested, in a sensitivity study. (See Chapter 6 for procedures used in selecting parameters for sampling in 
sensitivity studies.) 

• Low: To mean tl1at the parameter bas been tested in sensitivity studies and either did not appear, or appeared 
infrequently and in low-order, in the studies' rank-regression tables. 

• Medium: To mean that the parameter has been tested in sensitivity studies and appeared frequently in the 
studies' rank-regression tables. 

• High: To mean that the parameter bas been tested in sensitivity studies and ha.<> consistently appeared as one 
of the top-ranking entries in tl1e studies' rank-regression tables. 

1.3 Background on Selecting Parameter Distributions 

49 1.3.1 Requests for Data from Sandia Investigators and Analysts 
50 
51 
52 When evaluating long-term performance, the PA Department follows a well-defined procedure for acquiring and 
53 controlling the data used in consequence and probability models. A data base, called the secondary data base, con-
54 tains the interpreted data and in essence embodies the PA Department's conceptual model(s) of the disposal system 
55 (Rechard, 1992). The data provided in this report are from the secondary data base as of April 1992 and are used in 
56 
57 the 1992 preliminary performance assessment of the WIPP (Volume 1 of this report). 

58 
59 The major sources of the data are the task leaders and investigators at Sandia and Westinghouse Electric Corpo-
60 ration. 
61 
62 
63 
64 
65 
66 
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1 IDENTIFY NECESSARY DATA 
2 

! Each year, the PA Department identifies data that are necessary to perform the calculations for the preliminary 

5 performance assessment. Members of the department may informally compile data from published reports, personal 
6 connnunications with investigators, and other sources. 
7 
8 
9 REQUEST MEDIAN VALUE AND DISTRIBUTION 

10 
11 
12 
13 
14 
15 
16 
17 

The PA Department then requests that the investigators provide either new data or a median value and distribu­
tion for each parameter in a large subset of the parameters. Some model parameters are specific to the PA calculations 
and so individuals in the PA Department are considered the experts for these parameters (e.g., probability model 
parameters). 

18 Initially, Sandia investigators are responsible for providing data or--if data are unavailable--distributions for all 
19 parameters. As this procedure for acquiring data is repeated, a few parameters are evaluated through formal elicita-
20 tion. 
21 
22 
23 
24 UPDATE SECONDARY DATA BASE 
25 
26 
27 
28 
29 

The PA Department enters the endorsed or elicited data for all parameters into the secondary data base. The PA 
Department then either constructs parameter distributions or uses distributions provided by investigators; the PA 
Department selects a subset of these parameters to sample, keeping all other values constant at their median values, 

30 unless specifically noted. 
31 
32 
33 PERFORM CONSEQUENCE SIMULATIONSAND SENSITIVITY ANALYSES 
34 
35 
36 The PA Department runs consequence simulations and sensitivity analyses with selected subsets of data from the 
37 updated secondary data base. The sensitivity analysis evaluates the sensitivity of a parameter in determining varia-
38 tion of the result (i.e., a complementary cumulative distribution function [CCDF]). During this time, the PA Depart­
!~ ment prepares a report that lists parameters in the secondary data base at the time of these calculations (i.e., this data 

41 report). 

42 
43 

44 DETERMINE WHETHER PARAMETER IS IMPORTANT IN ANALYSIS 
45 
46 
47 By means of the sensitivity analyses, the PA Department can determine whether the parameter is significant in 
48 the calculations. If the parameter does not appear to be significant in the sensitivity analyses, and the review process 
49 of the Parameter Report does not question the parameter value, then a flag is set in the secondary data base for that 
50 parameter to indicate that it is not likely either to change or be sampled in forthcoming sensitivity studies. 
51 
52 
53 
54 1.3.2 Construction of Distributions 
55 

:~ The steps below describe the procedure developed by the PA Department to construct probability distributions 

58 (cdfs) for the uncertain parameters in consequence and probability models (Figure 1.3-1) (modified from Tierney, 
59 1990). 
60 
61 
62 
63 
64 
65 
66 
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1.3 Background on Selecting Parameter Distributions 

Yes 

Investigator Supplies 
Subjective Estimates 
of Range of X and, if 

Possible, More Percentile 
Points (Quanliles), 

(e.g. Median) 

____________ ~ep2_: ~st!!;ution~A~ig!!_ed_ _______ _ 

PA Constructs 
Either a Discrete or 
a Piecewise-linear 

CDF from Data 

PA Constructs 
Appropriate 
Distribution 
Preserving 

Maximum Entro 

PAUses 
Distribution 

Suggested by 
Investigator 

TRI-6342-634-1 

Figure 1.3-1. Five-step procedure used to construct cumulative distribution functions (cdfs) for the 1992 
performance simulations. Investigator refers to expert in subject matter (after Tierney, 1990). 

36 STEP 1 
37 
38 
39 Determine whether site-specific data for the parameter in question exist, i.e., find a set of site-specific sample val-
40 ues of the parameter. Data and information are usually either documented in a formal report or are described in an 
41 internal memorandum (see Appendix A). If data sets exist, go to Step 3; if no data sets are found, go to Step 2. 
42 
43 
44 
45 STEP 2 
46 
47 Request that the investigator supply a specific shape (e.g., normal, lognormal) and associated numerical parame­
:: ters for the distribution of the parameter. If the investigator assigns a specific shape and numerical values for the dis-
50 tribution's parameters, go to Step 5; if the investigator cannot assign a specific shape and appropriate parameters, go 
51 to Step 4. In responding to this request, the investigator may use his or her knowledge of global data to form an 
52 answer. Distributions supplied by investigators may be documented by a memorandum (see Appendix A). 
53 
54 
55 

STEP 3 56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Determine the size of the combined data sets. If the number of values in the combined data set is >3, use the 
combined data to construct a piecewise-linear cumulative distribution function or, alternatively, a discrete cumulative 
distribution function, and then go to Step 5. If the number of variables in the combined data set is ~3, go to Step 4. 
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STEP4 
2 

! Request that the investigator provide subjective estimates of (a) the range of the variable (i.e., the minimum and 

5 maximum values taken by the variable with at least 99% confidence and preferably 100% confidence) and (b) if pos-
6 sible, one of the following (in decreasing order of preference): (1) percentile points for the distribution of the variable 
7 (e.g., the 25th, 50th [median], and 75th percentiles), (2) the mean value and standard deviation of the distribution, or 
8 (3) the mean value. Again, in responding to this request, the investigator may use his or her knowledge of global data 

1 
~ to form an answer and may document that answer in a memorandum (see Appendix A). Then, using the maximum 

11 entropy formalism (MEF), construct one of the following distributions depending upon the kind of subjective esti-
12 mate that has been provided (Tierney, 1990; Harr, 1987): 
13 
14 
15 • Uniform probability distribution function (pdf) over the range of the variable, 
16 
17 
18 
19 
20 
21 
22 
23 
24 

• Piecewise-linear cdfbased on the subjective percentiles, 

• Exponential pdf (truncated) based on the subjective range and mean value, 

• Normal pdf based on subjective mean value and standard deviation. 

25 Then go to Step 5. 
26 
27 
28 

STEPS 29 
30 
31 End of procedure; distribution is assigned. Computational considerations and limitations on the data itself may 
32 require later modification to some distributions. Some of these limitations are discussed in the next section. 
33 
34 
35 
36 1.3.3 Some Limitations on Distributions 
37 

~: The major limitations on ensuring the validity of the probability distributions assigned to parameters in the 1992 

40 Preliminary Performance Assessment are thought to be a consequence of two acts: 

• The equating of spatial variability with model parameter uncertainty, particularly for that class of parameters 
called material-property parameters. 

• The neglect of obvious correlations between model parameters. 

41 
42 
43 
44 
45 
46 
47 
48 The following arguments attempt to explain these limitations, i.e., they show why some of the current assign-
49 ments of probability distributions to material-property parameters of WIPP performance models may be unnecessar­
;~ ily conservative, given the present level of detail and spatial resolution of the models. Current methods of assigning 

52 uncertainty to some of the material-property parameters (e.g., including small-scale spatial variability as a source of 
53 uncertainty) may distort results of sensitivity analyses and entail unnecessary expense, but will probably not affect 
54 validity of results of the uncertainty analyses that are used to make preliminary comparisons with EPA standards. 
55 
56 

~~ NO SCALING OF VARIABILITY FOR MATERIAL-PROPERTY PARAMETERS 
59 
60 WIPP performance models described in Volume 2 of this report are based on the numerical solution of one or 
61 more of three types of equations: 
62 
63 
64 
65 
66 
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(a) Partial differential equations -which are reduced to a set of aigebraic equations or ordinary differential equa­
tions in order to effect a solution by finite-difference or finite-element methods. Examples: the equations of 
groundwater and brine flow, solute transport, gas flow, and salt creep (see Sections 1.4.1, 1.4.5, and 1.4.6). 

(b) Ordinary differential equations - which may be the result of a reduction of a partial differential equation or 
may directly model the dynamics of a lumped-parameter system, e.g., punctured brine reservoirs, leaching 
and decay of radioactive waste stored in a panel (see Section 1.4.4). 

(c) Algebraic equations of the form 

which may arise indirectly from equilibrium solutions of ordinary differential equations (i.e., solutions for 
time ~ oo ) or may directly express a model of some physical relationship between WIPP performance­
model variables (x1, x2, x3, ... , xn) andy (see Section 1.4.3). 

20 In addition to dependent variables and independent variables of position and time, certain constant quantities will 
;~ appear in each of the three types of equations. Such constants can be called "free" parameters because they may 

23 freely be specified by the user of the equations in which they appear. In most cases, these free parameters are 
24 intended to represent physical and chemical properties of real materials of the WIPP system: e.g., the hydraulic con-
25 ductivity, porosity, and specific storage in models of fluid flow in the Salado Formation; the fracture spacing, disper-
26 sivity, diffusivity, and chemical distribution coefficients in models of solute transport in the Culebra Formation; the 
~~ porosity, permeability and solubility of waste forms emplaced in a typical WIPP panel. This kind of parameter will 

29 be called a material-property parameter in the remainder of this section. 

30 
31 Many of the material-property parameters of WIPP performance models have been included in the set of uncer-
32 tain variables sampled in recent studies of variable sensitivity of performance models (for example, Helton et al., 
~! 1991). (Note: In these studies, all uncertain model parameters were usually called "variables" or "independent vari-
35 abies.") In these studies, uncertainty associated with a sampled parameter was quantified by assigning an empirical 
36 or subjective probability distribution to the values taken on by that parameter within a predetermined range of values. 
37 Current procedures for the assignment of probability distributions were described in the previous section. 
38 

!~ The distribution of a material-property parameter needs to reflect spatial variability of the material property and 

41 also the scale of the model. The zones or cells of numerical models (finite-element, finite-difference, or lumped-
42 parameter models) must be few in number in order to minimize computational time and expense; in a typical problem 
43 involving geologic media, these cells will have dimensions of tens of meters or more and volumes of thousands of 
44 cubic meters. Material-property parameters must therefore represent the effects of a physical or chemical property of 
:: matter in these relatively large, arbitrarily defined volumes of space. It follows that material-property parameters are 

47 model dependent and usually not observable quantities, i.e., quantities that can be measured in the field or in the lab-
48 oratory. On the other hand, with few exceptions (e.g., formation transmissivity measured by pumping tests) most 
49 physical and chemical properties of geologic or anthropogenic materials are actually measured on spatial scales typi-
50 cal of the laboratory or an exploratory borehole, a matter of at most a few tens of centimeters. In addition, natural 
~~ materials and many man-made materials (e.g., defense wa<>te) tend to be inhomogeneous on spatial scales that are 

53 smaller than the scales that characterize model cell sizes; accordingly, a set of measurements of a material property 
54 taken randomly from large volumes of real material may show wide variability. The question is: How to assign val-
55 ues to material-property parameters in a way that correctly reflects both cell size and the small-scale variability that 
56 may appear in measurements of the corresponding material property? 
57 
58 

One way of approaching the problem of scaling is as follows. Assume that the material property can be repre-
60 sented a<; a scalar field in space, say <jl(x), where x = (x,y,z) denotes position in space. (The assumptions of a scalar 
61 quantity in three dimensions are for the sake of simplicity of argument and involve no loss of generality; the property 
62 could be a vector or tensor.) It is argued in some modem textbooks that the material-property parameter, say c1>, to be 
63 used in type (a) equations (above) should be taken as a spatial average of q, over the cell or zone; for instance, in a 
64 
65 cell or zone of volume V, 

59 

66 
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2 
3 
4 
5 
6 
7 

ct> (V) 
1 
vf<i>(x)dx 

v 
(1.3-1) 

s where dx is the volume element dxdydz. (Again, no loss of generality is involved; a line or surface average could 
9 replace the volume average.) The arguments for this choice of material-property parameter are highly technical and 

10 limitations of time and space preclude their inclusion in this note; however, see the discussion in de Marsily (1986, 
;~ Chapter 3 and Section 4.4). 

13 
14 
15 To account for spatial variability of <j>(x), it can he assumed that <1> is a stationary, raruiom scalar field within a 
16 cell volume V, with realizations <j>(x,J.l) and the following statistical properties: 
17 
18 
19 
20 
21 
22 
23 and 
24 
25 
26 
27 
28 

Expectation of <j>(x, J.l) = E[<j>(x)] = <j>, a constant, 

Covariance of <1> (x, J.l) = E{ [<j>(x)- $] [<j>(y)- $1} 

= cr
2 p ( I X - yl ) 

29 where cr2 is a constant (called the variance of <1> ), and p ( •) is a function of r = lx- yl with the properties, 
30 
31 
32 
33 
34 
35 
36 

p(r) ~0 for r E(O,oo), 

p(r)~1asr~o. 

p(r) ~o as r~oo. 

(1.3-2) 

(1.3-3) 

(1.3-4) 

37 The function p ( •) is called the autocorrelation function (Yaglom, 1962); it is a measure of the statistical depen-
3S dence of the values of ~ measured at two different points x and y. The stationarity assumptions of constant mean 
!~ value <1> and variance a cal! be sli~tly weakened by allowing these quantities to depend on the coordinates of the 

41 center of the volume V, i.e., <1> and a may vary from cell to cell. 

42 

43 Treating <j>(x) as a stationary random field with statistical properties 1.3-2 through 1.3-4 allows estimates of the 
44 mean value and variance of the volume average of 4>, ct>(V), to he made. It is shown in textbooks (see for instance 
:~ Yaglom, 1962, pgs. 23-24) that 

47 
48 
49 
50 
51 
52 and 
53 
54 
55 
56 
57 
58 

Expectation of <I>(V) = E (CI>(V)] = <j>, 

0'2 
Variance of <I>(V) = 2 I I p (I x - yl) dx dy. 

v vv 

(1.3-5) 

(1.3-6) 

59 If$, cr
2 

and p (r) were known, the problem would he essentially solved in that the distribution of the material-eo 
61 property parameter, <I>(V), could be approximated by a normal distribution with mean and variance given respec-
62 tively by Eqs. 1.3-5 and 1.3-6. In general, $", cr2 and the function p (r) must be estimated using sets of spatially coor-
63 dinated measurements of the material property 4>, say (<I> 1, 4>2, ... , <I>N). The estimators of$ and cr2 are the usual 
64 unbiased estimators of mean and variance (see Tierney, 1990, pp. II-4,5) and, given a sufficiently large set of spatially 
:~ coordinated measurements of 4>, approximations to the autocorrelation function could be constructed and used in 
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1 numerical evaluations of the volume integrals in Eq. 1.3-6. This ideal solution to the problem cannot be imple-
2 mented, however, since there are few measurements of the material properties appearing in WIPP performance mod-
3 els (and most are not spatially indexed; measured transmissivity, grain density, porosity, and tortuosity of the Culebra 
4 
5 Formation are exceptions). Thus, one must try to use available measurements and insight to infer the statistical prop-
s erties, given by Eqs. 1.3-5 and 1.3-6, of material-property parameters, <I>(V). Examples of attempts to treat uncer-
7 tainty in material-property parameters are given in the treatments of Salado Formation permeabilities and far-field 
a pore pressures in Sections 2.3 and 2.4 of this volume. The following general observations may also be useful in infer-

1 ~ ring statistical properties of material-property parameters. 

11 
12 (1) The variance of a material-property parameter is less than or equal to the apparent variance of the material 
13 property. Note that because of the properties of p(r) (Eq. 1.3-4), the integrand in the double volume integral of Eq. 
14 1.3-6 is always less than one so that 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 then 
26 
27 
28 
29 
30 
31 

Variance of <I> (V) s cr2
. 

In particular, if the special form of autocorrelation function is taken ("cookie cutter"), 

p(lx-y) 1 if x-yl sa, 

= 0 otherwise, 

. \) 2 
Vanance of <I> (V) = - cr , 

v 

(1.3-7) 

(1.3-8) 

32 41t 
33 where v a3 can be called the volume of correlation. Equation 1.3-8 suggests that if the volume of correlation 
34 
35 is <<V, then the distribution of <I>(V) is peaked about the mean value of the material property, ~- If the coefficient of 

;~ variation of the material property, cr/~, is not large (say, of the order of one), the distribution of <I>(V) is more sharply 

38 peaked about the mean value, <jl, than is the distribution of the material property, <jl(x). If this tendency is strong 
39 
40 enough, then <I>(V) can simply be assigned the mean value, 

41 
42 
43 

<I> (V) = <jl . 

:~ This is what is usually done in studies with numerical models that are not probabilistic; that is, not directed explicitly 

46 towards sensitivity and uncertainty analyses. 
47 
48 (2)_ If, as suggested above, <I>(V) = <jl, then one must consider the uncertainty inherent in estimating the mean 
49 value <jl, _that arises from (a) a limited number of measurements of the material property, and (b) relationships 
~~ between <jl and other uncertain problem parameters. Uncertainty of type (a) can be handled by fitting available data 

52 to a "t-distribution" (Biom, 1989) which, in a Bayesian approach, gives the distribution of the true mean of the mate-
53 rial property about the sample mean of measurements. However, this was not done in assigning ranges to parameters 
54 in the 1992 exercise. Uncertainty of type (b) is usually model dependent and must be handled on a case-by-case basis 
55 (see remarks on correlations below). 
56 
57 

The standard techniques of statistical estimation cannot be directly applied when the distribution of the material 
59 property, <jl(x), must be gained by subjective means, i.e., the elicitation of expert judgment. In such cases, the PA 
60 Department must make the assumption that the distribution of the material property, <jl(x), is also the distribution of 
61 the material-property parameter, <I>(V). Instances where this assumption was made are found in the sections on 
:; waste-form solubility (3.3.5) and Culebra sorption coefficients (2.6). 

58 

64 
65 
66 
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1 GENERAL ABSENCE OF CORRELATIONS AMONG PARAMETERS 
2 

! Most of the 49 parameters varied during the 1992 Preliminary Perfonnance Assessment exercise were assumed 

5 to be independent random variables even though it wa'i known that some were dependent upon others, i.e., correlated 
6 in some way. Correlations of the model variables may arise from the fact that there are natural correlations between 
7 the local quantities used to determine the fonn of the model variable (e.g., local porosity could be strongly correlated 
a with local penneability); or correlations of model variables may be implicit in the fonn of the mathematical model in 

1 ~ which they are used. The effects of neglecting correlations on the sensitivity/uncertainty analyses are generally 

11 unknown. 
12 
13 In some instances (Sections 2.3.5, 2.4.5) an attempt was made to induce known correlations by the adjustment of 
14 the ranges of distributions; in other cases (threshold displacement pressure in Section 2.4.1), perfect correlation was 
~! simply assumed. 
17 
18 

19 1.3.4 Selection of Parameters for Sampling 
20 
21 
22 For the 1992 preliminary perfonnance assessment of the WIPP. the 49 parameters that were selected for variation 
23 (sampling) together with a brief description of why they were selected are discussed in Chapter 6. Other studies on 
24 subsystems of the WIPP dL'iposal system (e.g., sensitivity of the repository to gas generation) may use different sub-
25 sets of the approximately 300 parameters for which distributions are reported herein. 
26 
27 
28 
29 
30 1.4 Background on 1992 Probability and Consequence Models 
31 
32 

A majority of the parameters described in the present volume specify constants or material-property parameters 
34 (Section 1.3.3) that appear in the mathematical fonnulations of seven consequence or probability models used in the 
35 1992 Preliminary Comparison exercise. The models are described in detail in Volume 2 of this report. In the present 
36 section, a link between Volume 2 and the data and distributions of Volume 3 is made by providing brief descriptions 
~~ of the governing equations for each model and later noting in a Parameter Sheet where each parameter fits in a num-
39 bered model equation. The seven models to be described are 

33 

40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 

• A model of two-phase flow in backfilled repository openings and the Salado Fonnation (BRAGFLO), 

• A model of human intrusion in the presence of markers and monuments (a part of the CCDFPERM code), 

• A model of borehole cuttings removal (CUTTINGS), 

• A model of radionuclide discharge from a brine-flooded panel (PANEL), 

• A model of fluid flow in the Culebra (SEC02D), 

• A model of solute transport in the Culebra (SECOfTP), 

• A model of defonnation of waste-filled room (SANCHO). 

56 1.4.1 Two-Phase Flow: BRAGFLO 
57 
58 
59 Study of the effects of gas on the flow of brine through the repository and up an intrusion borehole require a com-
so putational model that simulates two-phase flows through porous, heterogeneous reservoirs. The PA Department uses 
61 a model developed in-house for Sandia National Laboratories and called BRAGFLO. The governing equations for 
62 BRAGFLO are presented in this section. Conceptual models of two-phase flow are further described in Section 7.2 :! and Appendix A of Volume 2 of this series of reports. 

65 
66 

(page date: December 29, 1992) 1-21 (database version: X-3.06PR) 



INTRODUCTION 
1.4 Background on 1992 Probability and Consequence Models 

BRAGFLO solves simultaneously the partial differential equations (PDEs) that describe the mass conservation 
2 of each mobile component (gas and brine) along with appropriate constraint equations, initial conditions, and bound­
~ ary conditions. The fundamental equations can be found in Peaceman (1977) and Crichlow (1977). A total of five 

5 independent equations (two component mass conservation PDEs and three constraints) can be written to define the 
6 two-phase flow phenomena: 
7 

8 Gas Component Conservation: 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

[
ap Kk aCN p Kk ] V • n rn (VPn -pngVD)+ w w rw (VPw PwgVD) +a.qn +a.qrn 

~n ~w 

~~ Brine Component Conservation: 

22 
23 
24 
25 
26 
27 

n • [ aCwwPwKkrw (nP.w )] a( 4>CwwPwSw) 
v ~w v PwgVD + a.qw + a.qrw =a at ' 

28 Saturation Constraint: 
29 
30 
31 

32 Mass Fraction Constraint: 
33 
34 
35 
36 

CNw +Cww 1.0 

37 Capillary Pressure Constraint: 
38 
39 
40 
41 
42 
43 
44 where the quantities in Eqs. 1.4.1-1 through 1.4.1-5 have the following meanings: 
45 
46 (Note that starred [*] quantities are given extended discussion below.) 
47 
48 
49 
50 
51 
52 

53 * 
54 
55 * 56 
57 

mass fraction of component M dissolved or miscible in phase l, 

gravitational acceleration constant [Lr2 ], [m s·2], 

absolute permeability of the reservoir [L2], [m2], 

relative permeability to phase l [dimensionless], 

capillary pressure [ML-1r 2], [Pa], 

pressure of phase l [ML-1r2], [Pa], 

(1.4.1-1) 

(1.4.1-2) 

(1.4.1-3) 

(1.4.1-4) 

(1.4.1-5) 

58 
59 
60 

mass rate of well injection (or production, if negative) per unit volume of reservoir [MD3r 1], 

[kg m-3 s-1], 
61 
62 
63 
64 
65 
66 

* mass rate of products produced (or reactant consumed, if negative) per unit volume of reservoir due 
to chemical reaction [MD3 r 1], [kg m-3 s-1], 

saturation of phase t [dimensionless], 
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x,y spatial dimensions (x-horizontal, y-vertical), 
2 
3 
4 
5 
6 
7 
8 
9 * 

10 
11 
12 
13 
14 
15 

Pl 

~l 

~ ~ Subscripts: 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

N 

n 

w 
w 

geometric factor (in three dimensions, a 1; in two dimensions, a = length; in one dimension, a = 
area, 

gradient, shorthand for vector a;ax, a;ay in two dimensions, 

divergence, shorthand for a;ax + a;ay in two dimensions, 

reservoir porosity [dimensionless], 

density of phase l [M1 D 3], [kgl m-3], 

viscosity of phase l [ML-1 r 1], [cp]. 

nonwetting component (gas component), 

nonwetting phase (gas phase), 

wetting component (brine component), 

wetting phase (brine phase). 

;: NOTES ON RELATIVE PERMEABILITY AND CAPILLARY PRESSURE 
30 
31 Brooks and Corey (1964) observed that the effective saturation of a porous material, se, can be related to the cap-
32 illary pressure, Pc• by 
33 
34 
35 
36 
37 
38 
39 
40 
41 where 
42 
43 
44 
45 
46 
47 

Pt = threshold displacement pressure, 

= Brooks and Corey exponent. 

48 
49 
50 
51 
52 
53 

Brooks and Corey defined Se as 

(1.4.1-6a) 

54 where s l is the wetting phase saturation (brine) and s l r is t11e residual wetting phase saturation, below which the 
55 wetting phase no longer forms a continuous network through the pore network and therefore does not flow, regardless 
56 
57 

of tlle pressure gradient. This has been modified to account for residual (or critical) gas saturation, sgr: 

58 
59 
60 
61 
62 
63 
64 
65 
66 
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The relative permeability of the wetting phase (~ 1) is obtained from 

krl Se 

For the gas phase, the relative penneability (krg) is 

k = ( 1- s ) 2 (1 rg e 

(1.4.1-8a) 

(1.4.1-9a) 

14 
15 Alternative analytic forms for effective saturation, capillary pressure, and relative permeabilities were suggested 
~~ by Webb (April30, 1992, Memo in Appendix A) and were tested in the 1992 sensitivity analyses. These forms are 

18 based on the Van Genuchten-Parker model of two-phase chara~teristic curves (Van Genuchten, 1978; Parker et al., 
19 1987). The effective saturation takes the form 
20 
21 
22 
23 
24 
25 
26 

(1.4.1-Th) 

27 where Sts is the maximum wetting-phase saturation (taken as 1 - sgr by the PA Department, where sgr is critical gas 
28 saturation). The capillary pressure takes the form, 
29 

p = p [s-lfm 1]1-m , 
c o e 

(1.4.1-6b) 
30 
31 
32 
33 
34 where m = f../ (1 +'A), f.. is the Brooks and Corey exponent (Eq. 1.4.1-6a), and P 0 is a constant determined by 
35 equating Eq. 1.4.1-6b to Eq. 1.4.1-6a at Se = 0.5. The alternative relative permeabilities take the forms: 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

:~ NOTES ON GAS-GENERATION TERMS 
49 

(1.4.1-8b) 

(1.4.1-9b) 

50 The terms qrn, qrw appearing in Eqs. 1.4.1-1 and 1.4.1-2 are sums of production (or consumption) terms for two 
51 processes: corrosion and mierobial degradation. The contributing terms for each process are discussed below. 
52 
53 
54 
55 Gas Production and Brine Consumption from Corrosion of Steel 
56 
57 Let 
58 
59 
60 
61 
62 
63 
64 
65 
66 

q CH =rate of H2 production by corrosion per unit volume of panel (kg/m3•s), 
2 

q CH 0 = rate of H20 consumption by corrosion per unit volume of panel (kg/m3•s). 
2 
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These rates are calculated by Eqs. 1.4.1-10 and 1.4.1-11 below, 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 where 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

= rate constant for corrosion under inundated conditions [mole Fe/(m3-panel•s)], 

rate constant for corrosion under humid conditions [mole Fe/(m3-panel•s)], 

liquid (brine) and gas saturations (dimensionless), 

corrosion stoichiometry factor for H2 (mol H2/mol Fe), 

corrosion stoichiometry factor for H20 (mol H20/mol Fe), 

= molecular weight for Hz expressed as (kg/mole), 

molecular weight for H20 expressed as (kg/mole). 

(1.4.1-10) 

(1.4.1-11) 

33 The quantities ka, kcH· XcH and XcH 0 are expressed in terms of secondary data base parameters by the 
34 relations 2 2 
35 
36 
37 
38 
39 
40 
41 
42 
43 and 
44 
45 
46 
47 
48 
49 
50 
51 InEq.1.4.1-12, 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

and 

ri'ci = 

ri' CH = 

Ad = 

' kcH =f kci' 

(4-x) (4+2x) 
• XcH o = z 

f = ri' CH/ri' CI = the relative humid gas production rate by corrosion, 

rate of Hz production by corrosion, inundated conditions [mol Hzl(mz-surface steel)•s], 

rate of Hz production by corrosion, humid conditions [mol Hzl(mz-surface steel)•s], 

surface area of steel in an equivalent drum, including both drum and its contents (mz), 

(1.4.1-12) 

(1.4.1-13) 

(1.4.1-14) 
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= number of equival~nt drums in a generalized waste region (dimensionless), 

= volume of generalized waste region. 

7 Note: A "generalized waste region" can be either a room, a panel, or the entire repository, depending upon the pur­
a poses of the calculation. The parameters Ad, nd, and V pf were constants in the 1992 calculations with BRAGFLO. 
9 

10 
11 In Eq. 1.4.1-13, 

12 
13 
14 
15 
16 
17 

X = the anoxic, iron-corrosion stoichiometric factor, a dimensionless number 
between zero and one. 

(1.4.1-15) 

18 
19 Gas Production from Microbial Degradation 
20 
21 Let 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

qBH
2 

= rate of H2 production by biodegradation of cellulosics per unit volume of panel (kg/m3•s). 

This rate is calculated from Eq. 1.4.1-16 below, 

where 

kBI 

kBH 

SBH 2 

= 

= 

= 

(1.4.1-16) 

rate constant for biodegradation of cellulosics under inundated conditions [mole cellulosics/ 
(m3 panel•s)], 
rate constant for biodegradation of cellulosics under humid conditions [mole cellulosics/ 
(m3 panel•s)], 

biodegradation stoichiometric factor for H2 (mole H2/mole cellulosics), 

44 and other quantities appearing in Eq. 1.4.1-16 have been defined in Part A. The quantities ka1 and kBH are expressed 
45 in terms of other secondaiy data base parameters in a manner similar to Part A: 
46 
47 
48 
49 
50 
51 
52 
53 

0 BI • nd • v d • fc • P c 

SBH2. v pf 
(1.4.1-17) 

54 New quantities in Eq. 1.4.1-17 are 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

= internal volume of equivalent drum (m3), 

= volume fraction of cellulosics in undisturbed drum (dimensionless), 

Pc = effective density of cellulosics in undisturbed drum (kg/m3), 

= rate of gas production by biodegradation, inundated conditions [mole gas/(kg-cellulosics•s)], 
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= rate of ga<> production by biodegradation, hmnid conditions [mole gas/(kg-cellulosics•s)], which is 
implicitly defined by 

l; = riBH/riBr relative hmnid gas production rate by microbial degradation. (1.4.1-18) 

10 NOTE ON RESERVOIR POROSITY 
11 
12 
13 

The "reservoir" in the two-phase flow model can be comprised of many different material<; (named on 

14 Figure 1.4-1 ), each of which is assigned usually different porosities and absolute permeabilities. With one exception, 
15 material porosities and absolute permeabilities are assmned to be imprecisely known constants because the present 
16 version of the two-phase flow model cannot account for changes in material properties owing to pressurization or 
17 rock deformation. The one exception is the porosity of the generalized waste region, which was independently mod­
~: eled in 1992 as a function of time and total volmnes of gas generated by corrosion and microbial action (Figure 1.4-
20 2). 
21 

22 Mendenhall and Lincoln (February 28, 1992, Memo in Appendix A) estimated waste region porosity as a func-
23 tion of time and volume-of-gas space using the SANCHO code (Stone et al., 1985) and baseline data provided by 
~: Beraun and Davies (September 2, 1991, Memo in Appendix A). SANCHO is a finite-element computer program for 

26 simulating the quasistatic, large-deformation, inelastic response of two-dimensional solids. In the present applica-
27 tion, the two-dimensional solid is a waste-filled disposal room imbedded in a much larger block of bedded salt. 
28 
29 The addition of SANCHO to the set of models used by the PA Department has triggered a need to include a host 
~~ of mechanical parameters for waste and Salado materials in the Secondary Data Base (SDB). A brief discussion of 

32 the constitutive equations used in SANCHO is provided in Section 1.4.7; values of waste and Salado-material 
33 mechanical parameters that were used by Mendenhall and Lincoln, and Beraun and Davies, are presented in 
34 Section 2.5. 
35 
36 
37 
3a 1.4.2 Human Intrusion: CCDFPERM 
39 
40 The event "unintentional intrusion into WIPP repository by exploratory drilling" forms the basis for the major 
!~ disturbed-case scenario class in WIPP performance assessment. Since 1990, the PA Department ha<; used a 

43 probability model for this event that is based on the assumption that future episodes of exploratory drilling are a 
44 Poisson counting process with constant intensity: in other words, the probability that a portion of the repository is 
45 drilled exactly n times in a period ofT years is 
46 
47 
48 
49 
50 

(AT)n · -J..T 
Pr {N = n } = e , n 0, 1, 2, ... 

51 where A is an imprecisely known parameter called the intensity of drilling. Physicalll, speaking, A is the expected 
52 frequency of drilling per unit area (units: events/m2 • s) times the projected area (in m ) of the portion of the reposi­;! tory of concern, e.g., that part of the repository underlain by brine reservoirs. Tierney (1991, pg. C-8) observed that 

55 treating A as a constant over the 10,000-yr period of performance is unrealistic since it is equivalent to ignoring 
56 potential deterring effects of markers/monuments on future explorers. 
57 
58 During 1990-1992, Sandia National Laboratories assembled two groups of external experts with the purpose of 
59 
60 

formally addressing questions of future human intrusion into the WIPP through the Expert Judgment Panel process. 

61 Deliberations of these experts have led to insights concerning future hmnan intrusion and, in particular, subjective 
62 probabilities of human intrusion in the presence of markers and monuments. One insight is that realistic drilling 
63 intensities are functions of time whose functional form can be inferred from subjective probabilities obtained from 
64 the expert panels (Hora, August 25, 1992, Memo in Appendix A). 
65 
66 
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Culebra and Unnamed Members of Rustler Formation Culebra and Unnamed 
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Anhydrite A and B 
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Figure 1.4-1. Idealization of waste-disposal reservoir used in BRAGFLO calculation of two-phase ftow in 
repository and surroundings. Possible material types are shown in a planar (x, y) geometry. 

1.09 

1.00 

"-~ 0.91 0 

X 0.82 
(/) 

Q) 

0 0.73 e. 
"0 0.64 Q) 
0 
:::1 
"0 0.54 e 
0. 

0.45 (/) 
(1l 

(.!j 
0.36 ]j 

~ 0.27 

0.18 

0.09 

0.00 

0.00 498.25 996.50 1494.75 1993.00 

Time After Sealing (years) 

TRI-6342·2008·0 

62 Figure 1.4-2. 
63 

Isopleths of porosity of waste-filled disposal room as a function of total volume of gas produced and 
time after sealing. Pore space is assumed to be fully saturated with gas. 

64 
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1 This section shows how the time-dependent drilling intensities generated by Hora (see Section 5.2) are used in 
2 the code CCDFPERM to construct probabilities for the various computational scenarios associated with human intru­! sion by exploratory drilling (see Helton, 1991, Chapter 2, for a complete discussion of computational scenarios and 

5 the construction of probabilities). The following material is largely taken from Ross (1985, pg. 220) and differs from 
6 Helton's treatment of the subject only in notation and style. Further discussion of the human-intrusion model can be 
7 found in Chapter 5 of Volume 2 of this series of reports. 
8 
9 

~~ INHOMOGENEOUS POISSON PROCESS 
12 
13 A counting process is a random process, (N(t), t;;:: 0}, representing (in the present application) the cumulative 
14 number of drilling events that have occurred up to some time t ;;:: 0 after closure of the WIPP. A counting process is 
15 said to be an inhomogeneous Poisson process with intensity function A.(t), t;;:: 0, if 
16 
17 
18 
19 
20 
21 
22 
23 

(i) 
(ii) 

(iii) 
(iv) 

N(O) =0, 
{N (t), t;;:: 0} has independent increments, 
Pr [N(t+h) - N(t);;:: 2} = o(h), 
Pr {N(t+h)- N(t) = 1} = A.(t)h + o(h). 

24 In conditions (iii) and (iv), Pr [ ... } stands for the probability that statement{ ... } is true, and o(h) stands for any func-
25 tion f(h) with the property, 
26 
27 
28 
29 

lim f(h) = 0 . 
h--?0 h 

30 In simple terms, o(h) is any function that tends to zero faster than the function f(h) = h as h tends to zero. The mean-
31 ing of the notation {N(t+h)-N(t) = n} should be clear: exactly n drillings occur between the timet and the time t+h. 
32 
33 
34 
35 

If conditions (i)- (iv) hold, it can be proven that, for any n;;:: 0 and any integrable A.(t), 

36 
37 
38 
39 
40 where 
41 
42 
43 
44 
45 
46 
47 
48 

Pr {N (t + s) N (t) = n} {-[m(t+s) -m(t)]}, 

t 

m (t) = fA. (x) dx . 

0 

49 APPLICATION TO COMPUTATIONAL-SCENARIO PROBABILITIES 
50 

(1.4.2-1) 

(1.4.2-2) 

51 
52 Calculation of computational-scenario probabilities usually begins by dividing the 10,000-yr period of perfor-
53 mance into nT intervals, 
54 

1, 2, ... , nT. 55 
56 
57 
58 

Let Ni be the random variable counting the number of drillings that occurs in the interval [ti-l• til· Then, by Eq. 

59 1.4.2-1, the probability that exactly n drillings occur in the ith interval is 
60 
61 
62 
63 
64 
65 
66 

(page date: December 29, 1992) 

(1.4.2-3) 

1-29 (database version: X-3.06PR) 



INTRODUCTION 
1.4 Background on 1992 Probability and Consequence Models 

1 where, by Eq. 1.4.2-2, mi is shorthand for the quantity 
2 

ti-l 
3 
4 
5 
6 
7 

. [m(ti) m(ti_t)] = J A(x)dx 

ti 

(1.4.2-4) 

8 
9 Given an intensity function, A(t), defined on the period of performance (0 to 10,000 yr), Eqs. 1.4.2-3 and 1.4.2-4 

10 
11 

are sufficient for the computation of all necessary computational-scenario probabilities by CCDFPERM. In practice, 

12 the intensity function used to compute the mi by Eq. 1.4.2-4 is randomly selected (or "sampled") from a finite set of 
13 intensity functions that has been generated prior to the PA calculations with CCDFPERM. The sample intensity func-
14 tion is then modified by multiplication with other parameters, e.g., fraction of repository area that is underlain by 
15 brine reservoirs: 
16 
17 
18 
19 A (t) = p • A

5 
(t) , (1.4.2-5) 

20 
21 
22 where A5 is the sampled intensity function (represented by a piecewise-linear function defined on the interval (0 to 
23 10,000 yr]) and p stands for the product of the other necessary parameters. The set of intensity functions from which 
;: samples are taken has been ordered in a way that guarantees that each of its members is equally likely to he sampled 

26 (see Section 5.2 for details and Appendix D). 

27 
28 

29 1.4.3 Cuttings Removal: CUTTINGS 
30 
31 
32 One of the more important considerations in assessing the long-term behavior of the WIPP repository involves 
33 the transport of radionuclides from the WIPP repository as the result of penetrating a panel by an exploratory bore-
34 hole. If a borehole intrudes the repository, waste will he brought directly to the surface as particulates suspended in 
~~ the circulating drilling fluid. This section briefly addresses the basic equations governing direct waste removal due to 

37 drilling as they are formulated in the CUTTINGS model. The CUITINGS code, developed specifically for the 

38 WIPP, calculates the quantity of radioactive material (in curies) brought to the surface as cuttings generated by an 
39 exploratory drilling operation that penetrates the repository during the human intrusion type scenario. The code 
40 determines the amount of cuttings removed by drilling and mud erosion, and accounts for radioactive decay that has 
:~ occurred up to the intrusion time. 

43 
44 In the human-intrusion type scenario, a hydrocarbon exploration well is drilled through a WIPP repository panel 
45 and into the underlying pressurized brine Castile Formation (Figure 1.4-3). If rotary drilling is assumed, a volume of 
46 repository wastes is removed from the breached panel and is transported to the surface as cuttings and cavings sus­
:~ pended in the drilling fluid. The minimum volume of repository material removed is equal to the cross-sectional area 

49 of the drill hit multiplied by the repository thickness (cuttings). This minimum volume must he increased by material 
50 eroded from the borehole wall (cavings) by the scouring action of the swirling drilling fluid. Both cuttings and cav-
51 ings will he released to the accessible environment in a settling pit at the surface. 
52 

~! Although the amount of waste removed by direct cutting is simple to calculate, calculating the amount of waste 

55 eroded from the borehole wall is more difficult. A number of factors may influence borehole erosion (e.g., eccentric-
56 ity of pipe and hole, impact of solid particles in mud on the walls, physical and chemical interaction between mud and 
57 walls, and time of contact between the mud and walls [Broc, 1982]); however, industry opinion singles out fluid shear 
58 stress as the most important factor (Darley, 1969; Walker and Holman, 1971). A full discussion of the mathematical 
~~ model of erosion of the borehole wall is presented in Section 7.7 of Volume 2 of this report; here, it is sufficient to 

61 note that drill hole wall erosion is probably largely determined by the effects of fluid shear stress acting on the wall 
62 and the character of the fluid-flow regime. 
63 
64 
65 
66 
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Viscosity at Zero Shear Rate {f..L0 ) 
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c:=:;.. Angular Velocity .1Q 
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Figure 1.4-3. Some features of the CUITINGS model. 
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1 Three drilling mud properties (density, viscosity, and yield stress) are necessary to evaluate the fluid shear stress, 
2 which in tum is one of several parameters used to evaluate the amount of material eroded from the borehole wall by ! scouring from the swirling drilling fluid. 

5 
6 
7 FLOW REGIME 
8 
9 

10 
Whether the flow regime within the annulus is laminar or turbulent is governed by the Reynolds number, NR. 

11 The Reynolds number is dependent upon the properties of the drilling mud (density, viscosity, and velocity) and the 
12 size of the annulus. The Reynolds number is defined as 
13 
14 
15 
16 
17 
18 
19 where 

= length dimension = equivalent hydraulic diameter for annulus = dhole - dcollar> 
average fluid density, 

= average fluid velocity, 

(1.4.3-1) 

20 
21 
22 
23 
24 
25 
26 
27 

average fluid viscosity (for non-newtonian fluids, the average viscosity will depend upon the vis­
cosity model used). 

28 

;~ SHEAR STRESS 
31 

32 For both laminar and turbulent axial flow in an annulus, the shear stress can be expressed as (Vennard and Street, 
33 1975, p. 381): 
34 
35 
36 
37 
38 
39 
40 
41 
42 

The fanning friction factor, f, is discussed below for turbulent and laminar shear stress. 

43 
44 
45 Turbulent Shear Stress 
46 

(1.4.3-2) 

47 
48 In turbulent flow (Reynolds number NR > NR . where NR . = 2,100 for newtonian fluids and 2,400 for some 

cnt cnt 
49 
50 
51 

non-newtonian fluids [Vennard and Street, 1975, p. 384; Walker, 1976, p. 89]) the fanning friction factor is dependent 
on both NR, and surface roughness (e.g., Moody diagram [Vennard and Street, 1975, Figure 9.5; Streeter and Wylie, 

52 1975, Figure 5.32]), with NR having a minor influence. Consequently, the shear stress is dependent primarily upon 
53 
54 --2 

55 absolute surface roughness, £,and kinetic energy pV
2 

. An empirical expression for f is (Colebrook, 1939): 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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where 

d 

= absolute roughness of material, 
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= hydraulic diameter = difference between borehole diameter and collar diameter and NR is calcu­
lated using the limiting viscosity J..lco (Figure 1.4-4). 

10 
Laminar Shear Stress 11 

12 
13 For laminar flow, the fanning friction factor, f, is a function of only NR. The shear stress in laminar flow (Rey-
14 nolds number NR < 2,100 [Vennard and Street, 1975, p. 384]) depends solely on the fluid viscosity and strain rate 
15 (velocity gradient); however, for a non-newtonian fluid such as drilling mud, the viscosity varies with strain rate (Fig-
16 
17 ure 1.4-4). Several functional fonns are used to model this variation (Ideal Bingham Plastic, Power Law, and 

18 
19 
20 
21 

Oldroyd Model). The PA Department currently uses the Oldroyd model. For the laminar flow regime both the axial 
and circumferential motion of the drilling mud are considered. 

22 
23 Oldroyd Model 
24 
25 Oldroyd's (1958) shear softening model of the viscosity can approximate the drilling fluid behavior away from 
26 the yield stress ('to> by the appropriate choice of parameters: 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

't' 0 

Real Drilling Fluid 

Power Law model, f.1 = kr n 

Oldroyd Model, f.l =flo + 
2 

2 (

1 ~ r
2

) 

1 + ~ 1 r 

Strain Rate (r ) 

(1.4.3-4) 
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Figure 1.4-4. Various models for modeling drilling fluid shear stress. 
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where 

= 
= 

= 

f.1
0 

( ~~~ 1) =limiting viscosity at infinite strain rate, 
strain rate, 
Oldroyd model parameters, 
limiting viscosity at zero rate of strain. 

9 
10 

Note lhat for the PA calculations, ~1 was assumed equal to 2 ~2 • based on viscosity measurements for an oil-
11 based, 1.7-kg/m3 (14-lb/gal) mud (Darley and Gray, 1988, Table 5-2). The assumption can be somewhat arbitrary 
12 since lhe behavior at high strain rate (away from lhe yield point) is of primary interest. 
13 

14 Using lhe above assumption, lhe parameter ~2 was estimated by equating lhe linear ideal plastic model, with the 
~: Oldroyd model at a high strain rate (Figure 1.4-4). Simple algebraic manipulation gives 

17 
18 
19 
20 

~2 (11 r -'t' )!2rm't' . 
l"'oo m 0 0 

21 The high strain rate selected for lhe match point ( r ) was 1020 s-1. 
~ m 

23 
24 
25 1.4.4 Repository Discharge: PANEL 

(1.4.3-5) 

26 
27 
28 Flow of brine through a collapsed WIPP panel and up an intrusion borehole may result in mobilization of dis-
29 solved, radionuclide-bearing compounds and lheir transport towards the Culebra. The PA Department models lhese 
30 effects wilh a code called PANEL. Governing equations for lhat part of PANEL model concerned wilh waste mobili-
31 zation and transport are presented in lhis section. 
32 
33 
34 In lhe PANEL model, a collapsed WIPP panel (rooms and drifts) is treated as a single, hydraulically connected 

35 cavity of volume V lhat contains a porous medium (waste and backfill). The cavity is connected to sources and sinks 
36 for brine by one or more inlets or outlets (Figure 1.4-5). 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Quasi-steady discharge of brine lhrough the panel is assumed, i.e., 

Q(t) = Oout = Qin • (1.4.4-1) 

TRI-6342·1435·0 

Figure 1.4-5. Idealized collapsed WIPP panel in PANEL model. 
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2 where Q(t) is the brine discharge through volume V in units ofm3/s. (Note: the PANF.L model receives Q(t) from the ! BRAGFLO model; see Section 1.4.1.) 

5 
6 
7 WASTE MOBILIZATION 
8 

1 ~ The mobilization of radioactivity in the waste form can be modeled by considering the dynamics of three vari-
11 abies: 
12 
13 
14 
15 
16 
17 
18 Thus, 
19 
20 
21 
22 
23 
24 

Mui(t) =mass of ith nuclide in undissolved form in volume V at time t, 
Mdi(t) =mass of ith nuclide in dissolved form in volume Vat timet, 
Mai(t) =mass of ith nuclide adsorbed on solids in volume V at time t. 

Mi(t) = Mui + Mdi + Mai 

= total mass of ith nuclide in volume V at timet. 

(1.4.4-2) 

25 The dynamics of these mass components follow from three ordinary differential equations (three for each nuclide 
26 
27 species). The first dynamical equation is 
28 
29 
30 
31 

Mu1· = -k.M .[s. 
I Ul 1 

32 where a dot (•) means the time derivative and 
33 

A..M . +A.. 1M . 1' 1 U1 1- Ul-

34 
35 
36 

w = <P l V =volume of brine in cavity. 

37 

(1.4.4-3) 

(1.4.4-4) 

38 In Eq. 1.4.4-4, ~ and S l are respectively the average porosity and the average saturation of the medium filling V 
39 (i.e., the compressed WIPP wastes and backfill). 
40 
41 
42 

The first term on the right side ofEq. 1.4.4-3 models dissolution of undissolved mass: the rate of dissolution is 

43 assumed to be proportional to Mui and the difference between the concentration of a saturated solution (Sj) and the 
44 concentration of dissolved mass (Mdi/w); the constant of proportionality ki is a rate constant (units: m3/kg•s). The 
45 second and third terms on the right side of Eq. 1.4.4-3 respectively represent loss of mass through radioactive decay 
46 of undissolved mass, and gain of mass through the decay of a parent species. 
47 
48 
49 The second dynamical equation is 
50 
51 
52 
53 
54 
55 
56 

i MdiJ rv1d1. = k.M . Ls. -
I Ul 1 W 

Md. 
Q-1 

w 
(1.4.4-5) 

57 The first term on the right side of Eq. 1.4.4-5 was explained above; mass lost from the undissolved component is 
58 gained by the dissolved component. The second term on the right side ofEq. 1.4.4-5 represents mass lost from vol­
~6 ume V by advection in the brine discharge through the panel (Q is never negative). The third term on the right side 

61 represents loss of dissolved mass by chemical sorption processes; it is assumed that sorption/desorption processes are 
62 rapid and follow a linear isotherm so that 
63 
64 
65 
66 
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(1.4.4-6) 

5 
6 where pb is the average bulk density of compressed wastes and backfill (kg!rn3) and Kdi is the average distribution 
7 coefficient for the ith nuclide in wastes and backfill (Freeze and Cherry, 1979, p. 405). Meanings of the fourth and 
8 fifth terms on the right side ofEq. 1.4.4-5 were explained above for the undissolved mass component. 
9 

10 
11 
12 
13 
14 
15 

The third dynamical equation is 

(1.4.4-7) 

16 
17 where all terms on the right ofEq. 1.4.4-7 have been explained. 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

The three dynamical equations, 1.4.4-3, 1.4.4-5, and 1.4.4-7, can be somewhat simplified by defining 

pb -
Ri = 1 + -=- Kdi 

$ 
the effective retardation coefficient for the ith nuclide species (dimen­
sionless), 

dissolved concentration of ith nuclide species in brine (kg!m\ 

The three dynamical equations become 

k.M . [S. Cd.] - A..M . + /... 
1
Mu

1
· 1 1 U1 · 1 1 1 U1 1 

(A), 

(B), 

Ma1· = (R.-1) Md1·-A. M -+/... 1 M· 1 1 1 a1 1- a1 
(C). 

37 The initial conditions for the system (A)-(C) are usually taken at a time t0 > 0, the time of borehole penetration. 
38 At this time, 
39 
40 
41 
42 
43 
44 
45 
46 
47 

the inventory at closure (t = 0) of the i1h nuclide species aged to time 
to > 0 (in kg), 

Mai (to)= 0. (1.4.4-8) 

48 
49 
50 
51 
52 

Furthermore, Q(tJ = 0 but Q(t), is a non-negative function Q: 0) of time fort> to-

The rate at which mass of the i1h nuclide is discharged from the panel is obviously 

53 
54 
55 
56 
57 

5a APPROXIMATIONS IN PANEL 
59 

Q(t) cdi (t) (kg/s), t > to. (1.4.4-9) 

60 
61 The full set of dynamical equations, (A)-(C), are not directly solved in the PANEL model; instead, (A)-(C) are 
62 first added to give 
63 
64 
65 
66 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Mi (to) = Mo (to) . 

This equation is solved with the simplifying assumption that 

13 and the sum in the denominator is taken over all isotopes of the same element as that of species i. 
14 
15 
16 
11 1.4.5 Fluid Flow in Culebra: SEC02D 
18 

(1.4.4-10) 

(1.4.4-11) 

~~ Studies of potential releases of radionuclides from the WIPP to the accessible environment along liquid path-
21 ways require computational models of the flow of groundwater through the Culebra Dolomite Member, and models 
22 of how flow in the Culebra would be affected by climatic change. The PA Department uses a model of these phenom­
23 

. 24 

25 
26 
27 

ena called SEC02D. The governing equations for SEC02D are summarized in this section: first, the equation of 
groundwater flow is presented, then the effects of climate change on boundary conditions for the flow equation are 
briefly described. Further discussion of the model of fluid flow in the Culebra is found in Sections 7.5, 7.6, and 
Appendix C of Volume 2 of the present series of reports. 

28 
29 

30 GROUNDWATER FLOW 
31 
32 
33 SEC02D simulates groundwater flow at regional and local scales within the Culebra Dolomite by solving the 
34 following partial differential equation in two dimensions (x,y): 
35 
36 
37 
38 
39 
40 

where 

h 

~.£ 
K 

= 
= 
= 

h(x,y,t), the potentiometric bead (m), 
~.s(x,y,t), the specific storage of the Culebra (m- 1), 

K(x,y,t), the hydraulic conductivity tensor (mls), 

(1.4.5-1) 

41 
42 
43 
44 
45 
46 
47 
48 
49 

w = W(x,y,t), a volumetric flux per unit volume of formation (s-1), (used to simulate wells or recharge). 

50 The specific storage and hydraulic conductivity tensor are obtained from more directly measurable quantities, 
51 i.e., in the present version of SEC02D, 
52 
53 
54 
55 
56 
57 
58 
59 where 
60 
61 
62 
63 
64 
65 
66 

S(x,y) = 
l!Z = 

- T(x, y) 
K = l!Z 

S = S (x, y) 
s 

storage coefficient in the Culebra (dimensionless), 
l!Z ( x, y) , Culebra thickness (m), 
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T (x, y) = one of a set of simulated transmissivity tensors (units: m2/s). See Section 2.6.9 for a discussion of 
how transmissivity fields are generated. Also see Section 7.5 of Volume 2 of the present series of 
reports. 

6 Given appropriate initial and boundary conditions, Eq. 1.4.5-1 is solved numerically to yield a potentiometric 
7 head field, h(x,y,t), which may be used to compute specific discharge (or Darcy velocity) at any point in the Culebra: 
8 
9 

10 
11 
12 

q (x, y, t) -K • Vh (m/s) . (1.4.5-3) 

13 
14 In SEC02D, boundary conditions are specified on the outer edges of the regional (or, in some cases, local) grid; 
15 these boundary conditions may be a mix of the following kinds: (1) Dirichlet (specified h on boundary); (2) inhomo-
16 geneous Neuman (specified gradients of h on boundary); (3) Robin boundary conditions [a mixture of (1) and (2)]; 
17 and (4) adaptive boundary conditions, in which flux ({}) is specified at inflow boundaries and head (h) is specified at 
18 outflow boundaries. 
19 
20 
21 
22 EFFECTS OF CLIMATE CHANGE 
23 

~: The 1992 version of SEC02D simulates effects of climate change through inclusion of time-dependent Dirichlet 

26 boundary conditions. Specifically, potentiometric heads on the northwestern edges of the regional grid (the suspected 
21 recharge area for the Culebra) are set according to the formula 
28 
29 

where 

hf 
hp 
AR 
e 
41 

= 
= 
= 
= 

h1(x,y,t) hp(x,y)[3AR+
1 

( AR-
1
)(cos9t-sin1t+..!.cos<Pt)J , 

4 \ 2 \ 2 2 (1.4.5-4) 

future potentiometric head (m), 
present potentiometric head (m), given a realization of regional transmissivities (see Section 2.6.3), 
Amplitude factor (dimensionless), 
Pleistocene glaciation frequency (Hz), 
frequency of Holocene-type climatic fluctuations (Hz). 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

The recharge amplitude factor, AR, is a number to be chosen between 1 andy> 1 and is scaled from the sampled 

47 index factor (Section 4.4). If AR = 1, it is seen that there are no effects of climatic change. If AR > 1, the maximum 
48 future head, hf, will be greater than the present head. The constant y is a scaling factor that is chosen by the PAana-
49 lyst to ensure physically reasonable head values on the portion of the recharge boundary where boundary conditions 
50 are applied. The origins of the climate change model are treated in detail in Chapter 6 of Volume 4 of the present 
51 
52 

series of reports. 

53 
54 
55 1.4.6 Solute Transport in Culebra: SECOfrP 
56 
57 
58 Studies of potential releases of radionuclides from the WIPP to the accessible environment along liquid path-
59 ways require a computational model of solute transport in groundwater flowing through the Culebra Dolomite Mem-
60 ber. In 1992, the PA Department is using a model developed SJX!cifically for Sandia National Laboratories and called 
61 SECO/TP. This section summarizes the governing equations for that model. Solute transport in the Culebra is dis­
:; cussed in more detail in Section 7.6 and Appendix C of Volume 2 of the present series of reports. 

64 
65 
66 

(page date: December 29, 1992) 1-38 (database version: X-3.06PR) 



INTRODUCTION 
1.4 Background on 1992 Probability and Consequence Models 

1 SECO!TP is a "dual porosity" model of solute transport in the Culebra in the sense that advective transport is 
2 allowed only through the fracture system but dif(usion of solute into the rock matrix surrounding a fracture is 
3 possible. The fracture system is idealized as planar and parallel {Figure 1.4-6); each fracture wall may be coated with 
4 
5 a layer of clay of uniform thickness. 

6 
7 

a MASS TRANSPORT IN FRACTURE SYSTEM 
9 

10 
11 
12 
13 
14 
15 
16 
17 

The governing equation for mass transport in a single fracture is 

(1.4.6-1) 

18 
19 where the summation convention has been used (x1 = x, x2 = y) and l, m = 1, 2, ... , m, label the solute species 
20 (radionuclide mass). The quantities in Eq. 1.4.6-1 have the following meanings [starred (*) items are explained 
21 below]. 
22 
23 
24 
25 
26 * 
27 * 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

Ct 
vi 
D-· lJ 

At 
;lm 
Q 

Cf 
rt 

= 
= 

= 
= 
= 
= 

trace concentration of t th solute specie in fracture fluid (kg/m3), 

average linear velocity vector in fracture system (m/s}, 
hydrodynamic dispersion tensor (m2/s), 
decay constant for t th solute species (radionuclide, s-1

), 

fraction of mth parent species that decays into t th solute species (dimensionless), 
rate of fluid injection per unit volume of formation (s -1 ), 

concentration of l th solute species in injected fluid {kg!m3), 

rate of mass transfer of l th species from matrix system to fracture system (kg/m3•s). 

The average linear velocity vector, Vi, is related to the specific discharge in the Culebra by 

(1.4.6-2) 

43 where the specific discharge, qi, is provided by the SEC02D model [see Eq. 1.4.5-3] and <l>c is the fracture porosity of 
44 the Culebra. For planar parallel fractures (Figure 1.4-6) and b«B, 
45 
46 
47 
48 
49 
50 
51 

(1.4.6-3) 

52 In practical modeling of solute transport in the Culebra, <l>c and 2B are taken as known quantities and Eq. 1.4.6-3 
53 is used to calculate the fracture aperture 2b. The ratio bJb is also assumed to be known; given b, be can be calculated 
54 from this ratio. 
55 
56 
57 The components of the hydrodynamic dispersion tensor for the fracture system, Dij• are 
58 
59 
60 
61 
62 
63 
64 
65 
66 

(1.4.6-4a) 
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28 
29 
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31 
32 
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34 
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36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
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Figure 1.4-6. Idealized section of Culebra Dolomite Member. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

(V ) 2 (V )2 . 
2 1 D* 

D22 aLlYl + aTJVI + , (1.4.6-4b) 

(1.4.6-4c) 

;~ where aL, aT are respectively longitudinal and transverse dispersivities (m), D* is the molecular diffusion coeffi-
13 cient of the "average" solute species (m2/s), and 
14 
15 
16 

2 2 112 
lVI = (V1 + V2) 

~ ~ The rate of mass transfer from the matrix to the fracture system, rl, will be explained after mass storage in the 

19 matrix is described. 
20 
21 

22 MASS STORAGE IN CLAY COATINGS AND MATRIX 
23 
24 
25 Mass storage in clay coatings and matrix slabs occurs by diffusion of solute mass across the fracture facings; 
26 only diffusion perpendicular to the fracture facings (i.e., along the local coordinate Z, Figure 1.4-6) is allowed. The 
27 governing diffusion equation is 
28 
29 
30 
31 
32 
33 

R aq a , aq R ... c' ~ ~ "'R ... c' 4> l--==-D -::;---4> l'"'l l+ "-'':>lm'l' mAm m , 
dt dZ oZ m=l 

34 where new quantities have the following meanings (again, starred items [*] are explained below). 
35 

~~ Cf{z,t) = 
38 * cp(z) = 

(1.4.6-5) 

39 * R lz) = 
40 * D'(z) = 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 

trace concentration of l th solute species in pore fluid of clay coating or matrix (kg/m3), 

porosity of clay coating or matrix (dimensionless), 
retardation coefficient of l th solute species in pores of clay coating or matrix (dimensionless), 
effective molecular diffusion coefficient in pores of clay coating or matrix (m2/s). 

The porosity of clay coating or matrix depends on location: 

{ 

<l>c 
cp{z) = 

4>m (constant matrix porosity), 

(constant clay porosity), 

(1.4.6-6) 

The effective molecular diffusion coefficient in pores of clay coating or matrix also depends on location: 

60 

{

teD*, b S Z < b +be 

D'(z)= 

tnP*, b+bc szsB 

61 where tc and trn are the (constant) tortuousities of clay and matrix respectively (dimensionless). 
62 
63 
64 
65 
66 

In a similar fashion, the retardation coefficient of the l th solute species takes two values: 

(1.4.6-7) 
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9 where 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

p stands for grain density (kg/m3) of the material, 
kl, t is the distribution coeffient of the t th solute species in the pores of the material (m3/kg), 
(j) is the porosity of the material (dimensionless). 

The notation, 

( •.. )corm • 

21 indicates qualities in either clay coating (c) or matrix (m). 
22 
23 
24 

THE MASS TRANSFER TERM 

(1.4.6-8) 

25 
26 The term rl specifying the rate of mass transfer of the t th solute species from the matrix to the fracture system 
27 takes the form 
28 
29 
30 
31 
32 
33 

2 ( ac') rt(x,y,t)=-- D'-a l , 
b z z=b 

34 where all quantities have been defined. 
35 
36 
37 INITIALAND BOUNDARY CONDITIONS 
38 
39 

(1.4.6-9) 

40 Equation 1.4.6-1 can be solved subject to a variety of boundary conditions (prescribed input flux, constant con-
41 centrations on boundary). The usual initial condition is C t (x,y,o) = 0. 
42 
43 Equation 1.4.6-5 is solved subject to the initial condition C t (x,y,z,o) = 0 (b ~ z ~ B) and the boundary condi-
44 
45 tions, 

46 
47 
48 
49 
50 

ac 
azl (x,y,B,t) =0 

~~ (i.e., no mass flux across plane of symmetry of matrix slab), 

53 
54 
55 
56 

Cl(x,y,b,t) Ct(x,y,t) , 

57 (i.e., concentrations match at interfaces between fracture void space and clay coatings). 
58 
59 
60 
61 1.4.7 Waste-Filled Room Deformation: SANCHO 
62 

(1.4.6-10) 

(1.4.6-11) 

:! Realistic estimates of the effective porosity and permeability of a closed, waste-filled room require that the 

65 effects of room deformation and internal gas generation be taken into account. In 1991, the PA Department largely 
66 
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1 ignored the latter effects and assigned constant porosity and penneability based on wa'ite-matcrial composition 
2 (WIPP PA Division, 1991, Vol. 3, Sections 3.4.7 and 3.4.8). In the present (1992) series of PA calculations, the 
: effects of deformation and gas generation have been included only indirectly through the use of a separate calculation 

5 of a porosity "surface" which gives room porosity as a function of time and total volumes of gas generated by corro-
6 sion and microbial action (Mendenhall and Lincoln, February 28, 1992, Memo in Appendix A). The room-defonna-
7 tion component of this calculation employed SANCHO, a finite-element computer program for simulating the 
8 quasistatic, large-deformation, inelastic response of two-dimensional solids (Stone et al., 1985). Gas generation was 

1 ~ calculated in much the same way as the gas-generation terms in the BRAGFLO code; see Section 1.4.1. This section 

11 emphasizes the constitutive equations used in SANCHO to model room defonnation. 

12 
13 
14 
15 
16 
17 

SANCHO is a special purpose, finite-element program that was developed in response to some of the perceived 
drawbacks with existing finite element software for nonlinear analysis. SANCHO was developed to solve the quasi­
static, large defonnation, inelastic response of two dimensional solids. The element library is based on a bilinear iso­
parametric quadrilateral with a constant bulk strain. The equilibrium solution strategy uses an iterative scheme 

18 designed around a self-adaptive dynamic relaxation algorithm. The iterative scheme is based on explicit central dif-
19 ference pseudo-time integration with artificial damping. The code is explicit in nature so that no stiffness matrix is 
20 fonned or factorized that reduces the amount of computer storage necessary for execution. The explicit nature of the 
21 program also makes it attractive for vectorization on vector processing machines. The code has a standard material 
22 
23 model interface that is used with three material models incorporated within the code. A finite strain elastic-plastic 
24 strain hardening model, a volumetric plasticity model, and a metallic creep material model are presently included. 
25 (Recent modifications allow the SANCHO user to employ his or her own material models.) A sliding interface eapa-
26 bility, based on a master-slave algorithm, is also incorporated within SANCHO (Stone et al., 1985, p. 12). 
27 
28 
29 The fundamental SANCHO equations will not be discussed here; the relevant physical assumptions are best 
ao expressed in terms of the constitutive equations of the material models selected by the SANCHO user. Three material 
31 models were used in calculating the porosity surface for a defonned room: (1) an elastic/secondary creep model for 
32 intact salt surrounding room opening; (2) an elastic/secondary creep model for crushed-salt room backfill; and (3) a 
;: volumetric plasticity model of mechanical response of waste contained within a room. 

35 
36 
37 ELASTIC/SECONDARY CREEP MODEL FOR INTACT SALT 
38 
39 
40 
41 

The constitutive equations for the intact-salt components of the model repository are (Mendenhall et al., 1991): 

42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

. [·' ( )(N+l)/2 ( ) ( )(N-1)12 J sij == 2G eij 1. 5 • A exp Q/RT • skl skl sij , 

52 where the summation convention is used, i.e., 
53 
54 
55 
56 
57 A dot over a quantity signifies time derivative and 

58 
59 
60 
61 
62 
63 
64 
65 
66 

cr .. 
lj 

Sjj 

= 

= 

stress tensor (Pa), 

cr .. 
lj 

1 de . . 
3 cr kk = vtatonc stress tensor, 

= deviatoric strain tensor, 

(1.4.7-1) 

(1.4.7-2) 
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., 
deviatoric strain rate (treated as constant over a time step), e .. = 

2 
lj 

3 * 
4 

G = elastic shear modulus (Pa), 

5 
6 A = an experimentally determined constant, 
7 
8 N = an experimentally determined constant, 
9 

10 
Q/RT exponential constant for deviatoric creep model, 11 = 

12 
13 * K = elastic bulk modulus (Pa). 
14 

~~ Starred(*) quantities are described below. 

17 
18 The elastic shear modulus, G, is approximated by 
19 
20 
21 
22 
23 

~~ and the elastic bulk modulus is approximated by 

26 
27 
28 
29 
30 

31 where Go. G1o Ko. K1 are experimentally determined constants. 
32 
33 

;~ CRUSHED SALT BACKFILL MODEL 
36 

(1.4.7-3) 

(1.4.7-4) 

37 The constitutive equations for crushed-salt backfill component of the model repository are (Mendenhall et al., 
38 1991): 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

(1.4.7-5) 

p = B0 [exp(B, P) -1]exp(Ap) , (1.4.7-6) 

49 
50 where G is the elastic shear modulus (Eq. 1.4.7-3), summation convention is implied in the term (skl, SJU ), and the 
51 other quantities appearing in Eq. 1.4.7-5 have the same meanings as in Eq. 1.4.7-1. In Eq. 1.4.7-6, 
52 
53 
54 
55 
56 
57 
58 

p = local density 
p = rate of change of density (kg/m3 • s), 
P = pressure (Pa}, 
A0 A, Bo. B1 and Pint are experimentally determined constants. 

59 In addition, the elastic bulk modulus, K, is given by Eq. 1.4.7-4. 
60 
61 
62 
63 
64 
65 
66 
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1 VOLUMETRIC PLASTICITY MODEL FOR WASTE 
2 
3 The constitutive equations for the waste component of the model repository are identical to the equations for the 
4 
5 model of soil and crushable foam material specified in the SANCHO manual (Stone et al., 1985, pgs. 40-46; see Eqs. 
6 47-50 in particular). The SANCHO model of soils and crushable foams requires that the following parameters be 
7 specified by the user of the code (Stone et al., 1985, p. 67): 
8 

J.l = shear modulus, 

Ko = bulk unloading modulus, 

ao = yield function constant, (1.4.7-7) 

ar = yield function constant, 

az = yield function constant. 

9 
10 
11 
12 
13 
14 
15 
16 
17 In addition, the model requires that the user specify volumetric strain [essentially ln(pfp0 )] as a function of 
18 pressure, i.e., 
19 
20 
21 
22 

ln(p/p0 ) = F(P) , (1.4.7-8) 

~! where p is waste density (kglm3) and p 0 is initial waste density (before any significant compaction by repository 

25 deformation has begun). 
26 
27 

28 NOTE ON PROBLEM GEOMETRY 
29 
30 
31 Typical geometry, modeling mesh, and boundary conditions for the calculation of a porosity surface with 
32 SANCHO are illustrated in Figure 1.4-7. Boundary conditions apply to a single room assumed to be imbedded in an 
33 infinite lattice of similar rooms spaced uniformly on 40-m centerlines. 
34 

~: Each mined room is 4 m high by 10 m wide by 100 m long. A room is assumed to contain 6804 drums filled with 

37 unprocessed waste. Other details of room geometry and composition are found in Beraun and Davies (September 12, 
38 1991, Memo in Appendix A). 
39 
40 

:~ NOTE ON GAS GENERATION 

43 
44 
45 
46 
47 
48 
49 
50 

Gas pressure in the model disposal room was computed from the ideal gas law based on the instantaneous "void" 
volume in the room (i.e., the volume not occupied by liquids or solids) and the total amount of gas in the room. 

NRT 

V-V s 
(1.4.7-9) 

51 where 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

N 

aN tat 
R 

T 

v 

gas pressure, 

f · D ·11 
aN dt = total moles of gas produced per room up to time t, 

0 dt 

rate of gas production (moles Is- drum), 

= 8.23 (m3·Pa)!(g-moles·K), 

= 300K, 

current void volume ( m 3 ), 

(1.4.7-10) 
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39 
40 Figure 1.4-7. Modeling mesh and boundary conditions for calculation of porosity surface with SANCHO (adopted 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

from Mendenhall et al., 1991, Figure 3-2). 

volume of solids per storage room, 

percentage of waste generating gas, 

= number of drums. 

~~ In these geomechanical simulations, gas pressure acts outward on the walls, floor, and ceiling of the storage room 

53 providing a backs tress opposing closure (Mendenhall et al., 1991). 

54 
55 
56 
57 
58 
59 
60 
61 1.5.1 Purpose 
62 
63 

1.5 Background on WIPP 

64 The DOE was authorized by Congress in 1979 to build the WIPP as a research and development facility to dem-
65 onstrate the safe management, storage, and eventual disposal of transuranic (TRU) waste generated by DOE defense 
66 

(page date: December 29, 1992) 1-46 (database version: X-3.06PR) 



INTRODUCTION 
1.5 Background on WIPP 

1 programs (WIPP Act, 1979). Only after demonstrating compliance with 40 CFR 191 and other laws and regulations 
2 (e.g., RCRA [1976] and NEPA [1969]) will the DOE permanently dispose of TRU waste at the WIPP repository. 
3 
4 
5 
a 1.5.2 Location 
7 

: The WIPP is located within a large sedimentary basin, the Delaware Basin, in southeastern New Mexico, an area 

10 of low population density approximately 38 Ian (24 mi) east of Carlsbad (Figure 1.5-1 ). Geographically, the WIPP is 
11 between the high plains of West Texas and the Guadalupe and Sacramento Mountains of southeastern New Mexico. 
12 
13 Four prominent surface features are found in the area--Los Medaiios ("The Dunes"), Nash Draw, Laguna Grande 
~~ de Ia Sal, and the Pecos River. Los Medafios is a region of gently rolling bills that slopes upward to the northeast 

16 from the eastern boundary of Nash Draw to a low ridge called "The Divide." The WIPP is in Los Medaiios. Nash 
17 Draw, 8 Ian (5 mi) west of the WIPP, is a broad shallow topographic depression with no external surface drainage. 
18 Laguna Grande de Ia Sal, about9.5 Ian (6 mi) west-southwest of the WIPP, is a large playa about 3.2 Ian (2 mi) wide 
19 and 4.8 Ian (3 mi) long formed by coalesced collapse sinks that were created by dissolution of evaporate deposits. 
20 The Pecos River, the principal surface-water feature in southeastern New Mexico, flows southeastward, draining into 
21 
22 the Rio Grande in western Texas. 

23 
24 
25 1.5.3 Geologic History of the Delaware Basin 
26 
27 
28 The Delaware Basin, an elongated, geologically confined depression, extends from just north of Carlsbad, New 
29 Mexico, into Texas west of Fort Stockton (Figure 1.5-2). The basin covers 33,000 km2 (12,750 mi2) and is filled with 
30 sedimentary rocks to depths as great as 7,300 m (24,000 ft) (Hills, 1984). Geologic history of the Delaware Basin 
~; began about 450 to 500 million years ago when a broad, low depression formed during the Ordovician Period as 

33 transgressing seas deposited clastic and carbonate sediments (Hiss, 1975; Powers et al., 1978; Cheeseman, 1978; Wil-
34 liamson, 1978; Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988). After a long period of accumulation 
35 and subsidence, the depression separated into the Delaware and Midland Basins when the area now called the Central 
36 Basin Platform uplifted during the Pennsylvanian Period, about 300 million years ago. 
37 
38 
39 During the Early and Middle Permian Period, the Delaware Basin subsided rapidly, resulting in a sequence of 
40 clastic rocks rimmed by reef limestone. The thickest of the reef deposits, the Capitan Limestone, is buried north and 
41 east of the WIPP but is exposed at the surface in the Guadalupe Mountains to the west (Figure 1.5-2). Evaporite 
42 deposits (marine bedded salts) of the Castile Formation and the Salado Formation, which hosts the WIPP, filled the :! basin during the late Permian Period and extended over the reef margins. Evaporites, carbonates, and clastic rocks of 

45 the Rustler Formation and the Dewey Lake Red Beds were deposited above the Salado Formation before the end of 
46 the Pennian Period. 
47 
48 

~~ 1.5.4 Repository 
51 
52 The repository is located in the Delaware Basin in the 600-m- (2,000-ft-) thick Salado Formation of marine bed-
53 ded salts (Late Permian Period). The repository level is located within these bedded salts 655 m (2,150 ft) below the 
;: surface and 384m (1,260 ft) above sea level. The WIPP repository is composed of a single underground disposal 

56 level connected to the surface by four shafts (Figure 1.5-3). The repository level consists of an experimental area at 
57 the north end and a disposal area at the south end. 
58 
59 

~~ 1.5.5 WIPP Waste Disposal System 
62 
63 The WIPP relies on three approaches to contain waste: geologic barriers, engineered barriers, and institutional 
64 controls. The third approach, institutional controls, consists of many parts, e.g., the legal ownership and regulations 
65 
66 

(page date: December 29, 1992) 1-47 (database version: X-3.06PR) 



INTRODUCTION 
1.5 Background on WIPP 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 32°30' 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

Caverns 

0 

I 
0 5 

Surprise 
Spring 

5 10mi 
I I 

10km 

.......... 

104"00' 

..... _ 
.......... 

~!~ 
§lc: 
o-:::l 
ul 0 

.Q 
~lt1! 
"0 . CD 
wi...J 

I 

..... _ 
-..... --.......... 

1 New Mexico 
Texas 

..... _ ..... _ -------
N 

toJal 

103"00' 

TRI-6334-53-3 

62 Figure 1.5-1. WIPP location in southeastern New Mexico (after Rechard, 1989, Figure 1.2). 
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INTRODUCTION 
1.5 Background on WIPP 

of the land and resources by the U.S. Government, the fencing and signs around the property, permanent markers, 
2 public records and archives, and other methods of preserving knowledge about the disposal system. 
3 
4 
5 The WIPP disposal system, as defined by 40 CFR 191, includes the geologic and engineered barriers. The phys-
6 ical features of the repository (e.g., design of repository, waste form) are components of these barriers. 
7 

8 The geologic barriers are limited to the lithosphere up to the surface and no more than 5 km (3 mi) from the outer 

1 
~ boundary of the WIPP waste-emplacement panels (Figure 1.5-4). The boundary of this maximum-allowable geologic 

11 subsystem is greater than the current boundary of the WIPP land withdrawal. The extent of the WIPP controlled area 
12 will be defined during performance assessment but will not be less than the area withdrawn, which is under U.S. DOE 
13 administrative control (Bertram-Howery and Hunter, 1989). 
14 

~: Data for components of the geologic and engineered barriers are the subject of this volume. No data on institu-
17 tional controls are contained in this volume. 
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1989, Figure 11-1). 
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2. GEOLOGIC BARRIERS 

7 The geologic barriers consist of the physical features of the repository, such as stratigraphy and geologic compo-
s nents. 
9 

10 
11 
12 
13 
14 

2.1 Areal Extent of Geologic Barriers 

15 
16 Figure 2.1-1 shows the maximum areal extent of the geologic barriers. Figure 2.1-2 shows the universal trans-
17 verse mercator (UTM) coordinates of the modeling domains. The U1M coordinates for the northeast and southeast 
18 corners of the land-withdrawal boundary were derived from values reported in Gonzales (1989). Because the town-
19 ship ranges shift at the land-withdrawal border, the UrM coordinates for the northwest and southwest corners were 
~~ derived from information on the wells nearest the comers (i.e., Well H-6A for the northwest corner and Well D-15 for 

22 the southwest corner). 
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62 Figure 2.1-1. Position of the WIPP waste panels relative to land-withdrawal boundary (16 contiguous sections), 
63 5-km boundary (40 CFR 191.12y), and surveyed section lines (after U.S. DOE, 1989, Figure 2.2). 
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Figure 2.1-2. U1M coordinates of the modeling domains. 
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GEOLOGIC BARRIERS 
2.1 Areal Extent of Geologic Barriers 

1 Figure 2.1-3 shows the topography, the locations of wells used for defining the general stratigraphy, and the mod-
2 eling domains near the WIPP typically plotted in the report. The well locations by UfM, state plan coordinates, and 
3 survey sections are provided in Table B.l (Appendix B). The elevations of the stratigraphic layers in each of the 
4 
5 wells are tabulated in Table B.2 (Appendix B). 
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Locations of wells for defining general stratigraphy and regional and local data domains typically 
plotted in this volume. 
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GEOLOGIC BARRIERS 
2.2 Stratigraphy at the WI PP 

2.2 Stratigraphy at the WIPP 

5 The level of the WIPP repository is located within bedded salts (Figures 2.2-1 and 2.2-2), which consist of thick 
6 halite and interbeds of minerals such as clay and anhydrites of the Late Permian Period (Ochoan Series) (approxi-
7 mately 255 million yr old)* (Figure 2.2-3). A polyhalitic anhydrite interbed that forms a potential transport pathway, 
: Marker Bed 139 (MB 139), is located about 1 m (3 ft) below the repository interval (Figure 2.2-3 ). This unit is about 

10 1 m (3 ft) thick and is one of about 45 siliceous or sulfatic units within the Salado Formation (Figure 2.2-4) (Lappin, 
11 1988; Tyler et al., 1988). 
12 
13 For most strata above the repository, the elevations (though varying) are well known because of numerous wells; 
~: however, directly below the repository the elevations of the base of Anhydrite III in the Castile Formation and the top 

16 of Bell Canyon can only be inferred from a geologic cross section (Figure 2.2-1 ). The geologic structure is uncompli-
17 cated, thus the uncertainty is likely to be small on the regional geologic scale. Because the information is important 
18 to evaluating the potential for and size of brine reservoirs under the repository, uncertainty bounds have been placed 
19 on these two elevations inferred from the geologic cross section. In the 1992 PA calculations, elevations of the two 
~~ contacts at ERDA-9 were assumed to vary uniformly between the elevations reported from the closest wells that pro-
22 vide data (Cabin Baby-1 and WIPP-12 for the base of Anhydrite III, and Cabin Baby-1 and DOE-2 for the top of the 
23 Bell Canyon Formation). 
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Figure 2.2-1. Level of WIPP repository, located in the Salado Formation. The Salado Fonnation is composed of 
thick halite with thin interbeds of clay and anhydrite deposited as marine evaporites about 255 
million years ago (Permian period) (after Lappin, 1988, Figure 3.1 based on Borns, 1987). 
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Figure 2.2-2. Reference local stratigraphy near repository (after Munson et al., 1989, Figure 3-3). 
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Material: 

Base of Anhydrite ill elevation above mean sea level @ ERDA-9 
Anhydrite within Castile Formation (Anhydrt3, Elevat) 

Definition, Units: m 

Values: Range: (53, 127) Median: 90 

Distribution: Uniform 
Correlation: 

Data Source(s): See Discussion. 
(WIPP Observational Data; Investigator Judgment) 

Usage: 
Mathematical model: 

GEOLOGIC BARRIERS 
2.2 Stratigraphy at the WIPP 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Area of Castile Brine Reservoir below WIPP Disposal Area (Section 5.1, this volume). 

Equation (NA). 

Computational models: 
CCDFPERM 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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GEOLOGIC BARRIERS 
2.2 Stratigraphy at the WIPP 

2 

! Bell Canyon Elevation @ ERDA-9* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Top of Bell Canyon elevation above mean sea level @ ERDA-9 
Bell Canyon Formation (BCanyon, All, Elevat) Material: 

Definition, Units: m 

Values: Range: (-228, -198) Median: -213 

Distribution: Uniform 
Correlation: 

Data Source(s): See Discussion. 
(WIPP Observational Data; Investigator Judgment) 

Usage: 
Mathematical model: 

Area of Castile Brine Reservoir below WIPPDisposal Area (Section 5.1, this volume). 

Equation (NA). 

Computational models: 
CCDFPERM 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not applicable 
NEPA Not applicable 
Otber Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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GEOLOGIC BARRIERS 
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 
2 
3 
4 
5 The Salado Formation is composed of thick halite with thin interbeds of clay and anhydrite deposited as marine 
6 evaporites about 255 million years ago (Permian Period). A summary of the parameters for the Salado Formation 
7 near the repository are given in Table 2.3-1. 
8 
9 

10 
11 Table 2.3-1. Parameter Values for Halite and Polyhalite within Salado Formation near Repository 
12 
13 

Parameter" Median Range 
14 
15 
16 
17 
18 

Capillary pressure (p0) and relative permeability (krw) 

Units 
Distribution 

Type 

Threshold displacement 
;~ pressure (Pt) 2.3 x 107 2.3 x 105 2.3 x 109 Pa Lognormal 

21 
(correlated with permeability in 1992) 

Residual saturations 
22 
23 
24 
25 
26 
27 

Wetting phase (S if) 2 X 1 o·1 

Gas phase (Sgr) 

28 
29 

Brooks-Corey 

30 
exponent(ft.) 

31 
Density 

32 
Grain (p 9) halite 

33 
34 

Grain (p 9) polyhalite 
35 Bulk ( p bulk) 

36 Average (Pave) 

37 
Dispersivity 

38 
Longitudinal (ad 

39 
40 
41 

Partition coefficient 
42 
43 

All species 

44 
45 
46 
47 
48 
49 
50 

Permeability (k) 
Log undisturbed 

Log disturbed 

51 
52 

Pore pressure (p) 

53 

Porosity ( q>) 
Undisturbed 

Disturbed 

54 
55 
56 
57 
58 
59 

Specific storage 

60 
Tortuosity 

2 X 10·1 

0.7 

2.163x 1if 

2.78 X 103 

2.14x103 

2.3 X 1o3 

1.5 X 101 

10 

0 

·21.2 

-20.7 

9.5 

1 X 10'2 

6 X 10'2 

9.5 X 10"8 

1.4 X 10'1 

0 

0 

0.2 10.0 

3 25 

·24.0 -19.0 

-22.0 ·15.0 

9.0 10.0 

1 X 10'3 3 X 10'2 

2.8 X 10'8 1.4 X 10"6 

1 X 10'2 6.67 X 10·1 

61 
62 
63 
64 

aParameters in bold were sampled in the 1992 calculations. 

65 
66 
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none Uniform 

none Uniform 

none Constructed 

kg/m3 Constant 

kg/m3 Constant 
kg/m3 Constant 
kg/m3 Constant 

m Constructed 

none Constructed 

m3/kg Constant 

log (m~ Constructed 

log (m2) Constructed 

MPa Uniform 

none Constructed 

none Constant 
m·1 Constructed 
none Constructed 

Source 

Davies, 1991a, 1991b 

Webb, 1992a,1992b, Memos in 
Appendix A; Davies and La Venue, 
1990b 
Davies and LaVenue,1990b; Webb, 
1992a, 1992b, Memos in Appendix A 
Davies and LaVenue, 1990b; Webb, 
1992a, 1992b, Memos in Appendix A 

Carmichael, 1984, Table 2; Krieg, 1984, 
p. 14; Clark, 1966, p. 44 
Humeand Shakoor, 1981, p. 103-203 
Holcomb and Shields, 1987, p.17 
Krieg, 1984, Table 4 

Pickens and G risak, 1981 ; Lappin 
et al., 1989, Table D-2 
Pickens and Grisak, 1981; Freeze 
and Cherry, 1979, Figure9.6 

Lappin et al., 1989, p. D-17 

Gorham et al., June 15, 1992, Memo in 
Appendix A; Howarth et al., 1991; 
Beauheim et al., 1991a 
Gorham etal., June 15,1992, Memo in 
Appendix A; Howarth et al., 1991 ; 
Beauheim et al., 1991a 
Gorham et al., June 15, 1992, Memo in 
Appendix A; Howarth et al., 1991, 
Beauheim et al., 1991a 

See text; Powers et al., 1978; 
U.S. DOE, 1983 
See text. 
Beauheim, 1991 
Freeze and Cherry, 1979, p. 104; Kelley 
and Saulnier, 1990, Table 4.6; Lappin et 
al., 1989, Table E-9 
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GEOLOGIC BARRIERS 
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

2.3.1 Capillary Pressure and Relative Permeability 
2 
3 
4 Two-phase characteristic curves (capillary pressure and relative permeability) for Salado halite, Salado anhy-
5 drite, and waste have not been measured. In modeling two-phase phenomena (Section 1.4.1 ), the PA Department has 
6 adopted suggestions of Davies (1991b) and Webb (1992b, Memo in Appendix A) that characteristic curves be calcu-
7 lated using either the Brooks-Corey formulae (Brooks and Corey, 1964) or the Van Genuchten-Parker formulae (Van 
8 Genuchten, 1978). Use of either formulae requires knowledge of four material-property parameters: 
9 

10 
11 
12 
13 
14 
15 
16 

Pt - threshold displacement pressure (Pa), 
S lr - residual wetting phase saturation (dimensionless), 
Sgr - residual (or critical) gas saturation (dimensionless), 
/.. the Brooks-Corey exponent (dimensionless). 

17 None of these parameters has been measured for materials of interest (halite, anhydrite, waste); for purposes of 
18 sensitivity analyses, their ranges, distributions and correlations are estimated from natural-analog data (Davies and 
19 La Venue, 1990b; Davies, 1991b; Webb, 1992a, Memo in Appendix A). The natural analogs consist of materials that 
~~ possess some of the same characteristics (i.e., permeability and porosity) as the anhydrite, halite, and waste room. 

22 The natural analogs applicable to the very low permeability of the halite and anhydrite were sands that were investi-
23 gated during the Multiwell Tight Gas Sands Project (Ward and Morrow, 1985). The permeability for these sands typ-
24 ically ranges from 1 x 10-16 to 1 x 10-19 m2 (1 x 10-1 to 1 x 10-4 mD). Although these permeabilities are higher than 
25 those of the anhdyrites and halites, no other material was found with a lower permeability for which capillary pres­
~~ sure and relative permeability curves had been measured. Parameters selected for the anhydrites and waste room are 

28 discussed in later sections. 

29 
The uncertainty surrounding these parameters is unknown. An initial range was selected for the purpose of being 30 

31 able to run sensitivity studies. The ranges shown for the parameters are arbitrary, corresponding to a simple doubling 
~~ and halving of the median values. A family of curves produced by sampling 20 times from the assigned distributions 

34 using the Brooks-Corey formulae is shown in Figure 2.3-1. Sample curves for capillary pressure and relative perme-
35 ability are also shown in Figure 2.3-2. 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Figure 2.3-1. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

0.1 <sir<0.4 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Wetting Phase Saturation (s1) 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Wetting Phase Saturation (s£) 

TAI-6342-1465-0 

Example of variation in relative penneability and capillary pressure when Brooks and Corey 
parameters are varied. 
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GEOLOGIC BARRIERS 
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 
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Figure 2.3-2. Estimated relative permeability and capillary pressure curves (source: Davies, 1991a). 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

! Threshold Displacement Pressure, Pt* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Parameter: Threshold displacement pressure (pJ 
Material: Halite and polyhalte within Salado Formation, (Salado, PressCTD) 

Definition, Units: Pa 

Values: Range: (2.3 X 1<f, 2.3 X 109) Median: 2.3 X 107 

Distribution: Lognormal 
Correlation: Correlated with halite permeability (see Discussion) 

Data Source(s): Davies, P. B. 1991a. Evaluation of the Role ofThreshold Pressure in Controlling Flow of 
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-
3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment) 

Davies, P. B. 1991b. Appendix A: "Uncertainty Estimates for Threshold Pressure for 
1991 Performance Assessment Calculations Involving Waste-Generated Gas," Pre­
liminary Comparison with 40 CFR Part 191, Subpart B for the Waste Lmlation Pilot 
Plant, December 1991. Volume 3: Reference Data. WIPP Performance Assessment 
Division. Eds. R. P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. Iuzzolino, M.S. 
Tierney, and J. S. Sandha SAND91-0893/3. Albuquerque, NM: Sandia National 
Laboratories. A-37 through A-41. (Investigator Judgment) 

37 Usage: 
38 Mathematical model: 
39 Section 1.4.1, this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

Equation 1.4.1-6. 

52 
53 
54 
55 

Computational models: 2-Phase Fluid Flow 
BRAGFLO 

56 
57 
58 
59 
60 
61 
62 
63 
64 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Fonnation 

Discussion: 
2 
3 Threshold Pressure: Threshold pressure plays an important role in controlling which Salado lithologies are 
4 
5 accessible to gas and at what pressure gas will flow. Some investigators define threshold pressure as the capillary 
s pressure associated with first penetration of a nonwetting phase into the largest pores near the surface of the medium, 
7 which means that threshold pressure is equal to the capillary pressure at a water saturation of 1.0 (Davies, 1991a, 
8 p. 9). Others define threshold pressure as the capillary pressure associated with the incipient development of a contin-

1 ~ uum of the non wetting phase through a pore network, providing gas pathways not only through relatively large pores, 

11 but also through necks between pores. This latter definition means that threshold pressure is equal to the capillary 
12 pressure at a saturation equal to the residual gas saturation (dashed lines in Figure 2.3-2). Because flow ofwaste-gen-
13 erated gas outward from the WIPP repository will require that outward flowing gas penetrate and establish a gas-filled 
14 network of flow paths in the surrounding bedded salt, the latter definition has been adopted here. 
15 
16 
17 The Salado Formation's thick halite beds with anhydrite and clay interbeds are similar in many respects to the 
18 consolidated lithologies presented in Figure 2.3-3. Similarities in pore structure exist between halite, anhydrite, and 
19 low-permeability carbonates; low-permeability sandstones and crystalline cements; and clay interbeds and shales. 
20 Given the general similarities, a best-fit power curve through the combined data set for consolidated lithologies was 
;~ judged to provide the best available correlation for estimates of threshold pressure for the Salado Formation 

23 (Figure 2.3-3). Threshold pressure is also a key parameter in the Brooks and Corey (1964) model used to characterize 
24 the 2-phase properties of analogue materials for preliminary gas calculations (Davies and La Venue, 1990a). Because 
25 threshold pressure is strongly related to intrinsic permeability, an empirical estimate is used as follows (Davies, 
26 1991a, p. 25): 
27 
28 
29 
30 

Pt (MPa) = 5.6 x w-7 [k (m2)ro.346. 

31 Capillary Pressure and Relative Permeability. Figure 2.3-2a shows the values estimated for relative perme-
32 ability for Salado salt using only the Brooks-Corey model. Figure 2.3-2b shows the estimated capillary pressure 
33 curve for Salado salt. Figures 2.3-1a and 2.3-1b are examples of variation in relative permeability and capillary pres-
34 
35 sure when the Brooks and Corey parameter is varied. 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 Figure 2.3-3. 
63 
64 
65 
66 
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(1) Mean 95% Confidence Interval 

(2) 95% Confidence Interval 
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~ 
Pt(alll = 5.6 X 10-7 k-0346 

~ 

~ 10-1 

r2 = 0.93 

~ 

0: r2 = 0.90 

" :g 
~ 10-2 
.c 
1-

10-3 

t-----rn------i Halite 

1Q-23 10-21 1Q-19 10- 17 1Q-15 1Q-13 1Q-11 10-9 

Permeability (k)(m') 

TAI-6344-730-1 

Correlation of threshold pressure with permeability for a composite of data from all consolidated 
rock lithologies. Data from Rose and Bruce, 1949; Wyllie and Rose, 1950; Thomas et al., 1968; and 
Ibrahim et al., 1970 (after Davies, 1991a, Figures 5 and 8). 
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2 

! Residual Wetting Phase (Liquid) Saturation* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Residual wetting phase (liquid) saturation (S lr) 
Material: Halite and polyhalite within Salado Fonnation, (Salado, Sat RWP) 

Definition, Units: Dimensionless 

Values: Range: (0, 4 X w-1) Median: 2 X w-1 

Distribution: Unifonn 
Correlation: 

Data Source(s): Webb, S. W. 1992a. "Uncertainty Estimates for Two-Phase Characteristic Curves for 

Usage: 

1992 RCRA Calculations" (see Appendix A, pp. A -141 through A-146). (Investigator 
Judgment) 

Webb, S. W. 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Davies, P. B., and A.M. La Venue. 1990b. Appendix A: "Additional Data for Character­
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point 
Infonnation for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi­
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandba. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-139 through A-156. (Investigator Judgment) 

Mathematical model: 
Section 1.4.1, this volume. 

Equation 1.4.1-7. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Nottested 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

2 
3 Residual Gas Saturation* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Parameter: Residual gas saturation (Sgr) 
Material: Halite and polyhalite within Salado Formation, (Salado, SatRGP) 

Definition, Units: Dimensionless 

Values: Range: (0, 4 X w- 1) Median: 2 X w-1 

Distribution: Uniform 
17 Correlation: 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Data Source(s): Webb, S. W. 1992a. "Uncertainty Estimates for Two-Phase Characteristic Curves for 

Usage: 

1992 RCRA Calculations" (see Appendix A, pp. A-141 through A-146). (Investigator 
Judgment) 

Webb, S. W. 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Davies, P. B., and A.M. La Venue. 1990b. Appendix A: "Additional Data for Character­
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point 
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi­
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-139 through A-156. (Investigator Judgment) 

Mathematical model: 
Section 1.4.1, this volume. 

Equation 1.4.1-7. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2 
3 Brooks and Corey Exponent* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Brooks and Corey exponent (A) 
Material: Halite and polyhalite within Salado Formation, (Salado, BrkCorEx) 

Definition, Units: Dimensionless 

Values: Range: (0.2, 10.0) Median: 0.7 

Di'>tribution: Constructed 
Correlation: 

Data Source(s): Webb, S. W. 1992a "Uncertainty Estimates for Two-Phase Characteristic Curves for 

Usage: 

1992 RCRA Calculations" (see Appendix A, pp. A -141 through A -146). (Investigator 
Judgment) 

Webb, S. W 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Davies, P. B., and A.M. La Venue. 1990b. Appendix A: "Additional Data for Character­
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point 
Information for Final Culebra 2-D Model (SAND89-706811)," Data Used in Prelimi­
nary Perjonnance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-139 through A-156. (Investigator Judgment) 

Mathematical model: 
Section 1.4.1, this volume. 

Equation 1.4.1-6. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Not tested 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

2.3.2 Density 
2 
3 
4 Grain Density of Halite in Salado Formation* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Parameter: Density, grain (pg) 
Material: Halite within Salado Formation (Halite, DnsGrain) 

Definition, Units: kg/m3 

Values: 2.163 X 103 

Distribution: Constant 
17 Correlation: 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Data Source(s): Carmichael, R. S., ed. 1984. CRC Handbook of Physical Properties of Rocks. Boca 

Usage: 

Raton, FL: CRC Press, Inc. Vol. III. (Table 2) 
Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for the Waste Isolation 

Pilot Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: Sandia National 
Laboratories. (p. 14) 

Clark, S. P., Jr., ed. 1966. Handbook of Physical Constants. Memoir 97. New York, NY: 
The Geological Society of America, Inc. (p. 44) 

Mathematical model: 
(Value recommended for exploratory modeling.) 

Equation (NA). 

Computational models: 
(NA) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not applicable 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

3 Grain Density of Polyhalite in Salado Formation* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Density, grain (Pg) 
Material: Poly halite within Salado Fonnation (PHalite, All, DnsGrain) 

Definition, Units: kgtm3 

Values: 2.78 X 1o3 

Distribution: Constant 
Correlation: 

Data Source(s}: Home, H. R., and A. Shakoor. 1981. "Mechanical Properties," Physical Properties Data 

Usage: 

for Rock Salt. NBS Monograph 167. Washington, DC: National Bureau of Stan­
dards. (p. 103-203) 

Mathematical model: 
(Value reconunended for exploratory modeling.) 

Equation (NA). 

Computational models: 
(NA) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not applicable 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

2 

! Bulk Density of Halite in Salado (Halite)* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Density, bulk (Pbulk) 
Material: Halite within Salado Formation (Salado, All, DnsBlk) 

Definition, Units: kg/m3 

Values: 2.14x leY 

Distribution: Constant 
Correlation: 

Data Source(s): Holcomb, D. J., andM. Shields. 1987. Hydrostatic Creep Consolidation of Crushed Salt 

Usage: 

With Added Water. SAND87-1990. Albuquerque, NM: Sandia National Laborato­
ries. (p. 17) 

Mathematical model: 
The PADepartment has used a bulk density of halite near the repository of 2,140 kg/m3 as reported by 
Holcomb and Shields (1987, p. 17). This value corresponds to a porosity of 0.01. 

Pbulk = (p g (1-cj> )) 

Computational models: 
(NA) 

Ranking in Past Sensitivity Analyses: 
40 O"R 191 Not applicable 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
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3 Average Density near Repository* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Parameter: Density, average (PavJ 
Material: Material near repository (Salado Formation) (Salado, All, DnsAvg) 

Definition, Units: kg/m3 

Values: 2.3 x 103 

Distribution: Constant 
Correlation: 

Data Source(s): Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for the Waste Isolation 
Pilot Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: Sandia National 
Laboratories. (Table 4) 

37 Usage: 
38 Mathematical model: 
39 (Value used by PA Department in past exploratory modeling.) 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Equation (NA). 

Computational models: 
(NA) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not applicable 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

1 2.3.3 Dispersivity 
2 
3 
4 Dispersivity, Longitudinal* 
5 
6 
7 
8 
9 

Parameter: 
Material: 

Dispersivity, longitudinal ( a.r) 
Halite and polyhalite within Salado Formation (Salado, All, Disp_lng) 

10 Definition, Units: m 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Values: Range: (1, 40) Median: 15 

Distribution: Constructed 
Correlation: 

Data Source(s): Pickens, J. F., and G. E. Grisak. 1981. "Modeling of Scale-Dependent Dispersion in 

Usage: 

Hydrogeologic Systems," Water Resources Research. Vol. 17, no. 6, 1701-1711. 
(Engineering Lore) 

Lappin, A. R., R. L. Hunter, D.P. Garher, and P. B. Davies, eds. 1989. Systems Analysis, 
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. 
Albuquerque, NM: Sandia National Laboratories. (Table D-2) (Investigator 
Judgment) 

Mathematical model: 
(Value recommended for exploratory modeling.) 

Equations 1.4.6-4a to 1.4.6-4b (definition of hydrodynamic dispersion tensor) in Section 1.4.6, 
this volume. 

Computational models: Transport 
STAFF2D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low (see Discussion) 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not applicable 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

3 Dispersivity Ratio* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Dispersivity ratio (a;L/c:ltf) 
Material: Halite and polyhalite within Salado Foffilation (Salado, All, Disp_trn) 

Definition, Units: Ratio of longitudinal dispersivity to transverse dispersivity (dimensionless) 

Values: Range: (3, 25) Median: 10 

Distribution: Constructed 
Correlation: Dispersivity, longitudinal 

Source(s): 

Usage: 

PA Judgment based on the following sources: 
Pickens, J. F., and G. E. Grisak. 1981. "Modeling of Scale-Dependent Dispersion in 

Hydrogeologic Systems," Water Resources Research. Vol. 17, no. 6, 1701-1711. 
(Engineering Lore) 

Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Englewood Cliffs, NJ: Prentice­
Hall, Inc. (Figure 9.6) (Non-WIPPLiterature Data) 

Mathematical model: 
(Value recommended for exploratory modeling.) 

Equations 1.4.6-4a to 1.4.6-4b (definition of hydrodynamic dispersion tensor) in 
Section 1.4.6, this volume. 

Computational models: 
STAFF2D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low (see Discussion) 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation 

Discussion: 
2 
3 No solute transport tests have been run in the Salado Fonnation, and no relevant solute transport data exist for 
4 
5 very low permeability media from which to estimate dispersivity (a.). Exploratory calculations of brine flows near 
6 the repository in the Salado show that linear fluid velocities are small and that solute transport proceeds mainly by 
7 diffusion (WIPP PA Division, 1991, vol. 2, Section 4.2.3). At these small velocities, the rule of thumb applied in 
8 standard porous media (Pickens and Grisak, 1981) is assumed to apply, that is, the longitudinal dispersivity a.L is 

1 ~ approximately equal to O.ld8 where d8 is the distance traveled by the solute. For typical distances traveled, a.L is 

11 between 1 and 40 m (3 and 130ft). The distribution for a.L is shown in Figure 2.3-4. 

12 
13 Transverse dispersivity (a.T) is usually linearly related to a.L. The ratio ofa.L to a.T typically varies between 5 
14 and 20 (see, for example, Freeze and Cherry, 1979, Figure 9.6; Dullien, 1979, Figure 7.13; Bear and Verruijt, 1987). 
15 However, at very low velocities the ratio can approach 1, while in some strata the ratio has been reported to approach 
16 
17 100 (Marsily, de, 1986). The current range chosen by PAAnalysts for sensitivity studies is 3 to 25 (Figure 2.3-5). 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Figure 2.3-4. Estimated distribution for longitudinal dispersivity in halite, Salado Formation. 
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Figure 2.3-5. Estimated distribution for dispersivity ratio in halite, Salado Formation. 
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1 2.3.4 Partition Coefficients and Retardation 
2 
3 
4 Partition Coefficient for Halite and Polyhalite* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Parameter: Partition coefficient for halite and polyhalite (Kd), all species 
Halite and polyhalite within Salado Formation (Salado, Kd_All) Material: 

Definition, Units: m3/kg 

Values: 0 

Distribution: Constant 
Correlation: 

Data Source(s): Lappin, A. R., R. L. Hunter, D.P. Garber, and P. B. Davies, eds. 1989. Systems Analysis, 

Usage: 

Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WJPP), Southeastern New Mexico; March 1989. SAND89-0462. 
Albuquerque, NM: Sandia National Laboratories. (p. D-17) (Investigator Judgment) 

Mathematical model: / 
The halite and polyhalite in the Salado Fonnation are assumed by PAAnalysts not to interact chem­
ically. with any contaminants. 

Equation (NA). 

Computational models: 
(NA) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not applicable 
40 Cf'R 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

58 
59 
60 
61 
62 
63 
64 
65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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1 2.3.5 Permeability 
2 
3 
4 Undisturbed Permeability* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Permeability, undisturbed (k) 
Material: Halite and polyhalite within Salado Fonnation, (Salado, LogPnnU) 

Definition, Units: Log penneability values given (dimensionless); penneability has units ofm2• 

Values: Range: (-24.0, -19.0) Median: -21.2 (log10 of values) 

Distribution: Constructed (see Discussion) 
Correlation: 

Data Source(s): Gorham, R. Beauheim, P. Davies, S. Howarth, and S. Webb. 1992. "Recommenda-

Usage: 

tions to PA on Salado Fonnation Intrinsic Penneability and Pore Pressure for 40 CFR 
191 Subpart B Calculations" (see Appendix A, pp. A-47 through A-67). (Investigator 
Judgment based on WIPP data) 

Howarth, S.M., E. W. Peterson, P. L. Lagus, K. Lie, S. J. Finley, and E. J. Nowak. 1991. 
"Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation 
at the Waste Isolation Pilot Plant," Society of Petroleum Engineers Rocky Mountain 
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April 
15-17,1991. SPE-21840. Richardson, TX: SocietyofPetroleumEngineers. (Inves­
tigator Judgment based on WIPP data) 

Beauheim, R. G. J. Saulnier, Jr., and J.D. Avis. 1991a. Interpretation of Brine-Perme-
ability Tests of the Salado Formation at the Waste Isolation Pilot Plant Site: First 
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories. 
(Investigator Judgment based on WIPP data) 

Mathematical model: 
Section 1.4.1, this volume. 

Equations 1.4.1-1 and 1.4.1-2 in Section 1.4.1, this volume. 

Computational models: 
BRAFGLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High 
40 CFR 268 Medium 
NEPA Not tested 
Other Not applicable 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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1 Discussion: 
2 

! The permeability of undisturbed halite was a highly sensitive parameter in determining releases of Pu-239 during 

5 the 1991 series of calculations. Calling this parameter SALPERM, it is seen from the scatterplot in Figure 2.3-6 that 
s there is a threshold in SALPERM such that, in a scenario that includes gas generation in the repository and intrusion 
7 by drilling at 1000 yr, there is essentially no release if SALPERM < 5 x w-21 m2, and finite release if SALPERM > 5 
8 X w-21 m2• The undisturbed halite permeability determines how long it will take for a waste panel to be filled with 

1 
~ brine; if the pore space in a panel cannot fill with brine due to very low halite permeability, then there can be no fluid 

11 flow up the intrusion borehole and hence no radionuclide release (Helton et al., 1992, p. 4-20). The distribution of 
12 SAL PERM that was used in the 1991 series of calculations is shown on Figure 2.3-7; note that more than 50% of the 
13 values exceed 5 X 10-21 m2• 
14 

~~ The distribution of SALPERM used in the 1992 series of calculations (Figure 2.3-8) differs from the 1991 distri-
17 bution (Figure 2.3-7) in two ways: in 1992, only about 18% of values exceed the threshold of 5 x w-21 m2, and the 
18 upper limit of permeability is now set at w- 19 m2• A rationale for these changes is supplied by Gorham et al. (June 
19 15, 1992, Memo in Appendix A). 
20 

~; The PA Department judges that both distributions are adequate for the purpose of testing sensitivity of far-field 

23 permeability in the two-phase flow model (Section 1.4.1) but that neither distribution really represents uncertainty in 
24 the average far-field permeability, the quantity that should be used in the current version of the two-phase flow 
25 model. Because average halite permeability is (and is likely to remain) a sensitive determinant of releases of radion-
26 uclides from a disturbed waste panel, a direct approach to inferring uncertainty in average halite permeability, an 
~~ approach that uses only measurements of that quantity, seems desirable. One such approach, based on "bootstrap" 

29 statistical methods (see Efron and Tibshirani, 1991, for a review), is outlined below and applied to the inference of 
30 averages of far-field permeability and pore pressure in sections that follow. The data used in these applications arises 
31 from three experimental programs; the three programs (Permeability Tests, Small-Scale Brine Inflow, and Room Q 
32 described in the draft of the "Sandia National Laboratories Waste Isolation Pilot Plant Program Plan for Fiscal Year 
33 1992") are evaluating permeability, storativity, and pore pressure in halite and anhydrite layers of the Salado Forma-
34 
35 tion. Results of these programs available in April, 1992, are summarized in Table 2.3-2. 
36 
37 Estimating far-field parameters by non-linear regression: Let (y I> y2, ... , YN) be logarithms of permeabilities, 
38 or pore pressures, that are measured at corresponding distances (xi> x2, ... , xN) into the Salado Formation from the 
39 walls of an open excavation. Data, such as that given in Table 2.3-2, can be used to fit by least squares an expression 
40 

of the form: 41 
42 
43 
44 
45 
46 

y(x) =a+ b exp(-x/c), (2.3.5-1) 

47 where the coefficients (a, b, c) have the following physical meanings: 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

a 

c 

= an estimate of log10 of undisturbed permeability or an estimate of undisturbed pore pressure at reposi­
tory level (to see that this is plausible, let x ~ oo in Eq. 2.3.5-1); 

= an estimate of the characteristic depth of the disturbed permeability zone or the (possibly different) 
characteristic depth of the disturbed pore-pressure zone (m); 

a+b = an estimate of log 10 of disturbed permeability near the wall of an excavation (let x ~ o in Eq. 2.3.5-1 ). 
Since permeability is expected to decrease with increasing distance into the Salado, b > 0 in this case. 
Alternatively, if y(x) measures pore pressure, a+b is an estimate of disturbed pore pressure near the 
wall; (a+ b):: 0, sob< 0 in this case. 
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Figure 2.3-6. 
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Scatterplot for normalized release of Pu-239 to the Culebra Dolomite with gas generation in the 
repository and intrusion occurring at 1000 yr for variable SALPERM (Salado permeability) (after 
Helton et al., 1992, Figure 4.5-1). 
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Figure 2.3-7. Estimated distribution (in 1991) for Salado undisturbed permeability. 
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Figure 2.3-8. Estimated distribution in 1992 for Salado undisturbed permeability. 

35 The choice of functional form (Eq. 2.3.5-1) is not entirely arbitrary. Because of excavation disturbance and 
36 depressurization, it is expected that pore pressure (or permeability) should increase (or decrease) with increasing dis-
37 tance x into the Salado Formation in the manner indicated in Figure 2.3-9, and- ignoring natural inhomogeneities 
38 
39 and errors of measurement- should asymptotically approach constant values corresponding to the average far-field 
40 values as x ~ oo. Equation 2.3.5-1 is but one of many functions that, with proper choice of constants, will mimic the 
41 expected spatial distributions of pore pressure and permeability near the wall of an open excavation. Another possi-
42 ble functional form is 
43 
44 
45 
46 
47 
48 

y(x) =a+ (b/(c+i)) . (2.3.5-2) 

49 The constant a in Eq. 2.3.5-2 has the same physical meaning as constant a in Eq. 2.3.5-1, but other constants in 
50 Eq. 2.3.5-2 will obviously take a different meaning. 
51 
52 

Interest centers primarily on the coefficient a and the uncertainty associated with that coefficient. The other coef-
54 ficients, b and c, are probably not meaningful as estimators of disturbed-zone parameters of a waste-loaded excava-
55 tion that has undergone some collapse and compaction; in other words, measurements of the material parameters of 
56 contemporary disturbed zones of WIPP excavations should probably not be used to infer the parameters of the dis-
57 turbed zone of the same excavation after it has been filled with waste and backfill, closed, and allowed to subside for 
58 
59 hundreds to thousands of years. 

53 

60 
61 To infer the uncertainty of the coefficient a, "bootstrap" methods described in Section 14.5 of Press et al., 1986, 
62 have been adopted. The methods are based on a recognition that a given data set, 
63 
64 
65 
66 
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Table 2.3-2. Summary of Measurements of Salado Halite Permeabilities and Pore Pressures 

Distanceb Measu!lild 
Test No. Lithology (m) Permeability (m2) --

QPP12(pre)8 Halite 26.7 6.8 X 10"22 

C2H03 pure halite 7.76-9.14 too low to measure 
SCP01-GZ halite? ? too low to measure 
QPP05 (pre) halite 23.0 too low to measure 
QPP02 (pre) halite 26.7 too low to measure 
S1P72-A-GZ halite ? 8.6 X 10"22 

QPP21 (post) halite 12.2 1.9 X 10"22 

C2H01-B avg. halite 4.50-5.58 5.3 X 10"21 

C2H01-B-GZ avg. halite 2.92-4.02 1.9 X 10"21 

L4P51-A avg. halite & clay 3.33-4.75 6.1 X 10"21 

SOP01 avg. halite & clay 3.74-5.17 8.3x 
S1P71-A avg. halite & clay 3.12-4.56 6.1 X 10"20 

QPP15 halite 23? 2.2 X 10"21 

DBT10 halite 3.0-6.0 5.8 x 10·22 

DBT11 halite 3.0-6.0 2.3 x 1 o-21 

DBT12 halite 3.0-6.0 1.3 X 10'21 

DBT13 halite 3.0-6.0 3.4 X 10'22 

DBT14AIB halite 3.0-6.0 3.1 X 10"21 

DBT15AIB halite 3.0-6.0 5.o x 10·22 

L4801 halite 3.0-6.0 1.3 X 10"22 

DBT31A 
QPP12 (post) halite 6.1 4.4x 10·22 

C2H01-A avg. halite 2.09-5.58 2.7 X 10'18 

C2H01-A-GZ halite 0.50- 1.64 (unmeasurable) 
S1P73-B-GZ ? ? (unmeasurable) 

"Pre" and "post" mean pllil- and post-mine by for Q tunnel tests. 
Estimated distance of apparatus from wall of excavation 
A standard error of one-half order of magnitude assumed for all permeabilities 
A standard error of 0.5 MPa assumed for all measured or inferred pressures 
Sources: 1 - Gorham et al., June 15, 1992, Memo (Appendix A, this volume), 

2 - Howarth et al., 1991, 
3 - Beauheimetal., 1991b, 
4 - Finley and McTigue, 1991. 
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28 

Figure 2.3-9. Expected qualitative behavior of pore pressure (P) and log permeability (log 10k) near wall of an 
open excavation. 

29 
30 

~~ can yield at best a single estimate of the coefficients, 

33 
34 
35 

36 when the data are fitted to an expression like Eq. 2.3.5-1. However, if the standard error of each datum is known and 
~~ can be interpreted in terms of a standard deviation of the measurement, it becomes possible to obtain an arbitrary 

39 number of synthetic data sets by Monte Carlo simulations. These synthetic data sets can then be used in the regres-
40 sion formula to obtain new estimates of the coefficients, i.e., 
41 
42 
43 
44 
45 which can be treated as though they were data concerning the coefficients themselves; in other words, the empirical 
46 cdfs and correlations between the coefficients a, b, and c can be constructed by standard statistical techniques. The 
47 method described here has the advantage that empirical cdfs of parameters can be inferred directly from measure-
48 ments of the fitted quantity and its presumed measurement errors; the need for subjective judgments on the part of 
~~ investigators-such as the judgments giving Figures 2.3-7 and 2.3-8-is minimized. Furthermore, the method effec-
51 tively averages over small-scale spatial variations in the material properties and therefore gives a better description of 
52 uncertainty in the average value of those properties (i.e., a better estimate of the material-property parameter used in 
53 PA consequence model[s]; see Section 1.3.3 for a discussion of this issue). The method has the disadvantage that the 
54 functional forms used in the non-linear regression (e.g., Eqs. 2.3.5-1 and 2.3.5-2) are in general not unique; the use of 
55 different functional forms in the regression analyses can yield quite different distributions for the coefficients (or 
56 
57 parameters) a, b, and c. The robustness of different functional forms needs to be examined before the method can be 
58 applied with confidence to any given problem. Furthermore, robustness of results with respect to assumptions about 
59 the size of the standard deviations of measurements needs to be examined since quoted standard deviations are more 
60 often than not guesses of the investigators. 
61 
62 

As an example of this technique for estimating the distributions of far-field quantities, data from Table 2.3-2 have 
64 been used to generate a simulated distribution of the mean, far-field halite ~ermeability (Figure 2.3-10). Note that 
65 only about 3% of average SALPERM values exceed the threshold of 5 x w- 1 m2. 

63 

66 
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45 
46 Figure 2.3-10. Simulated undisturbed (far-field) halite permeability. Coefficient "a" in non-linear least square fit to 
47 Eq. 2.3.5-1; 30 samples. 
48 
49 
50 
51 
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53 
54 
55 
56 
57 
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62 
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! Disturbed Permeability* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

Parameter: Permeability, disturbed (k) 
Material: Halite and polyhalite within Salado Formation, (Salado, LogPrmD) 

Definition, Units: Log permeability values given (dimensionless); permeability has units ofm2• 

Values: Range: (-22.0, -15.0) Median: -20.7 

Distribution: Constructed (see Discussion) 
Correlation: 

Data Source(s): Gorham, E., R. Beauheim, P. Davies, S. Howarth, and S. Webb. 1992. "Recommenda-

Usage: 

tions to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR 
191 Subpart B Calculations" (see Appendix A, pp. A-47 through A-67). (Investigator 
Judgment based on WIPPdata) 

Howarth, S.M., E. W. Peterson, P. L. Lagus, K. Lie, S. J. Finley, and E. J. Nowak. 1991. 
"Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation 
at the Waste Isolation Pilot Plant," Society of Petroleum Engineers Rocky Mountain 
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April 
15-17, 1991. SPE-21840. Richardson, TX: Society of Petroleum Engineers. (Inves­
tigator Judgment based on WIPP data) 

Beauheim, R. L., G. J. Saulnier, Jr., and J.D. Avis. 1991a. Interpretation of Brine-Perme­
ability Tests of the Salado Formation at the Waste Isolation Pilot Plant Site: First 
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories. 
(Investigator Judgment based on WIPP data) 

Mathematical model: 
Section 1.4.1, this volume. 

Equations 1.4.1-1 and 1.4.1-2 in Section 1.4.1, this volume. 

Computational models: 
BRAGfLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Nottested 

63 Other Not tested 
64 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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Discussion: 
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2 
3 The disturbed permeability and porosity of the Salado Formation and interbeds vary from the intact properties to 
4 
5 large, open fractures. These two disturbed properties also change as the stress field around the excavations change 

6 with time. Furthermore, the halite will likely heal to intact conditions over time (Sutherland and Cave, 1978; Lappin 
7 et al., 1989, p. 4-45). For these reasons, disturbed permeability is treated as an independent parameter when it is not 
8 possible to predict changes in halite permeability due to changes in the stress field. In the 1992 data base, the dis-
1~ turbed permeability is assumed to be distributed according to the empirical cdf of the non-far-field data points listed 

11 in Table 2.3-2. Figure 2.3-11 shows the resulting distribution. 
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Disturbed permeability of halite was not sampled in 1992 calculations. 
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Figure 2.3-11. Estimated distribution (in 1992) for Salado halite disturbed permeability. 
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1 2.3.6 Pore Pressure at Repository Level in Halite 
2 

! Pore Pressure* 
5 
6 
7 
8 
9 

Parameter: Pore pressure (p) 
Material: Halite and polyhalite within Salado Formation, (Salado, Pressure) 

10 Definition, Units: MPa 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Values: Range: (9.0, 10.0) Median: 9.5 

Distribution: Uniform 
Correlation: 

Data Source(s): Gorham, R. Beauheim, P. Davies, S. Howarth, and S. Webb. 1992. "Recommenda-

Usage: 

tions to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR 
191 Subpart B Calculations" (see Appendix A, pp. A-47 through A-67). (Investigator 
Judgment based on WIPP data) 

Howarth, S.M., E. W. Peterson, P. L. Lagos, K. Lie, S. J. Finley, and E. J. Nowak. 1991. 
"Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation 
at the Waste Isolation Pilot Plant," Society of Petroleum Engineers Rocky Mountain 
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April 
15-17,1991. SPE-21840. Richardson, TX: SocietyofPetroleumEngineers. (Inves­
tigator Judgment based on WIPP data) 

Beauheim, R. L., G. J. Saulnier, Jr., and J.D. Avis. 1991. lnterpretation of Brine-Perme­
ability Tests of the Salado Formation at the Waste ]solation Pilot Plant Site: First 
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories. 
(Investigator Judgment based on WIPP data) 

Mathematical model: 
Section 1.4.1, this volume. 

Equations: Boundary condition on fluid pressure in Eqs. 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

58 
59 
60 
61 
62 
63 
64 
65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 

(page date: December 29, 1992) 2-38 (database version: X-3.06PR) 



GEOLOGIC BARRIERS 
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado 

Discussion: 
2 
3 In 1992, far-field pore pressure in halite is assumed to be uniformly distributed on the interval (9,10) MPa, based 
4 
5 on the single measurement (9.4 ± 0.5 MPa, test QPP12 [pre] in Table 2.3-2) that was endorsed as a far-field value 
6 (Gorham et al., June 15, 1992, Memo in Appendix A, this volume). 
7 

a As another example of the technique for estimating average far-field quantities, data from Table 2.3-2 and regres-
1~ sion techniques described in Section 2.3.5 have been used to generate a simulated distribution for far-field pore pres-
11 sure in halite (Figure 2.3-12). Results of this trial simulation suggest that halite pore pressure at the repository level 
12 is approximately the hydrostatic pressure of Castile brines, as measured from the surface (Figure 2.3-13). 
13 
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53 Figure 2.3-12. Simulated undisturbed (far-field) pore pressure at repository depth in halite. Coefficient "a" in non-
54 linear least squares fit to Eq. 2.3.5-1; 30 samples. 
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1 
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Figure 2.3-13. Calculated lithostatic and hydrostatic pressures with depth. 
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2 
3 
4 Undisturbed Porosity* 
5 
6 
7 
8 
9 

Parameter: 
Material: 

Porosity, undisturbed (¢1) 
Halite and polyhalite within Salado Formation, (Salado, Pore_U) 

10 Definition, Units: Dimensionless 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Values: Range: (1 X 10-3, 3 X 10-2) Median: 1 X 10-2 

Distribution: Constructed (see Discussion) 
Correlation: 

Data Source(s): Investigator Judgment (see Discussion). 

Usage: 

Powers, D. W., S. J. Lambert, S-E. Shaffer, L. R. Hill, and W. D. Weart, eds. 1978. Geo­
logical Characterization Report, Waste Isolation Pilot Plant (WIPP) Site, Southeast­
em New Mexico. SAND78-1596. Albuquerque, NM: Sandia National Laboratories. 
Vols. 1-2. 

U.S. Department of Energy. 1983. "Brine Content of Facility Interval Strata," Results of 
Site Validation Experiments. TME 3177. [Carlsbad, NM]: Waste Isolation Pilot 
Plant. Vol. II, Supporting Document 10. 

Mathematical model: 
Section 1.4.1, this volume. 

Equations 1.4.1-1 and 1.4.1-2; specifies porosity of part of reservoir that is undisturbed halite. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 
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66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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Discussion: 
2 

! The PA assumed the median porosity to be 0.01 based on an unpublished report about electromagnetic and DC 

5 resistivity measurements (Skokan, C., J. Starrett, and H. T. Andersen. 1988. Final Repon: Feasibility Study ofSeis-
6 mic Tomography to Monitor Underground Pillar Integrity at the WIPP Site. Contractor Report. Albuquerque, NM: 
7 Sandia National Laboratories). This median value is identical to that calculated from a grain density of 2,163 kg/m3 

a (135lb/ft3) for halite, and a bulk density of 2,140kghn3 (133.6lblft3) (Pb = (1-<j))pg). The low value of 0.001 is 

1 ~ based on drying experiments (Powers et al., 1978), while the high value of 0.03 is suggested by the low end of DC 

11 resistivity measurements in the unpublished report by Skokan et al., cited above. 
12 
13 

14 Figure 2.3-14 shows the estimated distribution for the undisturbed porosity. 
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41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

1.0 r-----------------------::;:o: 

~ 0.5 
·-; 
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E 
::.l 
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0.0 

0.00 

. . ......................... ~ .................. ' . ' ....... ' .. 
..... 

• Mean .... • 
• Median 

O.Q1 0.02 0.03 

Porosity (undisturbed) (0) 

TRI-6342-1256-0 

Figure 2.3-14. Estimated distribution for undisturbed porosity in halite, Salado Formation. 
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! Disturbed Porosity* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Porosity, disturbed($) 
Material: Halite and polyhalite within Salado Fonnation, (Salado, Pore_D) 

Definition, Units: Dimensionless 

Values: 6 x w-z 

Distribution: Constant 
Correlation: 

Data Source(s): The disturbed porosity of 0.06 is calculated by assuming that the final (disturbed) density 
of halite is 0.95 of the intact density, i.e., cp is such that 

Usage: 

0.95pb = (1- $) Pg 

where p g is grain density of halite (Section 2.3 .2) and 
Pb is bulk density of halite (Section 2.3.2). 

Mathematical model: 
Section 1.4.1, this volume. 

Equations 1.4.1-1 and 1.4.1-2; specifies porosity of part of reservoir that is disturbed halite. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not applicable 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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1 2.3.8 Specific Storage 
2 
3 
4 Specific Storage* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Specific storage (S8) 

Material: Halite and polyhalite within Salado Formation, (Salado, Sp_Stor) 

Definition, Units: m· 1 

Values: Range: (2.8 x 10·8, 1.4 x 10"6) Median: 9.5 x 10·8 

Distribution: Constructed 
Correlation: 

Data Source(s): Beauheim, R. [L.] 1991. Appendix A: "Review of Salado ParameterValues to be Used in 

Usage: 

1991 Performance Assessment Calculations," Preliminary Comparison with 40 CFR 
Part 191, Subpart B for the Waste Isolation Pilot Plant, December 1991. Volume 3: 
Reference Data. WIPP Performance Assessment Division. Eds. R. P. Rechard, A. C. 
Peterson, J.D. Schreiber, H. J. luzzolino, M.S. Tierney, and J. S. Sandha. SAND91-
0893/3. Albuquerque, NM: Sandia National Laboratories. A-19 through A-23. 
(Investigator Judgment) 

Mathematical model: 
Specific storage is used to specify solid compressibility, ~s• which in tum constrains changes in solid 
porosity by the relationship, 

where pis pore pressure (brine pressure). Such a relationship, or one similar to it, is used in BRAGFLO 
(Section 1.4.1) and other two-phase flow models. See Discussion. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not tested 
NEPA Nottested 
Other Not tested 

65 
66 

*Key to Parameter Sheel~ is provided in Section 1.2.8. 
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1 Figure 2.3-15 shows the estimated distribution for specific storage. The median and range of this distribution 
2 were recommended by Beauheim (1991). 
3 
4 
5 
6 
7 
8 
9 

1.0 

0.0 
0 

TRI-6342-1284-1 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Figure 2.3-15. Estimated distribution for specific storage of halite, Salado Formation. 

36 Discussion: 
37 
38 
39 Specific storage is usually defined by the relationship, 
40 
41 
42 
43 
44 
45 where 
:~ p f = mass density of fluid (kg/m3

), 

48 g = acceleration of gravity (rn!s2), 

49 ~s = compressibility of solid matrix (Pa-1), 

50 q, = porosity of solid matrix (dimensionless), 
51 ~f = compressibility of fluid (Pa-1). 
52 
53 
54 The above relationship can be solved for ~ s to give 
55 
56 
57 
58 
59 
60 
61 

which can then be used to constrain changes in solid porosity with pressure lhrough relationships of the form 

62 
63 
64 
65 
66 

~ s a function of <P and aq,; ap . 

(2.3-6) 

(2.3-7) 
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Some confusion may result because groundwater models often employ different definitions for the matrix com-
2 pressibility ~ s· For example SUIRA (Voss, 1984) defines ~ s as 
3 
4 
5 
6 

1 aq, 
~s= n ' 

7 but defines capacitance (specific pressure storativity) as 
8 
9 

10 
11 
12 thus 
13 
14 
15 

aq, 
c = ap +$~. 

16 
17 STAFF 2D (Huyakom et al., 1991) and HST3D (Kipp, 1987) defines ~s as 
18 
19 
20 

aq, 
~s = ap ' 

21 while BOAST II (Fanchi et al., 1987) and BRAGFLO (Section 1.4.1, this volume) use 
22 
23 
24 
25 

1 aq, 
~s = ~ap. 

26 It is important to recognize that each code uses a different definition of matrix compressibility and all ignore 
~~ solid compressibility. 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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1 2.3.9 Tortuosity 
2 
3 
4 Tortuosity* 
5 
6 
7 
8 
9 

Parameter: 
Material: 

Tortuosity (t) 
Halite and polyhalite within Salado Fonnation, (Salado, Tortusty) 

1 o Definition, Units: Dimensionless 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Values: Range: (1 X w-2, 6.67 X w-1
) Median: 1.4 X w-1 

Distribution: Constructed 
Correlation: 

Data Source(s): Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Englewood Cliffs, NJ: Prentice-

Usage: 

Hall, Inc. (p. 104) 
Kelley, Y. A., and G. J. Saulnier, Jr. 1990. Core Analyses for Selected Samples from the 

Culebra Dolomite at the Waste Isolation Pilot Plant Site. SAND90-7011. Albuquer­
que, NM: Sandia National Laboratories. (Table 4.6) 

Lappin, A. R., R. L. Hunter, D. P. Garber, and P. B. Davies, eds. 1989. Systems Analysis, 
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquer­
que, NM: Sandia National Laboratories. (Table E-9) 

Mathematical model: 
Intact matrix tortuosity is used to evaluate the effective molecular diffusion coefficient (Dm) from 
the coefficient of molecular diffusion (D

0
) in the pure saturating fluid (Dm tD

0 
), where 1: 

equals (l/ lpatli• i is the linear length, and lpath is the length of the [tortnous] path that a fluid 
particle would take (Bear, 1972, p. 111). 

Computational models: 
SlJfRA (used only in 1991 calculations) 

Ranking in Past Sensitivity Analyses: 
40 CPR 191 Not tested 
40 CPR 268 Not tested 
NEPA Not tested 
Other Not tested 

58 
59 
60 
61 
62 
63 
64 
65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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Discussion: 
2 

! No direct measurements of tortuosity are available in the halite or anhydrite layers of the Salado Formation. The 

5 range reported is the theoretical value of 0.667 for uniform-sized grains at low Peclet numbers (NJ (Dullien, 1979, 
6 Figure 7.12) down to 0.01 observed in laboratory experiments ofnonadsorbing solutes in porous materials (Freeze 
7 and Cherry, 1979, p. 104). The PADepartment selected a median value equal to that of the Culebra Dolomite Mern-
a ber (see Table 2.6-1). · 
9 

10 
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31 
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33 
34 
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38 
39 
40 
41 
42 
43 
44 
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47 
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51 
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1 2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation 
2 
3 
4 
5 Table 2.4-1 provides a summary of all parameter values for anhydrite layers near the repository within the Salado 
6 Formation. Marker Bed 139 (MB 139), a potential transport pathway, is an interbed located about 1 m (3.3 ft) below 
7 the repository interval and thus is an anhydrite layer of particular interest. Figure 2.4-1 shows a cross section of 
: MB139. 

10 
11 
12 
13 
14 

Table 2.4-1. Hydrologic Parameter Values for Anhydrite Layers within Salado Formation 

15 
16 
17 
18 

Parameter' Median Range 

19 Capillary pressure (p0) and relative permeability (krw) 
Threshold displacement 20 

21 pressure (Pt) (Perfectly correlated with anhydrite permeability) 

22 Residual saturations 

23 Wetting phase (S trl 
24 Gas phase (Sg,) 

25 Brooks-Corey 

26 exponent 0.) 
27 Density, grain ( p 9) 

28 
29 Dispersivity 

30 Longitudinal (ad 
31 
32 
33 

Ratio ( aJ <lr) 

34 Partition coefficient 
Am 35 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

Np 

Pb 

Pu 

Ra 

Th 

u 

Log Permeability (k) 
Undisturbed 
Disturbed 

52 Pore pressure 

53 Porosity ( <j>) 

54 Undisturbed 
Disturbed 

Specific storage 
55 
56 
57 
58 Thickness (~z) 

7 X 10·1 

2.963 X 103 

1.5 X 101 

10 

2.5 X 10·2 

1 X 10"1 

1 X 10"3 

1 X 10"3 

-19.3 
·15.0 
12.5 

0.0 
0.0 

3 25 

-21.0 -16.0 

12.0 13.0 

1 X 10-2 1 X 10-3 3 X 10"2 

(correlated with undisturbed porosity) 
1.4 X 10·7 9.7 X 10·8 1 X 10·6 

1.25 

59 
60 Tortuosity 1.4x1o·1 1x10·2 6.67x1o·1 

61 
62 
63 aParameters in bold were sampled in the 1992 calculations. 

64 
65 
66 
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Distribution 
Units 

Pa 

none 
none 

none 
kg/m3 

m 

none 

m31kg 

m3/kg 

m3/kg 

m3/kg 

m3/kg 

m3/kg 

m3Jkg 

log(m~ 
log (m'l 

MPa 

none 
none 
m·1 

m 

none 

Type 

Function 

Uniform 
Uniform 

Constructed 
Constant 

Constructed 

Constructed 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constructed 
Constant 
Uniform 

Constructed 
Uniform 
Constructed 

Constructed 

Constructed 

Discussion and 
Sources in: 

Section 2.3.1 

Section 2.3. 1 
Section 2.3. 1 

Section 2.3.1 
WIPP PA Division, 
1991, Vol. 3, 2.4.2 

WIPP PA Division, 
1991, Vol. 3, 2.4.3 
WIPP PA Division, 
1991, Vol. 3, 2.4.3 

WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.4 

Section 2.4.2 
Section 2.4.2 
Section 2.4.3 

Section 2.4.4 
Section 2.4.4 
WIPP PA Division, 
1991, Vol. 3, 2.4.8 
WIPP PA Division, 
1991, Vol. 3, 2.4.9 
WIPP PA Division, 
1991, Vol. 3, 2.4.10 
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1 
2 
3 
4 
5 
6 
7 
8 

9 O.Om 
10 
11 
12 
13 
14 
15 
16 
17 
18 0.2 m 

19 
20 
21 
22 
23 
24 
25 
26 0.4 m 
27 
28 
29 
30 
31 
32 
33 
34 
35 0.6 m 

36 

Polyhalitic Halite 
with Clay 

Zone 1: Upper Contact, Clay Layer with lnter1ayered 
Halite, Polyhalite and Clay, Clusters of Halite 
Crystals, Contact with Zone II is Sharp where 
Defined by Clay Seam 

Zone II: Polyhalitic Anhydrite with Patches of Relict 
Anhydrite, Convolute Stylolites, Swallowtail 
Growth Structures 

Zone Ill: Equal Proportions Relict Anhydrite and Poly-
Halitic Anhydrite, Commonly Fissile, Numerous Sub­
Horizontal Fractures, which are Partially Filled 
with Halite 

37 ·".: ··:· ...... . 

38 
39 
40 
41 
42 
43 0.8 m 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

1.0 m 

59 
60 Figure 2.4-1. 

61 
62 
63 
64 
65 
66 

Zone IV: lnter1ayered Halite and Anhydrite, Anhydrite 
Shows Pull-Apart Structures, Layering is Sub­
Horizontal 

Zone V: Lower Contact Zone, Clay Layer, the Lower 
Boundary of the Clay is Undulatory where Clay 
lnfills Embayments in Lower Surface, These 
Structures do not Reflect Structures in Zones 
Above 

Polyhalitic Halite 
with Clay 

TRI-6334-220-0 

Generalized cross section of Marker Bed 139 near repository. The figure shows the internal variability 
of the unit and the character of both the upper and lower contacts (after Borns, 1985). The thickness 
varies spatially between 0.4 and 1.25 m with a reference thickness of 0.99 m (Krieg, 1984, Table I). 
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1 2.4.1 Capillary Pressure and Relative Permeability 
2 
3 
4 Threshold Displacement Pressure, Pt 
5 
6 
7 
8 
9 

Parameter: 
Material: 

Threshold displacement pressure (pJ 
Anhydrite layers within Salado Formation (MB 139, PressCTD) 

1 o Definition Units: Pa 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Values: P1 (MPa) = 2.6 x 1 o-7 k-0348 

Distribution: Function (above) 
Correlation: Perfectly correlated wilh anhydrite penneability. 

Data Source(s): Davies, P. B. 1991a. Evaluation of the Role of Threshold Pressure in Controlling Flow of 
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-

Usage: 

3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment) 
Davies, P. B. 1991b. Appendix A: "Uncertainty Estimates for Threshold Pressure for 

1991 Perfonnance Assessment Calculations Involving Waste-Generated Gas," Pre­
liminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot 
Plant, December 1991. Volume 3: Reference Data. WIPP Perfonnance Assessment 
Division. Eds. R. P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. Iuzzolino, M.S. 
Tierney, and J. S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National 
Laboratories. A-37 lhrough A-41. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow (Section 1.4.1, this volume). 

Equation 1.4.1-6. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

58 
59 
60 
61 
62 
63 
64 
65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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2 

! Residual Wetting Phase Saturation* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Residual wetting phase Oiquid) saturation (Sir) 
Material: Anhydrite Jayers within Salado Formation (MB139, SatRWP) 

Definition Units: Dimensionless 

Values: Range: (0.0, 4 X w-1) Median: 2 X w-1 

Distribution: Uniform 
Correlation: 

Data Source(s): Davies, P. B., and A.M. La Venue. 1990b. Appendix A: "Additional Data for Character-

Usage: 

izing 2-Phase Flow Behavior in Waste-Generated Gas Simu1ations and Pilot Point 
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi­
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, andJ. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-139 through A-156. (Investigator Judgment) 

Webb, S. W. 1992a. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 RCRACalcu1ations" (see Appendix A, pp. A-141 through A-146). (Investigator 
Judgment) 

Webb, S. W. 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1, this volume. 

Equation 1.4.1-7. 

Computational models: 
BRAG FLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 Cl'"R 268 Low 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheet~ is provided in Section 1.2.8. 
66 
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3 Residual Gas Saturation* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Residual gas saturation (Sgr) 
Material: Anhydrite layers within Sa1ado Formation (MB139, SatRGP) 

Definition Units: Dimensionless 

Values: Range: (0.0, 4 x 10·1) Median: 2 x 10·1 

Distribution: Uniform 
Correlation: 

Data Soun:e(s): Davies, P. B., and A.M. La Venue. 1990b. Appendix A: "Additiona1 Data for Character-

Usage: 

izing 2-Pbase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point 
Information for Final Culebra 2-D Model (SAND89-7068!1)," Data Used in Prelimi­
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandba. SAND89-2408. Albuquerque, NM: Sandia 
Nationa1 Laboratories. A-139 through A-156. (Investigator Judgment) 

Webb, S. W 1992a. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 RCRA Calculations" (see Appendix A, pp. A-141 through A-146). (Investigator 
Judgment) 

Webb, S. W 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1, this volume. 

Equation 1.4.1-7. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2 

! Brooks and Corey Exponent* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

Parameter: Brooks and Corey exponent (A) 
Material: Anhydrite layers within Salado Fonnation (MB 139, BrkCorEx) 

Definition Units: Dimensionless 

Values: Range: (0.2, 10.0) Median: 0.7 

Distribution: Constructed 
Correlation: 

Data Source(s): Davies, P. B., and AM. La Venue. 1990b. Appendix A: "Additional Data for Character-

Usage: 

izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point 
Infonnation for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi­

, nary Perfonnance Assessment of the Waste Isolation Pilot Plant (1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-139 through A-156. (Investigator Judgment) 

Webb, S. W. 1992a. "Uncertainly Estimates for Two-Phase Characteristic Curves for 
1992 RCRACalculations" (see Appendix A, pp. A-141 through A-146). (Investigator 
Judgment) 

Webb, S. W. 1992b. "Uncertainty Estimates for Two-Phase Characteristic Curves for 
1992 40 CFR 191 Calculations" (see Appendix A, pp. A-147 through A-155). (Inves­
tigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1, this volume. 

Equation 1.4.1-6. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 63 I' 

64 L---------------------------------------------------------------------------~ 
65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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1 Discussion: 
2 

GEOLOGIC BARRIERS 
2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

3 Relationships between these parameters are diseussed in Section 1.4.1. Preliminary parameter values selected 
4 
5 for MB139 and other anhydrite beds are the same as for Salado halite (Seetion 2.3.1), except for a lower threshold 

6 displacement pressure (p1), and were taken from experimental data measured for the tight gas sands (Ward and Mor-
7 row, 1985; Davies andLaVenue, 1990b). 
8 
9 
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31 
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33 
34 
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37 
38 
39 
40 
41 
42 
43 
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation 

, 2.4.2 Permeability 
2 
3 
4 Undisturbed Permeability* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Parameter: Log permeability, undisturbed 
Material: Anhydrite layers within Salado Fonnation (MB139, LogPnnU) 

Definition Units: log (m2) 

Values: Range: (-21.0, -16) Median: -19.3 

Distribution: Constructed 
Correlation: 

20 
21 
22 
23 
24 
25 

Data Source(s): Davies, P. B., R. L. Beauheim, and E. D. Gorham. 1992b. "Additional Comments on Far-

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Field Anhydrite Penneability Distribution in 'PA Modeling Using BRAGFLO --
1992' 7-8-92 Memo by J. Schreiber" (see Appendix A, pp. A-39 through A45). 
(Investigator Judgment) 

(Source#l) 
Davies, P. B., S. W. Webb, and E. D. Gorham. 1992a. "Feedback on 'PA Modeling Using 

BRAGFLO -- 1992' 7-8-92 Memo by J. Schreiber" (see Appendix A, pp. A-21 
through A-37). (Investigator Judgment) 

37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Section 1.4.1, tbis volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Equations 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 58 
59 
60 
61 
62 
63 
64 

40 CFR 191 Medium (see discussion) 
40 CFR 268 High 
NEPA Not tested 
Otber Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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1 Discussion: 

GEOLOGIC BARRIERS 
2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

2 
3 In 1991, the pelllleability of undisturbed anhydrite was shown to be a moderately sensitive parameter in deter-
4 
5 mining releases of radioactivity to Culebra Dolomite under conditions of gas generation within the repository. 
6 
7 The 1992 distribution of anhydrite pelllleability in the far field (Figure 2. 4-2) is based on recommendations given 
a in Davies et al. (1992b, Memo in Appendix A). The 1992 distribution differs from the 1991 distribution (Figure 2.4-
9 3) in the assignment of significant probability to values of pelllleability greater than w- 18 m2 and less than 10·20 m2; 

~~ the median values of the 1991 and 1992 distributions, 7.8 x w-20 m2 and 5.0 x to-20 m2 respectively, are not signifi-
12 cantly different. 
13 

14 According to Davies et al. (1992b, Memo in Appendix A), the 1992 distribution does not capture pelllleabilities 
15 representative of interbed fracturing due to pressurization by gas that could be generated by WIPP wastes. 
16 
17 
18 An Estimate of Average Undisturbed Anhydrite Permeability. The method for estimating far-field halite 
19 parameters by non-linear regression described in Section 2.3.2 has also been used to make preliminary estimates of 
20 the distribution of the average anhydrite permeability in the far field. Available results of experiments that measured 
~~ anhydrite pelllleability and pore pressure are summarized in Table 2.4-2. Eight measurements from this series of 

23 results were used as the basis for generating artificial data sets in the manner indicated in Section 2.3.2; the regression 
24 curves fitted to 30 artificial data sets are shown on Figure 2.4-4. (Note that the follll of the regression curve is the 
25 same as the one described in Section 2.3.2: 
26 
27 
28 
29 

y(x) = a+ be·xlc 

30 in which the parameter a estimates the far-field [x -7 oo] material-property parameter.) The empirical cdf for the 
31 average of undisturbed anhydrite pelllleability that results from this procedure is sketched on Figure 2.4-5. 
32 
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation 

Figure 2.4-2. 

Figure 2.4-3. 
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Table 2.4·2. Summary of Measurements of Salado Anhydrite Permeabilities and Pore Pressures 

Distanceb Measured 
Test No. Lithology (m) Permeability (m2) 

SCPQ1 MB139 10.50. 14.78 3.0 X 10'20 

(a)QPP13 (pre) MB139 23.4 4.1 X 10"20 

QPP03 (pre) anhydrite 23.4 4.4 x 1o·20 

C2H02 MB139 9.47-10.86 7.8 X 10"20 

L4P51·B anhydrite "c" 9.62-9.72 5.0 X 10'20 

S1P71-B anhydrite "c" 9.48-9.80 6.8 X 10'20 

C2H01-C MB139 6.63. 8.97 9.5 X 10'19 

C1X10 MB139 ? 5.0 X 10'17 

QPP03 (post) anhydrite ''b" 3.07 7.9 X 10'20 

QPP13 (post) MB139 3.07 4.7 X 10'20 

L4P52-A anhydrite "a'' ? 1.0 X 10'19 

OPB01 ? ? 9.6 X 1 0"21 

QPB02 ? ? 1.6 X 10"19 

QPB03 ? ? 1.2 X 10'20 

S1P72 MB139 4.40-6.00 unmeasurable 
S1P73·B MB138 10.86. 11.03 2. 9 x 1o·19 

SOP01-GZ MB139 1.86. 2.91 5.7 X 10'18 

S1P73-A ? ? too high to measure (-1o·15) 
S1P73-A·GZ ? ? too high to measure (-1o·15) 
S1P71·A-GZ ? ? too high to measure (-1o·14) 
L4P51·A-GZ MB139 1.86-2.91 too high to measure (-10'15) 

Key to Table 2.4-2: 
a 

b 

c 

d 

e 

"Pre" and "post" mean pre- and post-minebye for Q tunnel tests. 
Estimated distance of apparatus from wall of excavation 
A standard error of one-half order of magnitude assumed for all permeability measurements 
A standard error of 0.5 MPa assumed for all measured or inferred pressures 
Sources: 1 - Gorham et al., June 15, 1992 (Memo in Appendix A), 

2 • Howarth et al., 1991, 
3 • Beauheim et al., 1991a, 
4 - Finley and Mcllgue, 1991. 

log1o Pressure 
Permeability (MPa) Orientation --
·19.5±0.7(c) 12.4 ±0.5!dl vertical, down 

-19.4 12.5 vertical down 
-19.4 12.6 vertical, up 
-19.1 9.3 45", down 
-19.3 5.1 vertical, down 
-19.2 4.9 vertical, down 
-18.0 8.0 vertical, down 
-16.3 7.3 ? 
-19.1 7.0 vertical, up 
-19.3 8.1 vertical, down 
·19.0 6.4 ? 
-20.0 (5.0 assumed) ? 
-18.8 (5.0 assumed) ? 
-19.9 (5.0 assumed) ? 

. 1.2 ? 
-18.5 4.5 ? 
-17.2 0.5 vertical, down 
- 0.5 ? 

0.0 ? 
. 0.0 ? 

0.3 ? 

Sourcese 

1' 3 
1, 2 
11 2 
1, 3 
1, 3 
1, 3 
1, 3 
1 
1, 2 

1' 2 
1 
1 
1 
1 
1, 3 
11 3 

1' 3 
1 
1 

1, 3 
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29 Figure 2.4-4. Regression curves fitted to artificial data sets for undisturbed anhydrite permeability (30 samples). 
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Figure 2.4-5. Simulated distribution of average, undisturbed permeability of anhydrite (30 samples). 
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2 
3 Disturbed Permeability* 
4 

Parameter: Log permeability, disturbed (k) 

GEOLOGIC BARRIERS 
2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

5 
6 
7 
8 
9 

Material: Anhydrite layers within Salado Formation (Salado, LogGPrm) 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Definition Units: log (m2) 

Values: -15.0 

Distribution: Constant 
Correlation: 

20 Data Source(s): None: PAanalyst's choice (see Section 2.3.2). 
21 

Usage: 
Mathematical model: 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 

Two-Phase Flow, Section 1.4.1, this volume. 

Equations 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 

64 
65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation 

1 2.4.3 Pore Pressure at Repository Level in Anhydrite 
2 

! Pore Pressure* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Parameter: 
Material: 

Definition Units: 

Values: 

Distribution: 
Correlation: 

Pore pressure at repository level (p} 
Anhydrite layers within Salado Formation (MB139, Pressure) 

MPa 

Range: (12.0, 13.0) Median: 12.5 

Uniform 

20 
21 
22 
23 
24 
25 

Data Source(s): Davies, P. B., R. L. Beauheim, and E. D. Gorham. 1992b. "Additional Comments on Far­
Field Anhydrite Permeability Distribution in 'PA Modeling Using BRAGFLO --
1992' 7-8-92 Memo by J. Schreiber" (see Appendix A, pp. A-39 through A-45). 
(Investigator Judgment) 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Seetion 1.4.1, this volume. 
40 
41 
42 
43 
44 
45 
46 
47 

Equation: (Boundary condition on fluid pressure in Eqs. 1.4.1-1 and 1.4.1-2.) 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 High 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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Discussion: 
2 

GEOLOGIC BARRIERS 
2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

! The 1991 distribution of brine pore pressure at repository level in anhydrite is shown in Figure 2.4-6. This distri-
5 bution was used to express variability in pore pressure in both halite and anhydrite in the 1991 PA exercises. Brine 
6 pore pressure proved to be a moderately sensitive parameter in determining releases to the Culebra (and beyond) in 
7 scenarios that took account of gas generation in the repository (Helton et al., 1992, Table 4.5-1). 
8 

1 ~ The 1992 distribution of brine pore pressure at repository level (in both halite and anhydrite) is taken to be uni-
11 form on the interva112 MPa to 13 MPa and is based on test results quoted in the Davies et al., July 22, 1992b (Memo 
12 in Appendix A). Three measurements were available from regions in which fluid depressurization was judged to be 
13 small; all three measurements yielded pressure values in the range 12 to 13 MPa. 
14 

~~ An Estimate of Average Undisturbed Pore Pressure in Anhydrite. The method for estimating far-field halite 

17 parameters that was described in Section 2.3 .2 has also been used to make preliminary estimates of the distribution of 
18 the average of undisturbed pore pressure in anhydrite. Eight measurements from the series of test results listed in 
19 Table 2.3-2 were used as the basis for generating artificial data sets; the resulting regression curves fitted to 30 artifi.-
20 cial data sets are shown on Figure 2.4-7. (The form of the regression curve is the same as in Section 2.3.2.) The 
21 resulting empirical cdf for the average of undisturbed pore pressure in anhydrite is shown on Figure 2.4-8. This fig-
22 
23 ure should be compared with Figure 2.3-10, the simulated distribution of the average of undisturbed pressure in halite 
24 at the repository level. Whether these results make physical sense remains to be determined. 
25 
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Figure 2.4-6. Distribution used in 1991 for brine pore pressure in anhydrite MB 139 at repository level. 
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Figure 2.4-7. Regression curves fitted to artificial data sets for undisturbed anhydrite pore pressure (30 samples). 
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61 Figure 2.4-8. 
62 

Simulated distribution of average undisturbed pore pressure at repository depth in anhydrite {30 
samples). 63 
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1 2.4.4 Porosity 
2 
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

3 
4 Undisturbed Porosity* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Parameter: Porosity, undisturbed (4>) 
Material: Anhydrite layers within Salado Fonnation (MB139, Pore_U) 

Definition Units: Dimensionless 

Values: Range: (1 X w-3, 3 X w-2) Median: 1 X w-2 

Distribution: Constructed 
Correlation: 

Data Source(s): Investigator Judgment (see Discussion). 
Powers, D. W., S. J. Lambert, S-E. Shaffer, L. R. Hill, and W. D. Weart, eds. 1978. Geo­

logical Characterization Report, Waste Isolation Pilot Plant (WIPP) Site, Southeast­
em New Mexico. SAND78-1596. Albuquerque, NM: Sandia National Laboratories. 
Vols. 1-2. 

U.S. Department of Energy. 1983. "Brine Content of Facility Interval Strata.," Results of 
Site Validation Experiments. 1ME 3177. [Carlsbad, NM]: Waste Isolation Pilot 
Plant. Vol. II, Supporting Document 10. 

37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Section 1.4.1 of this volume 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Equations 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGfLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Low 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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Dio;cussion: 
2 

: PA calculations have assumed an undisturbed anhydrite porosity similar to the undisturbed porosity of the Salado 

5 Formation as a whole. The PA Department assumed the median porosity to be 0.01 based on an unpublished report 
6 on electromagnetic and DC resistivity measurements (Skokan, C., J. Starrett, and H. T. Andersen. 1988. Final 
7 Report: Feasibility Study of Seismic Tomography to Monitor Underground Pillar Integrity at the WIPP Site. Con­
a tractor Report. Albuquerque, NM: Sandia National Laboratories). This median value is identical to that calculated 
9 from a grain density of 2,163 kg/m3 (135 lb/ft3) for halite and a bulk density of 2,140 kg/m3 (133.6 lb/ft3) (p b = (1 -

10 
11 <jl)pg). The low value of 0.001 is based on drying experiments (Powers et al., 1978), whereas the high of 0.03 was 
12 suggested by the low end of the DC resistivity mea<;urements in the unpublished report by Skokan et al., cited above. 
13 

14 Figure 2.4-9 shows the estimated distribution for undisturbed porosity for the anhydrite layers. 
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Figure 2.4-9. Estimated distribution for undisturbed porosity for anhydrite layers in Salado Formation. 
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! Disturbed Porosity* 

Parameter: Porosity, disturbed (<j>) 

GEOLOGIC BARRIERS 
2.4 Hydrologic Parameters for Anhydrite Layers within Salado 

5 
6 
7 
8 
9 

Material: Disturbed anhydrite and halite layers within Salado Formation (MB139, Unifonn1) 

10 
11 
12 

Definition Units: Dimensionless 

Values: 0.06 (maximum value; see Discussion) 13 
14 
15 
16 
17 
18 

Distribution: Unifonn between maximum value and value of undisturbed porosity 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Correlation: Correlated with undisturbed porosity (see Discussion) 

Data Source(s): None; PA analyst's choice. 

37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Section 1.4.1 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Equations 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CI<"'R 191 Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheet<; is provided in Section 1.2.8. 
66 
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1 Discussion: 
2 
3 
4 
5 
6 
7 

The porosity of regions of both disturbed anhydrite and halite are modeled by the following relation: 

lj)(disturbed) = 0.06 U + [lj} (undisturbed)] (1- U). 

8 where lj} (undisturbed) is itself a sampled parameter (see previous data table), and U is a number uniformly distrib-
1~ uted on the interval (0,1). 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

The maximum value of disturbed porosity (0.06) is rationalized in WIPPPADivision, 1991, Vol. 3, p. 2-37. 
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2.5 Mechanical Parameters for Materials in Repository and Salado Formation 

5 The 1992 attempt to incorporate effects of disposal-room deformation in a calculation of average room porosity 
6 and permeability has triggered the need to include 23 new parameters in the PA Department's Secondary Data Base. 
7 These new parameters are primarily mechanical or material properties that appear in constitutive equations for the 
: behavior of intact salt, crushed-salt backfill, or composite waste materials (Section 1.4.7); the 23 parameters and the 

10 values assigned to them are summarized in Tables 2.5-1 and 2.5-2. The uncertainty associated with these mechanical 
11 or material properties is presently unknown, so they have been assigned fixed values in the 1992 series of PA calcula-
12 tions. 
13 

~: Other, non-mechanical parameters have arbitrarily been included in Table 2.5-1, and may be redundant with sim-
16 ilar quantities appearing elsewhere in this report: for example, parameters for the gas-generation model used in the 
17 porosity surface calculations have been included in Table 2.5-1 for the sake of completeness even though they are 
18 similar to (but do not generally have the same values as) the gas generation rates described in Section 3.3.5. 
19 
20 
21 
22 

Di<>cussion of Sources: 

23 The primary source for values assigned to the 23 mechanical or material properties in 1992 calculations is Men-
24 denhall et al., 1991. This citation is confirmed by Butcher in his September 9, 1992 memo (Appendix A). Most of 
25 these values are taken from the much earlier work of Krieg (1984) or Sjaardema and Krieg (1987) according to Mun­
;~ son in his October 26, 1992 memo (Appendix A). Mendenhall et al. modified the Sjaardema and Krieg values of elas-
28 tic shear modulus and elastic bulk modulus of intact and crushed salt to conform with the "Reduced Modulus" model 
29 frequenlly used in WIPPproblems (Munson, October 26, 1992, Memo in Appendix A) by dividing the Sjaardema and 
30 Krieg values by 12.5. 
31 

~; According to Butcher (September 9, 1992, Memo in Appendix A), the function giving volumetric strain as a 

34 function of pressure (Table 2.5-2) was derived from the solid line axial compaction stress versus porosity curve in 
35 Figure 2 of the September 12, 1991 memo of Beraun and Davies (Appendix A). Actual data points from which the 
36 Beraun-Davies curve was derived are given in Table 3-2 of Butcher et al., 1991: Table 2.5-2 was constructed by 
37 dividing each axial stress datum by 3 and converting porosity to the ratio p/p 

0
, where p is current density of waste 

38 and p
0 

is waste initial density. The curve implicit in Table 2.5-2 assumes an initial waste density of 426 kg/m3 and a 
39 3 
40 theoretical solid density of 2000 kg/m . 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Table 2.5-1. Summary of Parameters Used in Mechanical Models of Repository and Salado Formation 
2 Materials. 
3 
4 
5 
6 
7 
8 

Parameter 

9 • Model of intact salt 
10 G elastic shear modulus 
11 K • elastic bulk modulus 
12 
13 
14 
15 

A - experimental constant 
N -experimental constant 
Q/RT- exponential constant 

16 • Model of crushed salt backfill 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

G0 ·elastic shear modulus 
G1 ·experimental constant 
Ko ·elastic bulk modulus 
K1 • experimental constant 
A0 ·experimental constant 
pint • density of intact halite 
N - experimental constant 
Q/RT- exponential constant 
B0 • experimental constant 
B1 • experimental constant 
A- experimental constant 

29 • Volumetric plasticity model for waste 
30 f..l - shear modulus 
31 Ko bulk unloading modulus 
32 
33 
34 
35 
36 
37 

ao- yield function constant 
a1 ·yield function constant 
a2 ·yield function constant 
p 0 • initial waste density 

Median a Units 

0.992 GPa 
1.656 GPa 
5.79 X 10'36 Pa-4.9/s 
4.9 none 
20.13 none 

864.0 Pa 
6.53 X 10'3 m3/kg 
1.41 kPa 
6.53 X 10'3 m3/kg 
5.79 X 10'36 Pa-4·9/s 
2.14x1o3 kg/m3 

4.9 none 
20.13 none 
1.3 X 108 kg/(m3 • s) 
0.82X 10'6 Pa·1 

·17.3 X 10'3 m3/kg 

333 MPa 
222 MPa 
0 none 
0 none 
3 none 
426 kg/m3 

38 
39 

F(P) ·volumetric strain as a 
function of pressure (see Table 2.5-2 and discussion) 

40 • Gas generation model for porosity-surface 
41 calculation gas production rates (inundated) 
42 Anoxic corrosion rate 3.17 X 10·8 

43 Anoxic corrosion potential 1050 
44 Microbial rate 3.17 X 10'8 

45 Microbial potential 550 
46 Radiolysis rate 0 
47 Radiolysis potential 0 
48 

49 D -number of drums 6804 
50 
51 
52 

a All parameters are constants unless otherwise noted. 
53 
54 b Key to sources: 

55 1. Mendenhalletal.,1991 
56 2. Sjaardema and Krieg, 1987 
57 3. Munson (October 26, 1992, Memo in Appendix A) 
58 4. Butcher (SeptemberS, 1992, Memo in Appendix A) 
59 5. Beraun and Davies (September 12, 1991, Memo in Appendix A) 

60 
61 
62 
63 
64 
65 
66 
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mole/( drum • s) 
mole/drum 
mole/( drum • s) 
mole/drum 
mole/(drum • s) 
mole/drum 

none 

Section 1.4.7 
Eq. No. 

1.4.7-1 
1.4.7-2 
1.4.7-2 
1.4.7-1 
1.4.7-1 

1.4.7-3 
1.4.7-3 
1.4.7-4 
1.4.7-4 
1.4.7-5 
1.4.7-5 
1.4.7-5 
1.4.7-5 
1.4.7-6 
1.4.7-6 
1.4.7-6 

1.4.7-7 
1.4.7-7 
1.4.7-7 
1.4.7-7 
1.4.7-7 
1.4.7-8 

1.4.7-8 

1.4.7-10 
1.4.7-10 
1.4.7-10 
1.4.7-10 
1.4.7-10 
1.4.7·10 

1.4.7·10 

Sourceb 

1, see discussion 
1, see discussion 
1 
1, 3 
1, 3 (@ 300"K) 

1, see discussion 
1, 2 
1, see discussion 
1, 2 
1 
2 
1 

1, 2 
1, 2 
1, 2 

1 
4 

4 

5 
5 
5 
5 
5 
5 

5 
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1 Table 2.5-2. Volumetric Strain as a Function of Pressure: Relationship Used in Volumetric Plasticity 
2 Model for Waste in Disposal Room (from Butcher, September 9, 1992, Memo in 
~ Appendix A). 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Pressure (MPa) 

0.028 
0.733 
1.133 
1.667 
2.800 

10.17 

2-71 

log Density Ratio 
In p/p

0 

0.032 
0.741 
0.898 
1.029 
1.180 
1.536 
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

The Culebra Dolomite Member of the Rustler Formation is a finely crystalline, locally argillaceous (containing 
clay) and arenaceous (containing sand), vuggy dolomite ranging in thickness near the WIPP from about 7 m (23 ft) 
(at DOE-1 and other locations) to 14m (46ft) (at H-7). The PA Department has chosen 7.7 mas a reference thick­
ness. Figure 2.6-1 shows a detailed lithology of the Rustler Formation. Figure 2.6-2 is a cross-section across the 
WIPP disposal system. The Culebra Dolomite is generally considered to provide the most important potential 
groundwater-transport pathway for radionuclides that may be released to the accessible environment provided human 
intrusion occurs. Accordingly, the WIPP Project has devoted much attention to understanding the hydrogeology and 
hydraulic properties of the Culebra. Figure 2.6-3 shows the locations of wells used to define the hydrologic parame­
ters for the Culebra Dolomite. Detailed hydrogeologic information is available in reports by Brinster (1991) and Holt 
and Powers (1988). The Culebra Dolomite has been tested at 41 locations in the vicinity of the WIPP. Results of 
these tests and interpretations have been reported by Beauheim (1987a,b,c; 1989), Saulnier (1987), and Avis and 
Saulnier (1990). 

One early observation (Mercer and Orr, 1979) was that the transmissivity of the Culebra Dolomite varies by six 
orders of magnitude in the vicinity of the WIPP. This variation in transmissivity appears to be the result of differing 
degrees of fracturing within the Culebra Dolomite. The cause of the fracturing, however, is unresolved. Culebra 
transmissivities of about 1 x 10·6 m2/s (0.93 ft2/d) or greater appear to be related to fracturing. Where the transmissiv­
ity of the Culebra Dolomite is less than 1 x 10·6 m2/s (0.93 ft2/d), few or no open fractures have been observed in 
core, and the Culebra's hydraulic behavior during pumping or slug tests is that of a single-porosity medium. Where 
transmissivities are between 1 x w-6 m2/s (0.93 ft2/d) and at least 1 x 10·4 m2/s (93 ft2/d), open fractures are observed 
in core, and the hydraulic behavior of the Culebra Dolomite during pumping tests is that of a dual-porosity medium 
(Beauheim, 1987a, b, c; Saulnier, 1987). 

Parameter values for the Culebra Dolomite Member are given in Table 2.6-1. 
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Figure 2.6-1. Detailed lithology of Rustler Formation at ERDA-9 (after SNL and U.S. Geological Survey, 1983). 
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Figure 2.6-2. Interpolated geologic west-east cross section across the WIPP disposal system (after Mercer, 1983; 
Davies, 1989, Figure 53). 
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Figure 2.6-3. Location of wells used to define hydrologic parameters for Culebra Dolomite. 

(pagedate: December29, 1991) 2-75 (database version: X-3.06PR) 



GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

Table 2.6-1. Summary of Parameter Values for Culebra Dolomite Member of Rustler Formation 
2 
3 
4 Distribution Discussion and 
5 Parameter" Median Range Units Type Sources in: 
6 
7 
8 Density 
9 Dolomite, grain (p 

9
) 2.82x 103 2.78 X 103 2.86 X 103 kg/m3 Normal WIPP PA Division, 1991, 

10 Vol. 3, Section 2.6.1 
11 Clay, bulk ( p b) 2.5 X 103 kg/m3 Constant WIPP PA Division, 1991, 
12 Vol. 3, Section 2.6.1 
13 Dispersivityb 
14 Longitudinal (<lL) 1 X 102 5 X 101 3X 102 m Constructed WIPP PA Division, 1991, 
15 Vol. 3, Section 2.6.2 
16 Ratio ( <lL/ <lr) 10 25 none Constructed WIPP PA Division, 1991, 
17 Vol. 3, Section 2.6.2 
18 
19 Fracture spacing (28) 4 X 10"1 6x 10"2 8 m Constructed Section 2.6.2 
20 Clay filling fraction (be/b) 0.0 0.0 0.5 none Constructed Section 2.6.1 
21 Log Partition coefficients 
22 Matrix 
23 Am -0.730 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
24 Cm -0.730 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
25 Np -1.32 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
26 Pb -1.99 -4.0 0.0 log (m3/kg) Constructed Section 2.6.4 
27 Pu -0.584 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
28 Ra -2.00 -4.0 1.0 log (m3/kg) Constructed Section 2.6.4 
29 Th -2.00 -4.0 0.0 log (m3/kg) Constructed Section 2.6.4 
30 u -1.54 -4.0 0.0 log (m3/kg) Constructed Section 2.6.4 
31 
32 Clay 
33 Am 1.97 -4.0 3.0 log (m3/kg) Constructed Section 2.6.4 
34 Cm 1.97 -4.0 3.0 log (m3/kg) Constructed Section 2.6.4 
35 Np 0.0 -4.0 3.0 log (m3/kg) Constructed Section 2.6.4 
36 Pb -1.00 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
37 Pu 2.31 -4.0 3.0 log (m3/kg) Constructed Section 2.6.4 
38 Ra -1.47 -4.0 2.0 log (m3/kg) Constructed Section 2.6.4 
39 Th -1.00 -4.0 1.0 log (m3/kg) Constructed Section 2.6.4 
40 u -2.12 -4.0 0.0 log (m3/kg) Constructed Section 2.6.4 
41 
42 Porosity 
43 Fracture(<!lr) 1 X 10"3 1 X 10-4 1 X 10"2 none Lognormal Section 2.6.2 
44 Matrix <<!lm) 1.39x 10'1 9.6 X 10"2 2.08 X 10"1 none Data Section 2.6.2 
45 Clay(<!lc) 0.275 0.05 0.5 none Uniform Section 2.6.2 
46 Storage coefficient (S) 2X 10·5 5 X 10·6 5 X 10-4 none Constructed WIPP PA Division, 1991, 
47 Vol. 3, Section 2.6.5 
48 Thickness (~z) 7.7 5.5 1.13x101 m Spatial WIPP PA Division, 1991, 
49 Vol. 3, Section 2.6.6 
50 Tortuosity ('t) 
51 Dolomite 1.2 x 1 o·1 3 X 10'2 3.3 X 10'1 none Data WIPP PA Division, 1991, 
52 Vol. 3, Section 2.6.7 
53 Clay 1.2 X 10"2 3 X 10'3 3.3 X 10'2 none Constructed WI PP PA Division, 1991, 
54 Vol. 3, Section 2.6.7 
55 Index for transmissivity fields 0.5 0.0 1.0 none Uniform Section 2.6.3 
56 
57 
58 a Parameters in bold were sampled in the 1992 calculations. 
59 b Not used in 1992; see Volume 2 of this report, Section 7.6, for a discussion of the 1992 model of hydrodynamic dispersion. 
60 
61 
62 
63 
64 
65 
66 
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1 2.6.1 Fraction of Clay Filling in Fractures 
2 
3 
4 Clay Filling Fraction* 
5 Parameter: Clay filling fraction (bcfb) 
6 Material: Culebm Dolomite Member of Rustler Formation (Culebra, FClayFll) 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Definition Units: Dimensionless 

Values: Range: (0.0, 0.5) Median: 0.0 

Distribution: Constructed (see Discussion) 
Correlation: 

Data Source(s): Siegel, M. D. 1990. Appendix A: "Representation of Radionuclide Retardation in the 

Usage: 

Culebra Dolomite in Performance Assessment Calculations." Data Used in Prelimi­
nary Performance Assessment of the Waste Isolation Pilot Plant ( 1990). R. P. 
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia 
National Laboratories. A-43 through A-62. (Investigator Judgment) 

Novak, C. F., F. Gelbard, and H. W. Papenguth. 1992. "Parameter Recommendations for 
Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP Performance 
Assessment Calculations" {see Appendix A, pp. A-125 throughA-131). (Investigator 
Judgment) 

Mathematical model: 
Solute transport in Culebra, Section 1.4.6, this volume. 

Equation 1.4.6-3 and text following that equation (see Figure 1.4-4). 

Computational models: 
SECOffP 
STAFF2D (1991) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Discussion: 
2 
3 
4 
5 
6 

Within fractures of the Culebra Dolomite Member, gypsum and corrensite (alternating layers of chlorite and 
smectite) are observed. To evaluate the retardation of radionuclides within the fractures (caused by interaction with 
this material lining the fractures), the fraction of lining material (bJb) is needed, where 2bc is the total thickness of 

7 clays and 2b is fracture aperture. At present, data are not available to estimate the true range or distribution of bJb in 
8 the Culebra. Siegel (1990) recommended a normal distribution with a maximum of 0.9 and a minimum of OJ. Cur-

1 ~ rent PA calculations have adopted the recommendations of Novak et al. (July 20, 1992, Memo in Appendix A) who 

11 note that clays do not invariably occur in all fractures, and that the absence of clays should be accounted for by a cdf 
12 of the form 
13 

Pr{bc/ < } {0.5U(x)+x if o:s;xs0.5 
/b - X 1 if 0.5<x 14 

15 
16 
17 where U(x) is the unit step function. This distribution is plotted on Figure 2.6-4. Sampling from the distribution will 
18 give zero clay-layer thickness 50% of the time, and non-zero clay layer thickness 50% of the time. 
19 
20 
21 
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33 
34 
35 
36 
37 
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41 
42 
43 
44 
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46 
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Figure 2.6-4. Estimated distribution for clay filling fraction, Culebra Dolomite Member. 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of RusHer Formation 

1 2.6.2 Porosity 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Fracture Porosity* 

Parameter: Fracture porosity (lj>~ 
Material: Culebra Dolomite Member of Rustler Formation (Culebra, FPore) 

Definition Units: Dimensionless 

Values: Range: (1 X 10·4, 1 X 10·2) Median: 1 X lQ-3 

Distribution: Lognormal 
Correlation: 

Data Source(s): Lappin, A. R., R. L. Hunter, D.P. Garber, and P. B. Davies, eds. 1989. Systems Analysis, 
Long-Term Radio nuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquer­
que, NM: Sandia National Laboratories. (Table 1-2; Table E-6) (Investigator Judg­
ment) 

Usage: 
Mathematical model: 

Solute transport in Culebra, Section 1.4.6, this volume. 

Equation 1.4.6-3 and text following that equation. 

Computational models: 
SECO/TP 
STAFF2D (1991) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High 
40 C'FR 268 Not tested 
NEPA Not tested 
Other Not tested 

66 *Key to Parameter Sheets is provided in Section 1.2.8. 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Discussion: 
2 
3 The fracture porosities interpreted from the tracer tests at the H-3 and H-11 hydropads are 2 x w-3 (Kelley and 
: Pickens, 1986) and 1 x 10·3, respectively. 

6 
7 Both H-3 and H-lllie near the expected transport pathway. The average value rounded to one significant figure 
a was selected as the median and used for PA calculations. Similar to Lappin et al. (1989), the PA Department set the 

1 
~ minimum and maximum one order of magnitude to either side of this median. 

11 
12 Figure 2.6-5 shows the estimated distribution for the fracture porosity. 
13 
14 
15 
16 
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41 
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Figure 2.6-5. Estimated distribution for fracture porosity, Culebra Dolomite Member. 
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1 
2 
3 Clay Porosity* 
4 

Parameter: 
Material: 

Clay porosity (<!>c) 

GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

Clays lining fractures of Culebra Dolomite Member of Rustler Fm. (Culebra, PoreClay) 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Definition, Units: Dimensionless 

Values: Range: (0.05, 0.5) Median: 0.275 

Distribution: Uniform 
17 Correlation: 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Data Source(s): The 1992 distribution of clay porosity is based on recommendations of the authors of the 
following memo: 

Novak, C.F., F. Gelbard, and H.W. Papenguth. 1992. "Parameter Recommendations for 
Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP Performance 
Assessment Calculations" (see Appendix A, pp. A-125 through A-131). (Investigator 
Judgment based on non-WIPP literature) 

37 Usage: 
38 Mathematical model: 
39 Solute transport in Culebra, Section 1.4-6, this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Equation 1.4.6-6 (also see Figure 1.4-4). 

Computational models: 
SECOffP 
STAFF2D (1991) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

'I 22 

I 23 
! 24 

25 

i I 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

Matrix Porosity* 

Parameter: Matrix porosity ( IJ>m) 
Material: Matrix of Culebra Dolomite Member of Rustler Formation (Culebra, Porosity) 

Definition Units: Dimensionless 

Values: Range: (0.095, 0.252) Median: 0.145 

Distribution: Data 
Correlation: 

Data Soun:e(s): Kelley, V. A., and G. J. Saulnier, Jr. 1990. Core Analyses for Selected Samples from the 

Usage: 

Culebra Dolomite at the Waste Isolation Pilot Plant Site. SAND90-7011. 
Albuquerque, NM: Sandia National Laboratories. (Table 4.4) (WIPP Observational 
Data) 

Lappin, A. R, R. L. Hunter, D.P. Garber, and P. B. Davies, eds. 1989. Systems Analysis, 
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. 
Albuquerque, NM: Sandia National Laboratories. (Table E-8) (Investigator 
Judgment) 

Mathematical model: 
Solute transport in Culebra, Section 1.4-6 of this volume. 

Equation 1.4.6-6 (also see Figure 1.4-4). 

Computational models: 
SECO/TP 
STAFF2D (1991) 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

*Key to Parameter Sheets is provided in Section L2.8. 
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1 Dio;cussion: 
2 

GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

3 Matrix porosity has been evaluated by the Boyles' law technique using helium or air on 79 samples taken from 
4 
5 the intact portion of core from 20 borehole or hydropad locations near the WIPP and also by water-resaturation for 30 
6 of the samples. The agreement between the two techniques was excellent with an r2 of 0.99 (Kelley and Saulnier, 
7 1990, p. 4-7). From the Boyles' law technique, an average porosity for the 20 welL'i of 0.139 was obtained, with a 
8 range of 0.096 to 0.208 (Kelley and Saulnier, 1990, Thble 4.4). (Lappin et al. [1989, Table E-8) report an average of 

1 ~ 0.153 with a range of0.028 and 0.303 assuming each of the 79 measurements is independent.) For many of the wells, 

11 a large amount of core was lost in porous ( vuggy) and/or fractured portions of the Culebra Dolomite Member. Thus 
12 only intact matrix porosity is reported here. 
13 

14 Figure 2.6-6 shows the empirical distribution function for porosity of the Culebra Dolomite member. 
15 
16 
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43 
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53 Figure 2.6-6. 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

1.0 r---------------------------~------~----------~: 80 

• Mean 

• Median 

0.5 

.· .... ·· . , .. 
0 0 0.1 

Porosity 

0.2 

.... ; 60 

.... • 40 

.. , 

0.0 
0.3 

TRI-6342-1265-0 

Empirical distribution for intact matrix porosity of Culebra Dolomite Member assuming no spatial 
correlation. 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

3 Fracture Spacing* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Parameter: Fracture spacing (2B) 
Material: Culebra Dolomite Member of Rustler Formation (Culebra, FrctrSp) 

DefinitionUnits: m 

Values: Range: (6 x 10-2, 8) Median: 4 x 1() 1 

Distribution: Constructed 
Correlation: 

Data Source(s): Beauheim, R. L., T. F. Corbet. P. B. Davies, and J. F. Pickens. 1991b. Appendix A: "Rec-
mmnendations for the 1991 Performance Assessment Calculations on Parameter 
Uncertainty and Model Implementation for Culebra Transport Under Undisturbed and 
Brine-Reservoir-Breach Conditions," Preliminary Comparison with 40 CFR Part 
191, Subpart B for the Waste Isolation Pilot Plant, December 1991. Volume 3: Refer­
ence Data. WIPP Performance Assessment Division. Eds. R. P. Rechard, A. C. 
Peterson, J.D. Schreiber, H. J. Iuzzolino, M.S. Tierney, and J. S. Sandha. SAND91-
0893/3. Albuquerque, NM: Sandia National Laboratories. A-7 through A-18. (Inves­
tigator Judgment) 

36 
37 Usage: 
38 Mathematical model: 
39 Solute transport in Culebra, Section 1.4-6, this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 

Equations 1.4.6-3 and 1.4.6-10, establishes no-diffusion boundary (see also Figure 1.4-4). 

64 

Computational models: 
SECO/TP 
STAFF2D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Discussion: 
2 

! Both horizontal and vertical fracture sets have been observed in core samples, shaft excavations, and outcrops 

5 (however, PA models use only horizontal fracture sets). A fracture spacing varying between 0.23 and 1.2 m (0.75 and 
6 3.9 ft) has been interpreted for two travel paths at the H-3 borehole (Kelley and Pickens, 1986). Preliminary evalua-
7 tion of the breakthrough curves for the H-6 borehole tracer test suggests a fracture spacing between 0.056 and 0.44 m 
8 (0.18 and 1.44 ft), and the H-11 borehole tracer test suggests a fracture spacing between 0.11 and 0.32 m (0.36 and 

1 ~ 1.05 ft) (Beauheim et al., 199lb). From these data, Beauheim et al. (1991b) suggested a minimum of 0.06 m (0.2 ft) 

11 and a maximum equivalent to the assumed uniform thickness of the Culebra (8 m [26.2 ft]). Finally, the average frac-
12 ture spacing at the three wells (H-3, H-6, and H-11) is 0.4 m (1.3 ft); the PA Department has chosen 0.4 mas median 
13 fracture spacing. 
14 

~! In the 1991 sensitivity analyses, fracture spacing in the Culebra Dolomite proved to be a moderate to highly sen-
17 sitive parameter in detennining releases of most radionuclides to the accessible environment. This sensitivity was 
18 independent of gas generation in the repository but (of course) was dependent on whether or not a dual-porosity 
19 transport model was used in the analysis. 
20 
21 
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41 
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44 
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The constructed distribution of Culebra fracture spacing is shown on Figure 2.6-7. 
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Figure 2.6-7. Constructed distribution for Culebra fracture spacing. 
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

2.6.3 Transmissivity 
2 
3 
4 Index for Culebra Transmissivity Fields* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Parameter: 
Material: 

Definition Units: 

Values: 

Distribution: 
Correlation: 

Index for Culebra transmissivity fields 
Culebra Dolomite Member of Rustler Formation (Global, IdxTrans) 

Dimensionless 

Range: (0, 1) Median: 0.5 

Uniform 

20 Data Source(s): See Discussion. 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Usage: 
Mathematical model: 

Fluid flow in Culebra, Section 1.4.5, this volume. 

Equation: This parameter labels realizations of transmissivity fields T(x,y) that appear in 
Eq. 1.4.5-2; see Discussion. 

Computational models: 
SEC02D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Discussion of Transmissivity Fields: 
2 

! The 1990 WIPP Performance Assessment used a simple zonal approach for including uncertainty in the trans-
5 missivity (T) field within the Culebra Dolomite Member of the Rustler Formation. The zonal method divides the 
6 regional and local computational domains into geographic regions; 8, 13, and 15 regions have been used for different 
7 analyses reported in Marietta et al. (1989) and Bertram-Howery et al. (1990). In each region, a distribution was con­
a structed using transmissivity measurements from available wells (Tables 2.6-2 and 2.6-3). This empirical distribution 

1 ~ was sampled and one constant value used for the transmissivity in each zone. Each zone was sampled independently, 

11 so a single simulation used 8 (or 13 or 15) transmissivity values to represent the regional T field. Some simulations 
12 used distributions constructed from pilot point values (La Venue et al., 1990) at locations assigned during calibration 
13 in addition to actual measurements at well locations. 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

The early (1990) approach was improved in 1991 in two ways: 

• The reason for varying transmissivity over geographic zones is to include spatial variability in the Tfield. 
Correlations exist in the T field over distances greater than five kilometers; thus, assuming that the 8 (or 13 or 
15) zones are independent during sampling is only a first approximation. Spatial dependence has been 
included over the whole model domain. 

• The T fields generated by the simple zonal approach directly used transmissivity measurements whereas other 
information wa<> included only indirectly through pilot point values. Many other data are available, and it has 
been possible to incorporate some of these data directly, e.g., hydraulic head measurements (Table 2.64) and 
geologic information. 

30 Transmissivities display a variability in space that can be characterized using measured data, e.g., pump tests, by 
31 geostatistical analyses. This spatial variability wa<> found to be stationary in the mean (LaVenue et al., 1990), but 
32 intrinsic in the second moment (IRF = 0) with a linear variogram without nugget effect (i.e., locally described by a 
~! constant with random perturbations that increase in variance with distance). Several techniques are available to gen-
35 erate random fields having this spatial structure: turning bands, inversion of the full covariance matrix, and spectral 
36 methods. Many such realizations could be generated and each realization could be used as one input for a system 
37 simulation. Each realization would than have the correct spatial structure of the true field, and would satisfy the first 
38 objective above. 
39 
40 
41 However, these realizations would not be fully coherent with the actual measurements, and would overestimate 
42 the uncertainty in the T field. Making realizations of random fields coherent with measured information is called 
43 "conditioning". For WIPP PA, conditioning can be performed on at least four types of information: 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

• Measured T values at the wells. 

• Measured or estimated head values at the wells in pre-excavation steady-state conditions. 

• Measured head values during various transient hydraulic tests (e.g., long-term pump tests, shaft excavation). 

• Indirect geologic data that can be correlated with transmissivity (such as overburden thickness, or presence of 
evaporites in the Culebra or Rustler). 

55 Of the half-dozen methods available for conditioning on head data, two have been used to date in WIPP PA 
56 work. In 1991, random fields conditioned on Tmeasurements at well locations and on values assigned during manual 
~~ calibration were assigned to pilot point locations where no measurements were available (LaVenue et al., 1990). 

59 Forty-one measured-T and 41 pilot-point values are available. The pilot point values were assigned to insure coher-
60 ence of the calibrated T field with the measured head data (both steady-state and transient conditions) so conditioning 
61 on head data is indirectly included. An advantage of this method is that it does not require any assumption on the 
62 acceptable range of variability ofT (Var(7)). Many methods require that the Var(ln7)>1, and in the Culebra the :! Var(ln7) is about 3.5. This first method also allows using a variable-density fluid-flow model which may be impor-
65 tant in the Culebra (Davies, 1989). Other methods are linear, but can only accommodate constant-density fluid-flow 

66 
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1 
Table 2.6-2. Logarithms of Selected Transmissivity Measurements in Culebra Dolomite Member (after 2 

3 Cauffman et al., 1990, Table C.1) 
4 
5 
6 
7 WeiiiD Median Low Range High Range 
8 
9 

10 
11 AEC7 -6.5535 -7.7185 -5.3885 

12 CABIN1 -6.5213 -7.6863 -5.3563 

13 0268 -5.6897 -6.8547 -4.5247 

14 DOE1 -4.4271 -5.0096 -3.8466 

15 DOE2 -4.0191 -4.6016 -3.4366 

16 
17 ENGLE -4.3350 -4.9175 -3.7525 

18 ERDA9 -6.2964 -7.4614 -5.1314 

19 H1 -6.0290 -7.1940 -4.8640 

20 H10B -7.1234 -8.2884 -5.9584 

21 H11B1 -4.5057 -5.0882 -3.9232 

22 
23 H12 -6.7132 -7.8782 -5.5482 

24 H14 -6.4842 -7.6492 -5.3192 

25 H15 -6.3804 -7.5454 -5.2154 

26 H16 -6.1149 -7.2799 -4.9499 

27 H17 -6.6361 -7.8011 -5.4471 

28 
29 H18 -5.7n5 -6.3600 -5.1950 

30 H281 -6.2005 -6.7830 -5.6180 

31 H3 -5.6089 -6.1914 -5.0264 

32 H4B -5.9960 -6.5785 -5.4135 

33 H5B -7.0115 -7.5940 -6.4290 

34 
35 H68 -4.4500 -5.0325 -3.8675 

36 H781 -2.8125 -3.3950 -2.2300 

37 HSB -5.0547 -5.6372 -4.4722 

38 H98 -3.9019 -4.4844 -3.3194 

39 USGS1 -3.2584 -3.8409 -2.6759 

40 
41 WIPP12 -6.9685 -8.1355 -5.8035 

42 WIPP13 -4.1296 -5.2946 -2.9646 

43 WIPP18 -6.4913 -7.6563 -5.3263 

44 WIPP19 -6.1903 -7.3553 -5.0253 

45 WIPP21 -6.5705 -7.7355 -5.4055 

46 
47 WIPP22 -6.4003 -7.5653 -5.2353 

48 WIPP25 -3.5412 -4.1237 -2.9587 

49 WIPP26 -2.9136 -3.4961 -2.3311 

50 WIPP27 -3.3692 -3.9517 -2.7867 

51 WIPP28 -4.6839 -5.2664 -4.1014 

52 
53 WIPP29 -2.9685 -3.5510 -2.3860 

54 WIPP30 -6.6023 -7.7673 -5.4373 

55 P14 -3.5571 -4.5124 -2.6018 li 
56 P15 -7.0354 -8.2004 -5.8704 

57 P17 -5.9685 -7.1335 -4.8035 

58 
-1.0123x101 -1.1288x1 o 1 

59 P18 -8.9584 

60 
61 
62 
63 
64 
65 
66 
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Table 2.6-3. 
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

Logarithms of Transmissivity of Calibrating Points (Pilot Points) for Culebra Dolomite 
Member (after Davies and La Venue, 1990b) 

WeiiiD Median Low Range High Range 

PP1 ·2.0700 -4.4233 2.833x1o-1 

PP2 -2.2500 -4.5334 3.340x1o·2 

PP3 -2.3200 -4.6267 -1.330x1o·2 

PP4 ·3.6200 -5.3442 -1.8958 
PP5 -3.5800 -5.2576 -1.9024 

PP6 -6.0200 -7.7675 -4.2725 
PP7 -6.4200 -8.0044 -4.5656 
PP8 -3.4100 -4.8779 -1.9421 
PP9 -2.7100 -3.8913 ·1.5217 
PP11 -7.7200 -9.1413 -6.2987 

PP12 -8.0800 -9.0353 -7.1247 
PP13 -5.6400 -6.5953 ·4.6847 
PP14 -8.3400 -9.7846 -6.8954 
PP15 -6.4900 -7.7482 -5.2318 
PP16 -5.1300 -6.5280 -3.7320 

PP17 -6.6000 -8.1378 -5.0622 
PP18 -2.6300 -4.5173 -7.427x1o·1 

PP19 -2.8600 -4.7939 -9.261x1o·1 

PP20a -2.9400 -4.8972 -9.828x1o·1 

PP21a -3.0000 -4.8407 -1.1593 

PP23 -3.8500 -5.1548 -2.5452 
PP24 -3.5000 -4.2689 -2.7311 
PP25 -6.0000 -7.0718 -4.9282 
PP26 -5.5000 -6.3388 -4.6612 
PP27 -4.2500 -5.3684 -3.1316 

PP28 -3.5000 -4.7582 -2.2418 
PP29 -3.2500 -4.3451 -2.1549 
PP30 -6.1600 -7.3250 -4.9950 
PP31 -5.8700 -7.0350 -4.7050 
PP32 -5.0000 -5.7223 -4.2777 

PP34 -3.5900 -4.5453 -2.6347 
PP35 -2.6700 -3.6253 -1.7147 
PP36 -5.1700 -6.0787 -4.2613 
PP37 -4.3100 -6.0342 -2.5858 
PP38 -3.9000 -5.3446 -2.4554 

PP39 -3.9000 -5.3446 -2.4554 
PP40 -5.9300 -6.8853 -4.9747 
PP41 -4.0000 -4.9553 -3.0447 
PP42 -3.5000 -4.5951 -2.4049 
PP43 -5.0000 -5.9553 -4.0447 

PP44 -5.0000 -5.9553 -4.0447 
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Table 2.6-4. Summary of Selected Steady-State Freshwater Head Measurements in Culebra Dolomite 
Member (after Cauffman et al., 1990, Table 6.2) 

WeiiiD 

AEC7 
CABIN1 

0268 
DOE1 
DOE2 

H1 
H10B 
H1181 

H12 
H14 

H15 
H17 
H18 
H2C 
H381 

H4B 
H58 
H6B 

H781 
H8B 

H98 
P14 
P15 
P17 

USGS1 

USGS4 
USGS8 
WIPP12 
WIPP13 
WIPP18 

WIPP25 
WIPP26 
WIPP27 
WIPP28 
WIPP29 

WIPP30 

(page date: December 29, 1992) 

Median 
(m) 

9.3200x1o2 
9.1120x102 

9.1520x102 

9.1390x102 

9.3530x1o2 

9.2330x102 

9.2140x1o2 
9.1280x1o2 

9.1360x102 

9.1550x102 

9.1560x102 

9.1100x102 

9.3190x102 

9.2400x102 

9.1710x102 

9.1280x102 

9.3400X102 

9.3260x102 

9.1270x1o2 

9.1240X102 

9.0820x102 

9.2690X102 

9.1680x102 

9.1160x102 

9.0980x102 

9.0970X102 

9.1110x1o2 
9.3310x1o2 
9.3400X102 

9.3ooox1o2 

9.2870x1o2 

9.1940x102 

9.3810x1o2 

9.3700x102 

9.0540x102 

9.3510x102 

Low Range High Range 
(m) (m) 

9.3014x102 9.3386x1o2 
9.0980x102 9.1260x1o2 
9.1462x102 9.1578x1o2 
9.0831x102 9.1949X1o2 
9.3181x1o2 9.3880x1o2 

9.1860x102 9.2796x1o2 
9.1627x1o2 9.2653x1o2 
9.1000x102 9.1560x1o2 
9.1080x1 o2 9.1640x1o2 
9.1457x102 9.1643x1o2 

9.1234x102 9.1886x1o2 
9.0890x102 9.1310x1o2 
9.2887x102 9.3493x1o2 
9.2167x102 9.2633x1o2 
9.1267x102 9.2153x1o2 

9.1140x102 9.1420x1o2 
9.3074x102 9.3726x1o2 
9.3027x102 9.3493x1o2 
9.1200x102 9.1340x1o2 
9.1147x102 9.1333x1o2 

9.0680x102 9.0960x1o2 
9.2480x102 9.2900x1o2 
9.1494x102 9.1866x1o2 
9.0997x102 9.1323x1o2 
9.0922x102 9.1038x1o2 

9.0947x102 9.0993x1o2 
9.1087x102 9.1133x102 

9.3147x1o2 9.3473x1o2 
9.3120x102 9.3680x1o2 
9.2720x102 9.3280x1o2 

9.2637x102 9.3103x1o2 
9.1882x102 9.1998x1o2 
9.3647x102 9.3973x1o2 
9.3467x102 9.3933x1o2 
9.0482x102 9.0598x1o2 

9.3254x102 9.3766x1o2 
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models. A second advantage is computational efficiency because the Cholesky decomposition only needs to be per-
2 formed once regardless of the number of simulations. 
3 
4 
5 The approach in 1992 is an extension of the pilot point approach used for the calibration of the Culebra T field. 
6 This method generates random fields conditioned on T measurements, steady-state, and transient head data without 
7 restriction on Var(ln7) and with variable-density fluid-flow models. 
8 

1 ~ In this method, random Tfields conditioned only on the measured Tvalues are first generated. These fields are 

11 further conditioned on the head data by calibrating them with the pilot point approach both on steady-state and tran-
12 sient data. The procedure has been automated to generate a large number of calibrated random fields. Order of pilot 
13 point selection and the uniqueness of the resulting T field were issues to be examined during operational tests and 
14 sensitivity analyses. 
15 
16 
17 In 1992, application of the procedures described above produced 70 realizations of the transmissivity field in 
18 Culebra Dolomite (plots of these realizations are presented in Appendix C). These 70 realizations were then ordered 
19 by travel time to the accessible environment (3.5 km from center of repository area): each realization was converted 
20 to a flow field (assuming uniform Culebra thickness of 8 m and 16% effective porosity) and the travel time associated 
~~ with that field was calculated with the program TRACKER. The 70 realizations were then ranked according to their 

23 associated travel times (Figure 2.6-8). Flow fields in the 1992 PAcalculations were selected by sampling a uniform 
24 random variable on the interval (0, I), mapping this result onto the integers 1-70, and using the resulting integer to 
25 choose a flow field. Because the flow fields are considered to be equally likely, the rank of the sampled index value 
26 can be used as the index of the flow field.;;. 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

c: 
0 

·~ 
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59 Figure 2.6-8. Empirical travel time distribution associated with the 70 realizations of Culebra transmissivity fields 
60 (see text). 
61 
62 
63 
64 
65 
66 
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1 2.6.4 Partition Coefficients and Retardations 
2 
3 
4 
5 A partitioning or distribution coefficient (Kd), which describes the intensity of sorption, is used to calculate the 
6 partitioning of species such as radionuclides between the groundwater and rock and, thereby, calculate the sorption 
7 capacity or retardation (R). 
8 
9 

The logarithmic~ distributions used in 1991 and 1992 are reported in Tables 2.6-5 and 2.6-6 and are considered 
11 to be realistic in light of available data; however, these distributions require a number of subjective assumptions that 
12 ongoing experiments may invalidate. The distributions were derived from an internal expert-judgment process 
13 regarding radionuelide retardation in the Culebra, which convened in April and May, 1991 (Trauth et al., 1992). The 
~: three Sandia experts involved were Robert G. Dosch (6212), Craig F. Novak (6119), and Malcolm D. Siegel (6115). 

16 The three experts participated in individual elicitation sessions for the purpose of developing probability distributions 
17 for the distribution coefficients for americium, curium, lead, neptunium, plutonium, radium, thorium, and uranium, 
18 for two sets of conditions. The first is the nature of the transport fluid: essentially Culebra or Salado brine. The sec-
19 ond is whether the retardation takes place in the dolomite matrix or in the clay lining the fractures. 
20 

10 

21 
22 The Kd distributions that actually resulted from this panel are discussed in Section 2.6.1 0 of the WIPP PA Divi-
23 sion, 1991, vol. 3. The distributions are derived from a combination of values from Dosch and Novak. The rationales 
24 behind Dosch' and Novak's values are briefly described below; a more thorough description of Novak's values is pro-
25 vided in Novak, 1991. The Kd distributions were converted to logarithmic form in 1992. 
26 
27 
28 Dosch reviewed data from several experiments on distribution coefficients for various actinides in a variety of 
29 media. His own work (Lynch and Dosch, 1980) was included in his data set. He believed that even though some 
30 experiments were conducted using media different from the Culebra matrix and the Culebra clay, most of the data 
31 could not be discounted (personal communication from S. Hora, September 1991 regarding expert panel elicitation 
~; on May 1991). His justification for this was that experimental data directly applicable to the issue at hand were so 

34 scarce that no relevant data should be disregarded. In general, Dosch remarked that most of the experimental data 
35 deserved equal weight in any judgments about the behavior of actinides in the Culebra matrix and clay. Dosch 
36 declined to give any probability distributions for thorium and lead because he did not believe himself qualified to 
37 make enlightened assessments for those elements. 
38 
39 
40 Novak examined available research that detailed the experimental measurement of Kds using substrates and 
41 water compositions pertinent to transport in the WIPP system (Novak, 1992). He showed that (1) data are not avail-
42 able for all elements of interest, (2) almost no data exist for clay substrates in the Culebra, and (3) existing data may 
43 not be applicable to current human-intrusion scenarios. In this study (Novak, 1992), Novak also questioned the use 
44 of the ~ model for estimating radionuclide retardation in the Culebra. 
45 
46 
47 Novak believes that the water composition called "Culebra H20" is the least dissimilar to Case One among avail-
48 able data for Case One, which assumed that water reaching the Culebra would not change the composition of Culebra 
49 water significantly, except for the presence of radionuclides. Brine A best represented Case Two, which assumed that 
;~ water reaching the Culebra would not be diluted and a concentrated brine contaminated with radionuclides would 

52 flow through the Culebra. Within each case, Kd estimates were needed for radionuclide sorption on the matrix (i.e., 
53 the dolomitic Culebra substrates), and in the fractures (i.e., on clay materials lining fractures). Each type of water 
54 was used for both matrix and fractures. Thus, for Case One, data from "Culebra H20" studies were used to estimate 
55 Kd values where actual data were not available. Similarly, Brine A data were used to estimate Kds for Ca"ie Two. 
56 
57 
58 Novak offered ~s of 0 m3!kg for all cdfs because be thought it possible that any of the elements could be trans-
59 ported with the fluid velocity. Upper bounds represent Novak's opinions on maximum values for Kds observable 
so under human-intrusion scenarios (Novak, 1991). Novak chose different sets of fractiles for different radionuclides. 
61 These represent his best estimates resulting from his studies of existing data and literature. 
62 
63 
64 
65 
66 

Novak further states that values obtained through the expert elicitation process are subjective estimates only 
because of large uncertainties in water composition, mixing within the Culebra, and the questionable utility of the Kd 

(page date: December 29, 1992) 2-92 (database version: X-3.06PR) 



GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Table 2.6-5. Summary of 1992 Partition Coefficients of Radionuclides for Culebra Dolomite Member 
2 within .Mru.rix Dominated by Culebra Brine. 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Element Median Range 

Am -0.730 -4.0 2.0 

Cm -0.730 -4.0 2.0 

Np -1.32 -4.0 2.0 

Pb -1.99 -4.0 0.0 

Pu -0.584 -4.0 2.0 

Ra -2.00 -4.0 1.0 

Th -2.00 -4.0 0.0 

u -1.54 ·4.0 0.0 

(page date: December 29, 1991) 2-93 

Value of 
Units Additional Information 

log10 (m
3/kg) High 

log,o (mslkg) Not tested 

log10 (m
3/kg) High 

log10 (m
3/kg) Not tested 

log10 (m
3/kg) High 

log10 (m
3/kg) Not tested 

log10 (m
3/kg) High 

log10 (m
3/kg) High 

(database version: X-3.06PR) 



GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

1 Table 2.6-6. Summary of 1992 Partition Coefficients of Radionuclides for Culebra Dolomite Member 
2 within Fracture Clays Dominated by Culebra Brine. 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Element Median 

Am 1.97 

Cm 1.97 

Np 0.00 

Pb -1.00 

Pu 2.31 

Ra -1.47 

Th -1.00 

u -2.12 

(page date: December 29, 1992) 

Range Units 

-4.0 3.0 log10 (m
3/kg) 

-4.0 3.0 log10 (m
3/kg) 

-4.0 3.0 log10 (m
3/kg) 

-4.0 2.0 log10 (m
3/kg) 

-4.0 3.0 log10 (m
3/kg) 

-4.0 2.0 log10 (m
3/kg) 

-4.0 1.0 log10 (m
3/kg) 

-4.0 0.0 log10 (m
3/kg) 

2-94 

Value of 
Additional Information 

High 

Not tested 

High 

Not tested 

High 

Not tested 

High 

High 

(database version: X-3.06PR) 



GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

model. Finally, Novak argues that these cdfs for Kds do not substitute for actual data, and believes that additional 
2 study is needed to quantify the potential for radionuclide retardation in the Culebra (Novak, 1991). 
3 
4 
5 In the 1991 series of sensitivity analyses (Helton et al., 1992), the partition coefficients for Am, Np, Pu, Th and U 
s were highly sensitive parameters in the determination of radionuclide releases to the accessible environment; the clay 
7 partition coefficients for Am, Pu, and U were the most sensitive among the ten parameters of this kind that were 
8 tested. 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
68 
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3 Partition Coefficients in Matrix of Culebra Dolomite* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Partition coefficients (Kd) for Am, Cm, Np, Pb, Pu, Ra, Th, U 
Material: Matrix of Culebra Dolomite Member of Rustler Formation Culebra Brine 

Definition, Units: Log (m31kg) 

Values: See Table 2.6-5. 

Distribution: Constructed (see Figures 2.6-9[a] through 2.6-9[h]) 
Correlation: 

Data Source(s): Trauth, K. M., S. C. Hora, R. P. Rechard, and D. R. Anderson. 1992. The Use of l!.).;pert 

Usage: 

Judgment to Quantify Uncertainty in Solubility and Sorption Parameters for Waste 
Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque, NM: 
Sandia National Laboratories. (Expert Panel Judgment) 

Mathematical model: 
Solute Transport in Culebra, Section 1.4.6, this volume. 

Equation 1.4.6-8. 

Computational models: 
SECOffP 
STAFF2D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High for Am, Np, Pu, Th, U; others not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 

(page date: December 29, 1991) 2-96 (database version: X-3.06PR) 



2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

~ 
0.4 ~ 

.I:> 
E a. 

0.0 
2 

log Partition Coefficient [log (m3fkg)] 

TRI-6342-2369-0 

(a) Am 

-1.32 
+ ~---~-·-XI + 

-4.00 -3.12 -1.55 ..0. 70 2.00 
1.0 0.5 

0.4 
:>. 
·i 
c 

0.3 ., 
0 

~ 
:0 0.2 J!1 e 
a.. 

0.1 

0.0 "'--·~ ........ ::.:::"="-----~--~~-~---"~~....; 0.0 
-4 -3 -2 -1 0 2 

log Partition Coefficient [log (m31kg)] 

TRI-6342-2371-0 

(c) Np 

GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 

..0.73 

·4.00 
1.0 

1-MeaTan[ 
~~atl-

~ .:;:. 
~ "(ij 

.I:> c 
E OJ 

0 a. 
0.5 ~ ., 

-~ ~ ]! 
::J .0 

E E 
::J a. 
0 

0.0 
-4 -3 ·2 -1 0 

log Partition Coefficient [log (m3fkg)) 

TRl·6342·237!Hl 

(b) Cm 

+ 
-4.0 

1.0 r-'""'~~ ......... ~~ ........ ~~..,......~~.,...-~"""' 0.3 

~ 
~ 
.0 

E 
a. -1.99 m 0.5 
> -2.00 
j 
::J 
E 
::J 
0 

0.0 "'-'-~~~--.........o-~-·~-~--....L·----' 
-4 -3 -2 -1 0 

log Partition Coefficient [log (m3/kg)] 

TRI-5342-2372-Q 

(d) Pb 

54 Figure 2.6-9. Constructed distribution for partition coefficient in matrix for (a) americium (Am), (b) curium (Cm}, 
(c) neptunium (Np}, (d) lead (Pb), (e) plutonium (Pu), (t) radium (Ra}, (g) thorium (Th), and (h) 
uranium (U). 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 
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54 Figure 2.6-9. Constructed distribution for partition coefficient in matrix for (a) americium (Am), (b) curium 
(Cm), (c) neptunium (Np), (d) lead (Pb), (e) plutonium (Pu), (t) radium (Ra), (g) thorium (Th), and 
(h) uranium (U) (continued). 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of RusUer Formation 

! Partition Coefficients in Clay Lining Fractures of Culebra Dolomite* 
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Parameter: Partition coefficients (K.J} for Am, Cm, Np, Pb, Pu, Ra, Th, U 
Material: Clay lining fractures of Culebra Dolomite Member of Rustler Formation Culebra brine 

Definition, Units: Log (m3!kg} 

Values: See Table 2.6-6. 

Distribution: Constructed (see Figures 2.6-10 [a) through 2.6-IO[h]} 
Correlation: 

Data Souree(s}: Trauth, K. M., S. C. Hora, R. P. Rechard, and D. R. Anderson. 1992. The Use of Expert 

Usage: 

Judgment to QuantifY Uncertainty in Solubility and Sorption Parameters for Waste 
Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque, NM: 
Sandia National Laboratories. (Expert Panel Judgment) 

Mathematical model: 
Solute Transport in Culebra, Section 1.4.6, this volume. 

Equation 1.4.6-8. 

Computational models: 
SECO!fP 
STAFF2D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Higb for Am, Np, Pu, Tb, U; others not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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GEOLOGIC BARRIERS 
2.6 Parameters for Culebra Dolomite Member of Rustler Formation 
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54 Figure 2.6-10. Constructed distribution for partition coefficient in clay for (a) americium (Am), (b) curium (Cm), 
55 (c) neptunium (Np), (d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g) thorium (Th), and 
56 (h) uranium (U). 
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Figure 2.6-10. Constructed distribution for partition coefficient in clay for (a) americium (Am), (b) curium (Cm), 
(c) neptunium (Np), (d) lead (Pb), (e) plutonium (Pu), (t) radium (Ra), (g) thorium (Th), and (h) ura­
nium (U) (continued). 
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3. ENGINEERED BARRIERS AND SOURCE TERM 

7 The engineered barriers consist of the repository design, waste form, seals, and backfill. Also discussed in this 
8 chapter are characteristics of the waste such as inventory of radionuclides and hazardous chemicals, solubility, and 

1 
~ gas production potential. 

11 
12 
1s 3.1 Dimensions of Underground Facility 
14 
15 
16 The WIPP repository is composed of a single 15-ha (38-acre) underground disposal level constructed in one 
17 stratigraphic interval, which dips slightly to the south. The repository level consists of an experimental region at the 
18 north end, the operations region in the center for waste-handling and repository equipment maintenance, and a dis-
19 posal region at the south end (Figures 3.1-1 and 3.1-2). The UTM coordinates shown in Figure 3.1-2 are derived 
;~ from the state plane coordinates reported in Gonzales, 1989. To maintain consistency with coordinate values reported 

22 elsewhere in this volume, the UTM coordinates were computed by the Technology Application Center, University of 
23 New Mexico, Albuquerque, New Mexico 87106. Table 3.1-1 provides a summary of the excavated and enclosed 
24 areas (see Figure 3.1-1 for a visual appreciation of these terms) and initial volumes of excavated regions (not consid-
25 ering disturbed rock zone [DRZ] or closure). At present, only the first panel has been excavated. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

Underground 
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Experimental Region (H) 

Operations Region (G) 
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~~------Exhaust Shaft 

ERDA-9 

TRI- 6334-206-1 

Figure 3.1-1. Excavated and enclosed areas in tbe WIPP repository. 
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3.1 Dimensions of Underground Facility 
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62 Figure 3.1-2. Planned dimensions of WIPP disposal region and access drifts. (Dimensions originally specified in 
63 units of feet) (after Bechtel National, Inc., 1986). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

1 Table3.1-1. 
2 
3 
4 

Summary of Excavated and Enclosed Areas and Initial Volumes of Excavated Regions 
within the WIPP Repository, Not Considering the DRZ or Closure (Rechard et al., 1990b, 
TableA-12) 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Region* 

Room (A) 
One panel excluding seals (B) 
Southam equivalent panel excluding seals (C) 
Northam equivalent panel excluding seals (D) 
Panel seals (20) (E) 
Total disposal region (F) 
Operations region (G) 
Four shafts (only) to base of Rustler Fm. 
Experimental region (H) 
RH area canisters (7954) (I) 
Total facility (J) 

Excavated 
(103 m2) 

0.9197 
11.64 
8.820 
9.564 
4.133 

111.52 
21.84 

0.08691 
21.61 
14.36 

152.83 

Areas 
Enclosed 
(1o3m2) 

0.9197 
29.42 
49.46 
53.68 

506.8 
283.6 

0.08691 
298.1 

1748 

25 *Regions shown in Figure 3.1-1; detailed dimensions shown in Figure 3.1-2. 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

(page date: December 29, 1992) 3-4 

Volume 
Excavated Enclosed 
(103 m3) (103 m3) 

3.644 3.644 
46.10 116.59 
32.26 180.90 
34.98 196.34 
15.119 

436.0 2008.0 
78.07 1037.2 
34.76 34.76 
71.90 1090 

583.4 6926 
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1 3.1.1 Disposal Region 
2 

ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

3 
4 All of the underground openings are rectangular in cross section. The disposal area drifts are about 4 m (13ft) 

5 high by 4.3 m (14ft) wide; the disposal rooms are 4 m (13ft) high, 10m (33ft) wide, and 91.4 m (300ft) long. Tol-
6 erances for all linear dimensions are ±0.5 m. The width of the pillars between rooms is 30.5 m (100ft). The total 
7 excavated volume in the disposal region is 4.36 x 105 m3 (1.53 x 107 ft3). The reported design disposal volume is 
8 1.756 x 105 m3 (6.2 x 106 ft3) or about 40% of the excavated volume (Bechtel National, Inc., 1986). However, the 
9 

10 disposal volume for waste changes depending on the type of containers, waste form, and volume of panel seals. 
11 Hence, the design volume is discussed in the description of the containers (Section 3.1.5). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

1 3.1.2 Experimental Region 
2 
3 
4 The experimental region (Figure 3.1-2) is located in the northern portion of the underground facility and consists 
5 of over ten rooms, which are used for in situ testing of salt creep and brine inflow (Matalucci, 1988, pp. 3,15). The 
6 sizes of the rooms vary, depending on the experiment. The excavated area of the experimental region is about 21.61 
7 x 103 m2 (23.2 x 104 ft2), and its volume is about 71.90 x 103 m3 (25.3 x 105 ft3) (Table 3.1-1). 
8 
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3.1.3 Operations Region 

ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

2 
3 

The operations region (Figure 3 .1-2) consists of the access drifts located in the center of the underground facility. 
5 The drifts are used for transport of equipment and personnel to the experimental area and disposal region. All four 
6 shafts are connected to the operations region. The excavated area of the operations region is 21.84 x 103 m2 (23.4 x 
7 104 ft2), and its volume is 78.07 x 103 m3 (27.6 x 10S ft3) (Table 3.1-1). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

1 3.1.4 Shafts 
2 
3 
4 The four shafts connecting the underground facility to the surface are (1) the Air Intake Shaft, 6.2 m (20ft) in 
5 diameter; (2) the Exhaust Shaft, 4.6 m (15ft) in diameter, (3) the Salt Handling Shaft, 3.6 m (12ft) in diameter, and 
6 (4) the Waste Shaft, 7 m (23ft) in diameter (Figure 3.1-2). 
7 

: During operations, the Salt-Handling Shaft will transport personnel, equipment, and salt. The Waste Shaft will 

10 transport the waste, and the Air Intake and Exhaust Shafts will provide air flow. The Air Intake Shaft will also serve 
11 as a backup for transporting personnel and equipment. 
12 

13 At present, the shaft functions are the same as those described above, except that the Waste Shaft is not currently 
~ ~ used to transport waste. It serves as a backup for transport of personnel and materials. 

16 
17 The Air Intake Shaft, the most recently constructed shaft (1988), provides fresh air to the underground. It also 
18 serves as a backup for transporting personnel and materials. In addition, in situ testing is being performed to investi-
19 gate the disturbed rock zone (DRZ) surrounding the shaft and hydrologic properties of the Rustler Formation (Nowak 
20 ) 
21 

et al., 1990 . 

22 
23 
24 
25 

The Exhaust Shaft, drilled in 1983-84, serves as the primary air exhaust for the underground facility (Bechtel 
National, Inc., 1985). 

;~ The Salt-Handling Shaft (formerly called the Construction and Salt-Handling [C&SH] Shaft and the Exploratory 

28 Shaft [Bechtel National, Inc., 1985]) was drilled in 1981. It was used during construction of the WIPP repository to 
29 remove salt and serve as the primary transport for personnel and equipment. The. Salt-Handling Shaft continues to 
so serve as the primary transport for personnel and equipment and as a secondary air supply to the underground facility. 
31 

~; The Waste Shaft (initially called the Ventilation Shaft) is designed to move radioactive waste between the surface 

34 waste-handling facilities and the underground facility. The Ventilation Shaft was enlarged from 2m (6ft) diameter to 
35 6 m (20ft) diameter in 1983-84, when it was renamed the Waste Shaft (Bechtel National, Inc., 1985). Until waste 
36 transport begins, the Waste Shaft serves as a secondary means to transport personnel, materials, large, equipment, and 
37 diesel fuel. The Waste Shaft can continue to serve as backup for transporting personnel and materials whenever 
;: waste is not being transported. 

40 
41 All four shafts will be sealed and filled upon decommissioning of the WIPP (Nowak et al., 1990). 
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3.1.5 Waste Containers 

ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

2 
3 
4 Current plans for transporting contact-handled (CH) transuranic (TRU) waste to the WIPP are to ship it in 55-gal 
5 steel drums or metal standard waste boxes (SWBs). The dimensions and volumes of a 55-gal steel drum and an SWB 
6 are shown in Table 3.1-2. Waste that is currently stored in containers other than 55-gal drums and SWBs will be 
7 repackaged into SWBs. TRUPACT II, the transportation container for trucking TRU waste to the WIPP, has space 
8 for two 7-pack drums and two SWBs. 
9 

10 
11 The reference canister for the remotely handled (RH) TRU waste is a 0.65-m (26-in.) O.D. (outside diameter) 
12 right-circular cylinder made of 1/4-in. carbon steel plate. Caps are welded at both ends. The canister is 3m (10ft) in 
13 length, including the handling pintle. Inside, the waste occupies about 0.89 m3 (30 ft3) (U.S. DOE, 1990c). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

Table3.1-2. CH-TRUWasteContainers(U.S. DOE, 1990a, Dwg 165-F-001-W) 

Container Description 

Approved for transportation: 
DOT 17C (metal) 55-gal 

steel drums 

7-Pack of 55-gal 
steel drums 

Standard waste box 
(Dwg 165-F-001-W) 

(page date: December 29, 1992) 

Approximate 
Dimensions 
(hxwxl) 

m 

0.892 x 0.602 dia. 

- 0.94 X 1.8 X 1.3 

3-10 

Internal 
m3 

0.2082 

1.4574 

-1.90 

Volume 

External 
m3 

0.2539 

- 1.47 

-1.95 

Packing 
m3 

- 2.2 

-2.34 
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1 3.1.6 Waste Placement and Backfill in Rooms 
2 

ENGINEERED BARRIERS AND SOURCE TEAM 
3.1 Dimensions of Underground Facility 

3 
Figure 3.1-3 shows the planned packing configuration of drums in the rooms and drifts. At the waste storage 

5 room, the waste packages (7-packs) will be removed from the transporter and stacked 3 high and 6 wide across the 
6 room. In the ideal packing configuration, a total of 6,804 drums (972 7-pack units) can be placed in one panel. A 
7 0.7-m air gap exists above the drums; also a thin plastic pallet is set between layers. For the 1991 calculations, the 
: plastic sheet was assumed to be 0.30-cm thick, consistent with the Bechtel initial reference design report (1986). 

10 Recently developed final plans (U.S. DOE, 1990c) for the plastic sheet call for 0.004-m-thick plastic on the top and 
11 bottom; hence, slightly less salt backfill will be used. 

4 

12 
13 A standard waste box (SWB) stacking configuration is shown in Figure 3.1-4. Seven-packs and SWBs may be 
14 intermixed, as practical. To reach Llie original design capacity of 175,600 m3 (6.2 x 106 ft3), the SWBs were also 
15 
16 assumed to be stacked three high. However, current plans call for stacking the SWBs only two high, which substan-
17 tially reduces the disposal capacity of the WIPP. 
18 

19 The current placement technique for RH-TRU waste in the WIPP is to emplace one canister horizontally every 
;~ 2.4 m (8ft) into the drift and room walls. Based on this technique, ~e capacity in each panel for RH-TRU canisters 

22 along drifts and rooms 10-m wide is 874 canisters or about 6,000 m . The intended capacity for RH-TRU waste is 
23 7,080 m3 (250,000 ft3); hence, additional methods will be explored. Current PA calculations assume a capacity of 
24 7,080 m3. 
25 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.1 Dimensions of Underground Facility 

0.76 

0.50 ~.......::.....~.--..;...__. _ _..:.._._~__.;-~-+..__.J o:rr-(0.015') 
Plastic Pallet 

0.892 

Ideal Packing 

Totai7-Pack Unns = 972 
Total Drums 6,804 

A 7-Pack on the end of every 
other row would exceed the 
backfill standards (Bechtel 
National, Inc., 1986) by 
0.15 m on each side or 
0.30 m total. 

All Dimensions in Meters 
'Dimensions in parenthesis were 

10.06 

originally specified by Bechtel National, Inc. 
(1986} and were used in 1991 PA calculations. 

TRI-6342·107Hl 

Figure 3.1-3. Ideal packing of drums in rooms and 10-m-wide drifts (not to scale). 
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7.80 

24 1.13 

+ 0.04 T 
0.944 

l 
Side View 

According to WIPP WAG, packages are designed so 
slacking is not inhibited. Structural capability of 
stacking, however, has not been determined. 

Top View 

91.44 

90.00 

ENGINEERED BARRIERS AND SOURCE TEAM 
3.1 Dimensions of Underground Facility 

10.06 

Storage Room Area 
Plan View 

Ideal Packing 

Total Standard Waste Boxes 900 

An increase of 1.21 m in the width 
of the room (Total Room Width 11.27 m) 
and goo rotation of the Standard Waste 
Boxes would allow tighter packing and 
an increase of 270 Waste Boxes per room 
(Ideal Packing= 1170). 

All Dimensions in Meters 

Cross Section A - A' 
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Figure 3.1-4. Ideal packing of Standard Waste Boxes in rooms and drifts (notto scale). 
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3.2 Parameters for Seals and Fills Outside Disposal Region 
2 
3 
4 Table 3.2-1 summarizes material-property parameters (such as permeability and porosity) for seals and fills 
5 placed in the shafts and access drifts when WIPP is decommissioned. 
6 
7 
8 
9 

Table 3.2-1. Parameter Values for Seals Outside Disposal Region 

10 
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31 
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Parameter Median Range 

Preconsolidated crushed salt (Lower shaft, drifts, panels) 
Density (p) 
Initial 1.71 x 103 (0.8pSalado halite) 
Final 2.03 x 103 (0.95p Salado halite) 
Height (Lower shaft) 2x1o2 1x102 3x102 

Permeability (k) 
Initial 1 X 10'14 

Final 1 X 10'20 3.3 x 10·21 3.3x 10·20 

Crushed salt backfill in drifts 
Density (p) 

1.28 x 103 (0.6pSalado halite) Initial 
Final 2.03 X 103 (0.95 p Salado halite) 

Permeability (k) 
Initial 1 X 10'11 

Final 1 X 10-20 3.3 x 10·21 3.3 X 10'20 

Partition coefficients for crushed salt 
Am 1 X 10'4 

Np 1 X 10'5 

Pb 1 X 10'6 

Pu 1 X 10'4 

Ra 1 X 10'6 

Th 1 X 10'4 

u 1 X 10'6 

Concrete and Bentonite 
Permeability (k) 

Concrete 2.7x1o-19 

Bentonite 1.4 X 10'19 

(page date: December 29, 1992) 3-14 

Distribution Discussion and 
Units Type Sources in: 

kg/m3 Constant WIPP PA Division, 1991, Vol3, Section 3.2.2 
kg/m 3 Constant WIPP PA Division, 1991, Vol3, Section 3.2.2 
m Uniform WIPP PA Division, 1991, Vol3, Section 3.2.2 

m2 Constant WIPP PA Division, 1991, Vol3, Section 3.2.2 
m2 Lognormal WIPP PA Division, 1991, Vol3, Section 3.2.2 

kg/m3 Constant WIPP PA Division, 1991, Vol3, Section 3.2.3 
kg/m3 Constant WIPP PA Division, 1991, Vol3, Section 3.2.3 

m2 Constant WIPP PA Division, 1991, Vol3, Section 3.2.3 
m2 Lognormal WIPP PA Division, 1991, Vol 3, Section 3.2.3 

m3/kg Constant WIPP PA Division, 1991, Vol3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4 
m3/kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4 

m2 Constant WlPP PA Division, 1991, Vol3, Section 3.2.5 
m2 Constant WIPP PA Division, 1991, Vol 3, Section 3.2.5 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.2 .Parameters for Seals and Fills Outside Disposal Region 

1 3.2.1 Description of the Reference Seal System Design 
2 
3 
4 The purpose of the reference seal design, which Sandia has developed for sealing the WTPP repository, is to pro-
s vide a common basis for calculations performed in modeling tasks such as perfonnance assessment and sensitivity 
6 analysis (Nowak and Tyler, 1989; Nowak et al., 1990). The reference design is a starting point for developing exper-
7 iments and analysis from which a detailed design will evolve. 
8 
9 

10 
11 GENERAL SEALING STRATEGY 
12 
13 In general, the entire underground facility and shafts will be sealed. As part of the reference design, portions of 
~: the backfill emplaced at several locations within the shafts and various drifts, which are specially prepared (i.e., pre-
16 consolidated salt with concrete plugs), are often termed "seals." However, the purpose of these prepared portions is 
17 not to act as the sole seal for the shaft or drift (in general, all the backfill fulfills this function), but instead to protect 
18 sections of the backfill from fluids (gases or liquids). Inhibiting fluids hastens backfill consolidation and thus greatly 
19 increases the probability that the salt backfill will rapidly(< 100 yr) assume properties near to those of the surround-
20 ing host rock. 
21 
22 
23 The strategy for sealing specially prepared portions of the drift and shaft combines short- and long-term seal 
24 components; preconsolidated crushed salt is the principal long-term component in the Salado Formation salt. Clay --
25 a swelling clay material shown to be stable and to have low permeability to brines -- is the principal long-term com­
~~ ponent in the Rustler Formation. Concrete is the principal short-term component in both locations. 

28 
29 The combination of short- and long-term seals is used so that short-term seals provide the initial sealing func-
30 tions necessary until the long-term seal components become adequately reconsolidated (Nowak et al., 1990). Precon-
31 solidated crushed-salt and clay components are expected to become fully functional for sealing within 100 yr after 
~~ emplacement (Nowak and Stormont, 1987; Arguello, 1988). Then the long-term seals take over all sealing functions. 

34 
35 Short-term seal components consist of concretes and clay materials developed specifically for the WTPP. The 
36 concrete components provide flow resistance to control the effects of possible gas generation in the waste disposal 
37 area and limit water inflow from above to protect the crushed salt from saturation with brine; they also provide phys­
~= ical containment for the swelling clay and consolidating crushed-salt materials (Nowak et al., 1990). 

40 
41 The long-term seals in the Salado consist of preconsolidated WIPP crushed salt in the shafts, drift<>, and panel 
42 entries. The emplaced crushed-salt material is intended to have an initial density equal to 80% of the density of the 
43 intact WIPP host rock salt (80% relative density) (Nowak et al., 1990). Within 100 yr of emplacement, the preconsol-
44 idated salt backfill will be fully consolidated by creep closure of the host-rock salt to a state of low permeability, 
:~ approximately 1 x 10·20 m2 (Nowak and Stormont, 1987; Arguello, 1988; Lappin et al., 1989). This permeability 
47 value is in the expected permeability range for the host-rock Salt (1 X 10-Zl tO 1 X 10'20) (Nowak et al., 1988; Lappin 
48 et al., 1989), but it is on the high side of the range suggested by Gorham et al. (June 15, 1992, Memo in Appendix A). 
49 Very little compositional difference between the saturated, reconsolidated WIPP crushed-salt material and the sur­
;~ rounding host rock from which it was mined is anticipated. The crushed-salt seals, therefore, are expected to be 

52 mechanically and chemically stable in the WIPP environment (Nowak et al., 1990). 

53 
54 

55 SEAL LOCATIONS 
56 
57 

In the reference design, multicomponent seals between 30 and 40 m (100 and 130ft) long will be in each of the 
59 four shafts, the entrances to the waste disposal panels, and selected access drifts (Nowak et al., 1990). (See Figures 
so 3.1-1 and 3.1-2 for seal locations.) Seals near the Rustler Formation (upper shaft and water-bearing zone seals) serve 
61 to limit brine flow from water-bearing zones down into the crushed-salt backfill. Seals in the drifts serve to reduce 
:; fluid flow (ga<; and brine) from the repository area and thus limit the creation of a preferred pathway for contaminant 

64 migration. The drift entries to each filled disposal panel will be sealed during operations. The disturbed rock zone 
65 (DRZ), which occurs in the host-rock salt at the excavated openings, is expected to heal by creep closure (Nowak et 

58 

66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.2 Parameters for Seals and Fills Outside Disposal Region 

1 al., 1990). The extent of a DRZ in the drift entries may be reduced by the use of concrete liners during operations. If 
2 necessary, however, the conceptual design for sealing the DRZ (both in drifts and shafts) and anhydrite interbeds 
3 (e.g., MB139 directly underneath the disposal area) envisions a salt-based grout (Nowak and Tyler, 1989) using 
4 
5 grouting techniques that are currently under development (Figure 3.2-3). When all disposal panels are filled. the drift 
s entries to the entire disposal area will be sealed. The shafts will be backfilled upon decommissioning of the WIPP 
7 (Figures 3.2-1 and 3.2-2) (Nowak et al., 1990). 
8 
9 

~~ BACKFILL IN UPPER SHAFT, WATER-BEARING ZONE, AND DEWEY LAKE RED BEDS 
12 
13 According to current calculations, radionuclides will not reach the upper shaft in 10,000 yr. Therefore, the actual 
14 properties of the backfill in the upper shaft and above have not been used in the 1992 PA calculations and properties 
~~ are not given. Instead the initial placement properties of the lower shaft have been used. 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

(page date: December 29, 1992) 3-16 (database version: X-3.06PR) 



2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Contact Elevations 
are Referenced 
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USGS Ref. Elev. 
1039.06 m 

/Cap and Near Surface Plug 

_ _,r.,___ 

Dewey Lake 
Red Beds 

Rustler 
Formation 

McNutt 
Member 

Salado 

Lower 
Member 

'Collar 

Water Bearing 
Zone Seal System 

• Upper Shaft 
Seal System 

t 

Lower Shaft 
Seal System 

I 
Height of 
Complete 

Consolidation 

Repository 
~· Level 
.·: 

' Sump 

Legend 

Mudstone and Siltstone 

Halite 

Dolomite 

Anhydrite 

Miscellaneous 
Backfill 

Concrete 

Clay 

Crushed WIPP Salt 

TRI-6342-311-2 

64 
65 

Figure 3.2-1. Diagram of typical sealed and backfilled access shaft (after Nowak et al., 1990). 

66 
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Figure 3.2-2. 

Figure 3.2-3. 

Water Lower Shaft Concrete 

Diagram of typical concrete plugs in backfilled shafts. The drawing shows concrete plugs between 
water-bearing units (e.g., Culebra Dolomite) (left) and for the Lower Shaft Backfill (e.g., at Vaca 
Triste) for Waste Shaft (right) (after Nowak et al., 1990). 

Crushed WIPP 
Salt (Tamped) 

All Dimensions in Meters 

Section A 
Reconsolidated Salt 

Section B 
Concrete 

Grout 

• Varies with Drill 
Width and Height 

Diagram of typical concrete and preconsolidated salt backfill for drifts and panels (after Nowak et 
al., 1990). Scale applies to horizontal dimensions; vertical dimensions are exaggerated. 
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3.2 Parameters for Seals and Fills Outside Disposal Region 

1 3.2.2 Preconsolidated Salt in Lower Shaft, Drifts, and Panels 
2 
3 
4 The reference seal uses preconsolidated (tamped) crushed WIPP salt as the primary long-term seal material. For 

5 redundancy, concrete plugs and clay (Figure 3.2-2) are emplaced at three locations in the shaft: (1) near the bottom of 
6 the shaft, (2) at an intermediate position in the shaft just below the Vaca Triste Marker Bed (Figure 3.2-1), and (3) 
7 near the top of the Salado Formation. 
8 
9 

The emplaced WIPP crushed salt is intended to have an initial density equal to 80% of the density of the intact 
11 WIPP host rock salt (80% relative density). Salt with 80% relative density will be created either by pouring and 
12 tamping crushed salt or by laying preconsolidated salt blocks. Creep closure of the lower part of the shaft will con-
13 tinue to consolidate this crushed salt. 
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3.3 Parameters for Contaminants Independent of Waste Form 
2 
3 
4 The TRU waste for which the WIPP is designed is defense-program waste that has been generated at ten facilities 
5 since 1970. The waste consists of laboratory and production waste such as glassware, metal pipes, sorbed or solidi-
6 fied spent solvents, disposable laboratory clothing, cleaning rags, and solidified sludges. Current plans specify that 
7 most of the TRU waste generated since 1970 will be placed in the WIPP repository, with the remainder to be disposed 
: of at other DOE facilities. 

10 
11 As of 1992, the ten TRU waste generator and/or storage sites that are scheduled to ship waste to the WIPP are (1) 
12 Argonne National Laboratory-East (ANL-E), Illinois; (2) Hanford Reservation (HANF), Washington; (3) Idaho 
13 National Engineering Laboratory (INEL), Idaho; (4) Los Alamos National Laboratory (LANL), New Mexico; (5) 
~: Lawrence Livennore National Laboratory (LLNL), California; (6) Mound Laboratory, Ohio; (7) Nevada Test Site 

16 (NTS), Nevada; (8) Oak Ridge National Laboratory (ORNL), Tennessee; (9) Rocky Flats Plant (RFP), Colorado; and 
17 (10) Savannah River Site (SRS), South Carolina (U.S. DOE, 1990d). 
18 
19 
20 
21 
22 
23 
24 

The TRU waste is contaminated by alpha-emitting transuranic elements, defined as having atomic numbers 
greater than uranium-92, half-lives greater than 20 yr, and curie contents greater than 100 nCi/g. Other contaminants 
include uranium and several radionuclides with half-lives less than 20 yr. Approximately 60% of the waste may be 
co-contaminated with waste considered hazardous under the RCRA, e.g., lead (WEC, 1990). 

25 Radioactive waste that emits alpha radiation, although dangerous if inhaled or ingested, is not hazardous exter-
26 nally. Most of the waste, therefore, can be contact handled (CH) because the external dose rate (5.6 x 10·7 Sv/s [200 
27 
28 mrem/h] or less) pennits people to handle drums and boxes without any special shielding. 

29 
A small portion of the TRU waste must be transported and handled in shielded casks (remotely handled [RH]), 30 

31 i.e., the surface dose rate exceeds 5.6 x 10·7 Sv/s (200 mrem/h). The surface dose rate of an RH-TRU canister cannot 
32 exceed 2.8 x 10·3 Sv/s (1000 rem/h); but no more than 5% of the canisters can exceed 2.8 x 10·4 Sv/s (100 rem/h) 
~! (U.S. DOE, 1990d). The volume must be less than 250,000 m3 and the curie content must be less than 5.1 x 106 Ci 
35 (1.89 x 1017 Bq) according to the agreement between DOE and the State of New Mexico (U.S. DOE and NM, 1984). 
36 

37 Subpart B of the Standard sets release limits in curies for isotopes of americium, carbon, cesium, iodine, neptu­
~= nium, plutonium, radium, strontium, technetium, thorium, tin, and uranium, as well as for certain other radionuclides 

40 (Section 3.3.4 of this volume). Although the initial WIPP inventory contains little or none of some of the listed 
41 nuclides, they may be produced as a result of radioactive decay and must be accounted for in the compliance evalua-
42 tion; moreover, any radionuclides not listed in Subpart B must be accounted for if those radionuclides would contrib-
43 ute to doses used in NEPA calculations (e.g., Pb-210). 
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3.3 Parameters for Contaminants Independent of Waste Form 

1 3.3.1 Inventory of Radionuclides in Contact-Handled Transuranic Waste 
2 
3 
4 The 1991 inventory (curie content) of radionuclides in the CH-TRU waste was estimated from input submitted to 
5 the 1990 Integrated Data Base (IDB) {U.S. DOE, 1990d). The information submitted to the IDB is separated into 
6 retrievably stored and newly generated (future generation) waste referred to herein as projected inventory. The antic-
7 ipated total volume (stored plus projected) of CH-TRU waste submitted to the 1990 IDB was 1.0 x 10S m3 (3.76 x 
8 106 fr3), which is less than the current design volume for the WIPP of about 1.8 x 105 m3 (6.2 x 106 ft3). To estimate 
9 

10 the total curie content in the WIPP, if it contained a design volume of CH-TRU waste, the future-generated radionu-
11 elide inventories of the five largest future generators listed in the 1990 IDB were volume scaled to reach a design vol-
12 ume of waste. (Details of this volume scaling are discussed in Section 3 .4.) This inventory per generator site is only 
13 a design estimate and should not be considered a statement of what they will generate. 
14 
15 
16 The weight fractions reported in the 1990 IDB were used to calculate the nu:yor radionuclides of the mixes 
17 reported. The IDB did not report the inventory of each radionuclide. Rather, the inventory of each radionuclide at 
18 each site was based on the mix of waste streams reported. The Hanford submittal to the 1990 IDB indicated that the 
19 activity of some of the CH-1RU waste was currently unknown. Rather than underestimate the potential inventory, 
~~ the Hanford input to the 1987 IDB was used. These inventories have not been independently checked and should be 

22 considered preliminary estimates. 
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Modifications to the radionuclide inventories in the 1990 IDB were made in 1992 (Peterson, October 28, 1992, 
Memo in Appendix A). These modifications are reflected in Table 3.3-1 which lists both CHand RH inventories. 
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3.3 Parameters for Contaminants Independent of Waste Form 

1 Table 3.3-1. Inventory and Parameter Values for TAU Radioisotopes 
2 
3 
4 Parameter Median Units Source 
5 
6 
7 Ac225 

8 Half-life 8.640x1o5 s ICRP, Pub 38, 1983 

9 
10 Ac227 

11 Half-life 6.871x108 s ICRP, Pub 38, 1983 

12 
13 Ac228 

14 Half-life 2.2o7x1o4 s ICRP, Pub 38, 1983 

15 
16 Am241 

17 Activity conversion 3.43x103 Ci!kg 1.1281x1016/(half-life(s)xAt.Wt.) 

18 Half-life 1.364x1010 s ICRP, Pub 38, 1983 

19 
20 Inventory, Anticipated (1990) 

21 CH 6.65x1o5 Ci 

22 RH 1.29x103 Ci U.S. DOE, 1990d; Peterson, 1990 

23 
24 Inventory, Design (1992) 

25 CH 7.14x105 Ci Peterson, October28, 1992 

26 RH 1.06x103 Ci (Memo in Appendix A) 

27 
28 Am243 

29 Half-life 5.822x1011 s ICRP, Pub 38, 1983 

30 
31 At217 

32 Half-life 3.230x1o·2 s ICRP, Pub 38, 1983 

33 
34 Bi210 

35 Half-life 4.330x105 s ICRP, Pub 38, 1983 

36 
37 Bi211 

38 Half-life 1.284x1o2 s ICRP, Pub 38, 1983 

39 
40 Bi212 

41 Half-life 3.633x103 s ICRP, Pub 38, 1983 

42 
43 Bi213 

44 Half-life 2.739x1<fl s ICRP, Pub 38, 1983 

45 
46 Bi214 

47 Half-life U94x1<fl s ICRP, Pub 38, 1983 

48 
49 Cf252 

50 Activity conversion 5.38x105 Cilkg 1.1281X1 016/(half-life(s)xAt.Wt.) 

51 Half-life 8.325x107 s ICRP, Pub 38, 1983 

52 
53 Inventory, Anticipated (1990) 

54 CH 1.27x104 Ci 

55 RH 2.39X103 Ci U.S. DOE, 1990d; Peterson, 1990 

56 
57 Inventory, Design (1992) 

56 CH 3.37x1o2 Ci Peterson, October 28, 1992 

59 RH 8.63x101 Ci (Memo in Appendix A) 

60 
61 Cm244 

62 Activity conversion 6.09x104 Ci!kg 1.1281x1016/(half-life(s)xAt. Wt.) 

63 Half-life 5.715x108 s ICRP, Pub 38, 1983 

64 
65 
66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

Table 3.3-1. Inventory and Parameter Values for TAU Radioisotopes (Continued) 

Parameter Median Units Source 

Inventory, Anticipated (1990) 
CH 1.23X104 Ci 
RH 8.75X103 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 2.06x104 Ci Peterson, October 28, 1992 

RH 4.26x103 Ci (Memo in Appendix A) 

Cs137 
Activity conversion 8.70x104 Cilkg 1.1281x10 16/(half-life(s)xAt. Wt.) 
Half-life 9.467x108 s ICRP, Pub 38, 1983 

Inventory, Anticipated (1990) 
RH 3.33x105 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 6.30x104 Ci Peterson, October28, 1992 

RH 5.70x105 (Memo in Appendix A) 

Fr221 
Half-life 2.880x1o2 s ICRP, Pub 38, 1983 

Np237 
Activity conversion 7.05x1o·1 Cilkg 1.1281x10 16/(half-life(s)xAt. Wt.) 
Half-life 6.753x1013 s ICRP, Pub 38, 1983 

Inventory, Anticipated (1990) 
CH 1.47 Ci 
RH 8.87x1o-1 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 20.8 Ci Peterson, October 28, 1992 
RH 9.20x1o-1 Ci (Memo in Appendix A) 

Np239 
Half-life 2.035x105 s ICRP, Pub 38, 1983 

Pa231 
Half-life 1.034x1o12 s ICRP, Pub 38, 1983 

Pa233 
Half-life 2.333x106 s ICRP, Pub 38, 1983 

Pb209 
Half-life 1.171x104 s ICRP, Pub 38, 1983 

Pb210 
Activity conversion 7.63x104 Cilkg 1.1281x1 oH'>f(half-life(s)xAt. Wt.) 
Half-life 7.037x108 s ICRP, Pub 38, 1983 

Pb211 
Half-life 2.166x103 s ICRP, Pub 38, 1983 

Pb212 
Half-life 3.830x1o4 s ICRP, Pub 38, 1983 

Pb214 
Half-life 1.608x103 s ICRP. Pub 38, 1983 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued) 
2 
3 
4 Parameter Median Units Source 
5 
6 
7 Pm147 

8 Activity conversion 9.27x105 Ci/kg 1.1281x1 016/(half-life(s)xAt.Wt.) 

9 Half-life 8.279x107 s ICRP, Pub 38, 1983 

10 
11 Inventory, Anticipated (1990) 

12 RH 3.15X105 Ci U.S. DOE, 1990d; Peterson, 1990 

13 
14 Inventory, Design (1992) 
15 CH 7.60x 104 Ci Peterson, October28, 1992 
16 RH 5.36X105 (Memo in Appendix A) 
17 
18 Po210 
19 Half-life 1.196X107 s ICRP, Pub 38, 1983 
20 
21 Po212 
22 Half-life 3.050x10·7 s ICRP, Pub 38, 1983 
23 
24 Po213 
25 Half-life 4.200x1o·6 s ICRP, Pub 38, 1983 
26 
27 Po214 
28 Half-life 1.643x1o·4 s ICRP, Pub 38, 1983 
29 
30 Po215 
31 Half-life 1.780x1o·3 s ICRP, Pub 38, 1983 
32 
33 Po216 
34 Half-life 1.500x1o·1 s ICRP, Pub 38, 1983 
35 
36 Po218 
37 Half-life 1.830x102 s ICRP, Pub 38, 1983 
38 
39 Pu238 
40 Activity conversion 1.71X104 Ci/kg 1.1281x1 o 16/(half-life(s)xAt.Wt.) 
41 Half-life 2.769X109 s ICRP, Pub 38, 1983 
42 
43 Inventory, Anticipated (1990) 
44 CH 4.26x106 Ci 
45 RH 5.14X102 Ci U.S. DOE, 1990d; Peterson, 1990 
46 
47 Inventory, Design (1992) 
48 CH 3.06x106 Ci Peterson, October28, 1992 
49 RH 2.73X104 Ci (Memo in Appendix A) 
50 
51 PU239 
52 Activity conversion 6.22x101 Cilkg 1.1281x10 16/(half-life(s)xAt.Wt.) 
53 Half-life 7.594x1011 s ICRP, Pub 38, 1983 
54 
55 Inventory, Anticipated (1990) 
56 CH 4.37x105 Ci 
57 RH 1.16x103 Ci U.S. DOE, 1990d; Peterson, 1990 
58 
59 Inventory, Design (1992) 
60 CH 3.35x105 Ci Peterson, October28, 1992 
61 RH 8.50x103 Ci (Memo in Appendix A) 
62 
63 
64 
65 
66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued) 

Parameter Median Units Source 

Pu240 
Activity conversion 2.28x102 Cilkg 1.1281x1 o16(half-life(s)xAt.Wt.) 
Half-life 2.063x1011 s ICRP, Pub 38, 1983 

Inventory, Anticipated (1990) 
CH 5.91x1o4 Ci 
RH 2.89x102 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 1.00x105 Ci Peterson, October 28, 1992 
RH 2.2Bx103 Ci (Memo in Appendix A) 

Pu241 
Activity conversion 1.03x105 Cilkg 1.1281x1016/half-life(s)xAt.Wt.) 
Half-life 4.544x108 s ICRP, Pub 38, 1983 

Inventory, Anticipated (1990) 
CH 2.54X106 Ci 
RH 1.32X104 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 3.60X106 Ci Peterson, October28, 1992 
RH 1.20x105 Ci (Memo in Appendix A) 

Pu242 
Activity conversion 3.93 Cilkg 1.1281x1 o 16/(half-life(s)xAt.Wt.) 
Half-life 1.187x1013 s ICRP, Pub 38, 1983 

Inventory, Anticipated (1990) 
CH 1.84 Ci 
RH 3.31x1o·3 Ci U.S. DOE, 1990d; Peterson, 1990 

Inventory, Design (1992) 
CH 23.5 Ci Peterson, October 28, 1992 
RH 2.94 Ci (Memo in Appendix A) 

Ra223 
Half-life 9.879x105 s ICRP, Pub 38, 1983 

Ra224 
Half-life 3.162x105 s ICRP, Pub 38, 1983 

Ra225 
Half-life 1.279x106 s I CAP, Pub 38, 1983 

Aa226 
Activity conversion 9.89x102 Cilkg 1.1281x1016/(half-life(s)xAt.Wt.) 
Half-life 5.049x1010 s I CAP, Pub 38, 1983 

Ra228 
Half-life 1.815x108 s ICRP, Pub 38, 1983 

Rn219 
Half-life 3.960 s ICRP, Pub 38, 1983 

Rn220 
Half-life 5.560x101 s ICRP, Pub 38, 1983 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

1 Table 3.3-1. Inventory and Parameter Values for TAU Radioisotopes (Continued) 
2 
3 
4 Parameter Median Units Source 
5 
6 
7 Rn222 

8 Half-life 3.304x1o5 s ICRP, Pub 38, 1983 

9 
10 Sr90 

11 Activity conversion 1.36x105 Cilkg 1.1281x1 o16/(half-life(s)xAt. Wt.) 
12 Half-life 9.189x108 s I CAP, Pub 38, 1983 

13 
14 Inventory, Anticipated (1990) 

15 RH 2.aox1o5 Ci U.S. DOE, 1990d; Peterson, 1990 

16 
17 Inventory, Design (1992) 

18 CH 8.23x104 Ci Peterson, October28, 1992 

19 RH 5.21X105 (Memo in Appendix A) 

20 
21 Th227 

22 Half-life 1.617x106 s ICRP, Pub 38, 1983 

23 
24 Th228 

25 Half-life 6.037X107 s ICRP, Pub 38, 1983 

26 
27 Th229 
28 Activity conversion 2.13x102 Cilkg 1.1281x1016/(half-life(s)xAt.Wt.) 
29 Half-life 2.316x1o11 s ICRP, Pub 38, 1983 
30 
31 Th230 
32 Activity conversion 2.02x101 Cilkg 1.1281x10 16/(half-life(s)xAt.Wt.) 
33 Half-life 2.430x1o12 s ICRP, Pub 38, 1983 
34 
35 Th231 
36 Half-life 9.187x104 s ICRP, Pub 38, 1983 
37 
38 Th232 
39 Activity conversion 1.10x104 Cilkg 1.1281x1 016/(half-life(s)xAt. Wt.) 
40 Half-life 4.434x1o17 s ICRP, Pub 38, 1983 
41 
42 Inventory, Anticipated (1990) 
43 CH 0.0 Ci 
44 RH 0.0 Ci U.S. DOE, 1990d; Peterson, 1990 
45 
46 Inventory, Design (1992) 
47 CH 2.90x1o-1 Ci Peterson, October28, 1992 
48 RH 5.66 Ci (Memo in Appendix A) 
49 
50 Th234 
51 Half-life 2.082x106 s ICRP, Pub 38, 1983 
52 
53 Tl207 
54 Half-life 2.862x1o2 s ICRP, Pub 38, 1983 
55 
56 U233 
57 Activity conversion 9.68 Cilkg 1.1281x1 o 16/(half-life(s)xAt. Wt.) 
58 Half-life 5.002x1o12 s ICRP, Pub 38, 1983 
59 
60 Inventory, Anticipated ( 1990) 
61 CH 7.18x101 Ci Peterson, October 28, 1992 
62 RH 2.86X101 Ci (Memo in Appendix A) 
63 
64 
65 
66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

Table 3.3-1. Inventory and Parameter Values for TAU Radioisotopes (Concluded) 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Parameter 

Inventory, Design (1992) 
CH 
RH 

11 U234 
12 Activity conversion 
13 Half-life 

14 
15 U235 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Activity conversion 
Half-life 

Inventory, Anticipated (1990) 
CH 
RH 

Inventory, Design (1992) 
CH 
RH 

27 U236 
Half-life 28 

29 
30 U238 
31 Activity conversion 
32 Half-life 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Inventory, Anticipated (1990) 
CH 
RH 

Inventory, Design (1992) 
CH 
RH 

(page date: December 29, 1992) 

Median 

1.53x103 

1.99x102 

6.25 
7.716x1012 

2.16x10"3 

2.221x1o16 

5.54x1o·2 

1.23x10·2 

5.38x10·1 

6.13x10"2 

7.389x1o14 

3.36x10-4 
1.410x1017 

0.0 
7.83x1o·2 

2.68 
1.80 

3-27 

Units 

Ci 
Ci 

Cilkg 
s 

Ci/kg 
s 

Ci 
Ci 

Ci 
Ci 

s 

Cilkg 
s 

Ci 
Ci 

Ci 
Ci 

Source 

Peterson, October28, 1992 
(Memo in Appendix A) 

1.1281x1o16/(half-life(s)xAt.Wt.) 
ICRP, Pub 38, 1983 

1.1281x10 16/(half-life(s)xAt. Wt.) 
ICRP, Pub 38, 1983 

U.S. DOE, 1990d; Peterson, 1990 

Peterson, October28, 1992 
(Memo in Appendix A) 

ICRP, Pub 38, 1983 

1.1281x1 o16/(half-life(s)xAt.Wt.) 
ICRP, Pub 38, 1983 

U.S. DOE, 1990d; Peterson, 1990 

Peterson, October28, 1992 
(Memo in Appendix A) 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

1 3.3.2 Inventory of Remotely Handled Waste 
2 
3 

The 1991 inventory of IRU waste that must be transported and handled in shielded casks because of dose rates at 
5 the surface above 200 mrernlhr (remotely handled [RH]) was estimated from the input submitted to the 1990 IDB 
6 (U.S. DOE, 1990d). Estimates were made using a similar method to that used for the CH-TRU waste (discussed in 
7 Section 3.3.1).* Some differences between the methods for estimating CHand RH were in the estimation of the 
: activity for RH waste reported as mixed fission products and the "unknown" distribution from Hanford. For the 

10 mixed fission products, a mixture of 10-yr-old fission products was assumed as the source term. For the Hanford 
11 "unknown," a slurry mixture from the Hanford high level waste tanks provided the isotopic distribution; it was esti-
12 mated that a 2.15 x 10·6 Ci /(kg•s) (30 remlhr) canister will contain about 450 Ci of gamma emitters. For other mix-
13 tures reported in the 1990 IDB, the weight fractions reported were used to calculate the major radionuclides. A 
14 volume scaling method similar to that used for CH-IRU waste was used to increase the volume from about 5,300 m3 

~~ (estimated from the 1990 IDB) to the maximum volume of7,079 m3. 

4 

17 
18 Modifications to the radionuclide inventories in the 1990 IDB were made in 1992 (Peterson, October 28, 1992, 
19 Memo in Appendix A). These modifications are reflected in Table 3.3-1 which lists both CHand RH inventories. 
20 
21 
22 For the 1991 and 1992 PA calculations, the RH-TRU waste was included in the cuttings releases. The RH-IRU 
23 waste has not been included in the long-term performance assessment inventory for most previous calculations 
24 (Mariettaet al., 1989; Lappin et al., 1989; U.S. DOE, 1990b), because RH-IRUwaste constituted less than 2% of the 
25 activity. Furthermore, the current procedure for em placing RH waste in the pillar walls will minimize the interaction 
~~ of the RH waste canisters and the CH-IRU waste rooms. Also a large amount of the activity in RH waste is from 

28 radionuclides with relatively short half-lives, which have a small consequence over the long term. 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 

64 * An alternative method would be to scale the radionuclides so that the activity limit agreed upon by the State of New Mexico and the DOE--
65 5.2x106 Ci--would be emplaced instead of the agreed-upon volume limit. 
66 
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1 3.3.3 Radionuclide Chains and Half-Lives 
2 

ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Fonn 

3 
4 The decay chains for the initial radionuclides in the CH and RH inventory are shown in Figures 3.3-1 and 3.3-2, 
s respectively. The half-life for each radionuclide listed in the literature by ICRP Publication 38 (ICRP, Pub 38, 1983) 
6 is also on Figure 3.3-1. For reference, the half-lives of the radionuclides in the initial WIPPinventory and decay prod­
? nets are tabulated in Table 3.3-2. The 1992 initial inventories (in Ci) are listed in Table 3.3-1. 
B 
9 

Many of the daughter radionuclides have extremely short half-lives, low activities, and make a small contribu-
11 tion to the curie inventory. Shortened chains are used when modeling as follows. 
10 

12 
13 

~~ RADIONUCLIDES FOR CUTTINGS AND REPOSITORY MODELING 

16 
17 From the 70 radionuclides shown in Figure 3.3-1, 23 are considered major contributors to the inventory and are 
1 B used in calculating the radionuclide releases from drilling into the repository and bringing cuttings to the surface and 
19 when calculating concentrations within the repository prior to transport to the Culebra. In general, most isotopes of 
;~ plutonium, thorium, americium, curium, neptunium, californium, radium, and uranium are considered. 

22 
23 The RH inventory decay chains include the chains in the CH inventory shown in Figure 3.3-1 plus the three 
24 chains shown in Figure 3.3-2. The radionuclides in the RH cuttings releases included cesium-137, promethium-147, 
25 and strontium-90 in addition to all of the radionuclides in the CH releases. 
26 
27 
28 
29 RADIONUCLIDES FOR TRANSPORT MODELING 
30 

31 Nine radionuclides are considered in 1992 PA transport calculations for CH-TRU waste and are highlighted on 
;; Figure 3.3-1. 

34 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 
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Considered in Calculations Evaluating 
the Release from Cuttings and Evaluating 
Concentrations within the Repository 

Isotope Considered in Transport Calculations 

TRI-6342·1125·0 

Figure 3 .3-1. Decay of CH radionuclide chain in 1RU-contaminated waste. 

(page date: December 29, 1992) 3-30 (database version: X-3.06PR) 



2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

f3 5.75 yr 

228Ao 

f3 ,.....~, 6.13 h 

228Th 

a,.....r-1 1.913yr 

224Ra 

a ,.....r-1 3.66 days 

220Rn 

a,.....~, 56.6 s 
216p0 

a ,.....11 0.15 s 

212pb 

f3 ,.....~, 10.64 h 

;!'"2128i~ 

f364o/o I\ 36% a 
1.009 h I \ 7 min 

212p0 208TJ 

a ~5ns\ / 45sL... f3 

208pb 

ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

a 8.26 x 107 yr 

240u 

f3,....;114.10h 

a 7.340 x 103 yr 

225Ra 

f3 ,.....~, 14.8 days 
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a ,.....r-1 10 days 
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Considered in Calculations Evaluating 
the Release from Cuttings and Evaluating 
Concentrations within the Repository 

Isotope Considered in Transport Calculations 

TRI-6342-1125-0 

Figure 3.3-1. Deeay of CH radionuclide chain in TRU-contaminated waste (concluded). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters tor Contaminants Independent of Waste Form 
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a ,JI 1.06x 106yr 

143Nd 

J90sr I 
f3 ,.r-1 29.12 yr 

90y 

f3 ,.,I 64 h 

90zr 

Considered in Calculations Evaluating 
the Release from Cuttings and Evaluating 
Concentrations within the Repository 

ICJI Isotope Considered in Transport Calculations 

TRI-6342·1126·0 

Figure 3.3-2. Decay of RH radionuclide chain in TRU-contaminated waste. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

Table 3.3-2. Half-Lives of Isotopes Disposed or Created in WIPP (ICRP, Pub 38, 1983) 

Half-life (t112) 

Radioisotope (s) Reported 

Actinium 22SAc 2.207x104 6.13 h 
227Ac 6.871x108 2.1nx101 yr 
225Ac 8.64x105 10day 

Americium 243Am 5.822x1011 7.38x103 yr 
241Am 1.364x1010 4.322x102 yr 

Antimony 12sSb 8.741x107 2.77yr 
Astatine 211 At 3.23x1o-2 3.23x10'2 s 
Barium 137mBa 1.531x1o2 2.552 min 
Bismuth 214Bi 1.194x103 19.9 min 

21aBi 2.739x103 45.65 min 
212Bi 3.633x103 60.55 min 
211Bi 1.284x1o2 2.14 min 
210Bi 4.33x105 5.012 day 

Californium 2s2Cf 8.325x107 2.638 yr 
Cerium 144Ce 2.456X107 284.3 day 
Cesium 137cs 9.467x108 30.0 yr 

134Cs 6.507x107 2.062yr 
Chromium 51Cr 2.394x106 27.7 day 
Cobalt 60Co 1.663x1oB 5.221 yr 

58 Co 6.117x106 70.8day 
Curium 249Cm 1.010x1013 3.39x105 yr 

244cm 5.715x108 18.11yr 
Europium 1ssEu 1.565x108 4.96yr 

154Eu 2.777x108 8.80yr 
1s2Eu 4.207x108 13.53 yr 

Francium 221Fr 2.88x102 4.8min 
Iron 59 Fe 3.847x106 44.53 day 
Lead 214pb 1.608x103 26.8 min 

212pb 3.83x104 10.64 h 
211pb 2.166X103 3.61 min 
210pb 7.037x108 22.3 yr 
209pb 1.171x1o4 3.253 h 

Manganese 54Mn 2.7x107 312.5 day 
Neptunium 239Np 2.035x105 2.355 day 

237Np 6.753x1013 2.14x106 yr 
Niobium 95Nb 3.037x10S 35.15 day 
Plutonium 244pu 2.607X1015 8.76x107lr 

242pu 1.187x1013 3.763x10 yr 
241pu 4.544x108 14.4 yr 
24Dpu 2.063x1o11 6.537x103 yr 
239pu 7.594x1011 2.407x104 yr 
238pu 2.769x109 87.74yr 

Polonium 21sp0 1.83X102 3.05 min 
21sp0 1.5x1o-1 1.5x10'1 s 
21sp0 1.78x10-3 1.78x10'3 s 
214p0 1.643x10-4 1.643x 1 o-4 s 
212p0 4.2x1o·6 4.2x10-6 s 
212p0 3.05x1o·7 3.05x10·7 s 
21op0 1.196x107 138.4 day 

Praseodymium 144pr 1.037x103 17.28 min 
Promethium 147pm 8.279x107 2.623 yr 

• Bolding indicates isotopes assumed in initial inventory for PA calculations. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Fonn 

1 Table 3.3-2. Half-Lives of Isotopes Disposed or Created in WIPP (ICRP, Pub 38, 1983) (Concluded) 
2 
3 
4 
5 
6 
7 

Half-life (t112) 

8 
9 Protactinium 

10 
11 
12 
13 
14 
15 

Radium 

16 Radon 

17 
18 
19 Rhodium 

20 
21 
22 

Ruthenium 
Strontium 
Thallium 

23 Thorium 

24 
25 
26 
27 
28 
29 
30 Uranium 

31 
32 
33 
34 
35 
36 Yttrium 

37 
38 

Radioisotope 

233pa 
231pa 
22sRa 
22sRa 
225Ra 
224Ra 
223Ra 
222Rn 
220Rn 
219Rn 
10sRh 

106Ru 
90Sr* 
207Tl 
234Th 
232fh 
231Th 

230fh 
~h 
228Th 
227Th 
24ou 

23au 

236u 
235u 
234u 

233u 

ooy 

(s) 

2.333x106 

1.034x1012 

1.815X108 

5.049x1010 

1.279x106 

3.162x105 

9.879x105 

3.304x1o5 
5.56x101 

3.96 
2.99X101 

3.181x107 

9.189x108 

2.862x1o2 
2.082x106 

4.434x1017 

9.187x104 

2.43x1012 

2.316x1o11 

6.037x107 

1.617x106 

5.076x1o4 
1.41x1017 

7.389x1014 

2.221x1016 

7.716x1012 

5.002x1012 

2.304x105 

39 • Bolding indicates isotopes assumed in initial inventory for PA calculations. 
40 
41 
42 
43 
44 
45 Note on half-life uncertainties: 
46 

Reported 

27day 
3.276x104 yr 
5.75 yr 
1.6x103 yr 
14.8 day 
3.66 day 
11.43 day 
3.824 day 
5.56x101 s 
3.96 s 
2.99X101 S 

3.682x1 o2 day 
29.12yr 
4.77 min 
24.1 day 
1.405x1 0 10 yr 
25.52 h 
7.7x103 yr 
7.34x103 yr 
1.913 yr 
18.72 day 
1.41x101 hr 
4.468x109 yr 
2.342x107 yr 
7.038x108 yr 
2.445x105 yr 
1.585x105 yr 
64.0 h 

47 Quoted standard errors of radioisotope half-lives are generally small relative to the mean values. This is ill us-
:: trated by the examples provided below (taken from IAEA, 1986). 

50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Radioisotope Half-life 

241Am (432.2 ± 0.5) y 

zszcf (2.645 ± 0.008) y 

244cm (18.10 ± 0.02) y 

For this reason, the PA Deparunent regards radioisotope half-lives as precisely known parameters. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

1 3.3.4 40 CFR 191 Release Limits and Waste Unit Factor 
2 
3 
4 
5 40 CFR 191 RELEASE LIMITS 
6 

7 The release limits (Li) for evaluating compliance with 40 CFR 191 § 13 are provided in Table 3.3-3. These apply 
: to the 1991 inventory: the release limits for 1992 are only slightly different. 

10 
11 
12 Table 3.3-3. 1991 Cumulative Release Limits (L;) to the Accessible Environment 10,000 Yr after Disposal 
13 for Evaluating Compliance with Containment Requirements (after EPA, 1985, Appendix A, 
14 Table 1) 
15 
16 
17 
18 
19 
20 
21 
22 

Release limit (Li) 
per1 X 106 Ci 

Radionuclide 

a -emitting TAU nuclide 
with t112 > 20 yr" 

(Ci) 

23 

24 Americium (Am) -241 or -243 ......................................................................... . 
25 Carbon (C) -14 .............................................................................................. .. 
26 Cesium (Cs) -135 or -137 .............................................................................. .. 
27 Iodine (I) -129 ................................................................................................ .. 
28 Neptunium (Np) ·237 ..................................................................................... . 
29 Plutonium (Pu) -238, -239, -240, or -242 ...................................................... .. 
30 Radium (Ra) ·226 ................................................................................... ·· ...... . 
31 Strontium ( Sr) -90 .......................................................................................... .. 
32 Technetium (Tc) -99 .................................................. · · ................................... .. 
33 Thorium (Th) -230 or -232 ............................................................................. .. 
34 iin (Sn) ·126 ................................................................................................. .. 
35 Uranium (U) -233, -234, -235, -236, or -238 ................................................. . 
36 Any other a -emitting radionuclide with t112 > 20 yr ...................................... .. 
37 Any other non a-emitting radionuclide with t112 > 20 yr ................................ . 
38 
39 
40 
41 * Other units of waste described in EPA, 1985, Appendix A (40 CFR 191) 
42 •• 1992 PA release limits are not significantly different from those of 1991. 
43 
44 
45 
46 

1~ WASTE UNIT FACTOR 
49 

100 
100 

1000 
100 
100 
100 
100 

1000 
10000 

10 
1000 
100 
100 

1000 

1991 
PARelease 

Limits 

1187 
1187 

11870 
1187 
1187 
1187 
1187 

11870 
118700 

118.7 
11870 

1187 
1187 

11870 

50 The waste unit factor (fnJ is the inventory in curies of transuranic ('IRU) a-emitting radionuclides in the waste 
51 with half-lives greater than 20 yr divided by 106 Ci, where 'IRU is defined as radionuclides with atomic weights 
52 
53 

greater than uranium (92). Consequently, as currently defined in 40 CFR 191, all'IRU radioactivity in the waste can-
54 not be included when calculating the waste unit factor. For the WIPP, 1.187 x 107 Ci of the 1991 radioactivity design 
55 total of 1.814 x 107 Ci came from TRU a-emitting radionuclides with half-lives greater than 20 yr (see Tables 3.3-5 
56 and 3.3-6, WIPP PA Division, 1991, vol. 3). Regardless of the waste unit, the WIPP has assumed that all nuclides 
57 listed in Tables 3.3-1 and 3.3-2 are regulated and must be included in the release calculations. Therefore, the release 
58 
59 

limits (Li) used by the WIPP are reduced somewhat (i.e., more restrictive). 

60 
61 
62 
63 
64 
65 
66 
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3.3 Parameters for Contaminants Independent of Waste Form 

1 3.3.5 Chemical and Physical Parameters of TRU Wastes 
2 
3 
4 Some of the chemical and physical parameters needed for modeling the behavior of TRU wastes are summarized 

5 in Table 3.3-4. Other parameters connected with the waste forms plus their containers are discussed in Section 3.4. 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
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24 
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27 
28 
29 
30 
31 
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33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
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47 
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51 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

1 Table 3.3-4. Chemical and Physical Parameters of TRU Waste 
2 
3 
4 
5 

Distribution 
6 

Parameter' Median Range Units Type Source 
7 
8 
9 Gas generation 

10 Corrosion 
11 Inundated rate 6.3 X 10'9 0 1.3 X Hr8 moV(m:l,s)b Constructed Brush, 1991 
12 Relative humid rate 1 x 1o·1 0 5 X 10'1 none Constructed Brush, 1991 
13 Microbiological 
14 Inundated rate 3.2x 10'9 0 1.6 X 10'8 moV{kg-s)c Constructed Brush, 1991 
15 Relative humid rate 1 X 10'1 0 2 X 10'1 none Uniform Brush, 1991 
16 Radiolysis 1 X 10'4 mol/drum/yr Constant Brush, 1991 
17 
18 Gas generation stoichiometry factor 
19 Corrosion 5 X 10'1 0 1 none Uniform Brush and Anderson in Lappin et 
20 al., 1989, p. A-6 
21 Microbiological 8.35 X 10'1 0 1.67 none Uniform Brush and Anderson in Lappin et 
22 al., 1989, p. A-10 
23 Am 
24 Diffusion coefficienf 1.76x10'10 5.3x10'11 3x10'10 m2/s Uniform Lappin et al., 1989, Table E-7 
25 Am 
26 Solubility -9.00 -13.3 0.0 log {Molar) Constructed See Section 3.3.5 
27 Cm 
28 Diffusion coefficient 1.76x1o·10 5.3x10'11 3x1o-10 m2/s Uniform Lappin et al.,1989, Table E-7 
29 Cm 
30 Solubility -9.00 -13.3 0.0 log (Molar) Constructed See Section 3.3.5 
31 Np 
32 Diffusion coefficient 1.76x10'10 5.2x10'11 3x10'10 m2/s Uniform Lappin et al., 1989, Table E-7 
33 Np 
34 Solubility -6.99 -15.5 -2.00 log (Molar) Constructed See Section 3.3.5 
35 Pb 
36 Diffusion coefficient 4x1o-10 2x10-10 sx1o·10 m2/s Constructed Lappin et al., 1989, Table E-7 
37 Pb 
38 Solubility 0.210 -2.00 -1.00 log (Molar) Constructed See Section 3.3.5 
39 Pu 
40 Diffusion coefficient 1.74x1o-10 4.8x10'11 sx1o·10 m2/s Uniform Lappin et al.,1989, Table E-7 
41 Pu 
42 Solubility -9.22 -16.5 -3.4 log (Molar) Constructed See Section 3.3.5 
43 Ra 
44 Diffusion coefficient 3.75x10'10 1.88x1o-10 7.5x10'10 m2/s Constructed Lappin et al.,1989, Table E-7 
45 Ra 
46 Solubility 1.04 0.3 1.26 log (Molar) Constructed See Section 3.3.5 
47 Th 
48 Diffusion coefficient 1 x1o·10 5x10·11 1.sx1o·10 m2/s Uniform Lappin et al., 1989, Table E-7 
49 Th 
50 Solubility -10.0 -15.2 -5.6 log (Molar) Constructed See Section 3.3.5 
51 u 
52 Diffusion coefficient 2.1x1o·10 1.1x1o·10 4.3x10'10 m2/s Uniform Lappin et al., 1989, Table E-7 
53 u 
54 Solubility -3.27 -15.00 0.0 log (Molar) Constructed See Section 3.3.5 
55 
56 
57 
58 a Parameters in bold were sampled in the 1992 calculations. 
59 b mole/(m2 - surface area steel• s) 
60 c mole/(kg - cellulosics • s) 
61 d Free liquid diffusion coefficient of the indicated species 
62 
63 
64 
65 
66 
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2 
3 Solubility of Specific Radionuclides* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: 
Material: 

Definition Units: 

Values: 

Distribution: 
Correlation: 

Data Source(s): 

Usage: 

Solubility (S) for Am, Cm, Np, Pb, Pu, Ra, Th, U 
Radionuclide-bearing compounds in waste form 

Log (Molar) 

See Table 3.3-4 

Constructed (see Figures 3.3-3[a] through 3.3-3[h] and discussion) 

Trauth, K. M., S.C. Hora, R. P. Rechard, and D. R. Anderson. In Review. The Use of 
Expert Judgment to Quantify Uncertainty in Solubility and Sorption Parameters for 
Waste Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque, 
NM: Sandia National Laboratories. (Copy on file at the Waste Management and 
Transportation Library, Sandia National Laboratories, Albuquerque, NM.) (Expert 
Panel Judgment) 

Mathematical model: 
Repository Discharge, Section 1.4.4 of this volume. 

Equations 1.4.4-5, 1.4.4-11. 

Computational models: 
PANEL 

Ranking in Past Sensitivity Analyses: 
40 C..."FR 191 High for Am, Np, Pu, Th, U; others Not tested 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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56 Figure 3.3-3. Constructed distribution for solubility of (a) americium (Am), (b) curium (Cm), (c) neptunium (Np), 
57 (d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g), thorium (Th), and (h) uranium (U). 
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55 Figure 3.3-3. Constructed distribution for solubility of (a) americium (Am), (b) curium (Cm), (c) neptunium (Np), 
(d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g), thorium (Th), and (h) uranium (U) (con­
cluded). 
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1 Discussion of Solubilities: 
2 

ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

3 The distributions of solubilities elicited by Trauth et al. (1991, In Review) for the 1991 PA calculations are 
4 
5 shown as bar diagrams in Figure 3.3-4. Different oxidation states were distinguished for Np, Pu and U; and different 
s solution conditions were distinguished for Pb and Ra. Relative areas in pH-Eh space for the oxidation states of Np, 
7 Pu and U were also provided by the expert panel (Figure 3.3-5). No new infonnation on solubilities was obtained in 
8 1992. 
9 

10 
11 In the 1991 PA calculations, an index variable between 0 and 1 was used to select solubilities corresponding to 
12 the several oxidation states by sampling on the relative areas in pH-Eh space. In the 1992 calculations, all solubility 
13 distributions (Figure 3.3-4) were first converted to distributions of logarithms (base 10) of Molar values; the resulting 
14 distributions having more than one oxidation state {Np, Pu, U) were then weighted according to the relative areas in 
~= pH-Eh space (Figure 3.3-5) and added to give a single distribution for each species (Figure 3.3-3). The solution con-
17 dition assumed for lead (Pb) was "carbonate absent" and the solution condition assumed for radium (Ra) was "car-
18 bonate and sulfate present"; i.e., conditions giving highest values of solubility for Pb and Ra were assumed for the 
19 sake of conservatism. 
20 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 
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Bar diagrams of elicited distributions of solubility for americium, curium, lead, neptunium, 
plutonium, radium, thorium, and uranium (after Trauth et al., 1992). 
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Estimated relative areas of stability in the pH-Eh space for neptunium, plutonium, and uranium and 
percentage of area of stable water. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

! Gas Production from Corrosion (Inundated Rate)* 
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Parameter: Gas production rates, corrosion, inundated rate (ri' CI) 
Inundated, steel in waste fonn (WastRef, GRatCorl) Material: 

Definition Units: mol H2/(m2-surface area steel • s) 

Values: Range: (0, 1.3 x 10'8) Median: 6.3 x 1Q-9 

Distribution: Constructed (see Figure 3.3-6) 
Correlation: 

Data Source(s): Brush, L. H. 1991. Appendix A: "Current Estimates of Gas Production Rates, Gas Pro-

Usage: 

duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide 
Chemistry for the Long-Tenn WIPP Perfonnance Assessment," Preliminary Compar­
ison with 40 CFR Part 191, Subpart Bfor the Waste Isolation Pilot Plant, December 
1991. Volume 3: Reference Data. WIPP Perfonnance Assessment Division. Eds. R. 
P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. Iuzzolino, M. S. Tierney, and J. S. 
Sandba. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25 
through A-36. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-12. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Medium 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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46 Figure 3.3-6. Constructed distribution for gas production rates from corrosion under inundated conditions. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

2 

! Gas Production from Corrosion (Relative Humid Rate)* 
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Parameter: Gas production rates, corrosion, relative humid rate (f) 
Material: Steel in waste fonn exposed to humid conditions (WastRef, GRatCorH) 

Definition Units: Dimensionless 

Values: Range: (0, 5 x 1 o-1) Median: 1 x 1 o-1 

Distribution: Constructed (see Figure 3.3-7) 
Correlation: 

Data Source(s): Brush, L. H. 1991. Appendix A: "Current Estimates of Gas Production Rates, Gas Pro-

Usage: 

duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide 
Chemistry for the Long-Tenn WIPP Perfonnance Assessment," Preliminary Compar­
ison with 40 CFR Part 191, Subpart Bfor the Waste isolation Pilot Plant, December 
1991. Volume 3: Reference Data. WIPP Perfonnance Assessment Division. Eds. R. 
P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. Iuzzolino, M.S. Tierney, and J. S. 
Sandba. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25 
through A-36. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-14. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 High 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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3.3 Parameters for Contaminants Independent of Waste Form 
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Figure 3.3-7. Constructed distribution for relative gas production rates from corrosion under humid conditions. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

! Gas Production from Corrosion (Stoichiometry)* 
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Parameter: Anoxic iron corrosion stoichiometry (x) 
Inundated steel in waste form, (WastRef, StoiCor) Material: 

Definition Units: None 

Values: Range: (0, 1) Median: 0.5 

Distribution: Uniform 
Correlation: 

Data Source(s): Brush, L. H., and D. R. Anderson. 1989. "Appendix A: Drum (Metal) Corrosion, Micro-

Usage: 

bial Decomposition of Cellulose, Reactions Between Drum-Corrosion Products and 
Microbially Generated Gases, Reactions Between Possible Backfill Constituents and 
Gases and Water Chemical Reactions," Systems Analysis, Long-Term Radionuclide 
Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern 
New Mexico; March 1989. Eds. A. R. Lappin, R. L. Hunter, D.P. Garber, and P. B. 
Davies. SAND89-0462. Albuquerque, NM: Sandia National Laboratories. A-3 
through A-30. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-13. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Medium 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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2 
Discussion of Gas Production from Corrosion: 

ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

! After waste is emplaced in the WIPP repository, some gas is expected to be generated from three types of chem-
5 ical reactions: (1) anoxic corrosion, (2) biodegradation, and (3) radiolysis. In theory, the rates are dependent upon 
e several factors, such as the chemical makeup of the waste (both organic and inorganic), the types of bacteria present, 
7 interactions among the products of the reactions, characteristics of WIPP brine, pH, and Eh. Experimental data 
8 describing these dependencies are incomplete at this time. However, some rough estimates of the range of gas gener-

1 ~ ation rate values under possible WIPP environmental conditions have been made using available data. 

11 
12 
13 

Brush (1991) estimates gas production from corrosion for inundated and humid conditions. The estimates for 
inundated conditions are based on 3- and 6-month experiments by R. E. Westerman of Pacific Northwest Laboratory 

14 (PNL) on ASTM A366 and ASTMA 570 steels byWIPPBrine A when N2 is present at low pressures(- 0.105 MPa 
15 [150 psig]) (Brush, 1991) (Figure 3.3-8). The following are estimated gas production and corrosion rates for inun­
~~ dated conditions: minimum, 0 mol H2/m2 steellyr (0 mol H2/drum/yr); best estimate, 0.2 mol H2hn2 steellyr (1 moll 
18 drurnlyr); and maximum, 0.4 mol H2/m2 steellyr (2 molldrum/yr) with N2 at 0.698 MPa (1000 psig) (Brush, 1991). 
19 

20 Westerman also performed 3- and 6-month low-pressure humid experiments with either C02 or N2 atmospheres 
;~ (Brush, 1991). No H2 production was observed except for very limited quantities from corrosion of the bottom 10% 

23 of the specimens splashed with brine during pretest preparation of the containers. Westerman is currently quantifying 
24 H2 production from anoxic corrosion of steels in contact with noninundated backfill materials. Until further results 
25 are available, the estimated rates for humid conditions are as follows: minimum, 0 mol H2/m2 steellyr (0 mol H2/ 

26 drum/yr); best estimate, 0.02 mol H2/m
2 steellyr (0.1 mol H2/drumlyr); and maximum, 0.2 mol H2/m2 steel/yr (1 mol 

;~ H2/drum/yr) with N2 at 0.698 MPa (1000 psig) (Brush, 1991). When expressed in terms of relative rates, the values 

29 are 0 to 0.5 with a median of 0.1. 
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Pressure-time plots for 6-month anoxic corrosion experiments under brine-inundated and vapor­
limited ("humid") conditions (Davies et al., 1991, Figure 6). 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

2 

! Gas Production from Microbiological Processes (Inundated Rate)* 
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Parameter: Gas production rates, microbiological, inundated rate (riB1) 
Inundated cellulosics in waste fonn (WastRef, GRatMicl) Material: 

Definition Units: mol gas/(kg- cellulosics • s) 

Values: Range: (0, 1.6 X w-8) Median: 3.2 X w-9 

Distribution: Constructed (see Figure 3.3-8) 
Correlation: 

Data Source(s): Brush, L. H. 1991. Appendix A: "Current Estimates of Gas Production Rates, Gas Pro-

Usage: 

duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide 
Chemistry for the Long-Tenn WIPP Perfonnance Assessment," Preliminary Compar­
ison with 40 CFR Part 191, Subpart Bfor the Waste Isolation Pilot Plant, December 
1991. Volume 3: Reference Data. WIPP Perfonnance Assessment Division. Eds. R. 
P. Rechard, A. C. Peterson, J.D. Schreiber, H. J. luzzolino, M. S. Tierney, and J. S. 
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25 
through A-36. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-17. 

Computational models: 
BRAGH..O 

Ranking in Past Sensitivity Analyses: 
40 CPR 191 Low 
40 CPR 268 Medium 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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Constructed distribution for gas production rates from microbiological degradation under inundated 
conditions. 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

2 

! Gas Production from Microbiological Processes (Relative Humid Rate)* 
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Parameter: Gas production rates, microbiological, relative humid rate (g) 
Cellulosics in waste fonn, humid conditions (WastRef, GRatMicH) Material: 

Definition Units: Dimensionless 

Values: Range: (0, 2 x 1 o-1) Median: 1 x 1 o-1 

Distribution: Unifonn 
Correlation: 

Data Source(s): Brush, L. H. 1991. Appendix A: "Current Estimates of Gas Production Rates, Gas Pro-

Usage: 

duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide 
Chemistry for the Long-Tenn WIPP Perfonnancc Assessment.," Preliminary Compar­
ison with 40 CFR Part 191, Subpart Bfor the Waste Isolation Pilot Plant, December 
1991. Volume 3: Reference Data. WIPP Perfonnance Assessment Division. Eds. R. 
P. Recbard, A. C. Peterson, J.D. Schreiber, H. J. Iuzwlino, M.S. Tierney, and J. S. 
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25 
through A-36. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-17. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 High 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Form 

3 Gas Production from Microbiological Processes (Stoichiometry Factor)* 
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Parameter: 

Material: 

Gas generation, stoichiometry factor (SBH ) 
2 

Cellulosics in waste fonn, humid and inundated, (WastRef, StoiMic) 

Definition Units: Dimensionless 

Values: Range: (0, 1.67) Median: 8.35 x w-1 

Distribution: Unifonn 
Correlation: 

Data Source(s): Brush, L. H., and D. R. Anderson. 1989. "Appendix A: Drum (Metal) Corrosion, Micro-

Usage: 

bial Decomposition of Cellulose, Reactions Between Drum-Corrosion Products and 
Microbially Generated Gases, Reactions Between Possible Backfill Constituents and 
Gases and Water Chemical Reactions," Systems Analysis, Long-Term Radionuclide 
Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern 
New Mexico; March 1989. Eds. A. R. Lappin, R. L. Hunter, D.P. Garber, and P. B. 
Davies. SAND89-0462. Albuquerque, NM: Sandia National Laboratories. A-3 
through A-30. (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-16. 

52 Computational models: 
53 BRAGFLO 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 High 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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ENGINEERED BARRIERS AND SOURCE TERM 
3.3 Parameters for Contaminants Independent of Waste Fonn 

1 Discussion of Gas Production by Microbiological Processes: 
2 

! Brush (1991) estimates activity from microbiological degradation based on a recent study at Stanford University 

5 and studies carried out during the 1970s (Molecke, 1979; SNL, 1979; Barnhart et at., 1980; Caldwell et at., 1988). A 
e test plan for laboratory experiments (Brush, 1990) and in-situ gas production experiments using real waste at the 
7 WIPP (Lappin et at., 1989) describe experiments currently underway. Although the Stanford tests seemed to suggest 
a that microbial gas production may be significant under laboratory conditions but not under repository conditions, 

1 
~ results from the earlier tests implied significant microbial gas production under both realistic and overtest conditions. 

11 However, until the Stanford tests are corroborated, the best estimate for microbial gas production has remained the 
12 same as first proposed by Brush and Anderson (in Lappin et at., 1989; Brush, 1990), 0.1 mole of various gases per kg 
13 cellulosics per year (1 mol gasl(drum•yr)). However, new minimum and maximum rates for inundated conditions are 
14 0 and 0.5 mol/(kg•yr) (5 mol per drum per year), respectively. 
15 
16 
17 For humid conditions, new minimum and best estimates for microbial gas production rates are 0 and 0.01 moll 
18 (kg cellulosics•yr) (0.1 moll(drum•yr)). The maximum estimate under humid conditions remains unchanged from the 
19 value estimated by Brush and Lappin (1990), 0.1 mol/(kg•yr) (1 mol/(drum•yr)). Expressed in terms of relative rates, 
20 the values are 0 to 0.2 with a median ofO.l. 
21 

Microbiologic Degradation Stoichiometry. The stoichiometry of the net biodegradation reaction is uncertain. 
22 
23 
24 About 20 reactions have been postulated and others may be possible, according to Brush and Anderson (Lappin et al., 
25 1989, p. A-10). The reactions depend on such factors as what electron donors are available, the solubility of C02, and 
26 interaction with products of corrosion, pH, and F1L It is not known at this time what effect biodegradation has on 
;~ water (brine) inventory, so it is assumed to have no net effect, neither consuming water nor producing it Some of the 

29 postulated reactions produce gas; others consume it At present, we know that some gas (C02 and some H2, H2S, and 
30 CH4) may be produced and that cellulose (CH20) will be consumed. Using the stoichiometry recommended in Lap-
31 pin et aL (1989, Supplement to Appendix A.l, p. A-30) that yields the maximum gas generation per unit of cellulose 
32 (5/3 mol gas/mol CH20), the biodegradation reaction may be written 
33 
34 
35 
36 

CH20 + unknowns + microbes ::::: 5/3 gas + unknowns 

37 However, in view of the wide variety of reactions that may occur, together with our current lack of knowledge as 
38 to precisely which reactions do occur, it is prudent to sample on the stoichiometric coefficient for gas in this reaction. 
!~ If the assumption is also made that any C02 that is produced will dissolve in the WIPP brine, then of the reactions 

41 presented in Lappin et al. (1989) only one reaction will consume gas, that one being 
42 
43 
44 

!! This reaction requires oxygen, which will be present initially in air and will be produced by radiolysis. Neither 

47 source of oxygen is sufficient to oxidize all of the cellulose in the inventory, and oxic corrosion will compete strongly 
48 for this oxygen, so this reaction is expected to be of minor importance. None of the other reactions consumes gas, 
49 whereas most produce gas, with the net gas production ranging from 0 to 5/3 mol gas/mol CH20. Therefore, the sto­
so ichiometric coefficient is sampled from a unifonn distribution ranging from 0 to 5/3. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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3.4 Parameters for Unmodified Waste Form Including Containers 
2 
3 
4 As of 1990, the currently stored CH-TRU waste that will be disposed of in the WIPP, if authorized, is estimated 
5 to be about 60,000 m3 (2.1 x 106 ft3), which is about 34% of the design storage volume of 1.756 x 105 m3 (6.2 x 106 

6 ft3). The stored waste consists of about 180,000 0.21-m3 (55-gal) drums, 5,000 1.8-m3 (64 ft3) Standard Waste Boxes 
7 (SWBs), and 7,000 3.2-m3 (113-ft3) miscellaneous containers, mostly steel and fiberglass reinforced plywood (FRP) 
8 boxes. Drums and SWBs are the only containers that can currently be transported in a TRUPACT-11. If the waste in 

1 ~ boxes other than SWBs were repackaged into SWBs, it was estimated that 533,000 0.21-m3 (55-gal) drums and 
11 33,500 1.8-m3 (64-ft3) SWBs could be emplaced in the WIPPrepository containing approximately 170,000 m3 (6.2 x 
12 106 ft3) of waste, the design volume for CH-TRU waste. 
13 
14 The volume of RH-TRU waste is limited by the agreement between DOE and the State of New Mexico to 
~! 7.08x103 m3 (0.25 x 106 f~) (U.S. DOE and NM, 1984). RH waste will likely be placed in 0.89-m3 (31.4-ft3) canis-
17 ters in the walls of the rooms and access drifts. (Placement of canisters is discussed in Section 3 .1.6.) 
18 

19 The parameter values for unmodified waste that is expected to be shipped (i.e., to meet the current waste accep­
;~ Lance criteria [WAC] discussed below) are provided in Table 3.4-1. The significant figures for masses that are 

22 reported in this table should not be interpreted as known accuracy. (Indeed, the majority of waste to be emplaced in 

23 the WIPP has not been generated; hence, the amounts are uncertain.) The significant figures in the table for masses 
24 are presented as a means to trace the work until a report detailing the assumptions and calculations pertaining to these 
25 amounts has been prepared. On the other hand, the significant figures on design volumes are important since the lim­
;~ its on volumes agreed upon by the DOE and the State of New Mexico (U.S. DOE and NM, 1984) were in English 

28 units and are an exact conversion. 

29 
30 All CH-and RH-TRU waste must meet the WIPP Waste Acceptance Criteria (WAC) (WEC, 1991). These crite-
31 ria includes requirements for the waste form. For example, the wa.<>te material shall (1) include only residual liquids 
~~ in well-drained containers (e.g., bottles, cans, etc.) in quantities less than 1% of the container volume and the totalliq-
34 uid shall be less than 1% of waste container volume, (2) not permit explosives or compressed ga.<>es, and (3) limit 
35 radionuclides in spontaneously combustible pyrophoric form to less than I% by weight in each waste package. There 
36 also are limitations on the curie content in a drum, SWB, and canister based on transportation considerations 
37 (Table 3.4-2). 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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1 Table 3.4-1. Parameter Values for Unmodified TRU Waste Categories, Containers, and Salt Backfill 
2 
3 
4 Distribution 
5 Parameter' Median Range Units Type Source 
6 
7 
8 CH-TRU waste 
9 Molecular weight 

10 Cellulose 0.030 kg/mol Constant CH2; Weast and Astle, 1981 
11 Iron 0.05585 kg/mol Constant Fe; Weast and Astle, 1981 
12 Density, grain ( p 9) 

13 Metal/glass 3.44 X 103 kg/m3 Constant Butcher, 1990, Table 2 
14 Combustibles 1.31 X 103 kg/m3 Constant Butcher, 1990, Table 2 
15 Sludge 2.15x103 kg/m3 Constant Butcher, 1990, Table 2 
16 Salt backfil 2.14x103 kg/m3 Constant WIPP PA Division, 1991, Vol. 3, 
17 Table 2.3-1 
18 Steel, cold-drawn 7.83X 103 kg/m 3 Constant Perry eta!., 1969, Table 3-137 
19 Air @ 300.15K, 1 atm 1.177 kg/m 3 Constant Vennard and Street, 1975, p. 709 
20 Volumes of IDB Categoriesb 

21 Metal/glass fraction 3.76 X 10"1 2.76 X 10"1 4.76 X 10"1 none Normal See Section 3.4. 1 
22 Combustibles 
23 fraction 3.84 X 10"1 2.84 X 10"1 4.84 X 10"1 none Normal See Section 3.4.1 
24 Salt backfil 1.712 X 105 m3 Constant WIPP PA Division, 1991, Vol 3, 

25 Figure 3.1·3 
26 Air @ 300. 15K, 1 atm 8.908 x 1 o4 m3 Constant WIPP PADivision, 1991, Vol3, 

27 Figure 3.1-3 
28 Average per Drum 
29 Metal/glass 6.44 X 101 3.05 X 101 9.83 X 101 kg/drum Normal Butcher, 1989, Table 7 

30 Combustibles 4.00 X 101 1.73x101 6.26 X 101 kg/drum Normal Butcher, 1989, Table 6 
31 Sludge 2.25 X 1if kg/drum Constant WIPP PADivision, 1991, Vol. 3, 

32 Table 3.4-10 

33 Mass of IDB Categoriesb 

34 Metal/glass 1.984 X 107 WIPP PADivision, 1991, Vol. 3, 

35 Tables 3.4-10 and 3.4-12 

36 Combustibles 1.348 X 107 WIPP PADivision, 1991, Vol. 3, 

37 Tables 3.4-10 and 3.4-12 

38 Mass of Steel Containers in IDB Categoriesb 

39 Metal/glass 1.076 X 107 kg Constant WIPP PA Division, 1991, Vol. 3, 

40 Table 3.4-10 

41 Combustibles 1.178 X 107 kg Constant WIPP PADivision, 1991, Vol. 3, 

42 Table 3.4-10 

43 Sludge 3.598x 106 kg Constant WIPP PA Division, 1991, Vol. 3, 

44 Table 3.4-10 

45 Mass of Steel Containers and Liners in IDB Categoriesb 
46 Metal/glass 4.458 X 106 kg Constant WIPP PA Division, 1991, Vol. 3, 

47 Table 3.4-10 

48 Combustibles 1.214 X 107 kg Constant WIPP PADivision, 1991, Vol. 3, 

49 Table 3.4-10 

50 Sludge 1.329 X 107 kg Constant WIPP PA Division, 1991, Vol. 3, 

51 Table 3.4-10 

52 Mass of Contents 

53 Iron, steel, 

54 paint cans, 
55 shipping cans 1.431 X 107 kg Constant WIPP PA Division, 1991, Vol. 3, 

56 Table 3.4-12 

57 Steel in containers 2.613 X 107 kg Constant WIPP PADivision, 1991, Vol. 3, 

58 Table 3.4-10 

59 Cellulosics, + 50% 
60 gloves, Hypalon, 

61 Neoprene, rubber 7.475x 106 kg Constant WIPP PA Division, 1991, Vol3, 

62 Table 3.4-12 

63 
64 aParameters in bold were sampled in the 1992 calculations. 

65 bJDB = Integrated Data Base 

66 
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Table 3.4-1. Parameter Values for Unmodified TRU Waste Categories, Containers, and Salt Backfill 
2 (Concluded) 
3 
4 
5 
6 
7 
8 
9 

Paramete~ Median Range 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

Capillary pressure ( p 0 ) and relative penneability (k i ,) 
Threshold displacement 

pressure (p 1) 2.02 X 103 2.02 X 101 

Residual Saturations 
Wetting phase 
(Sf,) 2.76x 10·1 1.38 
Gas phase (S

9
,) 7x 10·2 3.5 X 10·2 

Brooks-Corey 
Exponent (ll) 2.89 1.44 

Drilling Erosion Parameters 
Absolute 

rough ness (E) 2.5 X 10·2 1 X 10·2 

Shear strength ( 'ttail) 1 X 10'1 

Partition Coefficient for clays in salt backfill 
Am 1 X 10'4 

Np 1 X 10'5 

Pb 1 X 10-6 

Pu 1 X 104 

Ra 1 X 10·6 

Th 1 X 10'4 

u 1 x 1o·6 

Penneability (k) [used in 1991 calculations]b 
Average 1 x 10·13 

Combustibles 1.7x10·14 2 X 10'15 

Metals/glass 5 X 10'13 4 x 10·14 

Sludge 1.2 X 10'16 1.1 X 10'17 

Porosity (if>) [used in 1991 calculations]b 
Average 1.9 X 1 o·1 

Combustibles 1.4 X 10·2 8.7 X 10·2 

Metals/glass 4 X 10'1 3.3 X 10'1 

Sludge 1.1x1o·1 1 X 10·2 

Saturation, initial (S i 1) 0.07 0 

2.02X 105 

5.52x 10·1 

1.4 X 10·1 

5.78 

4x 10·2 

1 X 101 

2x 10·13 

1.2 X 10'12 

1.7 X 10'16 

1.8x 10·1 

4.4x 10·1 

2.2x 10·1 

0.14 

54 aParameters in bold were sampled in the 1992 calculations. 

Distribution 
Units Type Source 

Pa Lognonnal Davies, 1991a, 1991b 

none Constructed Brooks and Corey, 1964 
none Constructed Brooks and Corey, 1964 

none Constructed Brooks and Corey, 1964 

m Unifonn Streeter and Wylie, 1975, 
Figure 5.32. 

Pa Constructed Sargunam et al., 1973; 
Henderson, 1966 

m3/kg Constant Lappin et al., 1989, Table D-5 

m3/kg 
(Kdcla/1000) 

Constant Lappin et al., 1989, Table D-5 

m3/kg 
( ~cla/1000) 

Constant Lappin et al., 1989, Table D-5 

m3/kg 
(I<.Jcla/1000) 

Constant Lappin et al., 1989, Table D-5 

m3/kg 
(~cla/1000) 

Constant Lappin et al., 1989, Table D-5 

m3/kg 
( ~cla/1000) 

Constant Lappin et al., 1989, Table D-5 

m3/kg 
(~cla/1000) 

Constant Lappin et al., 1989, Table D-5 
(~clay/1000) 

m2 Constant Lappin et al., 1989, Table 4-6 
m2 Constructed Butcher et al., 1991 
m2 Constructed Butcher et al., 1991 
m2 Constructed Butcher et al., 1991 

none Constant WIPP PA Division, 1991, Vol3, 
Section 3.4.8 

none Constructed Butcher et al., 1991 
none Constructed Butcher et al., 1991 
none Constructed Butcher et al., 1991 
none Uniform See Section 3.4.4. 

55 bsee Sections 1.4.1 and 1.4.7 for 1992 methods of calculating permeability and porosity of unmodified waste, containers, and salt 
56 backfill. 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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1 

2 Table 3.4·2. 
3 

Summary of Waste Acceptance Criteria and Requirements Applicable to Performance 
Assessment 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Description 

Particulates 

Liquids 

Pyrophoric 
Materials 

Explosives and 
compressed gas 

Specific Activity 

Nuclear Criticality* 
(Pu-239 FGE)** 

Pu-239 
Activity* 

Waste 
Type 

CH& 
RH 

CH&RH 

CH& 
RH 

CH&RH 

CH 

RH 

CH 

RH 

CH&RH 

41 * Transportation requirement 
42 •• Fissile gram equivalent of Pu-239 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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WAC Criterion or Requirement 

Immobilize if greater than 1% by weight below 10 microns 
Immobilize if greater than 15% by weight below 200 microns 

Liquids that result from liquid residues remaining in well-drained 
containers; condensation moisture; and liquid separation from sludges or 
resin settling shall be less than 1% by volume of the waste container 

Radionuclides in pyrophoric form are limited to less than 1% by weight in 
each waste package. No non-radionuclide pyrophorics permitted. 

No explosives or compressed gases are permitted. 

The specific activity shall be greater than 100 nCi/g TRU radionuclides, 
excluding the weight of added shielding, rigid liners, and waste containers. 
The specific activity shall be greater than 100 nCi/g TRU radionuclides, 
excluding the weight of external shielding, rigid liners, and the waste 
containers. The container average maximum activity concentration shall 
not exceed 23 curies/liter. 

The fissile or fissionable radionuclide content shall be less than 200 FGE 
for a 55-gallon drum. The fissile or fissionable radionuclide content shall 
be less than 325 FGE for a SWB. The fissile or fissionable radionuclide 
content shall be less than 325 FGE for a TRUPACT-11 
The fissile or fissionable radionuclide content shall be less than 325 FGE. 

Waste packages shall not exceed 1000 Ci of Pu-239 equivalent activity. 
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1 3.4.1 Composition of CH-TRU Waste (Non-Radionuclide/Non-RCRA Inventory) 
2 
3 

TRU waste destined for the WIPP is generated or currently stored by ten DOE nuclear weapon facilities. 

5 Although we know that this TRU waste consists in general of laboratory and production line waste, such as glass-
6 ware, metal pipes, sorbed or solidified spent solvents, disposal laboratory clothing, cleaning rags, and solidified slud-
7 ges, the precise composition of the waste (e.g., percentages by weight and volume) is not well defined. Estimates of 
: metals/glass combustible and sludge reported here were made based on information on volumes submitted annually 

10 to the IDB by the generator sites and therefore are from the same source as the radionuclide inventory. A full discus-
11 sion of these estimates is given in Section 3.4.1 ofWIPP PA Division (1991, Vol. 3). Only estimates of the volumes 
12 of various categories of CH-TRU contaminated waste are discussed here. 

4 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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2 
3 Volume Fraction, Combustibles* 
4 

Parameter: Volume fraction, combustibles (fc) 
5 
6 
7 
8 
9 

Material: Unmodified waste fonn including containers (WastRef, Vol Wood) 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Definition Units: Dimensionless 

Values: Range: (0.284, 0.484) Median: 0.384 

Distribution: Nrnmal 
Correlation: 

Data Source(s): See text and Table 3.4-6. (Investigator Judgment) 

Usage: 
Mathematical model: 

Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-17. 

Computational modeL'i: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Medium 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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3 Volume Fraction, Metals/Glass* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Volume fraction, metals/glass 
Material: Unmodified waste form including containers (WastRef,Vol Metal) 

Definition Units: Dimensionless 

Values: Range: (0.276, 0.476) Median: 0.376 

Distribution: Normal 
Correlation: 

Data Source(s): See text and Table 3.4-6. (Investigator Judgment) 

Usage: 
Mathematical model: 

Two-Phase Flow, Section 1.4.1 of this volume. 

Equation 1.4.1-12 (used in computing Ad, the surface area of steel in an equivalent drnm). 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Medium 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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Discussion: 
2 

! Estimates of the masses and volwnes of the constituents of TRU waste that affect gas generation, transport, and 

5 room properties are required for performance assessment. Because the majority of the waste to be emplaced in the 
6 WIPP has not been generated, the waste characterization is an estimate with a potentially large uncertainty. The esti-
7 mated waste characterization is used as a base for analyses that include the uncertainty in waste characterization. The 
a following discussion presents the method that was used to estimate the characterization of the waste. The intent was 

1 ~ to use available information and to use a reasonable method to scale it up to the design volume, which was used in 

11 performance assessment. This method resulted in estimates of volumes and masses of waste by generator site; how-
12 ever, these results should not necessarily be considered as indicative of the actual masses and volumes that the sites 
13 will generate. 
14 

~ ~ The total anticipated volwne (stored waste and projected annual volumes) of the TRU waste calculated from 

17 information reported in the yearly IDB has been decreasing over the period 1987-1990 (Table 3.4-3). The most signif-
18 icant change from 1987 to 1990 is the percentage of concreted or cemented sludge; the estimated volwne decrease 
19 was about 30%. Furthermore, the information contained in the 1990 IDB indicates that generators anticipate there 
20 will be less volume of absorbed sludges and more volwne of concreted and cemented sludges in the projected waste 
21 than is contained in the stored waste. 
22 
23 
24 The 1990 IDB was used as the basis for the estimate of the total volwne of CH-TRU waste for the 1991 PA cal-
25 culations. Table 3.4-4lists the stored and projected (generated in the future) waste volume by generator site listed in 
26 the 1990 IDB. The IDB uses the terms "stored" and "newly generated" waste. In the discussion that follows, the term 
;~ "projected" is used in place of "newly generated." 

29 
30 For performance assessment calculations, we assume that a design volume of 175,564 m3 (6.2 x 106 ft3) will be 
31 emplaced in the WIPP. The following discussion presents the method that was used to estimate the volwnes of the 
32 waste types if the current design volume of waste was emplaced. To estimate the volume of waste by generator site to 
33 fill the WIPP, it was assumed that the five largest generators* of projected waste would provide the additional volwne. 
34 
35 The percentage of the total projected waste for each site was calculated and, based on this percentage, volumes for the 
36 five sites were calculated to provide an additional 69,105 m3 (2.4 x 106 tt3). The scaled volume for the five sites is 
37 shown in Table 3.4-4. 
38 

!6 Details of the volumes and physical composition of CH-TRU waste as calculated from the information from the 
1990 IDB are listed in Table 3.4-5. 41 

42 
43 For performance assessment calculations, hydraulic properties of the disposal area contents are required. To esti-
44 mate the volwne fraction of the sludges, combustibles, and metals and glass in CH-TRU waste, it was assumed the 
:: volume of the sludges included the absorbed liquid and sludges, concreted or cemented sludges, and dirt, gravel and 

47 asphalt categories of Table 3.4-5. The volume of filter, filter media, and "other" categories of Table 3.4-5 were dis-
48 tributed into the volume of sludges, combustibles, and metals and glass based on the relative volume of the initial 
49 amounts of each of these categories. PA Department estimates for the volwne fraction of stored; projected; projected 
50 plus scaled; and stored, projected, and scaled are tabulated in Table 3.4-6. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 *These five DOE defense facilities for 1990 are Hanford Reservation (HANF), Wasl:tington; Idaho National Engineering Laboratory (INEL), 
63 Idaho; Los Alamos National Laboratory (LANL), New Mexico; Rocky Flats Plant (RFP), Colorado; and Savannah River Site (SRS), South 
64 Carolina. In 1991, INEL was reclassified as a storage site rather than a generator site because a project that would generate waste was indefi-
65 nitely delayed/cancelled. 
66 
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1 Table 3.4-3. Estimated Composition by Volume of CH-TRU Contaminated Waste from 1987 to 1990. 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Metal and 
Combustibles Glass 

Year (%) (%) 

1987 38.87 31.53 

1988 39.84 34.18 

1989 32.01 36.41 

1990 34.24 34.31 

• Design volume is 175,564 m3. 

(page date: December 29, 1992) 

Absorbed Concrete/ Dirt/ 
Uquid Cemented Gravel/ Filters/ Total 

and Sludge Sludge Asphalt Filter Media Other Volume 
(%) (% (%) (%) (%) (m3) 

8.99 7.37 1.33 5.81 6.11 158,526 

7.28 8.00 2.44 4.53 3.73 136,402 

6.09 16.41 1.31 3.00 4.78 120,243 

6.28 14.43 1.30 3.67 5.77 106,459 
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Table 3.4-4. Estimate of a Design Volume for CH-TRU Waste 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Site 

ANL-E 
HANF 
INEL 
LANL 
LLNL 
MOUND 
NTS 
ORNL 
RFP 
SAP 

Total 

Stored 
Volume 

(1990 IDB) 
(m3) 

10,041 
37,420 

7,393 

606 
662 
792 

3,143 

60,057 

Projected 
Volume 

(1990 IDB) 
(m3) 

180 
943 

4,666 
4,800 
1,207 

945 

600 
16,272 
16,788 

46,402 

Total 
Volume 

(1990 IDB) 
(m3) 

180 
10,984 
42,086 
12,193 
1,207 

945 
606 

1,262 
17,064 
19,931 

106,459 

Scaled 
Volume* 

(m3) 

1,499 
7,417 
7,631 

25,869 
26,689 

69,105 

Estimated 
Design 
Volume 

(m3) 

180 
12,484 
49,503 
19,824 

1,207 
945 
606 

1,262 
42,933 
46,620 

175,564 

24 • Assuming that HANF, INEL, LANL, RFP, and SAP provide the difference between the current total inventory and the design 
25 volume. The difference between the total volume of 106,458 m3 in the 1990 IDB and the design volume of 175,564 m3 (6.2x106 ft3) 
26 was apportioned between the five sites based on their estimated annual generation rates. These five sites provide 94% of the 
27 estimated total annual volume of 1,993.4 m3 per year. 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
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Table 3.4-5. Estimated Composition of CH-TRU Contaminated Waste in 1990 by Generator (U.S. DOE, 1990d, Tables 3.5, 3.7, 3.10) 

Category 

STORED 
Absorbed Liquid and Sludge 

Combustibles 
Concreted or Cemented Sludge 

Dirt, Gravel, or Asphalt 
Filters or Filter Media 
Glass/Metal/Similar Noncombustibles 

Other 
TOTAL 
Percent of Total 

PROJECTED 

Absorbed Liquid and Sludge 
Combustibles 
Concreted or Cemented Sludge 
Dirt, Gravel, or Asphalt 
Filters or Filter Media 
Glass/Metal/Similar Noncombustibles 
Other 
TOTAL 
Percent of Total 

PROJECTED PLUS SCALED 

Absorbed Liquid and Sludge 
Combustibles 
Concreted or Cemented Sludge 
Dirt, Gravel, or Asphalt 
Filters or Filter Media 
Glass/Metal/Similar Non combustibles 

Other 
TOTAL 
Percent of Total 

a Stored plus projected 

b Stored, plus projected, plus scaled 

ANL-E 

64.8 
57.6 

0.0 
0.0 
0.0 

57.6 
0.0 

180.0 

0.17 

64.8 
57.6 

0.0 
0.0 
0.0 

57.6 

0.0 
180.0 

0.1 

HANF INEL LANL LLNL NTS MOUND ORNL 

0.0 4490.4 1626.5 

4317.6 9355.0 961.1 
602.5 4864.6 2217.9 

301.2 0.0 0.0 
0.0 1871.0 369.7 

4819.7 13097.0 2217.9 

0.0 3742.0 0.0 

10041.0 37420.0 7393.1 
9.43 35.15 6.94 

0.0 
377.3 

132.0 
113.2 
94.3 

226.4 
0.0 

943.2 

0.89 

0.0 
977.1 

342.0 
293.1 
244.3 

586.2 

0.0 

2442.7 
1.39 

0.0 
2020.2 

737.2 
0.0 

23.3 

681.2 
1203.7 
4665.6 

4.38 

0.0 
5231.9 

1909.1 
0.0 

60.4 

1764.1 

3117.4 
12082.8 

6.88 

48.0 0.0 
1944.0 881.3 

864.0 12.1 

0.0 0.0 
120.0 84.5 

1824.0 181.1 
0.0 48.3 

4800.0 1207.2 

4.51 1.13 

124.3 0.0 
5034.5 881.3 

2237.6 
0.0 

310.8 

4723.7 

0.0 
12430.9 

7.08 

12.1 
0.0 

84.5 

181.1 

48.3 
1207.2 

0.69 

0.0 

312.2 
6.1 

0.0 
0.0 

288.0 

0.0 

606.3 
0.57 

0~ 

0~ 

0~ 

0~ 

0~ 

0~ 

0~ 

0~ 

0~ 

0.0 
9.5 

9.5 
841.6 

0.0 

85.1 
0.0 

945.6 

0.89 

0.0 
9.5 

9.5 
841.6 

0.0 

85.1 
0.0 

945.6 
0.54 

0.0 

390.3 
0.0 

6.6 
33.1 

231.6 

0.0 
661.6 

0.62 

0.0 
72.0 

0.0 
6.0 

30.0 
492.0 

0.0 
600.0 

0.56 

0.0 
72.0 

0.0 
6.0 

30.0 

492.0 

0.0 
600.0 

0.34 

RFP SRS Percent 

122.8 0.0 10.39 

287.5 2200.1 29.68 
5.5 0.0 12.82 

5.5 0.0 0.52 
327.1 0.0 4.33 

43.6 942.9 36.03 

0.0 0.0 6.23 

792.0 3143.0 
0.74 2.95 

0.0 335.8 0.97 
2522.2 10744.3 40.15 

5906.7 0.0 16.51 
113.9 0.0 2.32 
113.9 839.4 2.81 

Total Percent 
3 

(m ) of Total 

a a 
6688.2 6.28 

36452.2 34.24 

15358.1 14.43 

1388.1 1.30 
3906.3 3.67 

6720.3 4616.7 32.08 36525.0 34.31 
895.0 251.8 5.17 6140.8 5.77 

16272.0 16788.0 106458.6 100.00 

15.28 15.77 

0.0 869.5 0.92 
6531.8 27825.3 40.36 

15297.1 
295.0 
295.0 

17404.1 

2317.7 
42140.7 

24.00 

0.0 
0.0 

2173.9 

11956.2 

652.2 

43477.1 
24.76 

17.15 
1.24 
2.77 

32.25 

5.31 

100.00 

b b 
7298.3 4.16 

64444.8 36.71 

27503.8 
1749.1 
5799.6 

58890.8 

9877.5 
175564.0 

100.00 

15.67 
1.00 
3.30 

33.54 

5.63 
100.00 



1 
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29 
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41 
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ENGINEERED BARRIERS 
3.4 Parameters for Unmodified Waste Form Including Containers 

Table 3.4-6. Calculation of Constituent Volume Distribution in CH-TRU Waste* 

Category 

Stored 
Sludge** 
Combustible 
Glass/Metal 
Total 

Projected 
Sludge** 
Combustible 
Glass/Metal 
Total 

Stored plus Projected 
Sludge** 
Combustible 
Glass/Metal 
Total 

Stored, Projected, plus Scaled 
Sludge** 
Combustible 
Glass/Metal 
Total 

Initial 

0.2373 
0.2968 
0.3603 
0.8944 

0.1980 
0.4015 
0.3208 
0.9203 

0.2201 
0.3424 
0.3431 
0.9056 

0.2083 
0.3671 
0.3354 
0.9108 

Distributed Amount 
of Filter and 
Filter Media 

0.0280 
0.0350 
0.0425 

0.0171 
0.0348 
0.0278 

0.0229 
0.0357 
0.0358 

0.0204 
0.0360 
0.0328 

• The values for the initial volume percents were obtained from Table 3.4-5. 

Total 

0.265 
0.332 
0.403 
1.000 

0.215 
0.436 
0.349 
1.000 

0.243 
0.378 
0.379 
1.000 

0.229 
0.403 
0.368 
1.000 

** Total of absorbed liquid and sludge, concreted and cemented sludge, and dirt, gravel, or asphalt. 
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ENGINEERED BARRIERS 
3.4 Parameters for Unmodified Waste Form Including Containers 

3.4.2 Composition of RH-TRU Waste (Non-Radionuclide/Non-RCRA Inventory) 
2 
3 
4 Estimates of the mass and volumes of RH-1RU constituents that affect gas generation, transport, and room prop-
s erties are required for performance assessment. However, the mass of RH inventory was not included in the current 
6 analyses. The total RH inventory has changed considerably in the last several years. The following discussion pre-
7 sents a method that was used to estimate the characterization of the RH inventory. The method resulted in estimates 
~ of the volume and weights of waste by generator site; however, these results should not be interpreted as indicative of 

10 the weights and volumes that a specific site may generate. 

11 
12 For the current PA calculations, it was assumed that the maximum allowed RH volume of 7,079 m3 (0.25 x 106 

13 ft3) will be emplaced in the WIPP. The following discussion presents the method that was used to estimate the total 
~: volumes of the waste constituents if the maximum volume of RH waste was emplaced. Input to the 1990 IDB was 

16 .used as the basis for these estimates. The IDB presents estimates of the stored volume and projected (newly gener-
17 ated) volume for each generator site. The stored and projected volumes for the five sites that have or will generate 
18 RH waste arc tabulated in Table 3.4-7. To estimate the additional volume required to reach the maximum volume, it 
19 was assumed that the generators of projected waste would provide the additional volume. The percentage of pro-
20 jected waste for each site was calculated and, based on this percentage, volumes for the five sites were calculated to 
;~ provide an additional1,735 m3 (6.13 x 1if ft\ The scaled volumes for the five sites are shown in Table 3.4-7. 

23 
24 The stored and newly generated (projected) RH volume in the 1990 IDB sum to about 5,300 m3 (8.83 x 104 n\ 
25 The containers that will be placed in an RH canister have a different volume depending on the generator site. There-
26 fore, a canister may not contain 0.89 m3 (31.4 ft3) ofRH waste. U.S. DOE (1991) indicates that the submittals to the 
;~ 1990 IDB total 7,622 canisters. The total volume ba.'!ed on this number of canisters is 6,784 m3 (2.4 x 105 ft\ U.S. 
29 DOE (1991) also discusses the number of uncertainties in the projection of the RH inventory and acknowledges that 
30 the details of the RH-TRU waste canister design should be revisited for re-evaluation. Because of the uncertainty in 
31 the RH inventory and the discussion in U.S. DOE (1991) on canister design, the smaller total stored plus projected 
;; volume of waste--not the volume of the canisters--was used as a scaling factor to estimate the RH radionuclide inven-
34 tory for an RH design volume. 

35 
36 
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ENGINEERED BARRIERS 
3.4 Parameters for Unmodified Waste Form Including Containers 

1 
2 
3 

Table 3.4-7. Estimate of a Design Volume for RH-TRU Waste 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Site 

ANL-E 
HANF 
INEL 
LANL 
ORNL 

Total 

Stored 
Volume 

(1990 IDB) 
(m3) 

137 
29.5 
28.4 
1307 

1,501.9 

Projected 
Volume 

(1990 IDB) 
(m3) 

81.6 
3535.2 

76.8 
4.8 

144.0 

3,842.4 

Total Estimated 
Volume Scaled Design 

(1990 IDB) Volume• Volume 
(m3) (m3) (m3) 

81.6 36.8 118.4 
3672.2 1,596.0 5,268.2 

106.3 34.7 141.0 
33.2 2.2 35.4 

1,451.0 65.0 1,516.0 

5,344.3 1,734.7 7,079 

19 • Assuming that ANL, HANF, INEL, LANL, and ORNL provide the difference between the cunrent total inventory and the design vol-
20 ume. The difference between the total volume of 5,344 m3 in the 1990 IDB and the design volume of 7,079 m3 (0.25x106 ft3) was 
21 ratioed between the five sites based on their estimated annual generation rates. 
22 
23 
24 
25 
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41 
42 
43 
44 
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1 3.4.3 Saturation 
2 

! Initial Saturation* 
5 

Par.tmeter: Saturation, initial (S ti) 

ENGINEERED BARRIERS 
3.4 Parameters for Unmodified Waste Form Including Containers 

6 
7 
8 
9 

Material: Unmodified CH-1RU waste fonn including containers (WastRef, BrineSat) 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Definition Units: Dimensionless 

Values: Range: (0, 0.14) Median: 0.07 

Distribution: Unifonn 
Correlation: 

20 Data Source(s): None. (PAinvestigator Judgment) 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Section 1.4.1 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 

Equations 1.4.1-1 and 1.4.1-2 (Initial condition of liquid-phase saturation in Waste material). 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Computational models: 
BRAGR-0 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 High 
NEPA Not tested 
Other Not tested 

*Key to Parameter Sheets is provided in Section 1.2.8. 

(page date: December 29, 1992) 3-69 (database version: X-3.06PR) 



1 
2 
3 
4 
5 
6 
7 

4. PARAMETERS OF GLOBAL MATERIALS 
AND AGENTS ACTING ON DISPOSAL SYSTEM 

a This chapter contains parameters for ftuid properties, climate variability, and intrusion characteristics. 
9 

10 
11 
12 
13 

4.1 Fluid Properties 

14 The ftuid parameters tabulated in Table 4.1-1 include Salado and Culebra brine, drilling mud, and hydrogen gas. 
15 
16 
17 
18 
19 
20 
21 
22 

Table 4.1-1. Fluid Properties 

Distribution 
Parameter Median Range Units Type Source 

23 

24 Brine, Salado (T = 27°C [300.15 K], p = 1 atm [0.101325 MPa]) 
25 Compressibility 2.5x 10'10 2.4x w·10 2.6x 10·10 

26 Density(p1) 1.23x103 1.207x103 1.253x103 

27 Viscosity (J.l) 1.8 x 10·3 
28 

29 Brine, Culebra (T = 27"C [300.15 K], p = 1 atm [0.1 01325 MPa]) 
30 Density (p1) 1.09 x 103 9.99 x 1o2 1.154 x 103 
31 Viscosity (J.l) 1 X 1 0'3 
32 
33 Brine, Castile (T 27°C [300.15 K], p = 1 atm [0.101325 MPa]) 
34 Compressibility 9 x 10'10 

35 Density 1.215 x 103 
36 

37 Hydrogen (T = 27°C [300. 15 K]) 
38 Density 1.1037 x 101 

39 @ (15 MPa) 
40 Viscosity (J.l) 9.2 x 10'6 

41 Solubility in brine (X) 3.84 x 10·4 

42 
43 

8.1803x1o·2 

(0.1 MPa) 
8.92x 10'6 

6.412 X 10-6 

1.4442 X 101 

(20 MPa) 
9.33 X 10-6 
4.901 X 10"4 

Pa'1 

kg/m3 

Pa•s 

kg/m3 

Pa•s 

Pa·1 

kg/m3 

kglm3 

Pa•s 
none 

44 Drilling Mud Properties (T = 22°C [295.15 K], p = 1 atm [0.101325 MPa]) 
45 Density (p1) 1.211 x 1 o3 1.139 x 1 o3 1.378 x 1 o3 kg/m3 

46 Viscosity 9.17 x 10·3 5 x 1 o-s 3 x 10·2 Pa•s 
47 Yield stress 4 2.4 1.92 x 101 Pa 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Normal McTigue et al., 1991 
Normal McTigue et al., 1991 
Constant Kaufmann, 1960, p. 622 

Spatial Cauffman et at., 1990, Table E.1 
Constant Haug et al.,1987, p.3·20 

Constant Popielak et al., 1983, p. H-32 
Constant Popielak et al., 1983, Table C-2 

Table WIPP PA Division, 1991, Vol. 3, 
Section 4.1.4 

Table Vargaftik, 1975, p. 39. 
Table WIPP PA Division, 1991, Vol. 3, 

Section 4.1.4; Cygan, 1991. 

Constructed Pace, 1990 
Constructed Pace, 1990 
Constructed Fredrickson, 1960, p.252; Savins and 

Wallick, 1966; Pace, 1990 
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PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.2 Human-Intrusion Borehole 

4.2 Human-Intrusion Borehole 

5 Table 4.2-1 summarizes geometric and physical parameters of humarHntrusion boreholes assumed by the PA 
6 Department for distutbed-scenario calculations. 
7 
8 
9 

10 
11 
12 

Table 4.2-1. Characteristics of Human-Intrusion Borehole 

13 
14 
15 

Paramete~ 

16 Borehole Fill Properties 
17 Creep (r0 -r)/r0 18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Density, average (Pave) 
Density, bulk {Pbulk) 
Permeability, final (k) 
Initial 

Plug in Castile Fm. 
Plugs in Salado Fm. 

Porosity (q>) 

28 Drilling Characteristics 
29 Drill bit diameter {d) 
30 Intrusion 
31 Historical 
32 
33 
34 
35 
36 
37 

Drill string ~ngular 
velocity ( 8) 

Drilling mud 
flowrate (01) 

Median 

n.a. 

2.3 X 103 

2.14 X 103 

Range 

3.16x1o-12 1x1o-14 

10-15 

10-18 

3.75x10·1 2.5x1o·1 

3.55x 10·1 2.67 X 10·1 

2x 10·1 1.21 x 1o·1 

7.7 4.2 

9.935 X 10"2 7.45 X 10"2 

5x 10·1 

4.44 X 10"1 

4.45x 10·1 

2.3 X 101 

1.24 X 10-1 

38 aParameters in bold were sampled in the 1992 calculations. 
39 
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Distribution 
Units Type Source 

none Table Sjaardema and Krieg, 1987, 
Figure 4.6 

kg/m3 Constant See Section 2.3.1 
kg/m3 Constant See Section 2.3.1 
m2 Lognormal See Section 4.2.1 

m2 Constant Lappin et al., 1989, Table C-1 
m2 Constant Lappin et al., 1989, Table C-1 
none Normal Freeze and Cherry, 1979, 

Table 2.4 (sand) 

m Uniform See Section 4.2.2 
m Constructed Brinster, 1990 

rad/s Constructed Pace, 1990;Austin, 1983 

m3/(s•m) Uniform Pace, 1990; Austin, 1983 

(database version: X-3.06PR) 



PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.2 Human-Intrusion Borehole 

1 4.2.1 Borehole Fill Properties 
2 
3 
4 Permeability* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Parameter: PermeabiUty, final (k) 
Material: Fill material in a human-intrusion borehole (Borehole, Pnn) 

Definition Units: m2 

Values: Range: (1 X w-14, 1 X w-11) Median: 3.16x w-12 

Distribution: Lognormal 
Correlation: 

20 
21 
22 

Data Source(s): Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Englewood Cliffs, NJ: Prentice-Hall, 
Inc. {Table 2.2, silty sand) (Investigator Judgment) 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 Usage: 
38 Mathematical model: 
39 1\vo-Phase Flow, Section 1.4.1 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Equations 1.4.1-1 and 1.4.1-2. 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High 
40 CFR 268 Not applicable 
NEPA Not tested 
Other Not tested 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.2 Human-Intrusion Borehole 

1 Discussion: 
2 

! Because of the speculative nature of inadvertent human intrusion, PA calculations depend on the guidance pro-
5 vided by regulations <?n factors such as length, severity, and resulting conditions after intrusion. The EPA Standard, 
s 40 CFR 191, in Appendix B states 
7 
8 
9 

" ... the implementing agency can assume that passive institutional controls or the intruders' own 
exploratory procedures are adequate for the intruders to soon detect, or be warned of, the incompat­
ibility of the area with their activities .... Furthermore, the Agency assumes that the consequences of 
such inadvertent drilling need not be assumed to be more severe than: ... (2) creation of a ground 
water flow path with a permeability typical of a borehole filled by the soil or gravel that would nor­
mally settle into an open hole over time--not the permeability of a carefully sealed borehole." 

10 
11 
12 
13 
14 
15 
16 
17 Thus, while intruders "soon detect" the repository, the guidance in Appendix B suggests that the implementing 
18 agency should not take credit for any special precautions that the drilling company might pursue as the result of 
19 detection that could alter long-term borehole behavior. 
20 

~! Initial Conditions after Abandonment. Some PA calculations require that initial conditions be established for 

23 the time period immediately after intrusion; no regulatory guidance ha<; been provided for these conditions. In defin-
24 ing initial conditions in the borehole, the PA calculations a<;sume that future societies establish government regula-
25 tions on drilling similar to those in effect today to protect natural resources. Thus, for any borehole through the 
26 repository and hypothetical brine reservoir, drillers would be required to place casing and several cement and sand 
;~ plugs as follows: 

29 
30 Casing. The normal procedure for drilling an oil and gas well is to drill the hole to the base of the Rustler Forma-
31 tion (the top of salt) and set casing. The State Engineer Office dictates the use of casing because the WIPP is located 
32 in a closed groundwater basin, and all hydrocarbon wells are required to protect the aquifers in the basin (e.g., Cule­
: bra Dolomite). After the hole has been drilled and the ca<;ing placed in the hole, the casing is cemented from bottom 

35 to top with an API Class C grout (intended for use in oil and gas wells from surface to a depth of 2,400 m [8,000 ft] 
36 and having a sulfate resistance). 
37 

38 Plug Locations. The Energy, Minerals, and Natural Resources Department, Oil Conservation Commission 
!~ (OCC) controls plugging when abandoning a borehole in the Delaware Basin in and around the WIPP. Exact specifi-
41 cations are negotiated between the drilling company and the OCC. The OCC then inspects for compliance. Because 
42 the WIPP repository is located in an area of the potash, recommended plugging procedures protect the potash horizon 
43 from foreign fluids. Prior to 1988, specifications likely included sealing off any encountered brine reservoir in the 
44 Castile Formation with cement grout and capping the seal with a 60-m (200-ft) cement-grout plug (Figure 4.2-1). !! About 15 m (50ft) of sand was usually emplaced above grout plugs. Weighted drilling fluid above the sand was usu-
47 ally emplaced to -60 m (-200ft) below the potash horizon, where another plug extended through the potash horizon. 
48 A second sand cap was emplaced, followed by weighted drilling mud to within -60 m ( -200 ft) of the top of the Sal-
49 ado Formation salt, where another plug of cement grout was emplaced, followed by sand and weighted mud. When 
50 the base of the ca<>ing was reached, the specifications either required grouting or filling with weighted mud to the sur­
~! face, where a cap and abandonment marker were often placed (Lappin et al., 1989, Appendix C). 

53 
54 In April 1988, the OCC amended order R-111 and specified that the plug be a "solid cement plug through the salt 
55 section" (Salado Formation); the amendment was in response to conflicts between the potash and oil/gas industries 
56 (OCC, 1989, p. 10). The 1991 PA calculations assumed these latter plugging conditions. 
57 
58 
59 Initial Plug Permeability. The initial plug permeabilities depend strongly on the host rock in which the plug is 
60 emplaced (e.g., clean vs. chemically altered steel casing or anhydrite vs. halite). Because most experimental studies 
61 of plug-borehole interactions extend for only hundreds of days or less, data are limited (Christensen and Petersen, 
62 1981; Buck, 1985; Bush and Piele, 1986; Bush and Lingle, 1986; and Scheetz et al., 1986). Any PA calculations 
63 starting from initial conditions assume permeabilities of 10·15 m2 (1 mD) for plugs in the Castile Formation and 10'18 

:: m2 (10-3 mD) in the Salado and Rustler Formations (Lappin et al., 1989, Table C-1). 

66 

(page date: December 29, 1992) 4-4 (database version: X-3.06PR) 



2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Elevation 

1039.06 

1023.30 

874.00 
856.70 
849.10 
823.40 
816.40 
779.70 

719.70 

642.60 

627.60 

511.60 

451.60 

388.47 

384.50 

215.00 

200.00 

178.10 

140.00 
128.00 

PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.2 Human-Intrusion Borehole 

Santa Rosa and 

Gatuiia Formations 

Dewey lake 

Redbeds 

Rustler 
Formation 

Salado 
Formation 

Castile 

Formation 

Magenta 

McNutt 
Potash 
Member 

Cap and Marker 

Cement or Drilling Mud 

Casing Required by 
State Regulations 

Drilling Fluid (in 1990 Calculations) 

Sand (in 1990 Calculations) 

Cement Plug 

Contact Elevations (in Meters) are Taken from Borehole ERDA- 9 Not to Scale 

TRI-6330·69·1 

58 
59 Figure 4.2-1. Required casing and plugs. New Mexico State regulations require casing through Rustler Fonnation 

when drilling exploratory boreholes; New Mexico Energy, Mineral, and Natural Resources 
Department currently requires solid cement plugs in Salado Formation to protect potash horizon 
when abandoning a borehole. 

60 
61 
62 
63 
64 
65 
66 
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1 Borehole Permeability and Porosity. Of primary concern to the PA calculations is the borehole permeability 
2 over most of the 10,000 yr. Three components of these calculations are (1) the length of time that the plug and casing ! remain intact, (2) the change in permeability of the deteriorating plugs with time, and (3) the ultimate deformation of 

5 the borehole. 

6 
7 Plug Life. Cementing companies suggest that the cement plugs should last for at least 100 yr, as would the 
8 casing. PA calculations assume a life of 75 yr followed by 75 yr of degradation (Figure 4.2-2). 
9 

10 
11 Degraded Plugs and Borehole Debris Permeability. PA calculations assume that the degrading concrete plugs 
12 and other debris initially present in the hole would have a permeability and porosity of silty sand (Freeze and Cherry, 
13 1979), but with a bulk and average density equal to that of the Salado Formation (Table 4.2-1 ). The permeability and 
14 porosity were assumed to vary lognormally and normally, respectively, between the typical range for silty sand, typi­
~~ cal of distributions of the parameters in the literature (Harr, 1987, Table 1.8.1). 

17 
18 Note that any drilling mud initially in the borehole or brine that drains into the borehole would have to be able to 
19 migrate through the degrading plugs before the borehole could be a viable conduit. In other words, if the fluid is 
20 trapped, the borehole is not a conduit. 
21 
22 
23 Borehole Deformation. Because of the change in borehole abandonment procedures, the 1991 and 1992 PA cal-
24 culations did not assume any borehole deformation. This assumption contributed to a more conservative calculation. 
25 

26 With the previous order, salt "would normally settle into an open hole" and naturally seal the hole shut in the 
27 uncemented section of the borehole. Thus, with time, the borehole would attain very low permeabilities similar to the 
28 
29 host salt. However, if the amended orders are followed and the borehole is filled, the use of a solid cement plug 
30 through the Salado Formation greatly decreases the likelihood that the borehole will be permanently sealed by salt 
31 creep over the long term (>100 yr). 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 Figure 4.2-2. 

64 
65 
66 
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Increased permeability of cement grout plugs in intrusion borehole with time because of 
degradation. 
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1 4.2.2 Drilling Characteristics 
2 

~ Intrusion Drill Bit Diameter* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Intrusion drill bit diameter (d) 
Material: Detennines initial diameter of human-intrusion borehole, (Borehole, DiamMod) 

Definition Units: m 

Values: Range: (2.67 X to-1, 4.44 X 1 o-1) Median: 3.55 X w-1 

Distribution: Uniform 
Correlation: 

Data Source(s): See text. (Investigator Judgment) 

Usage: 
Mathematical model: 

Two-Phase Flow, Section 1.4.1 of this volume; 
Cuttings Removal, Section 1.4.3 of this volume. 

Equation: (Determines geometry of borehole in two-phase flow model; see Figure 1.4-3 
for cuttings-removal model). 

Computational models: 
BRAGFLO 
CUITINGS 

Value of Additional Information 
40 CFR 191 High (CU'rfiNGS) 
40 CFR 268 Not applicable 
NEPA Not tested 
Other Not tested 

65 
*Key to Parameter Sheets is provided in Section 1.2.8. 

66 
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1 Discussion: 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

The guidance for the EPA Standard, 40 CFR 191, (Appendix B) states that the EPA 

" ... believes that the most productive consideration of inadvertent intrusion concerns those realistic 
possibilities that may be usefully mitigated by repository design, site selection, or use of passive 
controls (although passive institutional controls should not be assumed to completely rule out the 
possibility of intrusion). Therefore, inadvertent and intermittent intrusion by exploratory drilling 
for resources (other than any provided by the disposal system itself) can be the most severe intru­
sion scenario assumed ... " 

14 The possible futures (scenarios) that must be considered are not necessarily exhaustive, but rather those that if 
~~ examined might differentiate between repository sites or perhaps identify ways to improve repository design. 

17 
18 Consequently, the PA Department assumes that current standard drilling procedures for gas and oil exploration 
19 will continue into the future, and that future drillers will observe regulations similar to those currently imposed by 
20 federal and state agencies to protect resources. 
21 
22 
23 Drilling for oil and gas has two main objectives: to drill the hole to the target horizon as quickly and economi-
24 cally as safely possible, and to install casing from the reservoir to the surface for production of hydrocarbons if they 
25 are found. The procedures used to accomplish these objcetives are fairly well standardized in the drilling industry. 
26 
27 Currently when a company drills an exploratory oil or gas well in the Delaware Basin, the operation uses a stan-
28 
29 dard rotary drill rig with a mud circulation system. The differences between drilling for oil and gas depend on the 
ao depth of the well, which controls the size of drill bit used. Figure 4.2-3 shows the distribution used in the past in the 
31 Delaware Basin for oil and gas exploration. The data are reported as a discrete distribution because bit diameters can-
32 not vary continuously between 0.1206 m and 0.4445 m diameter (4-3/4 in. and 17-112 in.), but must be the diameter 
~! of a bit that was actually used (Brinster, 1990). 'Ibe median bit diameter is 0.2000 m (7-7/8 in. diameter). 

35 
36 Currently, the normal depth for an oil well in the Delaware Basin near the WIPP site ranges from 1,200 to 1,800 
37 m (4,000 to 6,000 ft), but gas-well depths usually exceed 3,000 m (10,000 ft). Consequently, oil wells normally have 
38 a standard 0.413-m (16 1/4-in.) drilled hole to the top of salt to accommodate 0.340-m (13 3/8-in.) steel casing, and 
39 gas wells normally have a standard 0.4445-m (17 1/2-in.) drilled hole to accommodate 0.356-m (14-in.) casing. After 
40 
41 casing is set with grout, the company drills either a standard 0.311-m (12 1/4-in.) hole, if the target is oil, or a 0.356-
42 m (14-in.) hole, if the target is gas (Table 4.2-2). Rather than sample from the historical diameters for evaluating the 
43 borehole as was done in the 1990 PA calculations, the 1991 PA calculations sampled from a perturbation about the 
44 currently used diameter for deep gas wells (i.e., 0.356 m ± 0.0889 [14 in.± 3.5]). 'Ibis practice ensures that fairly 
45 large borehole diameters are used, and thus, is more conservative than the 1990 calculations. 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Figure 4.2-3. Distribution of historical drill bit diameter. 

Table 4.2-2. Specifications for Gas and Oil Exploratory Boreholes 

Parameter 

Drilled diameter 
In Rustler Formation (oil well) 

(gas well) 
In Salado and Castile Formations, (oil well) 

(gas well) 

(page date: December 29, 1992) 4-9 

Value 

0.413 
0.444 
0.311 
0.356 

Units 

m 
m 
m 
m 
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4.3 Parameters for Castile Formation Brine Reservoir 1 
2 
3 

Pressurized brine in the northern Delaware Basin has been encountered in fractured anhydrites of the Castile For-
5 mation in boreholes both north and northeast of the WWP over the past 50 yr. In addition, Castile brines were 
s encountered southwest of the WIPP at the Belco Well, about 6.5 km (4 mi) from the center of the WIPP. During 
7 WIPP site characterization, Castile Formation brine reservoirs were encountered in the WIPP-12 borehole, about 1.6 
: km (1 mi) north of the center of the WIPP, and the ERDA-6 borehole, about 8 km (5 mi) northeast of the center of the 

10 WIPP(Figure4.3-1). 

11 

4 

12 Also, a geophysical study that correlated with the known occurrence of brine at WIPP-12 indicated the presence 
13 of brine fluid within the Castile Formation under the WIPP (Earth Technology Corp., 1988). Based on borehole expe­
~ ~ rience and the geophysical study, the PA calculations assume that a brine reservoir exists underneath at least a portion 

16 of the disposal region. The assumed presence of a Castile brine reservoir beneath the repository is of concern only in 
17 the event of human intrusion. (The area, and thus, the probability of hitting a brine reservoir and the disposal area 
18 simultaneously are discussed in Chapter 5.) 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Table 4.3-1 provides parameter values for the PA Department's model of the Castile Formation Brine Reservoir. 

Table 4.3-1. Parameter Values for Castile Formation Brine Reservoir 

Distribution 
Parameter' Median Range Units Type Source 

Elevation, top 1.4 X 102 -2.00x 102 1.78 X 102 m Constructed WIPP PA Division, 1991, Vol. 3, 
Section 4.3.1 

Density, grain (p9) 2.963x 103 kg/m3 Constant See anhydrite, Section 2.4 
Analytic Model 

Pressure, initial (P!) 12.6 11.0 21.0 MPa Constructed See Section 4.3.1 

Storativity, bulk (Sb) 2 x 1o·1 2 X 10"2 2 X 101 m3/Pa Loguniform See Section 4.3.2 

Numerical Model 
Permeability 

Intact matrix 1 x 1o·19 1 X 10'20 1 X 10'18 m2 Constructed WIPP PA Division, 1991, Vol. 3, 
Section 4.3.2 

Fractured matrix 1 x 10·13 1 x w-16 1 X 10'10 m2 Constructed Freeze and Cherry, 1979; Reeves 
et al., 1991. 

Porosity 5 X 10'3 1 X 10'3 1 X 10'2 none Constructed Reeves et al., 1991. 
Radius, equivalent 2.32 X 102 3 X 101 8.6 X 1o3 m Constructed Reeves et al., 1991. 
Thickness 1.2 X 101 7 6.1 X 101 m Uniform Reeves et al., 1991. 

9 Parameters in bold were sampled in the 1992 calculations. 
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Figure 4.3-1. Deep boreholes that encountered brine reservoirs within the Castile Fonnation, Northern Delaware 
Basin (Lappin et al., 1989, Figure 3-26). 
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4.3.1 Brine Pressure 
2 
3 
4 Pressure, Initial* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Parameter: Pressure, initial (pi) 
Material: Brine reservoirs in Castile Formation (Cstile_R, Pressure) 

Definition Units: MPa 

Values: Range: (11.0, 21.0) Median: 12.6 

Distribution: Constructed (Figure 4.3-2); see Discussion 
17 Correlation: 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Data Source(s): Popielak, R. S., R. L. Beauheim, S. R. Black, W. E. Coons, C. T. Ellingson, and R. L. 

Usage: 

Olsen. 1983. Brine Reservoirs in the Castile Formation, Waste Isolation Pilot Plant 
(WIPP) Project, Southeastern New Mexico. lME-3153. Carlsbad, NM: U.S. 
Department of Energy. (WIPP Observational Data) 

Lappin, A. R., R. L. Hunter, D.P. Garber, and P. B. Davies, eds. 1989. Systems Analysis, 
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquer­
que, NM: Sandia National Laboratories. (Table 3-19) (Investigator Judgment) 

Mathematical model: 
Two-Phase Flow, Section 1.4.1 of this volume. 

Equations 1.4.1-1 and 1.4.1-2 (initial conditions in brine-reservoir materials). 

Computational models: 
BRAGFLO 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Not applicable 
NEPA Not tested 
Other Not tested 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 

(page date: December 29, 1992) 4-12 (database version: X-3.06PR) 



PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.3 Parameters for Castile Formation Brine Reservoir 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1.0 r-.-.. -.. -.. -.. -.. -.. -------------------,.-. 3x 10·
7 

~ 
:0 
(1j 
.0 
12 c.. 0.5 
Ql 

,.?; 
..\1! 
:J 
E 
8 

12 14 16 18 20 

Pressure (MPa) 

TRI-6342-1156·0 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Figure 4.3-2. Constructed distribution for Castile brine reservoir initial pressure. 

32 Discussion: 
33 

~: Median. The measured initial pressure of 12.6 MPa (125 atm) for WIPP-12 (Popielak et al., 1983, p. H-52) was 

36 used as the median brine reservoir initial pressure. 
37 
38 Range. Lappin et al. (Table 3-19, 1989, derived from Popielak et al., 1983, Table H.1) estimated the initial brine 
39 reservoir pressure from several wellhead measurements at WIPP-12 and other boreholes that encountered pressurized 
40 
41 

Castile brine. The range was between 7.0 and 17.4 MPa (69 and 172 atm). Because the range of pressures includes 

42 measurements in wells completed at various elevations, a correction for differences in elevation is required. 
43 

44 The origin of Castile brine reservoirs is not conclusively known. Present interpretations are that their origin is 
45 either local, by limited movement of intergranular brines from adjacent Ca<>tile halites, or regional, by the previous 
:~ existence of a lateral hydraulic connection of the Castile Formation with the Capitan reef (Lappin et al., 1989). How-
48 ever, the initial pressure observations at other wells are only directly pertinent if (1) the reservoir fluids are from the 
49 same source (past interconnection of reservoir fluid) or (2) they had a common genesis (e.g., brine trapped along bed-
50 ding planes in areas of high permeability). 
51 
52 
53 
54 

For the first case (interconnection), an elevation correction assuming a hydrostatic variation with depth is most 
appropriate. For the second case (common genesis), an elevation correction assuming a lithostatic variation depth is 

55 most appropriate. The range using both types of elevation corrections is 10.7 to 16.8 MPa (106 to 166 atm) (Table 
56 4.3-2). A brine density of 1,215 kg/m3 (75.85 lb/ft3) (Section 4.1) was a<>sumed for the first case; an average forma-
57 tion density of2,400 kg/m3 (149.8lb/ft3) was assumed for the second case. Elevations (except WIPP-12 and ERDA-
58 
59 

6) were estimated from the well location and a topographic map of the area (USGS 15 min quads, Carlsbad, NM, 

60 1971, Nash Draw, NM, 1965). 
61 
62 This calculated range is similar to the maximum and minimum possible range of 11 and 21 MPa, a'isuming 
63 hydrostatic and lithostatic pressures at the elevation of the WIPP-12 brine reservoir (140m [457.8 ft]) (see Figure 
64 
65 

2.3-11 ), and consequently this latter range has been used in the PA calculations. 

66 

(page date: December 29, 1992) 4-13 (database version: X-3.06PR) 



PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM 
4.3 Parameters for Castile Formation Brine Reservoir 

Table 4.3-2. Estimated Initial Pressures of Brine Reservoirs Encountered in the Region around the WIPP 
2 Corrected to the Depth at the WIPP-12 Brine Reservoir (after Popielak et al., 1983) 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Well 
Name 

WIPP-12 
ERDA-6 
Bel co 
Gulf 
Pogo 
Tidewater 
Union 
H&W Danford 1 
**Bilbrey 
**Cu!breston 
**Mascho 1 
**Mascho2 
**Shell 

Pressure Pressure 
with with 

Hydrostatic Lithostatic 
Correction Correction 

(MPa) (MPa) 

12.7 12.7 
15.5 16.8 
14.5 14.6 
12.1 10.7 

>16.6 >15.8 
>14.0 >12.2 
>11.2 >12.2 

11.5 15.8 
12.1 13.8 
11.8 10.9 
11.6 10.8 
11.3 10.6 
11.8 10.4 

Reported Elevation 
Pressure at of Depth to 
Observation Observation Observation 

(MPa) (m) (m) 

12.7 140 918 
14.1 253 826 
14.3 152 854 
13.6 16 1097 

>17.4 69 1013 
>16.0 -24 1137 
>10.1 226 856 

7.0 512 588 
11.2 209 942 
12.8 57 1071 
12.4 69 1013 
12.0 77 1005 
13.4 9 1119 

27 
28 

* Elevation from well location and USGS 15 min quad topographic map, Carlsbad, NM, 1971, Nash 

29 **According to Popielak et al. (1983, Table H.1), these wells should not be used to estimate static pressure. 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Surface 
Elevation* 

(m) 

1058 
1079 
1006 
1113 
1082 
1113 
1082 
1100(?) 
1151 
1128 
1082 
1082 
1128 
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1 4.3.2 Bulk Storativity 
2 
3 
4 Bulk Storativity* 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Parameter: Bulk storativity (Sb) 
Material: Brine reservoirs in Castile Formation (Cstile_R, StorBulk) 

Definition Units: m3 /Pa 

Values: Range: (2 X w-2, 2) Median: 2 X 1o-1 

Distribution: Lognormal (Figure 4.3-3) 
Correlation: 

Data Source(s): See text. {Investigator Judgment) 
Popielak, R. S., R. L. Beauheim, S. R. Black, W. E. Coons, C. T. Ellingson, and R. L. 

Olsen. 1983. Brine Reservoirs in the Castile Formation, Waste Isolation Pilot Plant 
(WIPP) Project, Southeastern New Mexico. TME-3153. Carlsbad, NM: U.S. 
Department of Energy. (WIPP Observational Data) 

37 Usage: 
38 Mathematical model: 
39 Two-Phase Flow, Section 1.4.1 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 

Equation (used to compute time-dependent boundary conditions for Eqs. 1.4.1-1 and 1.4.1-2). 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Computational models: 
BRAGFLO 

Ranking of Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Not applicable 
NEPA Not tested 
Other Not tested 

65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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30 

Figure 4.3-3. Estimated distribution for bulk storativity of Castile brine reservoir. 

31 Discussion: 
32 
33 
34 Bulk storativity (Sb) as defined herein is the total volume of fluid discharged from the reservoir per unit decrease 
35 in reservoir pressure (A V/Ap). The bulk storativity can be estimated from wellhead measurements (long-term change 
36 in pressure and total discharge volume), or from the compressibility of the reservoir matrix and fluid and the total vol-
37 ume and porosity of the reservoir. 
38 
39 
40 The pressure recovery of the WIPP-12 reservoir is characteristic of a dual-porosity medium. An initial rapid 
41 response is attributed to a highly permeable fracture set, whereas a more gradual component of recovery is due to 
42 repressurization of the higher permeability fracture set by intersecting lower permeability fractures. Because the 
43 human-intrusion scenarios contemplate that the Castile will be connected to the Culebra over the long term (com­
:~ pared to the duration of well tests), estimates of bulk storativity from long-term pressure changes are more appropri-
46 ate than those made using short-term pressure changes, which may represent only the storativity of the highest 
47 permeability fractures. Estimates of bulk storativity using wellhead measurements range from 5 x w-4 m3/Pa (from 
48 ERDA-6 testing through October, 1982) to 2 x 10· 1 m3/Pa (from estimated total discharge volume, maximum esti-
49 mated formation pressure, and apparent long-term recovery pressure at WIPP-12). Because WIPP-12 is closer to the 
~~ waste disposal area than ERDA-6, the latter number is considered more appropriate for a sub-repository reservoir. 

52 
53 Reservoir compressibility (~/<1>) and total volume (V101) may also be used to estimate bulk storativity: 
54 
55 
56 
57 
58 

(4.3-1) 

:~ The area of the WIPP-12 reservoir is approximately 1.7 x 106 m2 {Popielak et al., 1983 p. H-53). Popielak 
61 depicts brine occurrence in the lower 40% of the 100-m thickness of Anhydrite III-IV at WIPP-12 {Popielak: et al., 
62 1983, Figure G-2), giving a rough estimate of the reservoir total volume of 6.5 x 107 m3. (Note that other published 
63 estimates of reservoir volume [e.g., Lappin et al., 1989, p. E-32] were made from wellhead measurements assuming 
:~ some value of compressibility. These volume estimates will therefore not lead to independent estimates of Sb.) 

66 Estimates of the bulk modulus Kbulk = E/3(1-2u) (where E is Young's modulus and u is Poisson's ratio) of 
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4.3 Parameters for Castile Formation Brine Reservoir 

1 Anhydrite III at WIPP-12 were used by Popielak et al. (1983, p. G-34) to derive a range of Bs from 3 x w-11 Pa-1 to 
2 1.4 x w-10 Pa-1. The resulting range in bu1k storativily from Eq. 4.3-1 is 2 x w-3 to 9 x w-3 m3/Pa. The reason this ! range does not include the wellhead estimate from WIPP-12 may be due to errors in the estimate ofbu1k volume or 

5 compressibility. For example, the apparent Bs may be larger than estimated here because of fractures in the anhydrite 
6 or trapped gas in the reservoir. However, at present there is no reason to suppose that bulk storativity is substantially 
7 higher than estimated from WIPP-12 wellhead measurements. 
8 
9 Based on the above considerations, the bulk storativity is assumed to lie between 2 x 10·2 and 2 m3/Pa. The like-

10 
11 lihood of the actual value falling in a given interval is described by a lognormal distribution between these limits. 
12 The median of this distribution is 0.2 m3/Pa. 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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4.4 Climate Variability and Culebra Member Recharge 

4.4 Climate Variability and Culebra Member Recharge 
2 
3 
4 Climate variability is a continuous process (agent) acting on and thus affecting the state of the disposal system. 

5 The primary concerns are precipitation variation and, ultimately, recharge to strata above the Salado Formation, spe­
s cifically, to the Culebra Dolomite Member. Parameters for the PA Department's models of climate variability and 
7 Culebra Member recharge are shown in Table4.4-1. These models are discussed briefly in Section 1.4.5 and in more 
: detail in Volume 2 of this 1992 series of reports. 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Table 4.4-1. Climate VariabiiHy and Culebra Member Recharge 

Paramete~ 

19 Annual precipitation (r ) 
20 Precipitation variation P 

Median 

21 Amplitude factor (Am) 2 
22 Short-term fluctuation(<)>) 2x10"10 

23 Glacial fluctuation (e) 1.7x1o-12 

24 Index for computing recharge 

25 
26 
27 

amplitude factor AR 0.5 

Range 

3.09 X 10·2 6.563 X 10·1 

0 

28 aParameters in bold were sampled in the 1992 calculations. 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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Distribution 
Units Type Source 

m Normal Hunter, 1985 

none Constant Swift, 1991 
Hz Constant Swift, 1991 
Hz Constant Swift, 1991 

none Uniform See Section 1.4.5. 
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4.4 Climate Variability and Culebra Member Recharge 

~ Index for Computing Recharge Amplitude Factor* 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

Parameter: Index for computing recharge amplitude factor {AR) 
Material: Model of climatic variability and boundary recharge (Global, Climtldx) 

Definition Units: None 

Values: Range: (0, I) Median: 0.5 

Distribution: Uniform 
Correlation: 

Data Soun:e{s): None. (Investigator Judgment), but see 

Usage: 

Swift, P. N. 1991. Appendix A: "Climate and Recharge Variability Parameters for the 
1991 WIPP PA Calculations," Preliminary Comparison with 40 CFR Part 191, Sub­
part B for the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference 
Data. WIPP Performance Assessment Division. Eds. R. P. Rechard, A. C. Peterson, 
J.D. Schreiber, H. J. Iuzzolino, M.S. Tierney, and J. S. Sandha. SAND91-0893/3. 
Albuquerque, NM: Sandia National Laboratories. A-107through A-121. 

Mathematical model: 
Fluid Flow in Culebra, Section 1.4.5 of this volume. 

Equation 1.4.5-4 and text following that equation. The recharge amplitude factor AR is 
calculated from the index U by 

AR = 1 + (y-l)U 

where y is a scaling factor chosen by the PA Analyst. 

Computational models: 
SEC02D 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Medium 
40 CFR 268 Not tested 
NEPA Not tested 
Other Not tested 

65 *Key to Parameter Sheets is provided in Section 1.2.8. 
66 
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1 5. PARAMETERS FOR SCENARIO PROBABILITY MODELS 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Parameter: 
Material: 

Definition Units: 

Values: 

Distribution: 

5.1 Area of Brine Reservoirs 

Fraction of Area of Castile Brine Reservoirs Overlapping Disposal Area (At/AJ 
Geometric Property of Castile Brine Reservoirs (Cstile_R. Area_frc) 

Dimensionless 

Range: (0.25, 0.57) Median: 0.4 

Constructed (by simulation; see discussion and Figure 5.1-1) 
18 Correlation: 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Data Source(s): See text. (Investigator Judgment) 
Earth Technology Corporation. 1988. Final Report for Time Domain Electromagnetic 

(TDEM) Surveys at the WIPP Site. SAND87-7144. Albuquerque, NM: Sandia 
National Laboratories. 

37 Usage: 
38 Mathematical model: 
39 Human Intrusion; Section 1.4.2 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Equation 1.4.2-5 and text preceding that equation. 

Computational models: 
CCDFPERM 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 Low 
40 CFR 268 Not applicable 
NEPA Not tested 
Other Not tested 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 
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28 
29 

Figure 5.1-1. 1992 distribution offraction ofWIPP disposal area overlapped by brine reservoir. Simulated 

30 construction uses inclusive definition of brine reservoir and block model (sec text). 
31 
32 
33 Discussion: 
34 
35 
36 A geophysical survey, using transient electromagnetic methods, was made in 1987 to determine the presence or 
37 absence of brines within the Castile Formation under the WIPP disposal area (Earth Technology Corp., 1988). 
38 Briefly, the electromagnetic method associates high electric conductivity with fluid. (The stated precision of depth to 
39 conducting layers was to within ±75 m.) The entire Bell Canyon Formation directly beneath the Castile Formation is 
40 
41 

a good conductor. However, in several places underneath the WIPP disposal area, the elevation to the first major con-
42 ducting media detected lay above the top of the Bell Canyon Formation (-~200 ±30m [-654 ±100ft] in the ERDA-
43 9 well) but below the bottom of the Salado Formation (178m [582ft] in ERDA-9) (sec Figure 2.2-1 and Section 2.2). 
44 
45 The probability of hitting a brine reservoir can be evaluated for the waste disposal area as a whole or for subunits 
46 
47 

such as the panels. The current human-intrusion probability model (Volume 2, Chapters 1 and 2) uses the former data 

48 (the probability of hitting a brine reservoir over the entire waste panel) and assumes that this same probability applies 
49 to each panel. However, an examination of this assumption required the probability for each panel as well (Volume 2, 
50 Chapters 1 and 2). The following discussion empha<;izes the probability over the entire disposal area, but provides 

data on a per panel basis as well. 
52 
51 

53 
54 Two methods were considered for determining the area of the brine reservoir. The first involved using the inter-
55 polated conductor elevations and the Anhydrite III of the Castile Formation and the Bell Canyon Formation eleva-
56 tions without considering uncertainty in the data. Although not used, it is discussed first because of its simplicity. 
57 The second method considers uncertainty in the data through geostatistics. 
58 
59 
60 Area Estimate Assuming No Uncertainty in Data. Contours of the depth and elevation to the first major con-
61 ductor are plotted in Figures 5.1-2 and 5.1-3. The data in Figure 5.1-2 was the interpretation originally reported 
62 (Earth Technology Corporation, 1988). However, Figure 5.1-3 is an equally valid interpretation of the data; it is 
63 somewhat more conservative and was computer generated from the same data. 
64 
65 
66 
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5.1 Area of Brine Reservoirs 
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Figure 5.1-2. Frequently repmted contour map of deplll below surface of first major conductor below WIPP 
disposal area. Shaded areas show extent. of first major conductor. (Map drawn by hand.) (after Earili 
Technology Corp., 1988). 
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5.1 Area of Brine Reservoirs 
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38 Figure 5.1-3. Conservative contour map of elevation above sea level of first major conductor below WIPP disposal 
39 
40 
41 

area. 

Minimum Area (Anhydrite III Level). The brine reservoirs are usually found in fracture zones of anticlinal struc­
tures in the uppermost anhydrite layer in the Castile (Lappin, 1988) (e.g., Anhydrite III as in WIPP-12 or when Anhy­
drite III is absent such as Anhydrite II in ERDA-6). 

42 
43 
44 
45 
46 
47 
48 

In ERDA-9, the elevation of the bottom of Anhydrite III in the Castile Formation is estimated at 90 m (295 fl). 

49 Consequently, there is a possibity that no brine is present beneath the disposal area. 
50 

51 Maximum Area (Bell Canyon Level). Pressurized brine reservoirs cannot be entirely discounted until the Bell 
52 Canyon Formation is reached at about-200m (-660ft) (Figure 2.2-1), implying that conductors higher than about 
~! -200m (-660ft) could indicate brine within the Castile Formation. PA calculations use the-200m (-660ft) contour 

55 for defining the maximum area of any brine reservoirs under the WIPP disposal area (Figure 5.1-3), resulting in a 
56 maximum area of about 40% (Table 5.1-1 ). 
57 
58 Combined Distribution. Without knowing the likelihood that either endpoint is more valid, a discrete distribu-
59 
60 tion with points at 0 and 45% of equal probability is suggested. 

61 
62 
63 
64 
65 
66 
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1 Table 5.1-1. 
2 
3 
4 
5 

~ Depth (m) 

8 
9 Panel1 

10 Panel2 
11 Panel3 
12 Panel4 
13 PanelS 
14 PanelS 
15 Panel7 
16 Panels 
17 Southern 
18 Northern 
19 
20 Cumulative 
21 Percent 
22 Cumulative 
23 Area (m~ 

0 

3.97 

0.316 

345.3 

PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 

Cumulative Percentages of the Disposal Region Underlain by a Brine Reservoir, Assuming 
Various Elevations Relative to Sea Level. 

Cumulative Percent(%) at Indicated Elevations Relative to Sea Level 
-50 -100 -150 -180 -200 -250 ·300 -350 -400 

5.37 61.95 97.80 100.00 100.00 100.00 100.00 100.00 11,530.0 
4.00 44.57 69.33 73.08 87.47 100.00 100.00 100.00 11,530.0 

18.23 85.73 100.00 100.00 100.00 11,530.0 
35.85 75.57 96.17 100.00 100.00 100.00 11,530.0 

19.76 94.80 100.00 100.00 100.00 11,530.0 
26.57 100.00 100,00 100.00 11,530.0 
67.45 100.00 100.00 100.00 11,530.0 

0.79 9.01 34.64 52.86 100.00 100.00 100.00 100.00 11,530.0 
3.24 45.01 100.00 100.00 100.00 8,413.0 

12.49 21.67 27.49 34.86 45.29 54.79 69.25 94.52 100.00 8,701.0 

0.99 42.796 14.367 27.828 39.648 77.219 97.553 99.564 100.000 

1,086.8 3,057.6 15,711.1 30,431.4 43,357.1 84,442.3 106,678.2 108,877.4 109,354.0 
24 
25 
26 
27 
28 
29 Area K<;timate Incorporating Uncertainty in the Data. Described above is a method of estimating the frac-
30 tional area of the waste-panel region underlain by a Castile brine reservoir using contours of the conductor elevation. 
31 This method assumes that elevation contours drawn from the observed data correctly represent the variation of con-
32 doctor depth between observation locations. The following discussion describes an alternative method that does not 
~! rely on reported depth contours and the resulting area fraction distribution. 

35 
36 
37 
38 
39 
40 

Conductor elevation measurements are available at 36 points (Figure 5.1-2). These data were used to estimate 
conductor elevation at all points within the waste panel region. Any estimate of the conductor depth at an unmea­
sured location bad an uncertainty associated with it. The objective of this procedure is to incorporate relevant uncer­
tainties in the estimate of area fraction. 

41 
42 Spatial Variability and Interpolation. Uncertainty in interpolated elevations is a consequence of spatial variabil-
43 ity of the observed data. Quantifying spatial variability helps in estimating the error of an interpolated value. If two 
44 observations are made close together, it is reasonable to expect that similar values will be obtained (autocorrelation 
:~ function, Chapter 1). As the distance between observations increases, the similarity of observed values decreases. 

47 This behavior of spatially varying fields is often represented as a variogram (Figure 5.1-4). The variogram shows the 
48 average squared difference in observed values between observations separated by a given distance vs. the distance 
49 between observations. For a given separation distance h, the average is taken over all pairs of observations that are 
50 separated by distance h. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

The variogram in Figure 5.1-4 is a generic example illustrating two common features seen in real data. Close to 
the origin (i.e., small separation distances), values are similar, so that the average squared difference is small. As the 
distance between observations increases, observed values tend to become uncorrelated, resulting in an increase in 
average squared difference in observed values. lbe distance at which observations tend to become uncorrelated is 
referred to as the range of the variogram. As separation distance increases beyond the range, the average squared dif­
ference tends to a limiting value, called the sill. 

Not all fields exhibit clearly defined range and sill. Systematic trends in the data, for example, can produce vari­61 
62 ograms that continually increase with separation distance. In addition, the spatial variability of the data may be dif-
63 
64 

ferent along different directions, so that a variogram constructed from separations along one direction may be 

65 different from a variogram constructed along another direction. 
66 
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Figure 5.1-4. Example variogram illustrating typical behavior of y with h. 

Information contained in the variogram is useful in interpolating from observed values for two reasons: 

The range of the variogram identifies the maximum distance over which observations tend to be correlated. 
This information is important for selecting the data points near the interpolation location having values that 
may be related to the actual value at the interpolation location. 

The avemge squared difference between data values, along with the distances between the interpolation loca­
tion and the locations of the selected observations, may be used to estimate the potential variability of the real 
value from the interpolated value. 

47 Analysis ofTDEM Data. Figure 5.1-2 shows conductor elevations interpreted from the IDEM survey at 36loca-
48 tions near and within the waste panel region. Figure 5.1-5 shows a cumulative distribution of observed elevations, 
49 along with the average elevation and sample standard deviation. Scatterplots of conductor elevation vs. X (E-W) 
~~ location andY (N-S) location are shown in Figure 5.1-6. There is no suggestion of a significant simple trend in ele-
52 vation along either direction. 
53 

A variogram of elevations was constructed in the E-W, N-S, NE-SW, and NW-SE directions. The regular 54 
55 arrangement of observation points facilitates this calculation: the variogram value for a separation of 250 m in the E-
56 
57 

W direction, for example, is simply the avemge of the squared difference of elevation values at points adjacent to 

58 each other in the E-W direction. Similar averages can be made for multiples of the observation grid spacing (250m) 
59 in theE-Wand N-S directions. Points in the NE-SW and NW-SE directions are separated by multiples of-353m. In 
60 calculating the elevation variogram, the observation at (750W, 290N) was assumed to have been made at (750W, 
61 250N). This displacement has no important effect on the resulting variogram. 
62 
63 
64 Figure 5.1-7 shows the variogram of the elevation data along the directions mentioned. The separation distances 
65 considered were 250 m and 500 m in the E-W and N-S directions, and 353 m in the diagonal directions. Larger 
66 
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Figure 5.1-5. Population distribution and statistics for conductor elevations. 

33 
34 

separations have too few pairs to provide a reliable estimate of mean squared difference. The horizontal line, which 

35 shows the average squared difference over all pairs of points regardless of separation, is an estimate of the variograrn 
36 sill. 
37 
38 The striking feature of the variograrn is the lack of evidence for a range of correlation of observations. The 
39 
40 

average squared difference for adjacent measurements and the expected squared difference for randomly selected 

41 measurements (i.e., the sill) are indistinguishable. In other words, there is no evidence for spatial correlation of 
42 elevation over distances as small as 250 m. (In a separate analysis, the program AKRIP was used to estimate a 
43 generalized covariance for the elevation data. The identified model contained only a "nugget" term, i.e., the 
44 generalized covariance was not found to depend on separation distance.) 
45 
46 
47 Estimation of Conductor Elevation. The variograrn suggests that, in attempting to estimate conductor elevation 
48 at non-measured locations, observations made 250 m from the interpolation location contain no more information 
49 about the real value at the interpolation location than more distant observations. For all points within the waste panel 
50 region, at least one observation less than 250 m away will be available. The variograrn analysis does not indicate 
51 
52 whether observations less than 250m distant can be expected to provide information about elevation at the interpola-
53 tion point. In particular, the assumption of linear variation of elevation between data points made in constructing con-
54 tours of conductor elevation has no support (i.e., Figures 5.1-2 and 5.1-3). 
55 
56 Two bounding alternatives, corresponding to different assumptions about the behavior of the variograrn between 
57 
58 

0 and 250 m have been considered (see Figure 5.1-7): 

59 

60 (1) 
61 
62 
63 
64 
65 
66 

"Random elevation" assumption: Conductor elevation correlation length is very small <<250m. The vario­
grarn is equal to the sill value between 0 and 250m. 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 

100 

0 

I -100 
c: 
0 
'iii 
> 
Q) 

-200 w .... 
0 
ti 
:::J 

'U -300 c: 
0 

(.) 

-400 

-500 

• 

• 
I 

• 

• • 
• • 

• 

• 
• 
• 

• 

• • 
• 
• • 

• 

• 
• 

• 
• 

• 
• 
• 
• 

0 500 1 000 1500 

X Location (m from SW Corner) 

100 

0 

I -100 

I 

• c: 
0 • 
-~ 

il) 
-200 w .... 

0 
ti 
:::J 
'U -300 c: 
0 

• • • • • • • I • 
• (.) • • -400 • 

-500 

0 200 400 600 

Y Location (m from SW Corner) 

• 

-

-

2000 

:~ 
-

• 

BOO 1000 

TRHl342-1414·0 

Figure 5.1-6. Scatterplots of conductor elevation vs. X andY location. 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 
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Figure 5.1-7. Empirical variogram of conductor elevations. 

"Block elevation" assumption: The observation grid spacing is just outside the actual correlation length. 
Below 250 m, observations become highly correlated, with an expected squared difference equal to twice the 
measurement error variance ("cookie cutter" autocorrelation). 

39 
40 These assumptions lead to two different methods of estimating conductor elevation. Both assumptions have been 
41 carried through in estimating brine reservoir area fraction. 
42 
43 
44 
45 
46 
47 

In the random elevation assumption, nearby data points contribute no special information about the real value at 
the interpolation point in virtue of their proximity. The best estimate for elevation at any point is simply the average 
elevation over all observations. The variance of the error of this estimate is the population variance. 

In the block elevation assumption, elevation is highly correlated over distances smaller than the measurement 
interval. The estimate of elevation at an interpolation point is simply the observed value at the nearest observation 
point The variance of the error of this estimate is the variance of the error of the observation (7 5 m2). 

If the interpolated value is thought of as a weighted linear combination of observed values (as in inverse distance 
interpolation or in kriging), the random and block assumptions lead to the extremes of uniform weighting of all obser­
vations and exclusive weighting of the nearest observation. 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 Estimation of Area Fraction. The area fraction is defined as the area of the waste panel excavation overlying a 
59 brine reservoir divided by the total excavation area. A point is considered to overlie a brine reservoir if there is an 
60 electrically conductive zone in a hydrologically conductive layer of the Castile Formation. Although Castile brine 
61 reservoirs encountered during drilling appear to be always associated with the uppermost Castile anhydrite (Anhy-
62 
63 

drite lli at the WIPP site), there is the possibility that brine reservoirs may occur in lower Castile anhydrites. For the 

64 purpose of estimating area fraction using the existing data, two formulations are possible: 
65 
66 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 

(1) A point overlies a brine reservoir if the sub-Salado conductor elevation is greater than the elevation of the base 
of Anhydrite III, or 

4 (2) 
5 

A point overlies a brine reservoir if the sub-Salado conductor elevation is greater than the elevation of the base 
of the Castile. 

6 
7 
8 For any point in the waste panel region, none of the elevations used to identify a brine reservoir by either formu-
9 lation is known with certainty. In addition, there is uncertainty in which of the above formulations is appropriate. The 

10 area fraction estimate should incorporate these uncertainties. 
11 

~; Description of Method. Uncertainties associated with estimation of the area fraction were addressed through 

14 Monte Carlo simulations as follows: 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

• 200 samples from two uncorrelated uniformly distributed random variables were taken as possible values for 
the base elevations of the Castile and Anhydrite III. These distributions ranged from -230m to -170m for the 
base of the Castile, and from 70 m to 140 m for the base of Anhydrite III. The estimates of base elevation were 
uniformly distributed over the given range and were not correlated. The base elevation for the Castile and for 
Anhydrite III were assumed to be constant over the waste panel area. 

• Along with these elevations, one of the two formulations for identifying a brine reservoir was selected at ran­
dom. 

• For each set of sampled base elevations and brine reservoir definition, 2000 realizations of conductor elevation 
were created on a uniform mesh. The relative area overlying the brine reservoir was then calculated using the 
sampled realizations and the selected definition of a brine reservoir. 

• The relative number of simulations having a given area fraction was then used to construct an area fraction dis­
tribution. The derived area fraction distribution reflects uncertainty in conductor elevation, lithology, and the 
existence of brine reservoirs in lower Castile anhydrites. 

39 The above process was applied twice, using the "random" and "block" assumptions for spatial correlation of con-
40 ductor elevation in the generation of conductor realizations. In either case, conductor elevations at each mesh cell 
41 were assumed to be normally distributed around the estimated value. 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Maximum Area (Bell Canyon Level). Based on the geostatistical analysis and data uncertainty described above, 
the use of the more conservative block model, and the assumption that a brine reservoir cannot be discounted until the 
Bell Canyon is reached, there is a chance that the brine reservoir has an area between 25 and 55% of the excavated 
area with a median of 40%. This contrasts with the best estimate of 45% from the contour method. The distribution 
isS-shaped (Figure 5.1-1). 

51 Minimum Area (Anhydrite /II Level). Based on the geostatistical analysis and data uncertainty described above, 
52 the probability of a brine reservoir residing in the uppermost anhydrite layer beneath the repository is very small. 
53 

~~ 50% Combination. Figure 5.1-8 shows the derived cumulative distribution of area fraction using both the "ran-
56 dom" and "block" assumptions and assuming that 50% of the time Anhydrite III is the maximum depth and 50% of 
57 the time the Bell Canyon is the maximum depth. Both distributions show a distinct bi-modality assuming very small 
58 values of area fraction correspond to the requirement that the brine reservoir be in Anhydrite III, whereas larger area 
59 fractions correspond to the requirement that the brine reservoir be in the Castile Formation. The relative weighting of 
60 the two formulations for the brine reservoir controls the elevation of the plateau in the cumulative distribution and is 
61 
62 clearly more important than the model of spatial variability of conductor elevation (random or block). 

63 
64 In the 1991 PA calculations, we used the maximum area distribution of 25 to 55% because the results are more 
65 conservative. We could not readily establish the likelihood that the elevation of Anhydrite III in the Castile 
66 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 
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Figure 5.1-8. Cumulative distribution of area fraction using the "random" and "block" assumptions. 

32 Formation could be used as a cutoff for indicating whether a brine reservoir existed under the disposal area without 
33 further examination of the occurrence of brine reservoirs in the region. 
34 
35 
36 Lack of Spatial Correlation of Conductor Elevations. The variogram analysis suggests that conductor elevations 
37 are not correlated over a distance of 250 m. Aside from ramifications for interpolation, this result appears to place 
38 limits on the areal extent of brine reservoirs beneath WIPP. This conclusion is not entirely justified. Figure 5.1-9 
39 shows a hypothetical arrangement of measurement points, and an underlying structure dominated by narrow features 
40 
41 at an angle to the measurement array. Although the features are continuous over the region, observations of particular 
42 features are randomly distributed through the measurement array. In order for the underlying correlation structure of 
43 the oblong features to be revealed in this hypothetical case, the measurement array must be able to resolve the mini-
44 mum characteristic dimension of the features. Note that it may still be possible for the original sampling to provide a 
:~ good estimate of the relative area of each feature type. 

47 
48 Although Figure 5.1-9 is hypothetical, geologic considerations argue that brine reservoir location may be con-
49 trolled by fracturing along Castile anticlines. In this situation, it is not unreasonable to expect brine reservoirs to be 
50 defined by long, narrow fracture zones along the anticline axis. Lack of correlation at a scale of 250 m would then 
~~ place an upper limit on the minimum dimension of these fracture zones, but would not constrain maximum area 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

extent. 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.1 Area of Brine Reservoirs 
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Figure 5.1-9. Illustration of hypothetical variability of regular sampling of extensive narrow features. 
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PARAMETERS FOR SCENARIO PROBABILITY MODELS 
5.2 Human-Intrusion Probability (Drilling) Models 

5.2 Human-Intrusion Probability (Drilling) Models 

Index for Drilling Intensity Functions* 
Parameter: 
Material: 

Definition Units: 

Values: 

Distribution: 
Correlation: 

Data Source(s): 

Index for DrilJing Intensity Functions 
None 

Dimensionless 

Range: (0.0, 1.0) Median: 0.5 

Unifonn 

See discussion in following memo: 
Hora, S. C. 1992. "Probabilities of Human Intrusion into the WIPP, Methodology for 
the 1992 Preliminary Comparison" (see Appendix A, pp. A-69 through A-99). 
(Expert Panel Judgment) 

37 Usage: 
38 Mathematical model: 
39 Human Intrusion, Section 1.4.2 of this volume. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

Equation 1.4.2-5 and text following that equation. The index is used to make a random selec­
tion of one drilling-intensity function from among a family of equally likely drilling-intensity 
functions. A family of 70 drilling-intensity functions used in 1992 calculations is shown in 
Appendix D of this volume. 

Computational models: 
CCDFPERM 

Ranking in Past Sensitivity Analyses: 
40 CFR 191 High 
40 CFR 268 Not applicable 
NEPA Not applicable 
Other Not applicable 

58 
59 
60 
61 
62 
63 
64 
65 
66 

*Key to Parameter Sheets is provided in Section 1.2.8. 
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6. SUMMARY OF PARAMETERS SAMPLED IN 1992 
2 
3 
4 
5 
6 6.1 Sampled Parameters 
7 
8 Tables 6.0-1, 6.0-2, and 6.0-3 summarize the parameters that were sampled for the 1992 PA calculations for the 
9 

10 geologic barriers, engineered barriers, and agents acting on the disposal system and probability models for scenarios, 
11 respectively. 
12 
13 
14 Table 6.0-1. Distributions of Sample Parameters in December 1992 WlPP Performance Assessment for 
15 
16 Geologic Barriers 
17 
18 
19 Distribution Discussed in 

20 Parameter Median Range Units Type Text Section No. 

21 --
22 Halite within Salado Formation 
23 • Log permeability 
24 (log k), undisturbed -21.2 -24.0 -19.0 log (m~ Constructed 2.3.5 
25 
26 • Relative weight, 
27 Brooks-Corey model n.a. (Brooks-Corey wt. = 0.67) none Constructed 2.3.1 
28 
29 • Brooks-Corey exponent (A) 0.7 0.2 10.0 none Constructed 2.3.1 
30 
31 • Residual wetting phase 
32 (liquid) saturation, str 0.2 0.0 0.4 none Uniform 2.3.1 
33 
34 • Residual gas saturation, S9r 0.2 0.0 0.4 none Uniform 2.3.1 
35 
36 Anhydrite within Salado Formation 
37 • Log permeability 
38 (log k), undisturbed -19.3 -21.0 -16.0 log (m~ Constructed 2.4.2 
39 
40 • Pore pressure (p) 12.5 12.0 13.0 MPa Uniform 2.4.3 
41 
42 • Porosity ( ¢>) undisturbed 1 X 10'2 1 X 10'3 3 X 10'2 none Constructed 2.4.4 
43 
44 • Index for computing 
45 DRZ porosity 0.5 0 none Uniform 2.4.4 
46 
47 Castile Formation Brine Reservoir 
48 • Initial pressure (p) 12.6 11.0 21.0 MPa Constructed 4.3.1 
49 
50 • Storativity, bulk (Sb) 0.2 0.02 2.0 m3/Pa Lognormal 4.3.2 
51 
52 Culebra Dolomite Member 
53 • Fracture spacing (2B) 0.4 0.06 8.0 m Constructed 2.6.2 
54 
55 • Fracture porosity (¢> 1) 1 x 1 o·3 1 X 104 1 X 10·2 none Lognormal 2.6.2 
56 
57 • Clay filling fraction (bJb) 0.0 0.0 0.5 none Constructed 2.6.1 
58 
59 • Porosity of clay 
60 lining fractures <<Pel 0.275 0.05 0.5 none Uniform 2.6.2 
61 
62 
63 
64 
65 
66 
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SUMMARY OF PARAMETERS SAMPLED IN 1992 
6.1 Sampled Parameters 

2 
3 
4 
5 
6 
7 

Table 6.0-1. Distributions of Sample Parameters in December 1992 WIPP Performance Assessment for 
Geologic Barriers (Concluded) 

Parameter Median 

8 
9 Log partition coefficients, 

10 clay lining fractures 
11 • Am 1.97 
12 • Np 0.0 
13 • Pu 2.31 
14 • Ra -1.47 
15 • Th -1.00 
16 • u -2.12 
17 
18 • Matrix porosity ( <j> ml 0.139 
19 
20 Log partition coefficients, 
21 matrix 
22 • Am -0.730 
23 • Np -1.32 
24 • Pu -5.84 
25 • Ra -2.00 
26 • Th -2.00 
27 • u -1.54 
28 
29 • Index for Culebra 
30 transmissivity fields 0.5 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

(page date: December 29, 1992) 

Range 

-4.0 3.0 
-4.0 3.0 
-4.0 3.0 
-4.0 2.0 
-4.0 1.0 
-4.0 0.0 

0.096 0.208 

-4.0 2.0 
-4.0 2.0 
-4.0 2.0 
-4.0 1.0 
-4.00 0.0 
-4.00 0.0 

0 

6-2 

Units 

log (m 3/kg) 
log (m 3/kg) · 
log (m 3/kg) 
log (m 3/kg) 
log (m 3/kg) 
log (m3/kg) 

none 

log (m3/kg) 
log (m 3/kg) 
log (m3/kg) 
log (m3/kg) 
log (m3/kg) 
log (m3/kg) 

none 

Distribution 
Type 

Constructed 
Constructed 
Constructed 
Constructed 
Constructed 
Constructed 

Constructed 

Constructed 
Constructed 
Constructed 
Constructed 
Constructed 
Constructed 

Uniform 

Discussed in 
Text Section No. 

2.6.4 
2.6.4 
2.6.4 
2.6.4 
2.6.4 
2.6.4 

2.6.2 

2.6.4 
2.6.4 
2.6.4 
2.6.4 
2.6.4 
2.6.4 

2.6.3 
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SUMMARY OF PARAMETERS SAMPLED IN 1992 
6.1 Sampled Parameters 

1 Table 6.0-2. Distributions of Sample Parameters in December 1992 WIPP Performance Assessment for 
2 Engineered Barriers 
3 
4 
5 
6 
7 
8 

Parameter 

9 Unmodified Waste Fonn: 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Gas generation, corrosion 
• Inundated rate 
• Relative humid rate 
• Stoichiometry factor 

Gas Generation, Microbiological 
• Inundated rate 
• Relative humid rate 
• Stoichiometry factor 

Log Radionuclide Solubility 
• Am 
• Np 
• Pu 
• Ra 
• Th 
• u 
• Initial waste saturation 

Volume Fractions of IDB Categories 
• Metal/glass 
• Combustibles 
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Median 

6.3 X 10'9 

0.1 
0.5 

3.2 X 10'9 

0.1 
0.835 

-9.00 
-6.99 
·9.22 
1.04 

·10.0 
·3.27 
0.07 

0.376 
0.384 

Range 

0 1.3 X 10·8 

0 0.5 
0 

0 1.6 X 10'8 

0 0.2 
0 1.67 

-13.3 0.0 
-15.5 -2.00 
-16.5 ·3.24 

0.30 1.26 
-15.2 -5.6 
-15.0 0.0 

0 0.14 

0.276 0.476 
0.284 0.484 

6-3 

Units 

mol/(m2 • s) 
none 
none 

moll(kg • s) 
none 
none 

log (Molar) 
log (Molar) 
log (Molar) 
log (Molar) 
log (Molar) 
log (Molar) 
none 

none 
none 

Distribution 
Type 

Constructed 
Constructed 
Unifonn 

Constructed 
Unifonn 
Unifonn 

Constructed 
Constructed 
Constructed 
Constructed 
Constructed 
Constructed 
Unifonn 

Nonnal 
Nonnal 

Discussed in 
Text Section No. 

3.3.5 
3.3.5 
3.3.5 

3.3.5 
3.3.5 
3.3.5 

3.3.5 
3.3.5 
3.3.5 
3.3.5 
3.3.5 
3.3.5 
3.4.3 

3.4.1 
3.4.1 
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SUMMARY OF PARAMETERS SAMPLED IN 1992 
6.1 Sampled Parameters 

1 Table 6.0-3. Distributions of Sample Parameters in December 1992 WIPP Performance Assessment for 
2 Agents Acting on Disposal System and Probability Models for Scenarios 
3 
4 
5 
6 
7 
8 

Parameter 

9 Agents Acting on Disposal System 
10 Intrusion Borehole Flow 

Parameters 
• Diameter 
• Permeability (k) 

Climate parameter 
• Recharge amplitude factor 

Median 

0.355 
3.16 X 10'12 

0.5 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Probability Model for Intrusion Scenarios . Fractional overlap 
of brine reservoirs 0.45 

• Index for drilling 
intensity functions 0.5 
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Range Units 

0.267 0.444 
1 X 10'14 1 X 10·11 

0 1.0 none 

0.25 0.62 none 

0 1.0 none 

6-4 

Distribution 
Type 

Uniform 
Lognormal 

Uniform 

Constructed 

Uniform 

Discussed in 
Text Section No. 

4.2.2 
4.2.1 

4.4 

5.1 

5.2 
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SUMMARY OF PARAMETERS SAMPLED IN 1992 
6.2 Selection Procedure for Parameters Sampled in 1992 

6.2 Selection Procedure for Parameters Sampled in 1992 

3 
4 A parameter was chosen for sampling in the 1992 series of PA calculations if it fulfilled at least one of three cri-
5 teria: (1) the parameter had proved to be moderately to highly sensitive in the 1991 sensitivity analyses (Helton et al., 
6 1992); (2) the parameter was an imprecisely known quantity in a consequence model first formally used in the present 
7 (1992) series of calculations; and (3) new data concerning an imprecisely known parameter, data sufficient to suggest 
: significant revision of that parameter's distribution, were available by the end of April, 1992. 

10 
11 Most of the 49 parameters sampled in the 1992 series of PA calculations fulfilled (v"ri.teria (1) and (3). For some 
12 uncertain parameters that fulfilled only criterion (2), most notably parameters specifying mechanical properties of the 
13 Salado Formation (Section 2.5), it was simply not possible to carry out an investigation of sensitivity owing to limita­
~: tions on the present consequence models and on the time available for computations. 

16 
17 Some imprecisely known parameters are necessarily sampled in any PA calculation that uses certain intrinsically 
18 stochastic consequence models; examples of this kind of parameter are the transmissivity fields for the Culebra Dolo-
19 mite Member (Section 2.6), the recharge factor for climatic change (Section 4.4), and the drilling intensity for the 
;~ model of human intrusion (Section 5.2). Finally, about seven parameters found to be mildly sensitive in 1991 sensi-
22 tivity analyses (Helton et al., 1992) were resampled in 1992 solely for the purpose of maintaining statistical signi:fi-
23 cance of the set of sample vectors that were used in constructing CCDFs. 
24 
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Subject: Recommendations to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR 

191 Subpart B Calculations 

Hora, August 25, 1992 
Date: 8/25/92 
To: Kate Trauth, Jon Helton, Mel Marietta, Martin Tierney, Bob Guzowski, Rip Anderson 
From: Steve Hora 
Subject Probabilities of Human Intrusion into the WIPP, Methodology for the 1992 Preliminary Comparison 

Mendenhall and Lincoln, February 28, 1992 
Date: 2/28/92 
To: D. R. Anderson 6342 
From: F. T. Mendenhall, 6345, R. C. Lincoln, 6345 
Subject: Single Room Porosity History for Baseline Waste Form and Gas Generation Rates 
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Munson, October 26,1992 
Date: 10/26/92 
To: M.S. Tierney, 6342 
From: D. E. Munson, 6346 
Subject: Mechanical Parameters for Voiume 3, SAND92-0700 

Novak et al., July 20, 1992 
Date: 7/20/92 
To: Martin S. Tierney, 6342 
From: Craig F. Novak, Fred Gelbard, and Hans W. Papenguth, 6119 
Subject: Parameter Recommendations for Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP 

Performance Assessment ('_alculations 

Peterson, October 28, 1992 
Date: 10/28/92 
To: Martin Tierney, 6342 
From: A. Peterson, 6342 
Subject: Preliminary Contact Handled (CH) Radionuclide and Nonradionuclide Inventories and Remote Han­

dled (RH) Radionuclide Inventory for Use in 1992 Performance Assessment 

Webb, March 20, 1992 (1992a) 
Date: 3/20/92 
To: D. R. Anderson, 6342 
From: S. W. Webb, 6344 
Subject: Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 RCRA Calculations 

Webb, April30, 1992 (1992b) 
Date: 4/30/92 
To: D. R. Anderson, 6342 
From: S. W. Webb, 6344 
Subject: Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 40 CFR 191 Calculations 
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Date: 
To: 
From: 
Subject: 

9/12/91 
Distribution 

Beraun and Davies, September 12, 1991 

R. Beraun, 6345, and P. B. Davies, 6344 
Baseline Design Input Data Base to be Used During Calculations Effort to be Performed by Divi.'lion 
1514 in Determining the Mechanical Creep Closure Behavior of Wa<:te Disposal Rooms in Bedded 
Salt. 
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Sandia National Laboratories 
Albuquerque, New Mexico 87185 

date: September 12, 1991 

to: Distribution 

O~o.O~ 
rrom: R Beraun, 6345, and P. B. Davies, 6344 

subJect: Baseline Design Input Data Base to be Used During Calculations Effort to be Performed 
by Division 1514 in Determining the Mechanical Creep Closure Behavior of Waste Disposal 
Rooms in Bedded Salt. 

Introduction 

The original disposal concept for TRU waste at WIPP is to excavate disposal rooms and 
fill them and adjacent access drifts with waste. Under the current baseline design, the 
radioactive wastes to be store consist of a variety of materials (solid organics and inor­
ganics), and sludges. The unprocessed waste in their "as-received" state will be contained 
in 55-gallon drums or other containers such as standard waste boxes. While the waste 
remains in its unprocessed state, the materials will initially have high porosities and will 
be highly permeable. However, over a period of time the drums may collapse due to the 
closure of the rooms and the consequent loading of the containers. Under these conditions 
the drum waste contents will compact and cause a reduction in the corresponding porosity 
and permeability values [ 1]. 

This memorandum documents input data base for the baseline design submitted to Division 
1514, for the purpose of performing required calculations to determine the mechanical 
creep closure behavior of waste disposal rooms in bedded salt in the presence of gas being 
generated by the waste emplaced in these rooms. The results provided need to be defined 
as function of time to evaluate the performance of the repository. 

Geometry 

Each conventionally mined disposal room is 13 ft high by 33 ft wide by 300 ft long, and 
its internal volume is 1.287 X105 ft 3 (3644.8 m3

) [2]. The baseline design calls for a total 
of 6804 drums to be uniformly distributed with unprocessed waste in an equivalent room. 
The total volume occupied by the waste and drums is, 58718.5 ft 3 (1663 m3). With the 
required heads pace of 28 inches [4), the total crushed salt backfill required to seal the 
disposal room was calculated to be approximately 1328 m3 [2]. 
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Waste Characteristics 

The transuranic waste destined for the WIPP site is either solid or solidified material 
and in its "as-received" state is grouped under three major waste forms: 1) Sludges; 2) 
solid organics often referred to as "combustible", consist of wastes such as paper, plastic, 
tissues, plywood, etc and 3) solid inorganic waste consisting of metals, glass, and a small 
percentage of other non-combustible materials [1,5]. Table 1 summarizes the required data 
input to characterize the waste for the baseline case. This table shows the waste forms 
and their corresponding drum count, weight, density and porosities. 

Table 1: Baseline Design Database* [2] 

Waste Form Drum Drum Density (Kgfm3
) Porosity 

Count Weight Initial Stress Initial I Stress 
Kg Function Function 

Solid Organics 2722 77 380 Fig. 1 0.8 Fig 2 
Solid Inorganics 2722 102 900 Fig. 1 0.8 Fig 2 

Sludges 1360 211 1200 Fig. 1 0.5 Fig 2 
•These numbers are rounded to one significant figure. 
t The waste is model as an inelastic material thus, Elastic properties are 

not required [12]. 

Elastic 
Modulus 

NjAt 
NjAt 
NjAt 

In an effort to understand the mechanical behavior of the waste to be emplaced in the 
repository, an investigation was conducted by Butcher [6] leading to the compilation of 
valuable experimental information about how material simulating transuranic {TRU) waste 
compact under axial compressive stress. Figures 1 and 2 obtained from Reference [6] are 
compaction curves representing the combustible, metallic, and sludge waste categories. 
Figure 1 depicts the waste density as a function of axial compaction stress. Figure 2 shows 
the waste porosity versus compressive stress for the same waste categories; also shown in 
this figure is an average porosity curve for the repository. 

Repository Salt Backfill 

Once the waste has been emplaced, the disposal room is backfilled with crushed salt leaving 
only a headspace of 28 inches [4]. The density of crushed salt is 1300 kgfm3 [7, 8], the 
initial porosity is approximately 0.4 [2] and the corresponding elastic properties as specified 
in Reference 9 are: 

Shear modulus J.L = 1.24Xl010 Pa 
Young's modulus E = 3.1Xl010 Pa 
Poisson's ratio v = 0.25 
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Gas Generation 

For the baseline case, Brush reported earlier [10] that H 2 production rates of 1 mole/ drum.year 
and corrosion rates of 2 ttmfyear were adequate estimates for inundated conditions rounded 
to one significant figure. The estimated gas production potential from anoxic corrosion will 
be 1050 moles/drum of waste [llj constituting 66% of the total gas production potential. 
Brush also reports 1 mole of various gases per drum per year to be his best estimate for the 
microbial gas production rate under inundated conditions. The gas production potential 
from microbial activity is estimated to be at 550 moles/drum [11], 34% of the total gas 
production potential. Table 2 summarizes current estimates of gas production rates for 
the baseline case performed by Brush [10]. 

Table 2: Gas Production Rates for the Baseline Design (10] 

Process Gas Production Ratet (moles/ drum.year) 
Inundated Humid 

Anoxic corrosion 1 0.1 
Microbial activity 1 0.1 

· Radiolysis of brine 0.0 0.0 
tThese numbers are rounded to one significant figure. 

Number of Waste Drums 

The gas generation rates as presented in Table 2 are ~alculated based on a baseline waste 
drum. The baseline design case calls for 6804 drums with "as-received" waste to be uni­
formly distributed in an equivalent disposal room. Thus, utilize this number (6804 drums) 
to calculate the amount of gas being generated in a disposal room. 
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1. Butcher, B. M., "Waste Isolation Pilot Plant Simulated Waste Compositions and 
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Date: 
To: 
From: 
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9/9/92 
M. S. Tierney, 6342 
B. M. Butcher, 6345 

Butcher, September 9, 1992 

Waste Compaction Properties for the Baseline Closure Surface 
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date: September 9, 1992 

to: M. S. Tierney, 6342 

from: B. M. Butcher, 6345 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

subJect: Waste Compaction Properties for the Baseline Closure Surface 

This memo is in response to your question about a suitable reference source for 
the baseline closure mechanical properties. With the exception of the waste 
compaction properties, the mechanical properties listed in chapter 3 of SAND91-
2378I are the same as those used to compute the baseline porosity surface. The 
baseline compaction curve data in this reference are obsolete because they were 
an estimate prior to acquisition of experimental compaction curves. The data 
define the "old" SANCHO waste compaction curve in the attached figure. 

The compaction curve data for the baseline closure calculations are given in 
Table 1 (taken from a forthcoming memo by Stone). These data were derived 
from the solid line axial compaction stress versus porosity curve in Figure 2 of the 
memo by Beraun and Davies (1991), which represent the average response of a 
repository. The actual data points for the curve are tabulated in SAND90-1206, 
Table 3-2. Stone's curve is obtained by dividing each axial stress data value by 3 
and converting porosity to the ratio pf p0, where p is the current density of the 
waste, and Po is its initial density. The natural logarithm of the density ratio is the 
true (finite) volumetric strain. 

As a check, Stone's pressure values were multiplied by 3, porosity values were 
converted to true strain, and the data replotted in the attached figure. 
Equivalency is demonstrated by superposition of the data on the original axial 
stress curve. A caution about this construction is that both curves depend on the 
average initial porosity of the waste, which should be 0.787 (SAND90-1206, p. A-
5). This initial porosity value corresponds to an initial avera~e waste density of 
426 kgfm3 and an average theoretical solid density of 2000 kgjm3 (SAND90-1206, 
p. A-5). It differs from the value of 0.74 that can be inferred from the initial 
porosities of the three waste components quoted in Table 1 of Bera.An's 
memorandum. BeraW-1 rounded the imtial waste porosities to 0.8 for combustible 
waste, 0.8 for metallic waste, and 0.5 for sludges, and in the process changed the 
average porosity for the entire repository from 0.787 to 0.74. 

I am also aware that the initial waste porosity used to define the compaction 
curves is probably not the same as presently being assumed for PA analyses. In 
comparison to other assumptions that are currently necessary for the inclusion of 
closure in P A analysis, this difference is presently considered to be insignificant. 
This assumption should be checked, however, and we should attempt to better 
coordinate the best value for the initial density of the waste in the future. 

!.References are given at the end of the memorandum 
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Table 1: Pressure-Volumetric Strain Waste Compaction Data Used in The 
Volumetric Plasticity Model for the Waste Drums in FY92 

Baseline Closure Calculations 

Pressure (MPa) 

0.028 
0.733 
1.133 
1.667 
2.800 
10.17 
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ln(p/ Po) 

0.032 
0.741 
0.898 
1.029 
1.180 
1.536 
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Date: 
To: 
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Davies et al., July 14, 1992 {1992a) 

7/14/92 
B. M. Butcher, J. Schreiber, and P. Vaughn (6342) 
P. B. Davies, S. W. Webb, and E. D. Gorham (6119) 
Feedback on "PAModeling Using BRAGFL0-1992" 7-8-92 Memo by J. Schreiber 

A-21 



A-22 



Sandia National laboratories 
Albuouerque. New Mex,co 87 185 

Date: July 14, 1992 

To: B.M. Butcher, J. Schreiber, and P. Vaughn (6342) 

Oao~ ·St~ ~.o. GoJAa_. 
From: P.B. Davies, S.W. Webb, B.D. Gorham (6119) 

Subject: Feedback on "PA Modeling Using BRAGFLO -- 1992" 7-8-92 memo by J. 
Schreiber 

As a follow-up to our discussions at the June 25th meeting, J. Schreiber's memo (attached) 
describes the configuration and rationale for repository/Salado modeling using BRAGFLO in the 
PA 1992 calculations. At B. Butcher's request, we have reviewed these descriptions and the 
following paragraphs summarize our feedback. You need to be aware that in order to respond 
in the very short time frame requested, this is only a brief review by those individuals that were 
available over the past 3 days. Therefore, this review does not cover the level of detail that 
should ideally be given and this review does not have input from a number of pertinent staff 
members. We feel that PA's effort to articulate model configuration and rationale and to 
incorporate feedback prior to starting simulations is a significant step forward in communications. 
We also feel that working through multiple iterations of this process in the months prior to 
calculations has the potential to significantly improve the calculations in future years. Our 
comments on the proposed configuration for this year are as follows: 

1. The modified configuration for human intrusion scenarios is based on an "equivalent 
radial panel" scaled to match the initial excavated volume of a single panel. The 
Schreiber memo expresses concern that the 60.85 meter radius of this equivalent panel is 
small compared to the potential travel path distance in an actual panel (218 meters max.). 
Therefore, it has been suggested that the high permeability (and increased porosity) DRZ 
above and below the panel be extended outward to a radius of 96.78 meters. The stated 
rationale for this is 1) "to include some of the effect of the greater travel distances in an 
actual panel" and 2) to "include the DRZ above and below the pillars". There are two 
potential problems with this rationale. First, the original reasons for considering travel 
distance within an actual panel centered around the question of how much waste could 
be "accessed" by brine flow within a panel (Lappin et al., 1989; Marietta et al., 1989). 
Because there is no waste within the DRZ, extending the travel distance within the DRZ 
does not appear to address questions related to travel path length through waste within an 
actual panel. Second, the concept of "including the DRZ above and below the pillars" is 
confusing because other than a relatively short (roughly 1 meter) DRZ that occurs along 
room walls, this is no DRZ above or below the pillars. One might consider extending the 
DRZ in order to capture the potential increased gas storage volume if we had good 
information about the dimensions, porosities, and evolution of the DRZ. However, these 
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are poorly known and at this point do not provide a reasonable rationale for extending the 
DRZ. In summary, extension of the DRZ above the pillars has the effect of increasing 
pore volume in the DRZ to a level that cannot be substantiated by the available data. 
Therefore, we recommend that DRZ not be extended above the salt pillar. 

2. The illustration of the model configuration is somewhat confusing in that it gives the 
appearance that the anhydrite interbeds start at the lateral edge of the DRZ and transition 
zones. Perhaps these schematics would benefit by showing how the geologic units fit into 
the model zones. 

3. Why and how are the Culebra and the Unnamed Lower Member of the Rustler lumped 
in these calculations? The Unnamed Lower Member of the Rustler Formation is a 
dissolution residue at the contact between the Rustler and Salado. While this unit is a 
significant water-bearing unit in Nash Draw, it thins considerably and its transmissivities 
at the WIPP site are orders of magnitude lower than those in the Culebra. We do not see 
any good reason to lump these two units and suggest that unless there is some compelling 
reason not stated in the Schreiber memo as to why the Unnamed Member should be 
included, the Culebra Dolomite should be the only Rustler unit to be modeled explicitly. 

4. Where does the 0.675 value for waste porosity (i.e. average disposal room porosity) come 
from? The initial porosity in the SANCHO closure calculations is 0.66. These 
calculations provide the basis for the creep closure porosity surface. The maximum 
porosity in F.T. Mendenhall's GRIDB.DAT porosity surface file is 0.565. 

5. The permeability, porosity, and initial pressure are all specified in the document. What 
about the specific storage parameters? What are the values and what are they based on? 

6. We (6119 and 6342) have not yet reached good closure on the question of the far field 
permeability distribution for the anhydrite interbeds. The original recommendation (model 
configuration and parameter distributions transmitted to P A 4-1-92 by E.D. Gorham) was 
to use only permeability values from a limited number of tests (3) in non-depressurized 
anhydrite. This approach assumed that the P A model for the 1992 calculations would be 
capable of including increased permeability due to fracture dilatation in response to 
elevated gas pressures. When it became apparent that fracture-based permeability changes 
will not be available in the '92 models, it was recommended that an attempt be made to 
crudely incorporate the effects of gas-driven increases in fracture permeability by 
specifying a much larger far-field permeability range for the anhydrite that included not 
only the non-depressurized tests, but also the group of tests in depressurized but 
substantially intact anhydrite and the group of tests in anhydrite that has experienced 
substantial fracturing in the DRZ (E.D. Gorham 6-15-92 memo). This approach was 
considered unrealistically conservative by performance assessment personnel in the June 
25th meeting and a compromise was reached that 1) the performance assessment 
calculations will not attempt any representation of the interbed fracture process in the '92 
calculations; 2) that explicit caveats will be placed visibly in the report that this potentially 
significant process was not included in the calculations; and 3) the field permeability for 
the anhydrite interbeds will be represented by the small group of tests in non-
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depressurized anhydrite interbeds together with the much larger group of tests in 
depressurized but substantially intact anhydrite. While this compromise appears to be 
acceptable to most people, it should be recognized that this distribution is not without 
potential flaws that could perhaps be corrected if there were sufficient time to construct 
a new distribution that focused on capturing the uncertainty in whether or not some of the 
tests in the depressurized but substantially intact anhydrite have in fact experienced 
significant permeability enhancing deformation. Given the present time constraints, we 
suggest that the compromise distribution be used, but that it be recognized that this 
distribution is not without potentially important flaws. 

7. Where does the DRZ porosity relationship [TZ poros + x(0.06-TZ poros)] come from and 
what is its purpose? We understand that in general terms, this is intend ed to relate 
sampled values of DRZ porosity with those from the transition zone, but there is not 
enough information in the Schreiber memo to fully understand this. Also, if sampled 
porosities between these zones are being related, shouldn't sampled permeabilities be 
related as well? At some point in future calculations, serious consideration should also 
be given to correlation of sampled permeability with sampled porosity. 

8. What is the basis for the seal permeability and porosity? Are these values from 
recommendations from 6121? 

9. We are pleased to see that the effects of depressurization of the Salado during the 
operation phase are being taken into account explicitly and that this appears to be a 
relatively straightforward task in the current P A model setup. 

10. The specification of initial saturation conditions in the waste and especially in the DRZ 
is a difficult problem. The manual adjustment of saturations in the DRZ could lead to 
significant problems in correctly calculating brine mobility and gas storage volume within 
this zone. The approach proposed in the Schreiber memo is to start the DRZ fully brine 
saturated but at the end of the 20-year depressurization to manually reduce the brine 
volume to that which would be present prior to any adjustment (increase) of the DRZ 
porosity. This approach essentially assumes no substantial flow from the far field into the 
DRZ during the 20-year depressurization period. Given the presently specified range of 
anhydrite permeabilities, this is probably an unrealistic assumption. Given that this 
manual adjustment of the DRZ does not have a strong technical basis and that its effect 
is probably non-conservative (i.e. it produces less brine for gas generation and more open 
pore volume of gas storage), we recommend that the depressurization be run (which may 
produce some desaturation itself) with the specified DRZ porosity and permeability at the 
start of the run and that this manual saturation adjustment not be made. Another possible 
approach would be to not take credit for any increase in porosity in the DRZ, which we 
may have difficultly defending over a 10,000 year time frame. 

11. The description of the relative permeability and capillary pressure curves looks good. The 
difficulty mentioned in defining the capillary pressure curve for a material at less than 
residual brine saturation is easily overcome if a maximum capillary pressure value is 
specified; this value can then be used if the saturation is below the brine residual 
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saturation value. Also, the last sentence seems to imply that a region can start out with 
residual saturation or higher, but the value can become below residual saturation during 
the calculation. We assume the only way this can happen is in the redefinition of the 
porosity in the DRZ regions and that it does not happen otherwise. 
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Geometry 

ATTACHMENT: COPY OF 7-8-92 SCHREIDER MEMO 

PA Modeling Using BRAGFLO -- 1992 

J. Schreiber, 7/8/92 

Human Intrusion Scenarios -- Axisymmetric cylindrical equivalent panel. 

The equivalent panel will preserve the initial excavated volume and 
the initial excavated height of a panel. The panel as modeled will 
be a cylinder; it will include ·only the initial excavated volume, 
and not the pillars, as was done last year. The radius of the 
cylindrical panel is 60.85 m. The radius used last year is that of 
an enclosed panel (including pillars), 96.78 m. Since the maximum 
travel distance in a panel will be less this year owing to the smaller 
equivalent panel radius, it is desirable to increase the effective 
radius of the cylinder to simulate more closely the greater travel 
distances in an actual panel. The distance from the center of an 
actual panel to a far corner is 138 m, while the greatest travel 
distance in an actual panel (from panel center to the middle of 
the end of a panel, going around pillars) is 218 m. To include 
some of the effect of the greater travel distances in an actual panel, 
the high-permeability DRZ above and below the cylindrical panel was 
extended out to last year's radius of 96.78 m, which in effect will 
include the DRZ above and below the pillars. At the level of the 
waste, the DRZ does not extend ,.laterally beyond the panel waste; the 
material beyond the 60.85 m ratlius of the panel, which can be thought 
of as the pillars, is treated as intact halite. From the top of 
Anhydrite a+b to the top of MB138, out to a radius of 96.78 m, is 
a composite region, the "Transition Zone", which is 9.24 m thick 
and is assumed to have the same properties as intact anhydrite. The 
mesh extends vertically from the bottom of the Castile brine reservoir 
to the top of the Culebra Member of the Rustler Fm, with the Unnamed 
Member "'"lumped in with the Culebra. 

Undisturbed Scenario -- Entire repository, rectangular geometry 

The excavated volume of the entire repository is represented by a 
single rectangular region, and includes no pillars or panel seals. 
This mesh is essentially the same as the one used in the May 1992 RCRA 
calculations ("Case 3"). The mesh preserves the initial excavated 
volume of various regions and their original excavated heights. 
The panel seals and backfilled drifts between the repository and the 
Waste Shaft are lumped into a single region of high permeability. 
The four shafts are consolidated into a single shaft located at a 
distance from the repository equal to the distance to the actual 
Waste Shaft. To the north of the shaft is a region that represents 
the initial excavated volume of the experimental region. This 
mesh contains the same DRZ's and Transition Zones as the cylindrical 
panel mesh. These regions extend laterally 1 m beyond the waste to 
the south and 1 m beyond the experimental region to the north, and 
includes a 1-m-thick DRZ at the south end of the repository and a 
1-m-thick DRZ at the north end of the experimental region. This 
mesh extends vertically from the top of the Castile Fm to the top 
of the Culebra Member of the Rustler Fm; the Culebra and Unnamed 
Members are lumped together. The thickness of the shaft seal will 
vary from 10 m to 50 m. 

Material Properties 
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The initial porosity of the waste will be fixed at 0.675, as specified 
by the creep closure surface. Creep closure will be simulated to 
account for porosity changes over time, until a human intrusion 
occurs. After that time, the porosity of the waste will remain 
fixed at the level attained at that time. The halite ORZ immediately 
above and beneath the panel, as well as MB139 ORZ and Anhydrite a+b 
ORZ are all assumed to have identical properties. The permeability 
of this composite DRZ will be fixed at l.OE-13 mA2. A ranqe ~f 
permeabilities from l.OE-15 to l.OE-12 mA2 was originally proposed; 
however, these permeabilities are so high compared with permeabilities 
of surrounding materials and so close to the final waste permeability 
of l.OE-13 mA2 that varying them will have no noticable effect. 
The Transition Zone properties will be identical to those of intact 
far-field anhydrite: permeabilities range from l.OE-21 to l.OE-15 
mA2; porosities range from 0.001 to 0.03. Far-field anhydrite is 
assumed this year not to fracture; this effect is being ignored 
because it cannot yet be accurately simulated. Halite permeability 
will be sampled over a range of l.OE-25 to l.OE-22 mA2. Halite 
porosity will be set equal to the far-field anhydrite porosity, 
which is sampled, ranging from 0.001 to 0.03. The final porosity 
of the DRZ will vary, and will depend on the far-field anhydrite 
porosity: it will be calculated from [TZ poros + x(0.06-TZ poros)], 
where x ranges from 0 to 1. In the Undisturbed calculations, the 
seals & backfill, shaft, and experimental regions will have a porosity 
of 0.075 and a permeability of l.OE-15 mA2. The ORZ adjacent to these 
three regions will have a permeability of l.OE-15 mA2. The shaft seal 
permeability will vary, ranging from 3.3E-21 to 3.3E-20 mA2. The seal 
porosity will be 0.075. 

Initial and Boundary Conditions 

Initial pressure distribution~ill be calculated over a 20-year 
period (see Startup Procedure-;- BRAGFLO 1992 PA). This 20-year 
startup calculation establishes the initial pressure distribution 
in all regions except the waste and DRZ. The pressure distribution 
at the ~eginning of the Startup Procedure will be hydrostatic every­
where (except in the waste and in the Culebra) relative to the pore 
pressure in MB139. A range of MB139 pressure from 12 to 13 MPa will 
be used. The initial pressure in the waste will be 1 atm (0.101325 MPa); 
the waste pressure will be reset to this value at the end of the startup. 
In the Culebra, the starting pressure will be 1.053 MPa, and the far­
field pressure will be held at that value over the 10,020-year 
calculation. (This is the pressure measured in well H-1; it is the 
same value as used last year.) Note that the Culebra has a fixed­
pressure boundary condition, whereas the rest of the mesh uses a 
no-flow boundary condition. The starting brine saturation will be 
1.0 everywhere except in the waste. At the end of the 20-year startup, 
the waste will be assigned its sampled value of initial brine saturation, 
which will range from 0.0 to 0.14. The DRZ will start fully brine­
saturated, but at the end of the startup time, the brine saturation 
will be adjusted so that the brine volume is the same after the 
porosity is adjusted. The porosity will be adjusted at that time 
from its starting value (volume average based on 0.01 for halite and 
the sampled value for intact anhydrite) to its final sampled value. 
Gas will be added to the DRZ to fill in the added porosity. The pressure 
in the DRZ will be reset to 1 atm at this time. In the undisturbed 
calculations, the seal & backfill, shaft, shaft seal, and experimental 
region will be initialized in the same manner as the waste. All of 
these excavated regions will be set to be fully saturated with gas at 
1 atm pressure at the end of startup. In particular, the shaft seal 
will initially be fully saturated with gas at atmospheric pressure; 
this is more conservative with regard to RCRA compliance than assuming 
it is fully saturated with brine, because more gas can flow through. 
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Relative Permeability & Capillary Pressure 

The Brooks-Corey relative permeability model will be used in 2/3 
of the calculations and the van Genuchten-Parker model will be 
used in 1/3 of the calculations. An index parameter (0 or 1) will 
be sampled with these probabilities, so that either one model or 
the other will be used in any one calculation. Relative permeability 
parameters will be varied and will be the same for all materials except 
the waste, for which a fixed set of values will be used. Residual brine 
and gas saturations both will range from 0.0 to 0.4. The Brooks-Corey 
parameter, lambda, will range from 0.2 to 10.0. The van Genuchten­
Parker parameter m will be calculated from m = lambda/(1 +lambda). 
Threshold capillary pressures. will be determined from the correlation 
with permeability in all regions. The van Genuchten-Parker parameter 
Po will be calculated by equating the capillary pressure from each 
of the two models at an effective saturation of 0.5, and solving 
the expression for Po. In the intrusion borehole, the residual gas 
saturation will be set to zero, which makes the intrusion calculations 
run much more easily. In the waste, in the DRZ, in the intrusion 
borehole, and in all excavated regions in the Undisturbed 
Scenario mesh, the capillary pressure will be zero. This has 
proved to be necessary because the capillary pressure curves are 
not defined for imbibition into a medium that has less than 
residual brine saturation. So any regions where the brine 
saturation starts out or may become less than residual have to 
be modeled with zero capillary pressure. 
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Date: 
To: 
From: 
Subject: 

Davies et al., July 22, 1992 (1992b) 

7/22/92 
B. M. Butcher, J. Schreiber, and P. Vaughn (6342) 
P. B. Davies, R. L. Beauheim, and E. D. Gorham (6119) 
Additional Comments on Far-Field Anhydrite Permeability Distribution in "PA Modeling Using 
BRAGFLO -- 1992" 7-8-92 Memo by J. Schreiber" 
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Date: 

To: 

From: 

Subject: 

Sandia National Laboratories 
Alt)uquerque. New Mexico 87185 

July 22, 1992 

B.M. Butcher, J. Schreiber, and P. Vaughn (6342) 

Oa.o~~~p,~ £.p. 0~0-
P.B. Davies, R.L1?if~auheim; E.D. Gorham (6119) 

Additional Comments on Far-Field Anhydrite Permeability Distribution in "PA 
Modeling Using BRAGFLO -- 1992" 7-8-92 Memo by J. Schreiber 

In response to a telephone conversation with Palmer Vaughn on 7-18-92, we have further 
reviewed the far-field anhydrite permeability distribution in the 7-8-92 Schreiber memo (Figure I), 
the recommended for far-field permeability distribution in the 7-14-92 Davies et al. memo, and the 
experimental data that was provided with the original parameter recommendations by E.D. Gorham 
on 4-1-92. The experimental data have been divided into three groups: 1) anhydrite tests indicating 
little or no depressurization of formation fluid; 2) anhydrite tests indicating moderate depressurization 
of formation fluid pressure but with substantially intact anhydrite; 3) anhydrite tests with substantial 
depressurization of formation fluid and with substantial fracture enhancement of permeability 
(disturbed rock zone). The recommendation for far field anhydrite permeability as discussed at the 
June 25th Departments 6119/6342 meeting and reiterated in the 7-14-92 Davies et al. memo was to 
construct the distribution for far-field anhydrite permeability from the data in the first two of these 
groups (Table 1). This distribution does not encompass permeabilities representative of interbed 
fracturing due to gas pressurization and this caveat should be clearly stated in PA's discussions of 
their calculations. While it is possible that some of the permeability tests in the second group may 
have been slightly impacted by excavation-related deformation, it is still a distinct possibility that 
they have not. At present we have no objective experimental evidence that any of these tests should 
be eliminated from consideration. 

In the 7-18-92 phone conversation, Palmer expressed PA's concern that this distribution is 
too high because it results in almost 25 percent of samples of far-field anhydrite permeability that 
are greater than 10-16 m2 (Figure I). We have gone back to the original experimental data and 
constructed a distribution that includes the two data groups recommended above (Figure 2 and Table 
2). The distribution in the 7-8-92 Schreiber memo was apparently constructed from some other data 
set, as its structure is significantly different than the structure of the recommended distribution 
shown in Figure 2 and Table 2. The recommended distribution in Figure 2 results in no 
permeabilities greater than 10-16 m2 and in sampling permeabilities between 10-18 and I0-16 m2 

approximately seven percent of the time. 

In summary, we have carefully reviewed the experimental data base for anhydrite 
permeability and our recommendation for the far-field anhydrite permeability distribution is given 
in Figure 2 and Table 2. This distribution does not encompass permeabilities representative of 
interbed fracturing due to gas pressurization. 
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Table 1. Experimental Data from Permeability Testing of Anhydrite Interbeds 

Test Unit Permeability ( m3.) 

Group 1: No substantial formation fluid depressurization 

SCPO I 
QPP13 
QPP03 

MB 139 
pre-mineby MB 139 
pre mineby anhydrite b 

3.0xl0-20 m2 
4.lxl0-20 m2 
4.4xl0-20 m2 

Group 2: Moderate formation fluid depressurization 

C2H02 MB 139 7.8x10-20 m2 
L4P51-B anhydrite c 5.0xl0-20 m2 
SlP71-B anhydrite c 6.8x10-20 m2 
C2H01-C MB 139 9.5xl0-19 m2 
C1Xl0 MB 139 5.0xl0-17 m2 
QPP03 anhydrite b post mineby 7.9x10-20 m2 
QPPI3 MB 139 post mine-by 4.7x10-20 m2 
L4P52-A anhydrite a I.Ox10-19 m2 
QPBOI MB 139 9.6xl0-21 m2 
QPB02 MB 139 1.6xl0-19 m2 
QPB03 MB 139 1.2xl0-20 m2 

Pressure (MPa) 

12.4 
12.5 
12.6 

9.3 
5.1 
4.9 
8.0 
7.3 
7.0 
8.1 
6.4 
5.0 assumed 
5.0 assumed 
5.0 assumed 

Table 2. Cumulative Probability for Recommended Anhydrite Far-Field Permeability Distribution 

LOGJO Value 

-21 
-20 
-19 
-18 
-17 
-61 

Cumulative Probability 

0.00 
0.07 
0.71 
0.93 
0.96 
1.00 
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Figure 2. Recommended Undisturbed Anhydrite Permeability Distribution for 1992 PA Calculations 
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Recommendations to PA on 
Salado Formation Intrinsic Permeability and Pore Pressure 

for 

Introduction 

40 CFR 191 Subpart B Calculations 

June 15, 1992 

Elaine Gorham 
Richard Beauheim 

Peter Davies 
Susan Howarth 
Stephen Webb 

Department 6119 

In March 1992, the Fluid Flow and Transport Department was asked to 
recommend Salado Formation permeability and pore pressure 
probability distributions to be used in the 1992 RCRA calculations 
for the WIPP. The recommendations were requested and transmitted 
informally. Eventually a description of the rationale for the 
recommendations was written by the Fluid Flow and Transport 
Department and published in Appendix A of (WIPP Performance 
Assessment Division, 1992A). 

Following the RCRA calculations, the Fluid Flow and Transport 
Department was asked to recommend Salado Formation permeability and 
pore pressure to be used in the 1992 40 CFR 191 Subpart B 
compliance calculations. The recommendations transmitted to the PA 
group in the attached memo by P. D. Davies et al. were based on 
the, earlier, RCRA recommendations.* The present description is a 
detailed record of the rationale for the 1992 40 CFR 191 
permeability and pore pressure recommendations transmitted in the 
Davies et al. memo and includes some comments on the adequacy of 
the current PA models to accurately describe all phenomena present 
in the formation. 

Since input parameters, such as permeability or formation pore 
pressure, are, for the most part, inferred from complex hydrologic 
tests, the interpretive model assumptions should be compatible with 
the predictive or performance assessment model in which the 
parameters will be used. Thus a suggested excavation geometry and 
zoning scheme was supplied along with recommended distributions for 
permeability and pore pressure. The recommended initial geometry 
is shown in Figure 1 and the distributions suggested for 
permeability and pore pressure (Table 1 and Figures 2-6) were 
referenced with respect to those zones. 

Note: The referenced memo is included in this appendix as Davies et al., July 22, 1992. 
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our Assumptions 

Assumptions about the models to be used in the PA calculations that 
were essential in formulating the 40 CFR 191 data recommendations 
were not included in the informal material. Our assumptions were 

1. The Salado Formation was described as consisting of layers of 
either halite or anhydrite. Parts of the Salado Formation 
described as argillaceous halite were lumped with the halite; clay 
seams were lumped with the type of lithology in which they 
occurred. Anhydrites a and b were lumped together. 

2. The Salado Formation is isotropic and homogeneous within each 
layer of halite or anhydrite. The halite and anhydrite have 
interconnected porosity in pressure equilibrium in the far field. 
Thus there can be no pre-existing hydraulic pressure differential 
between stratigraphic layers in the far field Salado Formation. 

3. The repository will have been at atmospheric pressure for at 
least 20 years before final closure. PA will simulate the 
depressurization in the formation surrounding the repository in a 
start-up phase which allows brine to flow into a closed repository 
initially at atmospheric pressure. At the end of the start-up 
phase, a DRZ will be created; the repository and DRZ pressure will 
be re-set to atmospheric pressure; the DRZ porosity will be set to 
a value sampled from a probability distribution; and the brine 
saturation in the DRZ will be set to preserve the total volume of 
brine in the DRZ region at the end of the start-up calculation. 

4. Excavation closure effects are not to be included in the PA 
model nor is pressurized fracture opening in the anhydrite beds. 
Pressurized fracture opening in the anhydrite beds may have the 
potential to significantly increase far-field interbed 
permeabilities. We were specifically requested by the PA group to 
not include the potential effects of pressurized fracture opening 
in our recommended permeability distribution for the anhydrite 
layers, as we suggested in the attached memo from E. Gorham. Thus 
we believe the 1992 40 CFR 191 compliance calculations may 
underestimate lateral gas migration in the interbeds and 
overestimate repository pressurization. 

5. The nature of the disturbed rock zone (DRZ) is uncertain, 
reflecting the diversity of technical hypotheses that have been 
formulated, documented and undocumented. These include the 
hypothesis that the DRZ is a zone of increased porosity surrounding 
the excavation, that is stable in extent or increasing in extent 
with the age of the excavation. Other hypotheses concerning the 
nature of the DRZ are that the bulk properties of the halite within 
the DRZ are unchanged, but that within the DRZ fractures form that 
result in a large increase in permeability with a relatively small 
increase in porosity or storativity within the DRZ. The size of 
the DRZ can vary from a few inches into the formation from an 
excavation surface to a few "room-radii" away from the excavation 
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surface. It was assumed that all possible descriptions of the DRZ 
should be included in the probability distributions for 
permeability and porosity in the DRZ. 

6. The DRZ does not reconsolidate during the post-closure 
calculations due to repository re-pressurization or creep closure 
of the excavation. 

Sources of uncertainty in interpreting data. 

The process of inferring permeability from a hydrologic pulse or 
shut-in test requires that one make an assumption about the 
diffusivity or specific storage in the formation, about the size of 
a damaged zone surrounding the test zone, and that the 
compressibility of the test-zone fluid is constant and can be 
quantified by a single measurement of fluid withdrawn from the test 
zone vs test zone pressure drop during withdrawal. A value of 
specific storage calculated using literature values for halite and 
and brine compressibilities may not be correct. Recent 
improvements in the measurement of permeability involve combining a 
constant-pressure flow test and a shut-in test to directly infer a 
value of specific storage. However, the improved interpretive 
technique was used only on permeability tests SCP01, S1P73-B, 
C1X10, L4P52-A and L4P51-B. For the remaining permeability tests, 
what is in reality obtained is a value of permeability given an 
assumed value of specific storage. Sensitivity calculations have 
shown that our inferred permeability values may range over one 
order of magnitude as our assumed values of specific storage range 
over three orders of magnitude. (Beauheim et al, 1990; Beauheim et 
al, 1992) Inasmuch as our assumed values of specific storage do 
not range over more than three orders of magnitude, we estimate our 
uncertainty in permeability to be about an order of magnitude. 

Other assumptions in analysis of permeability tests include the 
assumption that gas dissolved in formation brine does not 
significantly affect the permeability interpretation and that 
significant amounts of free gas are not present in the formation. 
In numerous permeability tests, gas was observed to bubble from the 
formation shortly after the test zone was drilled. A sensitivity 
analysis is planned for FY93 in which the effect of these phenomena 
on permeability interpretation will be investigated. For the RCRA 
recommendations, Rick Beauheim, who has been conducting 
interpretations of permeability tests, provided the (subjective) 
input that resulted in an order of magnitude confidence in 
interpreted permeability values. 

Uncertainties in the interpretation of brine-inflow tests are due 
to (a) scatter in the brine-inflow data and (b) the use of a one­
dimensional model which neglects loss of fluid to the surface of 
the excavation and assumes a uniform pore pressure unaffected by 
the excavation. In a one-dimensional data analysis by McTigue 
(1992), it was found that the uncertainties in the inferred values 
of diffusivity due to data scatter could be substantial. 
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Uncertainties in inferred values of permeability may be smaller. 
(See Table 2.) In addition, recent analyses (Gelbard, 1992) 
indicate that the use of a one-dimensional model may introduce 
significant errors in the interpretation of diffusivity and 
permeability from brine-inflow data. 

Rationale for Formulating Permeability Distributions 

Table 3 represents a current (as of 1/5/92) compilation of 
interpreted values of permeability and formation pressure from the 
Permeability Testing Program, the Small-Scale Brine Inflow Program 
and Room Q. For the 1992 40 CFR 191 Subpart B calculations, 
interpreted values of permeability in Table 3 were classified 
according to the regional map shown in Figure 1. 

The disturbed rock zone is poorly defined. For these 
recommendations, test zones were classified as being in the 
disturbed rock zone if the zone could sustain little or no 
formation pressure and if the permeability of the zone was clearly 
higher than expected in competent rock. 

The tests for which a reasonable pressure could be sustained in the 
test zone, but the pressure was not high enough to approach our 
(subjective) estimate of the far field pressure, were classified as 
being in a "depressurized" zone. The "depressurized zone" is 
hypothesized as having experienced some hydraulic depressurization 
and possibly some elastic stress relief due to the excavation, but 
probably no irreversible rock damage and large permeability 
changes. The extent of the depressurized zone may be different in 
higher permeability layers, such as the Marker Beds, than in lower 
permeability layers, such as pure halite. It is important to note 
that the depressurized zone is not a disturbed rock zone; the data 
from the depressurized zones do not support the hypothesis that the 
permeability, and the interconnected porosity, are greatly 
different in the depressurized zones from their far field values. 

The latter classifications of test zones are subjective and will be 
examined in more detail as the Fluid Flow and Transport Department 
improves interpretation techniques and understanding of the rock 
matrix. 

For the tests in Table 3, other than the Room Q tests, the 
disturbed rock zone, if in fact it has a clear boundary and if it 
has a significant extent, was hypothesized to extend about one 
meter from the excavation into the formation. The boundary of the 
depressurized zone in the Marker Beds was hypothesized to be 
approximately 10 meters from the excavation. These hypotheses 
formed the basis for the geometrical treatment of the excavation 
suggested in Figure 1. Detailed repository depressurization 
calculations are planned for FY93. 

The PA calculations did not follow the zoning scheme recommended in 
Figure 1. Only a disturbed rock zone was distinguished from the 
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far field. Thus it was recommended that the depressurized zone and 
far field zone tests be combined to form a single permeability 
distribution. 

The probability distributions recommended for the PA calculations 
were formulated so as to refle.ct the true range of scientific 
uncertainty in the parameter values supplied, including uncertainty 
due to measurement error and uncertainty due to interpretation 
ambiguities. As mentioned above, an order of magnitude uncertainty 
in the interpreted value of permeability was used as a rule of 
thumb for creating recommended probability distributions. 

All measurements of permeability were given equal weight, except 
those values derived from brine inflow measurements in 36" diameter 
holes in Room D. Those tests were considered flawed and deleted 
from the list because of the uncertain history of the excavation 
surrounding the test zone (Finley, 1992). 

The hypothesis that permeabilities in the Salado Formation are 
heterogeneous is given much weight in the Fluid Flow and Transport 
Department. The use of a single uniform value for all halite and 
argillaceous halite regions, and a different uniform value for all 
marker beds implies that the permeability values used in the PA 
calculations should be "effective" values that are rigorously 
derived from our measurements. A systematic approach for defining 
such an "effective" value has not yet been outlined, but will be 
investigated in FY93. For the 1992 40 CFR 191, Subpart B 
calculations the values of permeability that were classified as "to 
low to measure were" represented by effective permeabilities in the 
range of lo-24 to lo-22 m2, since it was judged that even if the 
halite contained regions of zero permeability, the likelihood was 
low that the effective permeability of the halite and argillaceous 
halite regions was zero. 

Given the assumptions, difficulties and exceptions outlined above, 
differential probability distributions were formed by marking the 
locations along a permeability axis of the results of the tests in 
Table 3. Excluding the "to low to measure" permeability tests, the 
number of tests in each loglO interval were used to indicate the 
relative probability that the true value lay in that interval. 
Cumulative probability distributions listed in Table 1 can be 
formulated from the differential probability distributions in 
Figures 2-6. Test results that were "Too low to measure" are 
shown in Figure 2 as lying between a true o value and l.Oxlo-24 m2. 
Thusi the abscissa of Figure 2 is logarithmic between lo-24 and 
lo-2 and linear between o and lo-24. 

Rationale for Formulating Pore Pressure Distributions 

The measurement of test-zone pore pressure is straightforward and 
is only accomplished in the Permeability Testing Program and the 
Room Q permeability tests. If, during a pressure build-up test or 
pulse-withdrawal test, the pressure reaches a steady state 
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pressure, that pressure is interpreted as the formation pore 
pressure at the location of the test zone. If a steady-state 
pressure is not reached before the test is terminated, some 
technique must be used to extrapolate the formation pore pressure 
from the shape of the pressure-vs-time curve. 

For the tests listed in Table 3, all pressures shown are measured 
or estimated values of formation pore pressure. The far field 
formation pore pressures measured in the anhydrite layers yield a 
fairly consistent measurement of 12.5+-0.1 MPa. It is not 
understood why the pore pressure measured in the single halite far 
field test is significantly lower than those reached in the 
anhydrite far field. Possibilities include: (a) The regions in 
the halite that have non-zero permeability are not interconnected 
with higher pressure regions such as the anhydrite layers; (b) the 
regions in the halite that have non-zero permeability have not 
reached pressure equilibrium with the anhydrite layers; or (c) pore 
dilation (and accompanying depressurization) in response to 
excavation andjor drilling affects halite to a greater distance 
than anhydrite. 

Based on current measurements, it cannot be ruled out that 
substantial regions of the Salado Formation will be at 
significantly lower initial pore pressure than the anhydrite 
layers. Because of potential computational difficulties the PA 
group did not wish to include this possibility in the 40 CFR 191 
calculations. Use of a uniform hydraulic pressure throughout the 
formation far field allows the PA calculations to be based on the 
appealingly simple (although perhaps not correct) assumption of 
homogeneity, hydraulic equilibrium and isotropy in the undisturbed 
Salado Formation. (The assumption of formation hydraulic 
equilibrium can be tested using existing models and assumed values 
of halite and anhydrite permeability. Such a calculation may be 
performed by Department 6119 in the future.) 

Since the effect of excavation on the formation is still poorly 
understood, from a hydrological viewpoint, it is uncertain that 
tests believed to be in the far field are indeed in the far field. 
It was recommended that the far field pore pressure reflect the 
average of the three far field measurements in the anhydrite, 12.5 
MPa, with an uncertainty of 0.5 MPa. 

Comments on the Effect of Data Recommendations on 40 CFR 191 
Subpart B Compliance Calculations. 

An important aspect of the current PA model for the Salado 
Formation is its inability to simulate pressure-induced fracturing 
in the anhydrite layers, a phenomenon that has been experimentally 
demonstrated at the WIPP. The phenomenon may enhance the migration 
of gas into the formation as the gas pressure in the repository 
builds up. 
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Thus it should be recognized that the data from which the 
permeability and pore pressure recommendations have been derived 
may not fully support the existing performance assessment models. 
While it might have been possible to adjust the input parameter 
distributions to crudely include effects not explicitly modeled, 
such as including post-fracture permeability in the far field 
anhydrite permeability distribution to include the phenomena of 
pressure-induced fracturing, this approach was unacceptable to the 
performance assessment group. Therefore, it is important to 
understand that the 1992 performance assessment calculations will 
not reflect the full range of potential outcomes. In other words, 
the calculations do not include all known or possible phenomena and 
outcomes. 
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Table 1. Recommended Cumulative Probability Distributions 
for formation permeability (m2), derived from 

Figures 2-6. 

Halite Far Field and Depressurized Zones: Zones A, B and C 

Permeability (m2) 

0.0 
1.ox1o-24 
1.ox1o-23 
1.0x1o-22 
1. ox1o-21 
1.0x1o-20 
1.ox1o-19 

cumulative probability 

0.00 
0.00 
0.10 
0.19 
0.48 
0.95 
1.00 

Halite Disturbed Zone: Zones D and E 

Permeability (m2) 

1. ox1o-18 
1.0x1o-13 

Cumulative probability 

0.00 
1. 00 
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Table 1. (Continued) 

Anhydrite Far Field and Depressurized Zones: Zone F, G and H 

Permeability (m2) 

1. ox1o-21 
1.0x1o-2o 
1.0x1o-19 
1. Ox1o-18 
1. Ox1o-17 
1.0x1o-16 

Anhydrite Disturbed zone: 

Permeability (m2) 

1.0x1o-18 
1. Ox1o-17 
1.0x1o-16 
1.0x1o-15 
1.0x1o-14 
1.ox1o-13 
1. Oxlo-12 

Anhydrite Disturbed Zone: 

Permeability (m2) 

1

1. Oxlo-19 
. 1. Oxlo-18 

Cumulative probability 

o.oo 
0.07 
0.71 
0.93 
0.96 
1.00 

Zone J 

Cumulative probability 

o.oo 
0.12 
0.25 
0.37 
0.75 
0.87 
1. 00 

Zone I 

Cumulative probability 

o.oo 1 
1.00 . 
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Table 2. Parameter Estimates from Borehole Experiments. This from 
information in Table 5 of an early draft of McTigue, 1992. The 
difference.betwe7n the va1u7s from the early draft (this table) and 
the table 1n McT1gue, 1992 1s the use of a literature value and a 
WIPP-spe~i~i~ me~sured value! respectively, for brine 
compress1b1l1ty 1n the data 1nterpretation. 

Borehole 

# 

DBTIO 

DBTll 

DBT12 

DBT13 

DBT14A 

DBT14B 

DBT15A 

DBT15B 

L4B01 

DBTIIA 

QPBOI *1 

QPB02 *1 

QPB03 *1 

Rock Type 

Halite 

Halite 

Halite 

Halite 

Halite 

Halite 

Halite 

Halite 

Halite 

Halite 

Anhydrite 

Anhydrite 

Anhydrite 

Permeability 

@Po=lO MPa 
rn2) 

2.9E-22±.18E-22 

l.IE-21±.09£-21 

6.4E-22±.72E-22 

1. 7E-22±.26E-22 

7 .8E-22±.2.4E-22 

2.2E-21±.28E-21 

3.2E-22±.55E-22 

1.8E-22±.59E-22 

.67E-22±.43E-22 

9.0E-22±2.4E-22 

4.8E-21±.3E-21 

8.2E-20±.03E-20 

4.8E-21±1.5E-21 

Permeability 

@Po=5 MPa 
(rn2 

5.8E-22±.36E-22 

2.3E-21±.18E-21 

1.3E-21±.14E-21 

3.4E-22±.32E-22 

1.6E-21±.48E-21 

4.5E-21±.56E-21 

6.4£-22±1.1 E-22 

3.6£-22±1.1 E-22 

1.3E-22±.86E-22 

1.8E-21±.48E-21 

9.6E-21±.06E-21 

1.6E-19±.006E-19 

9.6E-21±.3E-21 

Permeability 

@Po=01MPa 
rn2 

2.9E-21±.18E-21 

l.l E-20±.09£-20 

6.4E-21±. 72E-21 

1.7E-21± .. 26E-21 

7 .8E-21±.2.4E-21 

2.2E-21±.28E-21 

3.2E-21±.55E-21 

1.8E-21±.59E-21 

.67E-21±.43E-21 

9.0E-21±.2.4E-21 

4.8E-20±.3E-20 

8.2E-19±.03E-19 

4.8E-20±1.5E-20 

* The lower limit of these uncertainty lx>unds should be assumed to be zero. 

Diffusivity 

(rn21sec) 

4.7E-11±.78E-11 

3.5E-9±.63E-9 

10E-8±.65E-8 

5.9E-11±.2.3E-ll 

2.8E-8±4.6E-8 

4.3E-8±3.3E-8 

1.8E-10±.86E-10 

1.3E-1 0±1.2E-1 0 

5.8E-11±9.1E-ll 

1.27E-l 0±.22E-11 

1.1 E-8±.34£-8 

1.2E-9±.014E-9 

6.4E-7±18.8E-7* 

*I For all of these lx>rehole tests, the length of the productive unit was assumed to be equal to the average 

thickness of Marker Bed 139 (3-feet). 
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Table 3: Compilation of Interpreted Values of Permeability, 
1/5/92. Zones are referenced to Figure 1. 

Measured Permeability 

A. HALITE FAR FIELD 

B. 

c. 

QPP12 pre-mineby 
6.8x1o-22 m2 

C2H03 
SCP01 GZ 
QPP05 
QPP02 

Too low to measure 
Too low to measure 
Too low to measure 
Too low to measure 

HALITE DEPRESSURIZED ZONE 

S1P72-A-GZ a.6x 1o-22 m2 
QPP21 post mineby 

1. 9x1o-22 m2 
C2H01-B 5.3x1o-21 m2 
C2H01-B-GZ 1. 9x1o-21 m2 
L4P51-A 6.1x1o-21 m2 
SOP01 a.3x1o-21 m2 
S1P71-A 6.1x1o-20 m2 
QPP15 2.2x1o-21 m2 
DBT10 5.Bx1o-22 m2 
DBT11 2.3x1o-21 m2 
DBT12 1.3x1o-21 m2 
DBT13 3.4x1o-22 m2 
DBT14A/B 3.1x1o-21 m2 
DBT15A/B 5.0x1o-22 m2 
L4B01 1.3x1o-22 m2 
DBT31A not used 
QPP12 4.4x1o-22 m2 

HALITE DEPRESSURED ZONE 

Same as region B for permeability. 

D. HALITE DISTURBED ROCK ZONE 

C2H01-A 2.7x1o-18 m2 
C2H01-A-GZ unmeasureable 
S1P73-B-GZ unmeasureable 

E. HALITE DISTURBED ROCK ZONE 

Same as region D for permeability. 
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Pressure(MPA) 

9.5 
not measureable 
not measureable 
not measureable 
not measureable 

5.1 

4.8 
3.1 
4.1 
2.7 
4.4 
2.9 
3.1 
5.0 assumed 
5.0 assumed 
5.0 assumed 
5.0 assumed 
5.0 assumed 
5.0 assumed 
5.0 assumed 

9.4 

0.5 
0.0 
2.5 



Table 3. (Continued) 

F. ANHYDRITE FAR FIELD (greater than 10 m from excavation) 
SCP01 MB 139 

3.0x1o-20 m2 12.4 
QPP13 pre-mineby MB 139 12.5 

4.1x1o-20 m2 
QPP03 pre mineby clab b 

4.4x1o-2 m2 12.6 

G. ANHYDRITE DEPRESSURIZED ZONE (less than 10 meters from 
excavation) 

C2H02 MB 139 7.8x1o-20 m2 
L4P51-B anhydrite c 

5.0x1o-20 m2 

H. 

I. 

J. 

S1P71-B anhydrite c 
6.8x1o-20 m2 

C2H01-C MB 139 
9.5x1o-19 m2 

C1X10 MB 139 5.0x1o-17 m2 
QPP03 anhydrite b post mineby 

7.9x1o-20 m2 
QPP13 MB 139 post mine-by 

4.7x1o-20 m2 
L4P52-A anhydrite a 

1.0x1o-19 m2 
9.6x1o-21 m2 
1.6x1o-19 m2 
1.2x1o--20 m2 
unmeasureable 

QPB01 
QPB02 
QPB03 
S1P72 

ANHYDRITE DEPRESSURIZED 
Same permeability as 

ANHYDRITE DISTURBED ROCK 
S1P73-B MB 138 

ZONE 
region 

ZONE 

ANHYDRITE DISTURBED ROCK ZONE 
SOP01 GZ 5.7x1o-18 m2 

G. 

(138) 

S1P73-A too high to measure; 

S1P73-A-GZ too high to measure; 

S1P71-A-GZ too high to measure; 

L4P51-A-GZ too high to measure; 

Crawley 1.6 to 3.2 x1o-13 m2 
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9.3 

5.1 

4.9 

8.0 
7.3 

7.0 

8.1 

6.4 
5.0 
5.0 
5.0 
1.2 

assumed 
assumed 
assumed 

2.9x1o-19 m2 

0.5 
estimated at 1o-15 

o.o 
estimated at 1o-15 

0.0 
estimated at 1o-14 

0.0 
estimated at 1o-15 

0.3 
??? 

4.5 

m2 

m2 

m2 

m2 



YET TO BE INTERPRETED 

QPPOl 
QPP04 
QPPll 
QPP14 
QPP22 
QPP23 
QPP24 
QPP25 
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field: A 

anhydrite far 

field: F 

Figure 1: 

halite far field: A 

depressurized zone: C 

halite DRZ: E (MB 138) 

H anhydrite DRZ: I 

B halite DRZ: DA 

G anhydrite DRZ: J 

halite DRZ: D 

excavation 

halite DRZ: D 

G anhydrite DRZ: J (MB 139) 

halite DRZ: D 

depressurized Zone: B 
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s 
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-
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Schematic for assigning flow properties to Salado Formation 
(Not to Scale!!!!) 
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Halite Far Field and Halite Depressurized Zone: Zones A, B and C 
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Anhydrite Far Field and Anhydrite Depressurized Zone: 
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ATTACHMENT TO GORHAM ET AL., JUNE 15, 1992 

Sandia National laboratories 
date: June 15, 1992 

Albuquerque. New Mexico 87185 

to: Barry Butcher and Martin Tierney, 6342 

from: Elaine Gorham, 6119, 4-1401 

subject: Additional suggestion for 1992 PA calculations 

This memo is to request a change in the parameterization of the 
Salado flow models for the 1992 40 CFR 191 calculations from 
those parameters used in the 40 CFR 268 calculations. As you 
have probably already heard, when we negotiated in April about 
probability distributions for formation parameters, we had 
somewhat of a misunderstanding with respect to including effects 
of fracture opening due to pressurization in the anhydrite 
layers. I (incorrectly) assumed that PA had an explicit module 
that would allow permeability in the anhydrite layers to 
increase with hydraulic pressure (to simulate fracture opening). 
Thus Rick and I suggested values of permeability for the far 
field anhydrite which were representative of unfractured 
anhydrite. We can discuss the implications of these 
assumptions on the 40 CFR 268 calculations during our June 25 
meeting. 

In the meantime, I'd like to suggest changes in the assumed 
values for far field anhydrite that would be somewhat more 
representative of conditions associated with pressure-generated 
fra-cturing in the anhydrite for the 1992 40 CFR 191 
calculations. In particular, we (Peter Davies and myself, since 
Rick is on foreign travel) recommend that permeability 
probability distributions previously supplied for the far field 
anhydrite (Region F), the depressurized anhydrite (Regions G and 
H) and the DRZ anhydrite (Region J) be combined with equal 
weight to form a single probability distribution for all the 
anhydrite (far field, depressurized zone and DRZ). In 
addition, we recommend that the porosity used for our previously 
defined anhydrite and halite far field and depressurized zones 
be represented by the previously recommended far field porosity. 
The reason for the latter recommendation is our judgement that 
large increases in permeability due to fractures opening do not 
imply the large increases in porosity assumed for the anhydrite 
DRZ. This latter change is important because overestimation of 
Salado porosity will result in calculations that underestimate 
room pressure and/or lateral gas migration. 

Including the DRZ permeability distribution in the distribution 
for the entire anhydrite, as we recommend for the 40 CFR 191 
calculations, will cause about 4% of the calculations to be 
conducted with very high permeability values in the anhydrite 
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(between 1o-14 and 1o-12 m2). These values correspond to our 
current estimates of the high end of values expected after 
fracturing due to overpressure. By using these values for the 
entire calculations you will overestimate initial brine inflow 
rates and gas generation rates. However, because increased gas 
pressure will reverse the brine inflow and gas generation, it is 
unclear if total gas generated will be unrealistically large. 
The calculation therefore has the potential to calculate 
reasonable values for bounding estimates of gas migration 
distance in the absence of fingering. Given that we are trying 
to simulate a missing phenomena by changing an input parameter 
distribution, this may be the best that can be done on short 
notice. A major factor in our approach to this problem has been 
to assure that the range of outcomes of the PA calculations 
provide a good representation of the true uncertainty in our 
understanding of the repository behavior, at least with respect 
to permeability and porosity values for the Salado formation. 
We can discuss this approach when we meet on June 25. 

I would like to emphasize the importance of implementing a 
pressurized fracture-opening model in your codes in future 
years. 

In the meantime, if you have any questions about these 
recommendations or wish to further clarify them please call 
either Peter or myself. 

Copies: 

6303 w. D. We art 
6119 R. L. Beauheim 
6119 P. B. Davies 
6119 s. Howarth 
6117 w. R. Wawersik 
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Date: 
To: 
From: 
Subject: 

Hora, August 25, 1992 

8/25/92 
Kate Trauth, Jon Helton, Mel Marietta, Martin Tierney, Bob Guzowski, Rip Anderson 
Steve Hora 
Probabilities of Human Intrusion into the WIPP, Methodology for the 1992 Preliminary Comparison 
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PROBABILITIES OF HUMAN INTRUSION INTO THE WIPP 
METHODOLOGY FOR THE 1992 PRELIMINARY COMPARISON 

August 25; 1992 

Prepared by 
Stephen c. Hora 

For 
Division 6342 

Sandia National Laboratories 

During 1990-1992, external experts were assembled by sandia 
National Laboratories to study potential inadvertent human 
intrusion into the waste Isolation Pilot Plant (WIPP). These 
experts formed two groups one group studied what future 
societies might be like and how they might inadvertently intrude 
into nuclear waste. The second group, after considering the 
findings of the first group, studied how markers might be used to 
warn future societies about the presence and danger of the buried 
waste. Both groups provided probabilities and probability 
distributions for critical aspects of the human intrusion problem. 
This report discusses the use of these assessments in the 1992 
preliminary performance assessment. 

The Futures Group 

The first group of experts was divided into four teams. Each team 
was composed of four experts from various fields of social and 
physical science. Each team was asked to address the same set of 
questions (see Hera, von Winterfeldt, and Trauth, 1992). The 
results of their work suggests that future societies may undertake 
activities that could lead to inadvertent intrusion into the WIPP. 
These teams judged that a number of factors (e.g. the level of 
technology, demand for resources, population level, the ability to 
retain knowledge about nuclear waste, etc.) would influence the 
likelihood of inadvertent intrusions. 

The results of the futures teams provide a basis for developing 
probability distributions for inadvertent intrusion attempts into 
the WIPP. Because the teams used different structures for analysis 
and considered different factors that would influence the 
likelihood of inadvertent intrusion, the results of their endeavors 
must be individually interpreted in order to be used in the 
preliminary performance assessment. 

The Markers Group 

A second group of thirteen experts was organized into two teams to 
study markers for the WIPP site. These markers are to serve as 
warnings. to future societies about the presence of nuclear waste. 
Such warnings, hopefully, will deter inadvertent intrusions. Each 
team was asked to consider the findings of the futures teams, to 
suggest design characteristics for a marker system, and to assess 
the efficacy of such a system of markers. The ability of a marker 
system to deter intrusions rests on the survival of the marker 
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system over an extended period of time, and the ability of 
potential intruders to detect the markers and to understand the 
messages that they carry. 

The markers team members where asked to provide probabilities for 
several events. The first of these is the event that a marker and 
its message(s) remain intact at various times in the future. 
Second, for several types of intrusion, the team members were asked 
to provide probabilities that, given the marker and its messages 
are intact, the potential intruders are able to understand the 
message and thus become forewarned of the inherent dangers of 
intrusion. These assessments were made under various assumptions 
about the state of technology in the future. 

The standard (40 CFR 191) 

The US EPA regulation (40 CFR 191}, issued in 1985 and remanded in 
1987, provides the rationale for performance assessment for the 
WIPP. Although the standard has been remanded and awaits reissue, 
in agreement with the state of New Mexico, the preliminary 
performance assessments continue to be executed as though the 1985 
standard was still in place. The 1985 version of the standard 
provides some guidance about human intrusion. In appendix B of the 
standard, the frequency and severity of human intrusion is 
discussed: 

The Agency believes that the most productive 
consideration of inadvertent intrusion concerns those 
realistic possibilities that may be usefully mitigated by 
repository design, site selection or use of passive 
controls (although passive institutional controls should 
not be assumed to completely rule out the possibility of 
intrusion) . Therefore, inadvertent and intermittent 
intrusion by exploratory drilling for resources (other 
than any provided by the waste disposal system itself) 
can be the most severe intrusion scenario assumed by the 
implementing agencies. 

However, the Agency assumes that the likelihood of such 
inadvertent and intermittent drilling need not be taken 
to be greater than 30 boreholes per square kilometer of 
repository area per 10,000 years for geologic 
repositories in proximity to sedimentary rock formations, 
or more than 3 boreholes per square kilometer per 10,000 
years for repositories in other geologic formations. 

From these two statements, it is concluded that the preliminary 
performance assessment need not consider intrusion modes such as 
mining or archaeological investigation that may result in more 
severe consequences than drilling. Moreover, the standard also 
provides an upper bound for the drilling intensity to be used in 
the performance assessment. Three modes of drilling intrusion have 
been identified by the experts examining human intrusion issues. 
These modes are exploratory drilling for mineral resources 
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(primarily fossil fuels) drilling water wells, and drilling for 
injection disposal wells. Drilling for water was found to be an 
insignificant threat when compared to drilling for mineral 
resources. Drilling for disposal wells, which was identified as a 
threat by one of the four futures teams, has not yet been modeled 
and, therefore, its affect cannot be judged. Thus, exploratory 
drilling for resources is the only mode of intrusion considered in 
the 1992 preliminary comparison. 

Assembling the Judgments 

The existence of markers and the ability of a society to interpret 
the warnings left at WIPP may depend upon the state of development 
of that society. In the preliminary performance assessment, the 
state of development of the society is represented by the level of 
the technological development of the society. The level of 
technological development (high, medium, or low) will be randomly 
generated from distributions provided by the futures teams. 

Using a given level of technology, the frequency 0.) at which 
attempted inadvertent intrusions will occur at various points in 
time will be established. This time dependent frequency is called 
the raw drilling intensity and treated as a parameter of a time 
dependent Poisson process. The raw drilling intensity does not 
take into account deterrence by markers, however. For each of the 
several points in time that the raw drilling intensity is 
evaluated, the probability of the markers existing (p1) and the 
probability of the markers deterring an intrusion attempt given 
that the markers exist (p2.) are evaluated. These two probabilities 
modify the raw drilling ~ntensity to give the effective drilling 
intensity l(l-p1p2). The effective drilling intensity is used in 
the performance assessment to obtain probabilities for scenarios. 
The process of developing the effective drilling intensity is 
repeated many times in order to generate many vectors of drilling 
intensities. Each vector is a random realization and differences 
among the vectors represent the uncertainty in the drilling 
intensity and the effectiveness of the markers. 

Because the four teams studying potential futures developed 
analyses independently and in different ways, there is no simple 
way to combine their findings. For this reason, a team will be 
randomly selected on each iteration of the Monte Carlo analysis. 
The assessments from each team represent their collective judgment. 
In contrast, one of the markers 1 teams individually provided 
probability assessments while the other team who provided a 
consensus set of probability distributions. Thus, when one of the 
two markers teams is randomly chosen for a Monte Carlo iteration, 
it may be necessary to also randomly select one of the team members 
for that iteration. This procedure avoids making unfounded 
assumptions about how to combine disparate distributions. 

The algorithm for generating inadvertent intrusions can then be 
described by the following steps: 
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1. Randomly select one of the four futures teams. 

The following steps use distributions conditional on the 
outcome of step 1. 

2. Randomly select a level of technology in the future. 
When probabilities of levels of technology are time 
dependent, a rank correlation of one will be used to 
generate the level of technology in the several time 
periods. 

3. Generate a random variable to determine the intrusion 
intensity. When intrusion intensities vary with time 
periods, a rank correlation of one will be used to 
generate the intrusion intensities in the several time 
periods. 

4 • Randomly select one of the markers teams and a marker 
team member, if necessary. 

5. For each time period generate the probability that 
markers are extant given the level of technology. 

6. For each time period, generate the probability that 
the markers deter intrusion given that the markers are 
extant, the level of technology, and the mode of 
intrusion. 

7. Compute the effective drilling intensity for each 
time period. 

There are several assumptions implicit in the above algorithm. In 
step 3, a single random number is used to select an intrusion 
intensity for all periods. This is a conservative assumption in 
that the variability of the performance measure will be maximized 
among the Monte Carlo iterations. 

Future Levels of Technology 

A link exists between the findings of the two groups; the futures 
group and the markers group. The assessments of the markers group 
are conditional on the findings of the futures groups. Since each 
of the futures teams provided a unique analysis using a different 
set of underlying factors, making the assessment of the markers 
group conditional on all of the identified factors is infeasible. 
However, technology emerges as an important theme in all of the 
analyses and has, thus, been used to capture the dependency between 
the state of society and the efficacy of the marker system. 

The assessments of the Boston futures team provide probabilities 
for three levels of technology during various times in the future: 
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TABLE 1 
LEVELS OF TECHNOLOGY - BOSTON TEAM 

Years After Closure 

Level of 100-300 years 300-3000 years 3000-10000 years 
Technology 

High .a .7 .a 

Medium .15 .2 .1 

Low .05 .1 .1 

The Southwest futures team provided probabilities of three 
scenarios for the development of society: increase, decline, and a 
future which alternates between these possibilities. We equate the 
Southwest teams pattern of steady increase in technology with a 
high level of technology, steady decline with a low level of 
technology, and the alternating or sea-saw pattern that cycles 
every 1000 years between increase and decline in technology with 
500 years of medium technology followed by a repeating pattern of 
high, medium, low, and medium technology, each for a period of 500 
years. The probability for the increase (high technology scenario) 
is .475, for the decline (low technology scenario) it is .oa75, and 
for the alternating scenario it is .4375. 

The Washington A futures team viewed the future as following a 
pattern of continuity, radical increase, discontinuity, or one of 
steady state utilization of resources. Roughly, continuity is 
equated with high technology while discontinuity is equated with a 
lower level of technology. Both radical increase and the steady 
state scenarios are equated with medium technology. Using these 
assumptions, the following table of probabilities was derived. 

TABLE 2 
LEVELS OF TECHNOLOGY - WASHINGTON A TEAM 

Scenario Technology Probability 

Continuity High .255 

Radical Medium .2275 
Increase 

Discontinuity Low .1675 

Steady state Medium .35 

The Washington B team provided assessments directly in terms of the 
three levels of technology as repeated in the following table: 
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TABLE 3 
LEVELS OF TECHNOLOGY - WASHINGTON B TEAM 

Time Period 

Technology 0-200 years 200-10000 years 

High .5 .9 

Medium .5 .05 

LOW .o .05 

Frequencies of Intrusion Attempts 

The responses about the likelihood of intrusion vary in form from 
team to team. Two teams responded by providing probabilities of 
intrusion while the other two teams provided probability 
distributions for the drilling intensity. The most convenient form 
of information for performance assessment is to have a time 
dependent intensity parameter or a probability distribution on such 
a parameter. Therefore, the choice has been made to convert 
assessments from the four futures teams into a common form -- a 
drilling intensity parameter or probability function for such a 
parameter. The spacing of potential drilling intrusions is then 
carried out in the performance assessment simulations using a time 
dependent Poisson process with a random parameter. 

The Boston team provided assessments for the drilling intensity 
that are conditional on both time and level of technology. The 
responses for exploratory drilling for hydrocarbons are shown in 
the following tables. Exploratory drilling for hydrocarbons was 
not thought to extend further than 300 years into the future. 

TABLE 4 
BOSTON TEAM -DRILLING INTENSITY DISTRIBUTIONS 

Drilling 
Intensity 

0.5 
0.83 
4.98 
8.3 

12.45 
20.75 

24.9 
41.5 
49.8 

83 
99.6 

166 
199.2 

332 

High 
0.15 
0.02 
0.22 
0.03 
0.12 
0.02 
0.12 
0.02 
0.22 
0.03 
0.03 

0 
0.03 

0 

Technology 
Medium 

0.15 
0.02 
0.22 
0.03 
0.11 
0.02 
0.11 
0.02 
0.22 
0.03 
0.03 

0 
0.03 

0 

Low 
0.15 
0.03 
0.21 
0.04 
0.11 
0.02 
0.11 
0.02 
0.21 
0.04 
0.03 
0.01 
0.03 
0.01 

The Boston team also considered drilling for disposal wells as a 
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possible cause of inadvertent intrusion. This mode of intrusion, 
however, is not considered in the 1992 performance assessment. 
There are several reasons for this exclusion. First, this type of 
potential intrusion has not yet been modeled and, therefore, even 
if intrusion rates were developed, it would not be possible to 
account for the consequences. Second, the depth of such wells has 
not been studied and, thus, it cannot be determined if this type of 
activity indeed constitutes a threat. Third, only one of the four 
teams explicilty considered this mode of intrusion. Moreover, this 
team did not provide complete information at the elicitation 
session. A questionnaire sent later to the team members was 
completed by three of the four participants. There was wide 
disagreement on the frequency of such activity. 

The Southwest team considered conventional drilling to be plausible 
only under the declining and alternating scenarios. In order to 
employ the judgments provided by this team in the performance 
assessment, it is necessary to interpret their conclusions. It 
appears that drilling should be considered only in the low and 
medium technology states. Moreover, since this team assessed 
holistic probabilities of one or more intrusions, it is necessary 
to convert their assessments into a drilling intensity. For the 
decline and see-saw scenarios, the probabilities of intrusion are 
given as .113 and .138 respectively. For the decline scenario (low 
technology) intrusion would occur, if it occurs, during the first 
400 years after closure. Assuming a constant intensity during this 
period, we equate the Poisson probability of one or more intrusions 
with the assessed probability: 

1-e·.00472l = .113. 

The .00472 is the fraction (400 years/10,000 years)(.118 square 
miles) so that l is expressed as per square mile per 10,000 years. 
The .118 arises because this is the planned footprint of the 
repository. The resulting drilling intensity for 100 to 500 years 
after closure under the decline scenario implied by the .113 
probability is then 25.40 boreholes per square mile per 10,000 
years. 

Making the conversion under the see-saw scenario is similar with 
the added difficulty that drilling will not be undertaken during 
periods of high technology. Using the assumptions discussed in the 
section of this paper dealing with levels of technology, if the 
see-saw scenario occurs, the world will be in a high technology 
state about 1/3 of the time. Thus, we interpret the .138 
probability of intrusion in the see-saw scenario to be applicable 
to 6,666 years (2/3 of 10,000). The resulting drilling intensity, 
again in units per square mile per 10,000 years is found from 

1-e·.0787l = .138 

The resulting drilling intensity is 1.89 boreholes per square mile 
per 10,000 years. 
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The Washington A team also provided holistic assessments of the 
probabilities of intrusion. Assessment were provided for both the 
first 200 years after closure and the ensuing 9800 years. The 
following table shows the assessed probabilities and intrusion 
intensities derived using the same procedure as was used for the 
Southwest Team. 

TABLE 5 
PROBABILITIES OF ONE OF MORE INTRUSIONS - WASHINGTON A TEAM 

0-200 years after closure 200-10 000 years after closure 

Scenario (probability) Assessed Intrusion Assessed Intrusion 
Probability Intensity Probability Intensity 

Continuity (.255) .076 33.5 .21 2.0 

Radical Increase ( .2275) .628 419 .08 .72 

Discontinuity (.1675) .413 226 .42 4.7 

II Steady State (.35) .01 4.3 .09 .82 

The Washington B Team provided information which permitted the 
construction of a cumulative distribution function for the number 
of boreholes. In the near future, 0-200 years after closure, the 
drilling intensity follows the following CDFS: 

TABLE 6 
EXPECTED BOREHOLES- WASHINGTON B TEAM 

Boreholes per 0-200 years after 200-10,000 years 
square mile closure after closure 

1<0 0 0 

1=0 0.932 0.9377 

0<1<2 0.932+0.008512 0.9377+0.00778212 

2<1~4 0.932+.068[1-(12/8)- 0.9377+.0623[1-
1] (12/8)-1] 

4<1 1.0 1.0 

This team also considered the possibility of drilling for water in 
both the near and far futures. the probabilities of drilling for 
water are, however, less than 10-4 in both near future and the far 
future and thus are excluded from further analysis. 

Generating the Intrusion Intensity 

Let u1 be a uniform (0-1] random deviate. The following algorithm 
describes the generation of 1, the drilling intensity in terms of 
several U1 • 
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o. Go to step [4*U1]+1 where [.] is the largest integer 
function. 

1. (Boston ) Compare U2 to the following look up table: 

TABLE 7 
LOOKUP TABLE FOR TECHNOLOGY - BOSTON TEAM 

u2 100-300 years 300-3000 years 3000-10000 
years 

u<.7 High Tech High Tech High Tech 

.7<u<.8 High Tech Medium Tech High Tech 

.8<u<.9 Medium Tech Medium Tech Medium Tech 

.9<u<.95 Medium Tech Low Tech Low Tech 

.95<u Low Tech Low Tech Low Tech 

Given the outcome from U , compare u3 to Table 8. The 
drilling intensity is the value having the smallest 
cumulative probability equal to or greater then u3 • 

TABLE 8 
DRILLING INENSITY CUMULATIVE PROBABILITES - BOSTON TEAM 

Drilling 
Intensity 

0.5 
0.83 
4.98 
8.3 

12.45 
20.75 
24.9 
41.5 
49.8 

83 
99.6 

166 
199.2 

332 

cumulative Probability 

High 
0.15 
0.17 
0.39 
0.42 
0.53 
0.55 
0.67 
0.69 
0.91 
0.94 
0.97 
0.97 
1.00 
1.00 

Technology 
Medium 

0.15 
0.17 
0.39 
0.42 
0.54 
0.56 
0.67 
0.69 
0.91 
0.94 
0.97 
0.97 
1.00 
1.00 

Low 
0.15 
0.18 
0.38 
0.42 
0.53 
0.55 
0.66 
0.68 
0.88 
0.92 
0.95 
0.96 
0.99 
1.00 

2. (Southwest) Compare U2 to the following look-up 
table 
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TABLE 9 
LOOKUP TABLE FOR TECHNOLOGY AND DRILLING INTENSITY 

SOUTHWEST TEAM 

u2 Time Period Drilling Technology 
Intensity 

o~u<.475 0-10,000 l=O High 

.475<u.:5_.5625 0-400 ).=25.40 Low 
400-10,000 ).=O 

.5625<u 0-500 1.89 Medium 
500-1000 0 High 
1000-1500 1.89 Low 
1500-2000 1.89 Medium 
2000-2500 0 High 
2500-3000 1.89 Low 
3000-3500 1.89 Medium 
3500-4000 0 High 
4000-4500 1.89 Low 
4500-5000 1.89 Medium 
5000-5500 0 High 
5500-6000 1.89 Low 
6000-6500 1.89 Medium 
6500-7000 0 High 
7000-7500 1.89 Low 
7500-8000 1.89 Medium 
8500-9000 0 High 
9000-9500 1. 89 Low 
9500-10000 1.89 Medium 

3. (Washington A) Compare U2 to the following look-up 
table. 
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TABLE 10 
LOOKUP TABLE FOR TECHNOLOGY AND DRILLING INTENSITY 

WASHINGTON A TEAM 

Uz Time Period Drilling Technology 
Intensity 

o~u~.255 0-200 33.5 High 
200-10000 2. 

.255<u~.4825 0-200 419. Medium 
200-10000 .72 

.4825<u~.65 0-200 226. Low 
200-10000 4.7 

.65<u 0-200 4.3 Medium 
200-10000 .82 

4. (Washington B) Compare u2 to the following look-up 
table to determine the state of technology: 

TABLE 11 
LOOKUP TABLE FOR TECHNOLOGY - WASHINGTON B TEAM 

Uz Technology 0-200 years Technology 200-10,000 
years 

u<.5 High High 

.5<u<.90 Medium High 

.90<u<.95 Medium Medium 

.95<u Medium Low 

Next, compare u3 to the following two lookup tables to 
determine the drilling intensity which is independent of 
the state of technology: 

TABLE 12A 
DRILLING INTENSITY FOR 0-200 YEARS - WASHINGTON B TEAM 

u~ Intensity .i.. 

u~.932 o.o 

.932<U5.966 [ (u-.932) /.0085]·5 

.966<U 4 (1-{1-. 5[1+(u-.932) /.068] }·5 ) 

A-81 



TABLE 12B 
DRILLING INTENSITY FOR 200-500 YEARS - WASHINGTON B 

TEAM 

u~ Intensity l 

u<.9377 o.o 
.9377<u<.96885 [ (u-. 9377) 1. 007782] ·5 

.96885<u 4 ( 1-{ 1-. 5 [ 1+ (u-. 9377) 1. 0623]} ·5 ) 

Drilling for resources does not continue beyond 500 years 
and thus the drilling intensity is 0 beyond 500 years. 

Persistence of Markers 

Markers Team A addressed probabilities of markers continuing to 
exist on an individual basis so that six individual assessments are 
available. Assessments were provided assuming three different 
levels of technology and at five points in time -- 200, 500, 1000, 
5000, and 10000 years after closure. The following table contains 
the probabilities of the marker system (as defined in the report of 
the A team) continuing to exist at the given epoch conditional on 
a dominant state of technology. 
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TABLE 13 
PROBABILITIES OF THE MARKER SYSTEM PERSISTING -TEAM A 

Expert Dominant Years After Closure 
Technology 

200 500 1000 5000 10,00 
0 

High .99 .98 .95 .75 .50 

Ast Medium .99 .98 .95 .75 .60 

Low .99 .98 .95 .75 .60 

High .99 .98 .95 .70 .50 

Brill Medium .99 .98 .95 .70 .50 

Low .99 .98 .95 .85 .80 

High .99 .98 .90 .85 .70 

Goodenough Medium .99 .98 .95 .90 .75 

Low .99 .98 .98 .95 .80 

High .95-.99 .95-.99 .90-.95 .80 .70 

Kaplan Medium .95-.99 .95-.99 .90-.95 .80 .70 

Low .95-.99 .95-.99 .90-.95 .90 .85 

High .90 .85 .70 .65 .60 

Newmeyer Medium .95 .90 .85 .80 .60 

Low .95 .90 .85 .85 .65 

High .90 .85 .80 .70 .50 

Sullivan Medium .95 .90 .85 .80 .70 

Low .95 .90 .85 .80 .70 

In contrast, Team B provided consensus probabilities at only three 
points in time -- 500, 2000, and 10,000 years. The following table 
contain these consensus probabilities for the three levels of 
technology. 
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TABLE 14 
CONSENSUS PROBABILITIES OF THE MARKER SYSTEM PERSISTING - TEAM B 

Dominant Years After Closure 
Technology 

500 2000 10000 

High .90 .85 .85 

Medium .90 .80 .60 

Low .90 .70 .40 

Determining the Probabilities of Markers Deterring Intrusion 

The following algorithm is based on linear interpolation of the 
probabilities provided by the two teams. Let k denote the level of 
technology and let T be the times at which probabilities are 
needed. v1 are uniform [0,1] random variables. 

o. If V1 5.5 go to step 1. otherwise step 2. 

1. Let i= [ 5*V1] +1 where [.] is the largest integer 
function. Let t 0=0 1 t 1=200, t 2=500, t 3=1000, t 4=5000 1 and 
t 5=10000. For each time T 1 calculate 

p 1(T)=a .. ,_ 1 ... +(a .. , ... -a .. ,_1 ... ) (T-t.,_1)1(t.,-t.,_1) l,J •" l,J ,.. l,J ,.. J J J 

and 

where j• is the largest j=1 1 ••• 1 5 such that T<tj. By 
assumption aio~c=1. 0 for all i and k. 

2. Let t 0=0, t 1=500 1 t 2=2000, and t 3=10000. 
time T, calculate 

P, (T)=b ..•. , ... +(b ..... -b ..•. , k) (T-t.,_,) I (t.,-t.,_,) l,J '" l,J ,.. l,J , ' J J J 

and 

Pz(T)=cm i J·'-1 k+(cm i J., k-ern i J·'-1 k) (T-tJ.,_,) I (tJ.,-tJ.,_,) 
## I II I II I 

For each 

where j ' is the largest j=1, 2 1 3 such that T<tj. By 
assumption b0k=l. o for all k. 
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i=1 

2 

3 

4 

5 

6 

i=1 

2 

3 

4 

5 

6 

i=1 

2 

3 

4 

5 

6 

k=h 

k=m 

k=l 

TABLE 15 
COEFFICIENTS A 'iilr 

k=h (High Technology) 

j=1 j=2 j=3 j=4 

.99 .98 .95 .75 

.99 .98 .95 .70 

.99 .98 .90 .85 

.97 .97 .925 .80 

.90 .85 .70 .65 

.90 .85 . .70 

k=m (Medium Technology) 

.99 .98 .95 .75 

.99 .98 .95 .70 

.99 .98 .95 .90 

.97 .97 .925 .80 

.95 .90 .85 .80 

.95 .90 .85 .80 

k=l (Low Technology) 

.99 .98 .95 .75 

.99 .98 .95 .85 

.99 .98 .98 .95 

.97 .97 ·~·90 

.95 .90 .85 .85 

.95 .90 .85 .80 

TABLE 16 
COEFFICIENTS bjk 

j=1 j=2 

.90 .85 

.90 .80 

.90 .70 
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j=S 

.50 

.50 

.70 

.70 

.60 

.50 

.60 

.so 

.75 

.70 

.60 

.70 

.60 

.80 

.80 

.85 

.65 

.70 

j=3 

.85 

.60 

.40 



The Deterrence of Intrusion 

The probability that the marker system will deter the potential 
intruders has been assessed as a function of time, the state of 
technology and the mode of intrusion. The following table gives 
the probability of deterrence of intrusion for intrusion by 
drilling assoicated wityh mineral exploration. The first six lines 
the table give the deterrence probability for the experts of Team 
A while the seventh line is the consensus probability for Team B. 

200Years 

Tech H M L 

Expert 

1 .99 .99 .98 

2 I .99 .99 .95 

3 .99 .99 .99 

4 .99 .98 .95 

5 .99 .99 .90 

6 .95 .95 .80 

500Years 

TeamB .90 .90 .80 

TABLE 18 

PROBABILITY OF DETERRENCE •• MINERAL EXPLORATION 

COEFFICIENTS CmkijWHERE M=MINERALS 

500Years 1000Years 5000Years 

H M L H M L H M 

.98 .95 .70 .95 .90 .50 .90 .20 

.95 .95 .90 .95 .95 .70 .95 .95 

.95 .95 .rv 1 .ON 1 .90 .50 .65 

.98 .90 .70 .97 1.85 .65 .95 .80 

.90 .85 .80 .80 .70 .50 .70 .60 

.90 .90 .60 .85 .85 .40 .70 .70 

2000Years 10,000Years 

~ .99 .80 .30 

Implementation of the Algorithms 

10000Years 

L H M L 

.10 .90 .20 .05 

.60 .95 .95 .50 

.15 .50 

.50 .90 .75 .02 

.40 .50 .30 .20 

.10 .40 .40 .01 
.. 

.· 

. ·· > •.•. .......... . 

The interface between the performance assessment computer code and 
the findings of the two groups studying human intrusion requires 
the intensity of drilling activity, as a function of time, be 
simulated and passed to the performance assessment code. The 
mechanism for providing this connection is a FORTRAN code written 
to implement the algorithms of the preceding sections and produce 
vectors of time dependent drilling intensities to be used as input 
vectors to the performance assessment. This code is included in 
this report as an appendix. 
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The form of the output from this code is the effective drilling 
intensity at years 100 to 500 in increments of 100 years, and 500 
to 10,000 years in increments of 500 years. The effective drilling 
intensity is the drilling intensity moderated by the probability of 
markers deterring intrusion. Let l (t) be the raw drilling 
intensity that would be expected if no markers were present. Let 
p1 (t) be the probability that the marker systems exists at timet 
and let p2(t) be the probability that, given the continuing 
existence of the marker system, potential intruders are deterred 
from their intrusion attempt by the marker system. The moderated 
intrusion intensity, measured as expected boreholes/sq. mi./10,000 
yrs., is l*(t} = l(t) [1-p1 (t)p2 (t}] where the factor [1-p1 (t}p2 (t)] 
is the probability that the marker system fails to deter the 
potential intruders. 

The FORTRAN code has been written to faithfully implement the 
findings of the expert teams. Several small concessions have been 
made to simplify the programming. These are: 

1. The information for the drilling intensity from the Washington 
B team indicates that if minerals are extracted in the WIPP region, 
exploration will occur either in the first 200 years or in the next 
300 years, but not in both periods. There does not seem to be 
adequate information from this team to model this dependence 
without making arbitrary assumptions. The code models this 
dependence by deciding if drilling occurs in the first 200 years 
and, if drilling does not occur, repeating the decision with the 
same decision rule to determine whether drilling occurs in the next 
300 years. 

2. There is some disparity among the time periods used by the 
various experts in deriving their assessments. Both the Boston and 
Southwest teams gave assessments that began 100 years after closure 
and thus allowed for a 100 year period of administrative control. 
In contrast, the two Washington teams gave assessments beginning 
immediately after closure and thus did not allow for the period of 
continuing administrative control. The performance assessment, 
however, assumes that the drilling rate is effectively nil during 
the first 100 years after closure. 

The assessments given by the futures teams are for periods of time 
and thus a single, randomly chosen, intrusion rate will be 
effective during each period. In contrast, the assessments 
provided by the markers teams provide probabilities at points in 
time. Thus interpolation is needed to obtain probabilities for 
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intermediate points in time. This 
implementation by using the middle of 
point to which interpolation is made. 

is accomplished in the 
each time interval as the 

In all other important respects the 
to the algorithms given earlier 
assessments provided by the experts. 

evaluation remains faithful 
and 1 hopefully 1 to the 

Preliminary Evaluation of the Findings 

The input to the performance assessment code from the human 
intrusion studies is in the form of vectors of drilling 
intensities. Each vector represents a different time history. 
The elements of the vectors are drilling intensities are various 
points in time. 

The FORTRAN code written to create the input vectors for the 
performance assessment code has been modified to compute the 
average drilling intensity 1 the average marker failure 
probability, and the average moderated drilling intensity as a 
function of time. These averages are taken across the input 
vectors. Thus 1 there is an average for each time interval. 
Table 19 shows these three averages as a function of time since 
closure. Figure 1 shows these three averages on log scales to 
enhance the visibility of the behavior of the drilling 
intensities soon after closure. 

Table 19 shows that the initial expected drilling intensity in 
the WIPP area is high for the first 500 years. After 500 years 
the expected intensity falls and remains fairly stable for 9500 
years. The marker system 1 however 1 is shown to be most effective 
during this early period and, therefore, significantly moderates 
the drilling intensity during the first 500 years. 

Figure 2 shows the empirical distribution of the time integrated 
drilling intensity across input vectors. This display captures 
the uncertainty in the overall drilling intensity since each 
vector is a different realization from the assessed probability 
distributions. Figure 2 shows that the largest time integrated 
drilling intensity among 1000 vectors is 2. 884 boreholes/sq. 
mi./10,000 yr. 
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Figure 1 
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TABLE 19 
COMBINED FUTURES AND MARKERS TEAMS FINDINGS 

DRILLING INTENSITY PER SQUARE MILE PER 10,000 YEARS 

Period Raw Drilling Probability of Effective 
Intensity Marker Failure Drilling 

Intensity 

0-100 55.4 0.0408 2.34 

100-200 61 0.12 7.33 

200-300 8.58 0.175 1.42 

300-400 2.31 0.2 0.342 

400-500 2.31 0.226 0.36 

500-1000 0.687 0.226 0.151 

1000-1500 0.781 0.237 0.192 

1500-2000 0.668 0.269 0.184 

2000-2500 0.687 0.301 0.222 

2500-3000 0.762 0.325 0.26 

3000-3500 0.668 0.338 0.234 

3500-4000 0.687 0.368 0.275 

4000-4500 0.762 0.389 0.313 

4500-5000 0.668 0.401 0.278 

5000-5500 0.687 0.43 0.323 

5500-6000 0.762 0.44 0.357 

6000-6500 0.668 0.443 0.317 

6500-7000 0.687 0.47 0.361 

7000-7500 0.762 0.479 0.392 

7500-8000 0.668 0.48 0.352 

8000-8500 0.687 0.509 0.397 

8500-9000 0.762 0.516 0.426 

9000-9500 0.668 0.515 0.386 

9500-10000 0.687 0.546 0.429 
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APPENDIX 
COMPUTER PROGRAM TO GENERATE TIME DEPENDENT DRILLING INTENSITIES 

c 
PROGRAM HUMINT 

c 
C THIS PROGRAM EVALUATES THE DRILLING INTENSITY (RATE) USING THE 
C DISTRIBUTIONS PROVIDED BY THE MARKERS AND FUTURES PANELS 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

THE FOLLOWING VARIABLES ARE DEFINED 
NREPS - NUMBER OF VECTORS OF INTRUSION INTENSITIES 
!PER - NUMBER OF PERIODS AT WHICH THE INTENSITY IS EVALUATED 
LAMBDA - MINERAL DRILLING RATE FROM THE BOSTON TEAM 
U(NREP,6) - AN ARRARY OF LHS [0,1] RANDOM DEVIATES 
BOSTAB1 - TABLE OF DISTRIBUTIONS FROM THE BOSTON TEAM 
ITECH(IPER) - THE LEVEL OF TECHNOLOGY 1=HIGH, 2=MEDIUM, 3=LOW 
BTIME ( 5) - CHANGE TIMES FOR THE BOSTON TEAM 
OUTPUT(6,IPER) - AN ARRAY WITH THE FOLLOWING ROWS 

1 - THE TIME PERIOD 
2 - THE DRILLING INTENSITY IN HOLES/SQ MI/10,000 YRS 
3 - THE LEVEL OF TECHNOLOGY 
4 - THE PROBABILITY OF MARKERS SURVIVING 
5 - THE PROBABILITY OF SURVIVING MARKERS BEING INTERPRETED 
6 - THE EFFECTIVE DRILLING INTENSITY AFTER MARKER DETERENCE 

TIME(NTIME) - BEGINNING YEAR OF THE TIME PERIOD 
B & C - ARRAYS CONTANING DATA FROM THE MARKERS TEAMS 
AMARKT, BMARKT, PROBMARK & PROBDTER - ARRAYS USED TO DETERMINE 

MARKERS PROBABILITIES 
SUM(3,IPER) - SUMS THE RESULTS OUTPUT VARIABLES 2, 1-4*5, AND 6 

TO BE USED TO COMPUTE AVERAGES 

PARAMETER (NREP=100) 
PARAMETER (IPER=23) 
PARAMETER (NTIME=24) 
REAL LAMBDA 
COMMON /ISEEDS/IX,IY,IZ 
DIMENSION LAMBDA(10),NB(3) 
DIMENSION U(6,NREP),BOSTAB1(10,4) 
DIMENSION ITECH(O:NTIME),BTIME(2),0UTPUT(6,0:IPER) 
DIMENSION TIME(O:NTIME),B(7,6,3),C(7,6,3) 
DIMENSION AMARKT(6),BMARKT(4),PROBMARK(O:IPER),PROBDTER(O:IPER) 
DIMENSION SUM(4,0:IPER) 
DATA AMARKT/0,200,500,1000,5000,10000/ 
DATA BMARKT/0,500,2000,10000/ 
DATA BTIME/300,3000/ 
DATA IX,IY,IZ/19345,19321,19243/ 
DATA NB/11, 11,8/ 

C NU IS THE NUMBER OF UNIFORM RANDOM VARIABLES TO BE SAMPLED 
c 

NU=6 
c 
C COMPUTE THE TIMES AT WHICH THE VARIABLES ARE EVALUATED 
C 100 TO 500 YEARS BY 100 AND 500 TO 10000 BY 500 
c 

c 

DO ITIME=0,5 
TIME(ITIME)=ITIME*100 

END DO 
DO ITIME=6,NTIME 

TIME(ITIME)=(ITIME-4)*500 
END DO 

C SAMPLE CREATES THE LHS SAMPLE OF NU VARIABLES WITH A VECTOR LENGTH 
C OF NREP 
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c 
CALL SAMPLE(NREP,NU,U) 

c 
C READ TABLES FROM THE BOSTON TEAM AND THE MARKERS TEAMS 
c 

c 

OPEN (UNIT=10,FILE='BOSTAB1.DAT',STATUS='OLD',MODE='READ') 
READ (10,*) ((BOSTAB1(I,J),J=1,4),I=1,10) 
CLOSE (UNIT=10) 
OPEN(UNIT=12,STATUS='OLD',FILE='MARKERS1.TAB',MODE='READ') 
READ(12,*)(((B(I,J,K),J=2,6),I=1,6),K=1,3) 
I=7 
READ(12,*) ((B(I,J,K),J=2,4),K=1,3) 
CLOSE (UNIT=12) 
OPEN (UNIT=13,FILE='MARKERS2.TAB',STATUS='OLD',MODE='READ') 
READ(13,*)(((C(I,J,K),J=2,6),I=1,6),K=1,3) 
I=7 
READ(13,*) ( (C(I,J,K) ,J=2,4) ,K=1,3) 
CLOSE(13) 
OPEN (UNIT=20,FILE='HUMINT1.0UT',STATUS='UNKNOWN',MODE='WRITE') 
WRITE (20,100) (TIME(ITIME),ITIME=O,IPER) 
OPEN (UNIT=22,FILE='HUMINT3.0UT',STATUS='UNKNOWN',MODE='WRITE') 

C SET THE PROBABILITY OF MARKERS TO 1.0 AT TIME 0 
c 

c 

DO I=1,7 
DO K=1,3 

B(I,1,K)=1.0 
C(I,1,K)==1.0 

END DO 
END DO 

C BEGIN SAMPLING ITERATION 
c 

DO IREP=1 1 NREP 
c 
C SELECT A FUTURES TEAM (1-4) 
c 

c 

U1=U(1,IREP) 
ITEAMF=INT(4*U1)+1 

C BOSTON TEAM 
c 

1 IF(ITEAMF.EQ.1) THEN 
c 
C LOOK UP LEVEL OF TECHNOLOGY 1=HIGH, 2=MEDIUM, 3=LOW 
C FOR THREE TIME PERIODS 
c 

c 

U2=U(2,IREP) 
DO I=1,3 

ITECH(I)=1 
END DO 
IF (.7.LT.U2) ITECH(2)=2 
IF (.B.LT.U2) THEN 

ITECH(1)=2 
ITECH(3 )=2 

END IF 
IF (.9.LT.U2) THEN 

ITECH(2)=3 
ITECH(3)=3 

END IF 
U3=U(3,IREP) 
IF (.95.LT.U2) ITECH(1)=3 

C LOOKUP THE MINERAL DRILLING RATE 
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c 

c 

c 

DO IRATE=1,10 
IF(U3.LE.BOSTAB1(IRATE,ITECH(1)+1)) THEN 

LAMBDA=BOSTAB1(IRATE,1) 
GOTO 10 

END IF 
END DO 

10 CONTINUE 

U4=U(4,IREP) 
DO ITIME=1,3 

DO IRATE=1,NB(ITECH(ITIME)) 
IF (U4.LE.BOSTAB2(IRATE,1,ITECH(ITIME))) THEN 

DLAMBDA(ITIME)=BOSTAB2(IRATE,ITIME+1,ITECH(ITIME)) 
GOTO 20 

END IF 
END DO 

20 CONTINUE 
END DO 

C CREATE OUTPUT DRILLING VECTOR, TIMES, AND TECHNOLOGIES 
c 

c 

DO ITIME=O,IPER 
IF (TIME(ITIME).EQ.O) THEN 

OUTPUT(2,ITIME)=O.O 
OUTPUT(3,ITIME)=2.0 

ELSEIF (TIME(ITIME).LT.BTIME(1)) THEN 
OUTPUT(2,ITIME)=LAMBDA(1) 
OUTPUT(3,ITIME)=ITECH(1) 

ELSEIF (TIME(ITIME).LT.BTIME(2)) THEN 
OUTPUT(2,ITIME)=O.O 
OUTPUT(3,ITIME)=ITECH(2) 

ELSE 
OUTPUT(2,ITIME)=O.O 
OUTPUT(3,ITIME)=ITECH(3) 

END IF 
END DO 
END IF 

C SOUTHWEST TEAM 
c 

c 

IF (ITEAMF.EQ.2) THEN 
U2=U(2,IREP) 
OUTPUT(2,0)=0.0 
OUTPUT(3,0)=2.0 

C STEADY INCREASE SCENARIO 
c 

c 

IF (U2.LE •• 47S) THEN 
DO ITIME=O,IPER 

OUTPUT(2tiTIME)=O.O 
OUTPUT(3,ITIME)=1.0 

END DO 
END IF 

C STEADY DECLINE SCENARIO 
c 

IF (.47S.LT.U2.AND.U2.LE •• S62S) THEN 
DO ITIME=O,IPER 

OUTPUT(3,ITIME)=3. 
IF (TIME(ITIME).LE.400.) THEN 

OUTPUT(2,ITIME)=25.4 
ELSE 

OUTPUT(2,ITIME)=O.O 
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c 

END IF 
END DO 

END IF 

C SEE-SAW SCENARIO 
C IRAN13 ALLOWS THE SEE-SAW TO START AT A RANDOM TIME (500,1000, 
C OR 1500 YEARS 
c 

c 

IF(.5625.LT.U2) THEN 
IRAN13=INT(3*U(3,IREP)) 
DO ITIME=1,6 

OUTPUT(2,ITIME)=1.89 
OUTPUT(3,ITIME)=2.0 

END DO 
DO ITIME=5+IRAN13,IPER 

OUTPUT(2,ITIME)=1.89 
OUTPUT(3,ITIME)=3-MOD(ITIME+IRAN13,3) 

C NO DRILLING DURING PERIODS OF HIGH TECHNOLOGY (TECH=1.0) 
c 

c 

IF(OUTPUT(3,ITIME).EQ.1.) OUTPUT(2,ITIME)=O.O 
END DO 

END IF 
END IF 

C WASHINGTON A TEAM 
c 

c 

IF(ITEAMF.EQ.3) THEN 
U2=U(2,IREP) 

C SET LEVELS OF TECHNOLOGY AND DRILLING RATES FOR TWO PERIODS 
c 

DO ITIME=O,IPER 
c 
C CONTINUITY SCEANRIO 
c 

c 

IF(U2.LE •• 255) THEN 
IF (TIME(ITIME).LT.200) THEN 

OUTPUT(2,ITIME)=33.5 
OUTPUT(3,ITIME)=1 

ELSE 
OUTPUT(2,ITIME)=2 
OUTPUT(3,ITIME)=1 

END IF 
END IF 

C RADICAL INCREASE SCEANRIO 
c 

c 

IF (.255.LT.U2.AND.U2.LE •• 4825) THEN 
IF (TIME(ITIME).LT.200) THEN 

OUTPUT(2fiTIME)=419. 
OUTPUT(3,ITIME)=2 

ELSE 
OUTPUT(2,ITIME)=.72 
OUTPUT(3,ITIME)=2 

END IF 
END IF 

C DISCONTINUITY SCEANRIO 
c 

IF(.4825.LT.U2.AND.U2.LE •• 65) THEN 
IF (TIME(ITIME).LT.200) THEN 

OUTPUT(2,ITIME)=226. 
OUTPUT(3,ITIME)=3 
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c 

ELSE 
OUTPUT(2,ITIME)=4.7 
OUTPUT(3,ITIME)=3 

END IF 
END IF 

C STEADY STATE SCEANRIO 
c 

c 

IF(.6S.LT.U2) THEN 
IF (TIME(ITIME).LT.200) THEN 

OUTPUT(2,ITIME)=4.3 
OUTPUT(3,ITIME)=2 

ELSE 
OUTPUT(2,ITIME)=.82 
OUTPUT(3,ITIME)=2 

END IF 
END IF 
END DO 

END IF 

C WASHINGTON B TEAM 
c 

c 

IF(ITEAMF.EQ.4) THEN 
U2=U(2,IREP) 

C SET LEVELS OF TECHNOLOGY INDPENDENT OF DRILLING 
c 

c 

IF (U2 .LE •• 5) THEN 
DO ITIME=O,IPER 

OUTPUT(3,ITIME)Fl 
END DO 

END IF 
IF(.S.LT.U2.AND.U2.LE •• 9) THEN 

DO ITIME=O,IPER 
IF(TIME(ITIME).LT.200) THEN 

OUTPUT(3,ITIME)=2 
ELSE 

OUTPUT(3,ITIME)=l 
END IF 

END DO 
END IF 
IF(.9.LT.U2.AND.U2.LE •• 95) THEN 

DO ITIME=O, IPER 
OUTPUT(3,ITIME)=2 

END DO 
END IF 
IF (.9S.LT.U2) THEN 

DO ITIME=O,IPER 
IF (TIME(ITIME).LT.200) THEN 

OUTPUT(3,ITIME)=2 
ELSE 

OUTPUT(3,ITIME)=3 
END IF 

END DO 
END IF 

C COMPUTE DRILLING RATE FROM THE TRIANGULAR DENSITY 
c 

U3=U(3,IREP) 
U4=U(4,IREP) 
US=U(S,IREP) 
IF (U4.LE •• S) THEN 

DR=SQRT(8*U4) 
ELSE 
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c 

DR=4-SQRT(8*(1-U4)) 
END IF 
DO ITIME=O,IPER 

IF(TIME(ITIME).LT.200) THEN 
IF(U3.LE •• 932) OUTPUT(2,ITIME)=O.O 
IF(U3.GT •• 932) OUTPUT(2,ITIME)=DR*10000./200. 

ELSE IF(TIME(ITIME).LT.500.AND.OUTPUT(2,ITIME).EQ.O.O) THEN 
IF(U5.GT.9377) OUTPUT(2,TIME)=DR*10000.J300. 

END IF 
END DO 
END IF 

C CALCULATE MARKERS PROBABILITIES 
c 

U6=U(6,IREP) 
c 
C SELECT A MARKERS EXPERT (1-6) OR TEAM B (IMARK=7) 
c 

c 

IF(U6.LT •• S) THEN 
IMARK=INT(12*U6)+1 

ELSE 
IMARK=7 

END IF 
DO ITIME=O,IPER 

T=(TIME(ITIME)+TIME(ITIME+1))/2 

C CHECK THE LEVEL OF TECHNOLOGY 
c 

JTECH=OUTPUT(3,ITIME) 
c 
C INTERPOLATE TO FIND THE PROBABILITIES OF MARKERS EXISTING (PROBMARK) 
C AND THE PROBABILITIES OF DETERENCE (PROBDTER) AT EACH TIME 
c 

IF(IMARK.LT.7) THEN 
NP=6 
JP=JNDEX(AMARKT,NP,T) 
PROBMARK(ITIME)=B(IMARK,JP-1,JTECH) 

& +(B(IMARK,JP,JTECH)-B(IMARK,JP-1,JTECH)) 
& *(T-AMARKT(JP-1))/(AMARKT(JP)-AMARKT(JP-1)) 

PROBDTER(ITIME)=C(IMARK,JP-1,JTECH) 
& +(C(IMARK,JP,JTECH)-C(IMARK,JP-1,JTECH)) 
& *(T-AMARKT(JP-1))/(AMARKT(JP)-AMARKT(JP-1)) 

ELSE 
NP=4 
JP=JNDEX(BMARKT,NP,T) 
PROBMARK(ITIME)=B(IMARK,JP-1,JTECH) 

& +(B(IMARK,JP,JTECH)-B(IMARK,JP-1,JTECH)) 
& *(T-BMARKT(JP-1))/(BMARKT(JP)-BMARKT(JP-1)) 

PROBDTER(ITIME)=C(IMARK,JP-1,JTECH) 
& +(C(IMARK,JP,JTECH)-C(IMARK,JP-1,JTECH)) 
& *(T-BMARKT(JP-1))/(BMARKT(JP)-BMARKT(JP-1)) 

END IF 
c 
C RECORD THE MARKERS PROBS AND THE EFFECTIVE DRILLING INTENSITY 
c 

c 

OUTPUT(4,ITIME)=PROBMARK(ITIME) 
OUTPUT(S,ITIME)=PROBDTER(ITIME) 
OUTPUT(6,ITIME)=OUTPUT(2,ITIME) 

& *(1-0UTPUT(4,ITIME)*OUTPUT(5,ITIME)) 

C SUM THE RESULTS FOR COMPUTING MEANS 
c 

SUM(1,ITIME)=SUM(1,ITIME)+OUTPUT(2,ITIME) 
SUM(2,ITIME)=SUM(2,ITIME)+(1-0UTPUT(4,ITIME)*OUTPUT(S,ITIME)) 
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c 

SUM(3,ITIME)=SUM(3,ITIME)+OUTPUT(6,ITIME) 
END DO 

C THIS STATEMENT WILL WRITE OUT VECTORS FOR THE PA 
C THE FIRST VECTOR IS THE BEGINNING OF THE TIME PERIOD 
C THE RATE IS EFFECTIVE UNTIL THE START OF THE NEXT PERIOD 
c 

c 

WRITE(20,100) (OUTPUT(6,ITIME),ITIME=O,IPER) 
100 FORMAT(25(1X,F7.2)) 

DRILLINT=O. 
DO ITIME=0,23 

DRILLINT=DRILLINT+(TIME(ITIME+l)-TIME(ITIME)) 
& *OUTPUT(6,ITIME)/10000. 

END DO 
WRITE(22,300) DRILLINT 

END DO 
300 FORMAT(lX,Fl0.3) 

C CALCULATE MEANS 
c 

c 

DO ITIME=O,IPER 
DO J=1,3 

SUM(J,ITIME)=SUM(J,ITIME)/NREP 
ENDDO . 

END DO 

C OUTPUT THE MEANS 
c 

c 

OPEN (UNIT=21,FILE='HUMINT2.0UT',STATUS='UNKNOWN',MODE='WRITE') 
DO ITIME=O,IPER 

WRITE(21,200) TIME(ITIME),(SUM(J,ITIME),J=l,3) 
END DO 

200 FORMAT(lX,F8.0,4(1X,Gl2.3)) 
CLOSE(20) 
CLOSE(21) 
CLOSE(22) 
STOP 
END 

C FUNCTION INDEX FINDS THE INDEX OF THE LARGEST VALUE OF XI<=W 
c 

c 

INTEGER FUNCTION JNDEX(X,L,W) 
DIMENSION X(lO) 
DO J=l,L 
IF(X(J).GE.W) THEN 

JNDEX=J 
RETURN 

END IF 
END DO 
JNDEX=L+l 
RETURN 
END 

FUNCTION RAN(DUMMY) 
C THIS PROGRAM GENERATES A RANDOM NUMBER. THIS NUMBER IS USED IN CALCULATING 
C THE INTEGRAL OF A GIVEN FUNCTION THROUGH THE LATIN-HYPERCUBED PROCEDURE. 
C THE PARAMETERS ARE THE SEEDS TO THIS RANDOM FUNCTION. 

COMMON /ISEEDS/IX,IY,IZ 
IX=MOD(l7l*IX,30269) 
IY=MOD(l72*IY,30307) 
IZ=MOD(170*IZ,30323) 
RAN=MOD(FLOAT(IX)/30269.0+FLOAT(IY)/30307.0 

& +FLOAT(IZ)/30323.0,1.0) 
RETURN 
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END 
c 
C TWO SUBROUTINES TO GENERATE A UNIFORM LATIN HYPERCUBE SAMPLE 
C IN A RANDOM ORDER 
c 

SUBROUTINE SAMPLE(N,M,R) 
COMMON /ISEEDS/IX,IY,IZ 
DIMENSION YT(lOOO),RANDOM(lOOO),IPNT(lOOO),R(6,*) 
RINC=l./FLOAT(N) 
DO IM=l,M 
DO J=l,N 

YT(J)=(J-l)*RINC+RAN(DUMMY)*RINC 
RANDOM(J)=RAN(DUMMY) 

END DO 
CALL SORT2(N,RANDOM,IPNT) 
DO J=l,N 

R(IM,J)=YT(IPNT(J)) 
END DO 
END DO 
RETURN 
END 

SUBROUTINE SORT2(N, XV, IPNT) 
C*****FILL POINTER ARRAY IPNT 

DIMENSION XV(N), IPNT(N) 
DO I=l,N 

IPNT(I)=O 
END DO 
DO I=l,N 

DO J=I,N 
IF(XV(I).GE.XV(J)) THEN 

IPNT(I)=IPNT(I)+l 
ELSE 

IPNT(J)=IPNT(J)+l 
END IF 

ENDDO 
END DO 
RETURN 
END 

cc ccccccccc 
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Mendenhall and Lincoln, February 28, 1992 

Date: 2/28/92 
To: D. R. Anderson 6342 
From: F. T. Mendenhall, 6345, R. C. Lincoln, 6345 
Subject: Single Room Porosity History for Baseline Waste Form and Gas Generation Rates 
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Sandia National laboratories 

date February 28, 1992 
Albuquerque, New Mexico 87185 

to D. R. Anderson, 6342 

from F.T. Mendenhall, 6345, R.C. Lincoln, 6345 

subJect: Single Room Porosity History for Baseline Waste Form and Gas Generation 
Rates. 

Attached is a topolo~ical map defining the l'orosity in a single WIPP disposal 
room, assumed to be m the m1ddle of an infimte array of rooms, as a function of 
the number of moles of ~as yresent and time. This result is expected to be 
representative of the majonty o rooms in the repository, the exceptions being the 
end room of a panel where the closure rate may cause a slight time shift in the 
surface, i.e. a slowing of consolidation estimated to be about 25%. However, until 
full panel scale models are complete, we recommend that the attached porosity 
surface be used for any room in the repository. 

This surface was constructed from a set of five SANCHO finite element runs 
made for the reference baseline waste form and gas generation rates as defined 
by Beraun and Davies 19911. The finite element analysis were performed for the 
WIPP l?roject by Division 1514. Detailed documentation will be prepared 
discussmg this modelin~ effort and the results. However, to help the WIPP 
program proceed in a timely fashion, this surface is being released so that 
performance assessment may immediately begin to incorporate the results in their 
work. 

After the 2000 years modeled in the finite element results attached, the porosity 
surface should be defined by the amount of void space required to maintain 
lithostatic pressure with the amount of gas contained in a room using the ideal gas 
law. 

It should be noted that the surface is a fit to a calculational result set containing 
about 750 points obtained from the results of the finite element runs. After the 
surface was generated, a comparison of the surface to the original result set was 
made. The mean difference between the original result set and the topological 
surface, was 0.17 percent, (note porosity was plotted in percent), with a standard 
deviation of 1.48. 

An ASCII data file of the surface grid is available for your staff should they desire 
it. 

1 R. Beraun and P. B. Davies, "Baseline Design Input Data Base to be Used During Calculations 
Effort to be Performed by Division 1514 in Determining the Mechanical Creep closure Behavior of 
Waste Disposal Rooms in Bedded Salt." Memorandum to Distribution, Sandia National 
Laboratories, Albuquerque, New Mexico, September 12, 1991. 
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Copy to: 
1561 H. S. Morgan 
1561 J. G. Arguello 
1561 C. M. Stone 
1561 J. R. Weatherby 
6340 W. D. Weart 
6340 SWCF /XXXDRM (5 years) 
6340 S. Y. Pickering 
6341 A L Stevens 
6342 B. M. Butcher 
6342 R. D. Klett 
6342 M.G. Marietta 
6342 R. P. Recbard 
6342 P. Vaughn 
6342 M. S. Tierney 
6343 T. M. Schultheis 
6344 E. D. Gorham 
6344 P. B. Davies 
6345 ALL 
6346 ALL 
6347 D.R. Shafer 
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Date: 
To: 
From: 
Subject: 

10/26/92 
11.S. Tierne~6342 
D. E.11unson, 6346 

Munson, October 26, 1992 

11echanical Parameters for Volume 3, SAND92-0700 
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Sandia National Laboratories 
date: 10/26/92 Albuquerque, New Mexico 87185 

to: M. S. Tierny, 6342 

fcom~J~ 
· D. E. Munson, 6121 

subject: Mechanical Parameters for Volume 3, SAND92-0700 

I have attached what I believe is the correct set of 
mechanical parameters for use in Volume 3, SAND92-0700. 
These parameters are those used currently, or in the past, 
for thermal/structural calculations in the WIPP Program. 
You will note that there are actually two sets of 
parameters: The rst set is consistent with the Modified 
M-D constitutive model which is the recommended model for 
use in any future WIPP calculations. At this stage of the 
program, the parameters for the Modified M-D constitutive 
model are well tested against in situ data. The second 
set is consistent with the Reduced Modulus (R-M) Steady 
State model based on the 1984 Reference Creep Law which is 
still in use, although no longer recommended as a primary 
model. for future WIPP structural calculations. Within 
acceptable limits, either parameter set, with their 
respective constitutive models, are permissible for the 
purposes of performance assessment, provided the R-D model 
is adequately verified for a specific calculation against 
the more precise and better tested M-D model. 

These parameters will be updated as necessary in 
subsequent publications of the Reference Data report. 

If you have any questions please contact me. 

Copy to: 

B. L. Ehgartner, 6113 
J. R. Tillerson, 6121 
M. G. Marietta, 6342 
R. P. Richard, 6342 
WCTF--TSI/PROP 

Reviewed: tj,..:. Z ~ J0/>-7112. 
B. L. Ehg rtner., 6113 

Approved:~.~~~~{">oj~2-
J. R. tliierson, 6121 1 
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2.5 Mechanical Parameters for Material in Salado Formation 

2.5.1 Halite and Argillaceous Halite 

Elastic Constants (Halite and Argillaceous Halite) 

Parameter 

Shear Modulus, ~ 

Young's Modulus, E 
Poisson's Ratio, v 

Median 

12.4 
31.0 
0.25 

Range Units 

None 
None 
None 

GPa 
GPa 

Distribution Source 

2.5.1 
2.5.1 
2.5.1 

Source (s) : 2.5.1. Munson, D. E., A. F. Fossum, and P. E. 
Senseny. 1989. Advances in Resolution of Discrepancies 
between Predicted and Measured In Situ Room Closures. 
SAND88-2948. Albuquerque, NM: Sandia National 
Laboratories. 

Creep Constants - Modified M-D Model (Halite) 

Parameter 

A1 
01 
ill 

B1 

Az 
Qz 
nz 
Bz 

cro 
q 

m 
Ko 
c 

Clw 

~w 

Clr 

~r 

R 

Median Range 

8.386 E22 
25 
5.5 
6.086 E06 

9.672 E12 
10 
5.0 
3.034 E-2 

20.57 
5.335 E03 

3.0 
6.275 E05 
9.198 E-3 

-17.37 
-7.738 

-2.69 
-1.00 

1.987 

None 
None 
None 
None 

None 
None 
None 
None 

None 
None 

None 
None 
None 

None 
None 

None 
None 

None 

1 
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Units Distribution 

Is 
Kcallmol 

Is 

Is 
Kcallmole 

Is 

MPa 

IT 

callmol-deg 

Source 

2.5.1 
2.5.1 
2.5.1 
2.5.1 

2.5.1 
2.5.1 
2.5.1 
2.5.1 

2.5.1 
2.5.1 

2.5.1 
2.5.1 
2.5.1 

2.5.1 
2.5.1 

2.5.2 
2.5.2 

2.5.3 



Source(s): 2.5.1. Munson, D. E., A. F. Fossum, and P. E. 
Senseny. 1989. Advances in Resolution of Discrepancies 
between Predicted and Measured In Situ Room Closures. 
SAND88-2948. Albuquerque, NM: Sandia National 
Laboratories. 
2.5.2. Munson, D. E., K. L. DeVries, and A. F. 
Fossum. 1992. Analysis of the recovery data to give 
these numbers is original to this memo. Albuquerque, 
NM: Sandia National Laboratories. 
2.5.3. Munson, D. E., and P. R. Dawson. 1979. 
Constitutive Model for the Low Temperature Creep of 
Salt (with Application to WIPP). SAND79-1853. 
Albuquerque, NM: Sandia National Laboratories. 
2.5.4. Munson, D. E. 1979. Preliminary Deformation­
Mechanism Map for Salt (with Application to WIPP) . 
SAND79-0076. Albuquerque,. NM: Sandia National 
Laboratories. 
2.5.5. Munson, D. E., and P. R. Dawson. 1882. A 
Transient Creep Model for Salt during Stress Loading 
and Unloading. SAND82-0962. Albuquerque, NM: Sandia 
National Laboratories. 
2.5.6. Munson, D. E., and K. L. DeVries. 1991. 
Development and Validation of a Predictive Technology 
for Creep Closure of Underground Rooms in Salt. Proc. 
7th International Congress on Rock Mechanics, Aachen. 
Rotterdam, The Netherlands: A. A. Balkema. pp. 127-
134. [SAND90-1147]. 
2.5.7. Callahan, G. D., A. F. Fossum, and D. K. 
Svalstad. 1986. Documentation of SPECTROM-32: a Finite 
Element Thermomechanical Stress Analysis Program. RSI-
0269. Rapid City, SD: REISPEC Inc. 

Creep Constants - Modified M-D Model (Argillaceous Halite) 

Parameter Median Range Units Distribution Source 

A1 1.407 E23 None Is 2.5.1 
01 25 None Kcallmol 2.5.1 
n1 5.5 None 2.5.1 
B1 8.998 E06 None Is 2.5.1 

A2 1. 314 E13 None Is 2.5.1 
02 10 None Kcallmol 2.5.1 
n2 5.0 None 2.5.1 
B2 4.289 E-2 None Is 2.5.1 

cro 20.57 None MPa 2.5.1 
q 5.335 E03 None 2.5.1 

m 3.0 None 2.5.1 
Ko 2.470 E06 None 2.5.1 
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I 
'I :I 

c 

R 

Source (s) : 

Discussion: 

9.198 E-3 None /T 2.5.1 

-14.96 None 2.5.1 
-7.738 None 2.5.1 

-2.69 None 2.5.2 
-1.00 None 2.5.2 

1. 987 None cal/mol-deg 2.5.3 

2.5.1. Munson, D. E., A. F. Fossum, and P. E. 
Senseny. 1989. Advances in Resolution of Discrepancies 
between Predicted and Measured In Situ Room Closures. 
SAND88-2948. Albuquerque, NM: Sandia National 
Laboratories. 
2.5.2. Munson, D. E., K. L. DeVries, and A. F. 
Fossum. 1992. Analysis of the recovery data to give 
these numbers is original to this memo. Albuquerque, 
NM: Sandia National Laboratories. 
2.5.3. Munson, D. E., and P. R. Dawson. 1979. 
Constitutive Model for the Low Temperature Creep of 
Salt (with Application to WIPP). SAND79-1853. 
Albuquerque, NM: Sandia National Laboratories. 
2.5.4. Munson, D. E. 1979. Preliminary Deformation­
Mechanism Map for Salt (with Application to WIPP) . 
SAND79-0076. Albuquerque,. NM: Sandia National 
Laboratories. 
2.5.5. Munson, D. E., and P. R. Dawson. 1882. A 
Transient Creep Model for Salt during Stress Loading 
and Unloading. SAND82-0962. Albuquerque, NM: Sandia 
National Laboratories. 
2.5.6. Munson, D. E., and K. L. DeVries. 1991. 
Development and Validation of a Predictive Technology 
for Creep Closure of Underground Rooms in Salt. Proc. 
7th International Congress on Rock Mechanics, Aachen. 
Rotterdam, The Netherlands: A. A. Balkema. pp. 127-
134. [SAND90-1147]. 
2.5.7. Callahan, G. D., A. F. Fossum, and D. K. 
Svalstad. 1986. Documentation of SPECTROM-32: a Finite 
Element Thermomechanical Stress Analysis Program. RSI-
0269. Rapid City, SD: RE/SPEC Inc. 

The constitutive model for salt creep now recommended for use is 
the most recent formulation of the multimechanism steady state, 
workhardening/recovery transient creep creep model [2.5.1], or simply 
the Modified M-D model. The steady state portion of the model is 
derived from the deformation mechanism map for salt as given by 
Munson [2.5.4]. Based on the mechanism map and the expected 
temperature and stress conditions that pertain to the potential 
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repository, just three of the mechanisms of salt deformation can be 
expected to contribute to the WIPP storage room response. These 
three mechanisms, not all of which are defined theoretically, but all 
of which are defined experimentally, form the basis of the 
constitutive model. The initial model, as derived by Munson and 
Dawson [2.5.3], included the three appropriate steady state 
mechanisms and a stress loading, workhardening transient response as 
an evolutionary process in strain. This M-D model was later improved 
to incorporate a stress unloading, recovery transient strain 
response also as an evolutionary process in strain [2.5.5]. 

During a major reevaluation study [2.5.1], it was found that the 
linear approximation used to describe the accumulation of transient 
strain was inadequate. As a result, the model was modified to 
incorporate a quadratic description of the transient strain. This 
resulted in the current Modified M-D creep model. Success of this 
model in prediction of the WIPP room closures [2.5.6] makes it the 
preferred constitutive model and should be taken as the definition of 
the reference creep property. 

The total steady state creep rate of the modified model is given 
by: 

3 

Es = I£si 
n=l 

where summation is over the ith individual mechanisms. Individual 
steady state strain rates of the three relevant mechanisms are as 
follows: 

1 

2a 

2b 

2c 

where the A's and B's are structure factors, Q's are activation 
energies, n's are stress exponents, cr is the stress, cro is a cut off 
stress level for the third mechanism, ~ is the shear modulus, T is 
the absolute temperature, and R is the universal gas constant. IHI 
is the Heaviside step function with argument of (cr-cro} . Mechanism 1 
dominates at high temperatures and low stresses, mechanism 2 controls 
creep at low temperatures and stresses, and mechanism 3 dominates at 
high stresses at all temperatures. 

The total creep creep rate results from the influence of the 
transient creep on the steady state creep rate, as determined by: 

E=FEs 

4 
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where the transient function, F, is 

+A[1~)
2 

e Ec j~ s £: 
F= 1 

4 

The transient function is composed of three branches, a workhardening 
branch, an equilibrium or steady state branch, and a recovery branch, 
respectively in order of appearance in the above equation. Here, A 
and B are the workhardening and recovery parameters, respectively, 
and E*t is the transient strain limit. The evolutionary equation 
governing the rate of change of the internal variable, ~' is 

~=(F-1)Es 5 

The transient strain limit is a function of temperature, and we 
adopt the form 

e* = K ecT(a)m 
t 0 J.l 

where Ko, c, and mare constants. 
The workhardening and recovery parameters are defined as a 

function of stress through 

a= a. +P.log(~) 

li=a, + P,log(~ J 

where the a's and ~·s are constants, with the subscripts denoting 
either the workhardening or recovery branch. 

6 

7a 

7b 

The Modified M-D model has been incorporated into SPECTROM-32, a 
two dimensional finite element code [2.5.7] especially developed for 
solving solid mechanics problems typical of those required in the 
WIPP program. This code uses the Tresca flow potential for stress 
generalization to three dimensions [2.5.1]. 

Although it is strongly suggested that all final calculations be 
performed with the modified M-D model, the Tresca flow potential, and 
the above parameter set, historically, a simplified method has been 
used in many numerical calculations of WIPP problems. We will 
include the parameter set for this simplified model for completeness. 
This earlier method will be designated as the Reduced Modulus (R-M} 

5 
A-114 



model. In this model, the elastic moduli (all except Poisson's Ratio 
are reduced by a factor of 12.5 [2.5.8]. This value was determined 
through backfitting of calculation to some of the field data. 

Elastic Constants - R-M Model (Halite and Argillaceous Halite) 

Parameter Median Range Units Distribution Source 

Shear Modulus, 1.1 0. 992 None GPa 2.5.8 
Young's Modulus, E 2.480 None GPa 2.5.8 
Bulk Modulus, K 1. 656 None GPa 2.5.8 
Poisson's Ratio, v 0.25 None 2.5.9 

Source (s) : 2.5.8. Morgan, H. S., C. M. Stone, and R. D. Krieg. 
1985. The Use of Field Data to Evaluate and Improve 
Drift Response Models for the Waste Isolation Pilot 
Plant (WIPP). Proc. 26th U.S. Symp. on Rock Mechanics, 
Boston, MA: A.A. Balkema. 
2.5.9. Krieg, R. D. 1984. Reference Stratigraphy and 
Rock Properties for the Waste Isolation Pilot Plant 
(WIPP) Project. SAND83-1908. Albuquerque, NM: Sandia 
National Laboratories. 

Creep Constants - R-M Model (Halite) 

Parameter 

A 
Q 
n 

Source(s): 

Median 

1. 66 E14 
12 
4.9 

Range Units 

None /s 
None Kcal/mol 
None 

Distribution Source 

2.5.10 
2.5.9 
2.5.9 

2.5.9. Krieg, R. D. 1984. Reference Stratigraphy 
and Rock Properties for the Waste Isolation Pilot 
Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.10. B. L. Ehgartner and D. E.Munson. 1992. This 
parameter is derived from values of D, u, and n found 
in Krieg [2,5,9]. Albuquerque, NM: Sandia National 
Laboratories. 
2.5.11. Stone, C. M., R. D. Krieg, and z. E. 
Beisinger. 1985. SANCHO - a Finite Element Computer 
Program for the Quasistatic, Large Deformation, 
Inelastic Response of Two-Dimensional Solids. SAND84-
1618. Albuquerque, NM: Sandia National Laboratories. 
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Creep Constants - R-M Model (Argillaceous Halite) 

Parameter 

A 
Q 
n 

Source(s): 

Discussion: 

Median 

4.99 E14 
12 
4.9 

Range Units 

None /s 
None Kcal/mol 
None 

Distribution Source 

2.5.10 
2.5.9 
2.5.9 

2.5.9. Krieg, R. D. 1984. Reference Stratigraphy 
and Rock Properties for the Waste Isolation Pilot 
Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.10. B. L. Ehgartner and D. E.Munson. 1992. This 
parameter is derived from values of D, u, and n found 
in Krieg [2,5,9]. Albuquerque, NM: Sandia National 
Laboratories. 
2.5.11. Stone, C. M., R. D. Krieg, and Z. E. 
Beisinger. 1985. SANCHO - a Finite Element Computer 
Program for the Quasistatic, Large Deformation, 
Inelastic Response of Two-Dimensional Solids. SAND84-
1618. Albuquerque, NM: Sandia National Laboratories. 

The R-M model is based entirely on steady state creep as 
described by a function of the form of Eq. 2b, which is equivalent to 
assuming a single thermally activated mechanism. However, evaluation 
of the constants of the equation utilized all of the experimental 
creep data for from both the unknown and climb mechanism regimes of 
the deformation mechanism map used in the development of the Modified 
M-D model. As a consequence, the constants do not match those of the 
steady state portion of the Modified M-D model for the unknown 
mechanism. Because of the use of a single function, the subscripts 
on the parameters have been dropped. 

The general model from which the R-M model was derived [2.5.9] 
also provided for a first order kinetics transient response. This 
part of the model has not been used in WIPP calculations and will not 
be presented here. 

Typically, the R-M model has been used most often in conjunction 
with the SANCHO finite element code [2.5.11], although it can be used 
equally with other finite element codes. In all calculations with 
the R-M model to date, a von Mises flow criterion has been used. 

7 
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Thermal Properties (Halite and Argillaceous Halite) 

Parameter Median Range Units Distribution Source 

Specific Heat 
Coef. Lin. Exp. 
A.3oo 
'Y 

Source(s): 

862.8 None J/kg-K 2.5.12 
45.0 E-6 None 1/K 2.5.13 
5.40 None W/mK 2.5.13 
1.14 None 2.5.13 

2.5.12. Yang, J. M. 1981. Physical Properties 
Data for Rock Salt: Chapter 4 - Thermalphysical 
Properties, NBS Monograph 167. Washington, DC: 
National Bureau of Standards. (p. 205-221) 
2.5.13. Sweet, J. N., and J. E. McCreight. 1980. 
Thermal Conductivity of Rocksalt and Other Geologic 
Materials from the Site of the Proposed Waste 
Isolation Pilot Plant. SAND79-1665. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.14. Moss, M., and G. M. Haseman. 1981. Thermal 
conductivity of Polyhalite and Anhydrite from the Site 
of the Proposed Waste Isolation Pilot Plant. SAND81-
0856. Albuquerque, NM: Sandia National Laboratories. 

Discussion: 

The thermal conductivity is determined from the equation: 

A= A (300/)1 

3oo /T 

where the temperature, T, is in Kelvin. 

2.5.2 Non-Salt Materials 

Elastic Constants (Anhydrite) 

Parameter Median 

Shear Modulus, ll 27.8 
Young's Modulus, E 75.1 
Bulk Modulus, K 83.4 
Poisson's Ratio, v 0.35 

Range 

None 
None 
None 
None 

8 
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Units 

GPa 
GPa 
GPa 

Distribution Source 

2.5.15 
2.5.15 
2.5.15 
2.5.15 
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Source(s): 2.5.15. Munson, D. E., and H. s. Morgan. 1986. 
Methodology for Performing Parallel Design Calcul­
ations (Nuclear Waste Repository Application) . SAND85-
0324. Albuquerque, NM: Sandia National Laboratories. 

Elastic Constants (Polyhalite) 

Parameter Median Range Units Distribution Source 

Shear Modulus, ~ 20.3 None GPa 
Young's Modulus, E 55.3 None GPa 

2.5.15 
2.5.15 
2.5.15 
2.5.15 

Bulk Modulus, K 65.8 None GPa 
Poisson's Ratio, v 0.36 None 

Source(s): 2.5.15. Munson, D. E., and H. S. Morgan. 1986. 
Methodology for Performing Parallel Design Calcul­
ations (Nuclear Waste Repository Application) . SAND85-
0324. Albuquerque, NM: Sandia National Laboratories. 

Plasticity Parameters - Drucker-Prager Model Yield (Anhydite) 

Parameter 

a 
c 

Source(s): 

Median 

0.45 
1.35 

Range Units 

None 
None MPa 

Distribution Source 

2.5.15 
2.5.15 

2.5.15. Munson, D. E., and H. S. Morgan. 1986. 
Methodology for Performing Parallel Design Calcul­
ations (Nuclear Waste Repository Application) . SAND85-
0324. Albuquerque, NM: Sandia National Laboratories. 

Plasticity Parameters - Drucker-Prager Model Yield (Polyhalite) 

Parameter 

a 
c 

Source (s) : 

Median 

0.473 
1.42 

Range Units 

None 
None MPa 

Distribution Source 

2.5.15 
2.5.15 

2.5.15. Munson, D. E., and H. S. Morgan. 1986. 
Methodology for Performing Parallel Design Calcul­
ations (Nuclear Waste Repository Application) . SAND85-
0324. Albuquerque, NM: Sandia National Laboratories. 

9 
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Discussion: 

The Drucker-Prager model is an elastic, perfectly plastic model 
which has a pressure dependent yield. Typically it is given as: 

.[.i; = C- aJ1 9 

where ~ is the second invariant and J1 is the first invariant. 

Although the Drucker-Prager model has been used almost 
exclusively to represent the anhydrite and polyhalite, the exact 
nature of the flow of these materials is under further study. In 
most of the analyses, the mechanical response of the polyhalite can 
be assumed to be elastic because the polyhalite beds are all at large 
distances from the WIPP horizon. The anhydrite beds however may be 
very close to the excavations, as in the case of MB139, and it is 
necessary to determine if the bed material will yield under the 
conditions of the analysis before it may be assumed to be elastic. 

Thermal Properties (Anhydrite) 

Parameter 

Specific Heat 
Coef. Lin. Exp. 
A3oo 
y 

Source(s): 

Discussion: 

Median Range Units Distribution Source 

733.3 None J/kg-K 2.5.12 
20.0 E-6 None 1/K 2.5.13 
4.70 None W/mK 2.5.13 
1.15 None 2.5.13 

2.5.12. Yang, J. M. 1981. Physical Properties Data 
for Rock Salt: Chapter 4 - Thermalphysical Properties, 
NBS Monograph 167. Washington, DC: National Bureau of 
Standards. (p. 205-221) 
2.5.13. Sweet, J. N., and J. E. McCreight. 1980. 
Thermal Conductivity of Rocksalt and Other Geologic 
Materials from the Site of the Proposed Waste 
Isolation Pilot Plant. SAND79-1665. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.14. Moss, M., and G. M. Haseman. 1981. Thermal 
conductivity of Polyhalite and Anhydrite from the Site 
of the Proposed Waste Isolation Pilot Plant. SAND81-
0856. Albuquerque, NM: Sandia National Laboratories. 

The thermal conductivity is determined from Eq. 8 as given 
previously. 

10 
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Thermal Properties (Polyhalite) 

Parameter 

Specific Heat 
Coef. Lin. Exp. 
A3oo 
'Y 

Source (s) : 

Discussion: 

Median Range Units Distribution Source 

890.0 None J/kg-K 2.5.9 
24.0 E-6 None 1/K 2.5.14 
1. 40 None W/mK 2.5.14 
0.35 None 2.5.14 

2.5.9. Krieg, R. D. 1984. Reference Stratigraphy 
and Rock Properties for the Waste Isolation Pilot 
Plant (WIPP} Project. SAND83-1908. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.12. Yang, J. M. 1981. Physical Properties Data 
for Rock Salt: Chapter 4 - Thermalphysical Properties, 
NBS Monograph 167. Washington, DC: National Bureau of 
Standards. (p. 205-221) 
2.5.13. Sweet, J. N., and J. E. McCreight. 1980. 
Thermal Conductivity of Rocksalt and Other Geologic 
Materials from the Site of the Proposed Waste 
Isolation Pilot Plant. SAND79-1665. Albuquerque, NM: 
Sandia National Laboratories. 
2.5.14. Moss, M., and G. M. Haseman. 1981. Thermal 
conductivity of Polyhalite and Anhydrite from the Site 
of the Proposed Waste Isolation Pilot Plant. SAND81-
0856. Albuquerque, NM: Sandia National Laboratories. 

The thermal conductivity is determined from Eq. 8 as given 
previously. 

2.5.3 Interbed Mechanical Response Parameter 

Parameter Median Range Units Distribution Source 

Coef.Friction, ~ 0.2 None 2.5.1 

Source(s) 2.5.1. Munson, D. E., A. F. Fossum, and P. E. 
Senseny. 1989. Advances in Resolution of Discrepancies 
between Predicted and Measured In Situ Room Closures. 
SAND88-2948. Albuquerque, NM: Sandia National 
Laboratories. 
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Discussion: 

The very thin interbeds that occur in the stratigraphy (as given 
later in Figure 2.5-1) between the major layers of salt, argillaceous 
salt, anhydrite, and polyhalite. These interbeds consist of either 
anhydrite or clay, or mixtures of these components. In structural 
calculations, it is not possible to model these thin interbeds as 
discrete layers. As a consequence they are handled as slip planes in 
the numerical codes. These slip planes have a coefficient of 
friction assigned to them which appears to be correct based on 
underground observations of the interbed response. 

In many of the earlier calculations, especially those with the 
R-M model, the coefficient of friction was taken as 0.4, which is 
equivalent to assuming the interbeds are rigidly locked. 

2.5.4 Non-Material Input Parameters 

Initial Overburden Weight (Averaged) 

Parameter Median Range Units Distribution Source 

Weight, G 

Source(s): 

Discussion: 

22710 None Pa/m 2.5.9 

2.5.9. Krieg, R. D. 1984. Reference Stratigraphy 
and Rock Properties for the Waste Isolation Pilot 
Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: 
Sandia National Laboratories. 

The lithostatic overburden pressure, P, at any depth, H, is 
given by: 

P=GH 

This function uses parameters based on the integrated densities of 
the overburden as determined from neutron logs. For the nominal 
facility depth of 650.45 m below ground surface, the lithostatic 
pressure is 14.77 MPa. 

Initial Rock Temperature at Facility Horizon 

10 

Parameter Median Range Units Distribution Source 

Temperature, To 2 6. 8 +/-0.5 

12 
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Source(s): 2.5.16. Munson, D. E., R. L. Jones, D. L. Hoag, and 
J. R. Ball. 1987. Heated Axisymmetric Pillar Test 
(Room H) : In Situ Data Report (February 1985 - April 
1987). SAND87-2488. Albuquerque, NM: Sandia National 
Laboratories. 

Local Stratigraphy for Thermal/Structural Numerical Calculations 

Discussion: 

The recommended stratigraphy is that given by Munson et al. 
[2.5.1]. This is shown in Figure 2.5-1 and has a local vertical zero 
referenced to anhydrite "b" (Clay G) . The location of an 
experimental room excavation, which is a room above the WIPP facility 
horizon. This figure also shows the location of the room with 
respect to anhydrite "b" (Clay G), which is the reference zero of the 
stratigraphy. 

13 
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Figure 2.5-1. Local Stratigraphy for Numerical Calculations. 
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Date: 
To: 
From: 
Subject 

Novak et al., July 20, 1992 

7/20/92 
MartinS. Tierney, 6342 
Craig F. Novak, Fred Gelbard, and Hans W. Papenguth, 6119 
Parameter Recommendations for Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP 
Perfonnance Assessment Calculations 
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Sandia National Laboratories 
Albuquerque, New Mexico 87185 

date: 20 July 1992 , 

to' Martin S. T· 6342 

Z~frJ 
~ ""7::;;;;/~ ~ tJ.P~e:_ 

from: Craig F. Novak, Fred Gelbard, and Hans W. PapengutH, 6119 

subject: Parameter Recommendations for Porosity and Thickness of Clay Fracture Linings 
for the 1992 WIPP Performance Assessment Calculations 

REQUEST FROM DEPARTMENT 6342 FOR VALUES OF CLAY POROSITY 
AND THICKNESS: 

The 1992 WIPP Performance Assessment calculations are scheduled to use a 
new transport model with explicit clay linings in Culebra fractures. This model 

assumes there is flow through the void space in the fracture, with diffusion into the 
pore space of the clays lining the fractures. A schematic representation of the 

system is shown in Figure 1, assuming planar fractures symmetrical about the 

fracture centerline, with fracture half-width band clay lining width be. Department 

6342 has requested values for parameters necessary to implemegt this model, 

including: (1) the ratio of clay lining width to fracture half-width, be' (2) the clay 

porosity available for diffusive transport, <l>c, and (3) clay density, for which the 
previously recommended value of2500 !_~ (Siegel,1990) should be sufficient. 

RECOMMENDATIONS: 

A summary of the recommen<Igd probability distributions for the ratio of clay 

lining width to fracture half-width, be' and the effective clay porosity available for 

diffusive transport, <l>e, is given in Table 1. 
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Table 1. Recommended probability density functions for porosity and relative 
thickness of clay linings in Culebra fractures. 

Parameter Units Minimum Maximum Probability 
Value Value 

he dimen- 0.0 0.5 
probability 

be 
b sionless = 0.5 b =0 

ratio of clay P(~e)= 0.5 
he 

lining width to 0 < b :::; 0.5 
fracture half-

P(t~)= he width 0 0.5 < b :::; 1 

<l>e volume 0.05 0.50 p(<J>e) = 0 0 :5 <l>e < 0.05 
clay porosity 
available for fraction 

p(<J>e) = 2.22 0.05 :5 <l>e :5 0.5 
diffusive 
transport p(<l>r.) = 0 0.5 < <l>r.:::; 1 

Fracture Centerline (Symmetry Boundary) 

Flow T FRACTURE 
b 

------------t}------!t--
CLA Y LAYER Diffusion Diffusion 11 
MATRIX ! 

<l>c 

Clay/Matrix boundary allows solute 
diffusion in the double porosity case 
and disallows solute diffusion in the 
single porosity (fracture-only) case. 

Figure 1. Schematic representation of clay-lined fracture, showing flow in the 
fracture with diffusion into the clay lining, with or without additional 
diffusion from the clay layer into the matrix. 
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Clay Lining Width 

Previous estimates (Siegel, 1990) of the fraction of clay lining material, ~e, 
should be modified to reflect current thinking. The minimum value considered 

should be 0 to represent fractures with no clay lining; the maximum can be 

arbitrarily taken as 0.5. Also, the distributionJ5lsed to represent the range should 

reflect a 50% probability of unlined fract~res, be = 0, with an equal probability of 
choosing a¥/ other value in the range 0 <be~ 0.5. Defining the probability density 

function p(be)such that 

B 

J P(~e){~e) 
A 

is the fraction of fractures with ~e in the range A to B, then 

probability= 0.5 

P(~e)= 0.5 

P(~e)= 0 

he 
b = 0 

Sewards (1991) measured and reported clay abundance for eighteen Culebra 

samples; thirteen from locations to the north and/or west of the WIPP site, and five 

from the north end of the WIPP site. None of these samples was from wells along 
fast transport paths. Because Sewards (1991) was focusing on clay abundance and 
compositional analysis, it is likely that samples were selected for analysis based on 

visual appearance of clays. Thus, these data may not be representative of clay 
abundance on fracture surfaces in the area of interest for transport modeling. 

Reviews of core logs and discussions with WIPP scientists familiar with 

Culebra geology suggest that clays do not occur in all fractures. No statistically 

based studies of the occurrence of clay-lined fractures in the Culebra have been 

found. T~ere are conceptual difficulties in translating the data of Sewards (1991) 

into the be estimates requested by Department 6342. Therefore, the distribution 

and range of these values should be considered to be highly speculative. 
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Variation of Clay Lining Width Throughout the Culebra along Fast 
Transport Paths 

Culebra geology and mineralogy is demonstrably variable in the vicinity of 

the WIPP site (Sewards et al., 1991). Probabilistic modeling of Culebra substrates 

such as clays should reflect this variability. The parameters provided by this memo 

represent possible clay occurrence and porosity on a local scale, and should be 

applied on the smallest scale possible, i.e., to each grid block in the discretization of 

the Culebra transport model. The data recommendations in this memo are not 

appropriately applied globally to the Culebra, as would be the case of assigning all 

fractures in the Culebra the same lining width and porosity for a particular 

realization. 

Current data on clays occurring in Culebra fractures is not sufficient to 

construct a statistical model. However, if sensitivity studies indicate that clay 

occurrence and properties are sufficiently important in assessing overall repository 

performance, then development of a statistical model will likely be necessary. 

Clay Porosity 

Measurements of the second parameter of interest, the clay porosity available 

for transport, <l>c, have not been found. In the absence of direct experimental data 

for this parameter, values determined for other clays may serve as surrogates. 

Because of the short time available, a thorough literature search was not practical. 

Estimates for <l>c range from a few percent (by T. Sewards, a geologist/clay 

mineralogist previously associated with Culebra characterization work), to 40 to 

50%. However, it is unclear whether these numbers represent total void volume 

fraction, or the volume fraction available for diffusive transport. The only pertinent 

document found in the available time* presents porosities determined from through­

diffusion experiments in London clay (the composition of which was unspecified). 

The porosities determined with deuterated water averaged 0.4 7 and those 

determined with iodide were 0.18, indicating that there is less porosity available to 

large moieties such as iodide than there is available to water. It is likely that the 

* Hassanizadeh, S.M. and G.C. Wijland. 1990. Radionuclide Migration in Clay Samples by 
Diffusion and Advection. INTRA VAL Project Draft Report. Bilthoven, The Netherlands: 
National Institute of Public Health and Environmental Protection. 
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lower porosity is more realistic for actinides, however, data to conclusively 

demonstrate this has not been found. 

Applying the information described above to clays in the Culebra, it is 

reasonable to assume a porosity range 0.05 s; <Pc s; 0.50, with a distribution reflecting 

the maximum possible uncertainty (equal likelihood of any value) in the porosity. 

In mathematical terms, the probability density function p(<j)c) is given by 

1 
p(<Pc) = 0.50- 0.05 = 2·22 0.05 s; <Pc s; 0.5 

Should sensitivity studies indicate that overall repository performance is 

highly dependent on the value assumed for clay porosities in the Culebra, it may be 

possible to implement laboratory studies to obtain these values. However, the clay 

porosity should be relatively constant throughout the Culebra; once experimentally 

determined values are available, sampling on the clay porosity may not necessary. 

REFERENCES 

Sewards, T. 1991. Characterization of Fracture Surfaces in Dolomite Rock, Culebra Dolomite 
Member, Rustler Formation. SAND89-7019. Albuquerque, NM: Sandia National Laboratories. 

Sewards, T., M.L. Williams, and K. Keil. 1991. Mineralogy of the Culebra Dolomite Member of the 
Rustler Formation. SAND90-7008. Albuquerque, NM: Sandia National Laboratories. 

Siegel, M.D. 1990. "Representation of Radionuclide Retardation in the Culebra Dolomite in 
Performance Assessment Calculations," Memo 3a in Appendix A ofRechard et al. 1990. Data Used 
in Preliminary Performance Assessment of the Waste Isolation Pilot Plant (1990). SAND89-2408. 
Albuquerque, NM: Sandia National Laboratories. 

Copies to: 

6303 W.D. Weart 
6303 S.Y. Pickering/WIPP QA 
6119 E.D. Gorham 
6119 P.B. Davies 
6119 C.F. Novak 
6119 F. Gel bard 
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Martin Tierney, 6342 
A. Peterson, 6342 
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Sandia National Laboratories 

date: October 28, 1992 
Albuquerque. New Mexico 87185 

to: Martin Tierney, 6342 

~~ 
from Andrew Peterson, 6342 

subJect Preliminary Contact Handled (CH) Radionucl ide and Nonradionucl ide 
Inventories and Remote Handled (RH) Radionuclide Inventory for Use 
in 1992 Performance Assessment 

The radioactive and nonradioactive components of the TRU waste that will 
be emplaced in the Waste Isolation Pilot Plant (WIPP) are not known with 
certainty. Most of the volume of TRU waste that could be emplaced in 
the WIPP has not been generated and the potential sources of TRU waste 
may be changing. Even though there is considerable uncertainty in the 
final inventory an estimate of the radioactive and nonradioactive waste 
inventories are required for performance assessment. The following 
discussion provides estimates of the radionuclide and nonradionuclide 
inventories for CH waste and radionuclide inventory for RH waste based 
on the information currently available. 

CH-TRU waste consists of waste that has been generated and stored and 
waste that will be generated in the future. Draft report DOE/WIPP 91-
058 uses input to the 1991 Integrated Data Base (IDB) (US DOE 1991) to 
estimate the radionuclide inventory for the stored and future generated 
waste. The total stored volume was about 53,700 m3 and the future 
generated waste was about 42,000 m3. The performance assessment is 
being analyzed assuming the design volume, 175,560 m3 (6.2 x 106 ft3) is 
emplaced in the WIPP. Peterson (In preparation) used the CH 
radionuclide inventories from Draft report DOE/WIPP 91-058 to estimate 
the CH radionuclide inventory for a design volume. The results of this 
estimate are tabulated for each radionuclide by generator site and 
totaled in Table 1. 

Estimates of the number of drums and boxes for stored and projected 
waste in eight ranges of equivalent Pu-239 curie content were provided 
for the 1991 lOB by each generator. Peterson (In preparation) used this 
input to estimate the number of drums and boxes for a design volume in 
six curie ranges and they are listed in Table 2. 

The weight and volume of the CH nonradionuclide inventory was estimated 
from input to the 1991 IDB for stored and future generated waste volumes 
and from additional information on waste weights provided by the 
generator sites. Peterson (In preparation) used this input to estimate 
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the volume and weight of sludges, metals and glass, and combustibles for 
the design volume of CH waste. Table 3 lists the estimated weight and 
volume of these constituents of CH waste. 

Draft report DOE/WIPP 91-058 also used input to the 1991 IDB to estimate 
the RH radionuclide inventory for stored and future generated waste. 
The total volume of stored and future generated RH waste was nearly 
equal to the maximum volume of 7,089 m3 (0.25 x 106 ft3) that can 
currently be emplaced in the WIPP. The RH radionuclide inventory by 
site is tabulated in Table 4. 

References: 

Peterson A. C. (In preparation). Estimated CH-TRU Inventory for use in 
Performance Assessment for the Waste Isolation Pilot Plant.' 
SAND92-2023. Albuquerque NM: Sandia National Laboratories. 

US DOE (Department of Energy). 1991. Integrated Data Base for 1991: U. 
S. Spent Fuel and Radioactive Waste Inventories, Projections, and 
Characteristics. DOE/RW-0006, Rev 7. September 1991. 

Copy to: 
SWCF (WBS 1.1.6.1.3) PA/INV 
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Table 1 
Estimated Design Radionuclide Inventory by Waste Generator for Contact-Handled Waste (Curies) 

RN91DES 

Half-life ANL·E 
Isotope (Years) (Ci) 

HANF 
(Ci) 

INEL 
(Ci) 

LANL 
(Ci) 

LLNL 
(Ci) 

MOUND 
(Ci) 

NTS 
(Ci) 

ORNL 
(Ci) 

RFP 
(Ci) 

SRS 
(Ci) 

Total 
(Ci) 

Unit 
Waste 
Factor 

Sr-90 
Y-90 

Ru-106 
Rh-106 
Cs-137 

Sa-137m 
Ce-144 
Pr-144 
Pm-147 
Th-232 
U-233 
u-235 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Cm-244 
Cf-252 

Totals 

2.91E+01 8.183E+04 4.834E+02 8.231E+04 7.30E-03 8.183E+04 8.183E+04 1.01E+OO 9.882E+02 6.225E-01 9.888E+02 2.50E·04 9.882E+02 9.882E+02 3.00E+01 6.235E+04 6.263E+02 6.298E+04 4.85E·06 5.579E+04 5.579E+04 7.78E·01 9.882E+03 4.610E+OO 9.887E+03 3.29E·05 9.882E+03 9.882E+03 2.62E+OO 7.397E+04 2.043E+03 7.601E+04 1.41E+10 2.438E·02 2.600E·01 4.587E·03 5.272E·04 2.895E·01 2.895E·01 1.59E+05 7.106E+02 8.185E+02 3.072E·02 1.529E+03 7.04E+08 5.259E-04 2.780E·01 1.321E-01 5.315E·02 2.917E·02 6.776E·03 3.814E-02 5.378E·01 4.47E+09 1.534E·04 2.208E+OO 1.071E-01 2.920E·01 4.490E·02 2.592E·02 2.678E+OO 2.14E+06 5.296E-01 8.969E+OO 1.128E+01 2.078E+01 2.078E+01 8.77E+01 3.410E+04 5.266E+04 2.864E+05 2.973E+02 2.731E+03 3.082E+OO 1.271E+04 2.665E+03 2.664E+06 3.055E+06 3.055E+06 2.41E+04 1.631E+02 9.882E+03 3.166E+04 1.489E+05 6.015E+03 2.025E+OO 7.491E+01 4.380E+03 7.462E+04 5.940E+04 3.351E+05 3.351E+05 6.56E+03 3.560E+01 2.470E+03 7.897E+03 4.992E+04 1.757E+03 1.366E+OO 1.728E+01 3.463E+03 1.799E+04 1.675E+04 1.003E+05 1.003E+05 1.44E+01 9.747E+02 6.670E+04 2.260E+05 2.097E+06 4.301E+04 7.107E+02 6.699E+04 4.917E+05 6.025E+05 3.596E+06 -3.76E+05 8.305E·01 7.919E+OO 1.862E·01 1.164E-03 5.237E·01 1.403E+01 2.349E+01 2.349E+01 4.32E+02 6.904E+04 5.540E+05 1.933E+03 8.724E+02 7.929E+04 8.572E+03 7.137E+05 7.137E+05 1.81E+01 8.806E+02 1.290E+04 6.779E+03 2.056E+04 2.056E+04 2.64E+OO 5.048E·02 2.515E+02 8.549E+01 3.370E+02 
1.173E+03 4.907E+05 3.920E+05 3.136E+06 5.301E+04 2.735E+03 8.060E+02 1.024E+05 6.663E+05 3.358E+06 8.203E+06 4.225E+06 

Argonne National Laboratory-East (ANL·E) 
Hanford Site (HANF) 
Idaho National Engineering Laboratory (INEL) 
Los Alamos National Laboratory (LANL) 
Lawrence Livermore National Laboratory (llNL) 
Mound Plant (MOUND) 
Nevada Test Site (NTS) 
oak Ridge National Laboratory (ORNL) 
Rocky Flats Plant (RFP) 
savannah River Site (SRS) 
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Stored Drums 

Projected Drums 

Scaled Drums 

Totals 

Table 2 
Estimate of Curie content of Drums and 

Standard Waste Boxes 

0-0.5 
(Ci) 

30100 

45525 

84604 

160229 

0.5-1 
(Ci) 

13642 

11142 

20921 

45705 

1-10 
(Ci) 

49809 

56936 

107254 

213999 

10-20 
(Ci) 

14939 

12084 

22786 

49809 

20-100 
(Ci) 

11321 

10731 

20229 

42281 

100-1000 
(Ci) 

2600 

885 

1674 

5159 

------------------------------------------------------------------------
Stored Boxes 1666 703 4453 1082 1321 305 

Projected Boxes 1497 164 1838 1417 1792 600 

Scaled Boxes 2572 310 3477 2524 3391 1135 

Total 5735 1177 9768 5023 6504 2040 

Percent 30.3 8.6 40.9 10.0 8.9 1.3 
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Sludge 
Metals and Glass* 

Weight 
(kg) 

2.538E+07 
1.980E+07 

Volume Volume 
Fraction (m3) 

0.207 
0.421 

Table 3 
Estimated composition of CH·TRU waste 

No 
Drums 

No. 
SWBs 

Steel 
Drums 

(kg) 

SWB 
Steel 

(kg) 

Poly/ 
PVC 
(kg) 

5.084E+06 1.188E+06 
18946 5.304E+06 5.892E+06 2.034E+05 

Weight Total 
Reinf wood Weight 

(kg) 

3.165E+07 
3.120E+07 

Corrbustibles** 1.220E+07 0.372 

36342 174720 
73912 182284 
65310 161068 16740 4.687E+06 5.206E+06 1.797E+05 1.980E+06 2.425E+07 

Steel in drums 1.508E+07 
Steel in SWBs 1.110E+07 
Poly/PVC liners 1.571E+06 
Reinforced Wood 1.980E+06 
Total 8.711E+07 175564 518072 

*Estimate of total corrodible metals in waste = 10.7 Gg 
(Iron Based Materials) 

35686 1.508E+07 1.110E+07 1.571E+06 1.980E+06 8.711E+07 

**Estimate of total biodegradable materials in waste = 5.92 Gg 
(cellulosics+ one half of rubbers+ reinforced wood boxes) 

Weight 
Fraction 

0.363 
0.358 
0.278 
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Table 4 

91RHRNDES 
Estimated Design Radionuclide Inventory by Waste Generator of Remote-Handled Waste 

1992 PA PA 
ststem Calculations Unit 

Radio Halflife ANL-E HANF INEL LANL ORNL otal Desi~n Waste 
Nuclide (Yrs) (Ci) (Ci) (Ci) (Ci) (Ci) (Ci) 199 Factors 

---------------------------------------------------------------------------------------------------------------cr-51 7.580E-02 5.01E+OO 5.01E+OO 
Mn-54 8.560E-01 3.06E+05 3.06E+OS 
co-58 1.940E-01 8.03E+Ol 8.03E+Ol 
Fe-59 1.220E-01 4.89E+OO 4.89E+OO 
Co-60 5.270E+OO 1.86E+03 3.08E+Ol 4.79E+03 6.69E+03 
Ni-63 l.OOOE+02 1.25E+Ol 2.8SE+02 2.98E+02 
Sr-90 2.910E+01 3.02E+OS 4.59E+04 5.96E+02 1. 73E+05 5.22E+OS 5.22E+OS 
Y-90 7.306E-03 3.02E+OS 1.47E+02 5.96E+02 3.03E+OS 
Nb-95 9.630E-02 1. 70E+03 5.14E-01 1.70E+03 
Tc-99 2.130E+OS 2.42E+02 1.08E-01 2.42E+02 

Ru-106 1. OlOE+OO 7.97E+04 1.22E+04 9.20E+04 
Rh-106 9.480E-07 7.97E+04 9.28E-01 7.97E+04 
Sb-125 2.770E+OO 1.43E+04 4.3SE+00 1.43E+04 
cs-134 2.060E+OO 9.29E+03 6.64E+02 9.95E+03 
cs-137 3.000E+Ol 6.66E+02 3. 72E+OS 1.32E+04 4.47E+02 1.83E+OS 5.69E+OS 5.69E+OS 
Ba-137m 4.8SSE-06 3.49E+OS 1.19E+02 3.97E+02 3.49E+05 
ce-144 7.780E-01 2.71E+OS 2.80E+03 2.74E+OS 
Pr-144 3.288E-OS 2. 71E+OS 1.12E+Ol 2.71E+05 
Pm-147 2.623E+OO 3.83E+05 1.52E+OS 4.47E+02 5.36E+OS 5.36E+OS 
Eu-152 1.330E+Ol 1.20E+Ol 2.40E+04 2.40E+04 
Eu-154 8.800E+OO 1.68E+03 l.llE+OO 1.44E+04 1.61E+04 
Eu-155 4.960E+OO 3.06E+03 S.SSE-01 3.06E+03 
Th-232 1.410E+l0 2.09E-02 S.OOE-05 5.64E+OO 5.66E+OO 5.66E+OO 5.66E+OO 

U-233 1.590E+OS 1. 72E-Ol 1.98E+02 1.99E+02 1.99E+02 
U-235 7.048E+08 2.18E-01 3.91E-01 3.18E-03 5.08E-04 6.13E-01 6.13E-01 
U-236 2.340E+07 2.1SE-03 3.43E-03 5.59E-03 5.59E-03 
U-238 4.470E+09 l.SOE-04 1.76E+OO 4.21E-02 2.97E-04 1.03E-03 1.80E+OO 1.80E+OO 

Np-237 2.140E+07 7.28E-01 3.91E-03 1. 88E-Ol 9.20E-Ol 9.20E-Ol 9.20E-01 
Pu-238 8.770E+Ol 2.6SE+04 5.3SE+Ol 2.41E+00 8.14E+02 2.73E+04 2.73E+04 2.73E+04 
Pu-239 2.410E+04 l.lOE+Ol 8.07E+03 5.18E+Ol 2.65E+Ol 3.39E+02 8.50E+03 8.50E+03 8.50E+03 
Pu-240 6.560E+03 7.87E+OO 2.16E+03 1.04E+02 8.81E+00 4.SOE-Ol 2.28E+03 2.28E+03 2.28E+03 
Pu-241 1.440E+Ol 1.02E+02 6.36E+04 S.SSE+04 3.72E+02 1.05E-02 1. 20E+05 1.20E+OS 
Pu-242 3.750E+05 1.72E-03 2.94E+OO 1.66E-03 2.94E+OO 2.94E+OO 2.94E+OO 
Am-241 4.327E+02 9.81E+02 1.62E+Ol 6.48E+Ol 1.06E+03 1.06E+03 l.06E+03 
cm-244 1.810E+Ol 2.30E+OO 4.26E+03 4.26E+03 4.26E+03 4.26E+03 
Cf-252 2.638E+OO 8.63E+Ol 8.63E+Ol 8.63E+Ol 

==================~===================~======================================================================== 
Totals 7.87E+02 2.54E+06 5.89E+OS 2.89E+03 

Argonne National Laboratory-East (ANL-E) 
Hanford Site (HANF) 
Idaho National Eng1neering Laboratory (INEL) 
Los Alamos National Laboratory (LANL) 
Oak Ridge National Laboratory (ORNL) 

4.04E+05 3.54E+06 1.79E+06 4.35E+04 



Date: 
To: 
From: 
Subject: 

Webb, March 20, 1992 (1992a) 

3/20/92 
D. R. Anderson, 6342 
S. W. Webb, 6344 
Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 RCRA Calculations 

A-141 



A-142 



Sandia National laboratories 
date: March 20, 1992 

Albuquerque. New Mexico 87185 

to D. R. Anderson, 6342 

tcom s~~b, 6344 

subject· Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 RCRA 
Calculations 

Two phase character is tic curves (capillary pres sure and relative 
ity) have a large degree of uncertainty since no data on the WIPP 

materials have been obtained. The uncertainty in the threshold pressure 
has been discussed previously by Davies (Ref. l); this variation was used 
by PA in the 1991 comparison with 40 CFR 191 is still considered valid for 
the RCRA calculations. Uncertainties in the two-phase characteristic 
curves were discussed by Webb (Ref. 2); these values were not used by PAin 
their most recent 40 CFR 191 calculations. The uncertainties given by Webb 
will be modified and updated in this memo. 

Uncertainties in the two-phase characteristic curves fall into the 
following categories: 

1. Conceptual Model 
2. Correlation Model 
3. Parameter 

The model for the two-phase interface is based on standard two 
phase characteristic curves. Since a lower viscosity fluid (gas) is 
disp a higher viscosity fluid (brine), the displacement interface 
will be unstable, and viscous and capillary fingering may occur. Fingering 
is a very complex phenomena which has not been quantified yet for the WIPP, 
but the processes are not captured in standard two-phase characteristic 
curves. Investigation into fingering processes has recently been initiated 
in 6344. It is not known what the impact will be on the displacement 
interface, but indications are that it could be significant. In addition, 
these standard curves are based on a uniform porous media; fractures are 
expected in the Salado, especially in the anhydrite interbeds. The 
conceptual model uncertainty of using standard two-phase characteristic 
curves derived for uniform porous media is large. 

Unce also exists in the choice of the correlation model. At 
present, the modified Brooks and Corey correlation is suggested based on 
comparison to a single set of data for an analogue material (tight gas 
sands) as discussed by Davies and LaVenue (Ref. 3). As has been repeatedly 
emphasized, there are no measurements for any Salado lithologies, so the 
correlation uncertainty is large. This aspect has been addressed to a 
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limited extent by Webb (Ref. 4) which shows a significant influence of the 
two- characteristic curves on the gas migration distance for the 
undisturbed scenario. 

Finally, parameter uncertainty is also large. 
preceding paragraph, there are no measurements and we 

As discussed in the 
on only one set 

data set was used of measurements on an analogue material. Since only one 
for parameter evaluation, no parameter range can be given. 

With these large uncertainties in all areas, large ranges of parameters are 
necessary. Within the current set of RCRA calculations, PA has requested 
that the uncertainties fit into the modified Brooks and Corey model 
framework due to time constraints. While the current set of uncertainties 
will be molded into that framework, this restriction negates the 
correlation uncertainty discussed above. Thus, the real uncertainty is 
significantly larger than given in this memo. The parameter ranges 
summarized below apply to the all lithologies in the Salado. Note that the 
threshold pressure is different for the various units as given by Davies 
(Ref. 1). 

Threshold Pressure (Pt) 
Expected Value and Range given by Davies (Ref. 1) 

Residual Saturations (S1r and Sgr) 
Expected Value = 0.2 
Range between 0.0 and 0.4 with uniform distribution 

Pore-Size Distribution Parameter (~) 

Expected Value= 0.7 
Range between 0.2 and 10. 

The residual saturation value of 0. for the critical gas saturation (Sgr) 
is the most important parameter and is specified to try to estimate 
possible effects of fingering. This analogy is weak at best but it is the 
best that can be done at present. The range for the pore-size 
distribution parameter is based on values given by Mualem (Ref. 5) for real 
porous media. Since we do not know anything about the structure of the 
Salado materials, a wide range is appropriate. 

The capillary and relative permeability curves are shown in Figure 1 for 
the ~ range specified above. While the variation is significant, it is not 
as large as it would be if an alternative correlation model were 
considered. 

Note that the above parameter ranges are only applicable to the RCRA 
calculations since the correlation has been restricted to the modified 
Brooks and Corey model. The uncertainty in the two-phase curves will be 
respecified for the 1992 comparison with 40 CFR 191 to include correlation 
model uncertainty. 
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Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 40 CFR 191 Calculations 

A-147 



A-148 



Sandia National Laboratories 
date:April 30, 1992 

Albuquerque, New Mexico 87185 

to:D. R. Anderson, 6342 

~ 
from:S. W. Webb, 6119 

subject:Uncertainty Estimates for Two-Phase Characteristic Curves for 1992 40 CFR 
191 Calculations 

Two-phase characteristic curves (capillary pressure and relative 
permeability) have a large degree of uncertainty since no data on the WIPP 
materials have been obtained. The uncertainty in the threshold pressure 
has been discussed previously by Davies (Ref. 1). Uncertainties in the 
two -phase characteristic curves for RCRA calculations were discussed by 
Webb (Ref. 2). Due to time constraints, the two-phase characteristic 
curves were limited to the modified Brooks and Corey format. The 
characteristic curves will be expanded in this memo to include correlation 
uncertainty. 

Uncertainties in the two-phase characteristic curves fall into the 
following categories: 

1. Conceptual Model 
2. Correlation Model 
3. Parameter 

The conceptual model for the two-phase interface is based on standard two­
phase characteristic curves. Since a lower viscosity fluid (gas) is 
displacing a higher viscosity fluid (brine), the displacement interface 
will be unstable, and viscous and capillary fingering may occur. Fingering 
is a very complex phenomena which has not been quantified yet for the WIPP, 
but the processes are not captured in standard two-phase characteristic 
curves. Investigation into fingering has recently been initiated in 6119. 
It is not known what the impact will be on the displacement interface, but 
indications are that it could be significant. In addition, these standard 
curves are based on a uniform porous media; fractures are expected in the 
Salado, especially in the anhydrite interbeds. The conceptual model 
uncertainty of using standard two-phase characteristic curves derived for 
uniform porous media is large. 

Uncertainty also exists in the choice of the correlation model. At 
present, the modified Brooks and Corey correlation is suggested based on 
comparison to a single set of data for an analogue material (tight gas 
sands) as discussed by Davies and LaVenue (Ref. 3). As has been repeatedly 
emphasized, there are no measurements for any Salado lithologies, so the 
correlation uncertainty is large. This aspect has been addressed to a 
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limited extent by Webb (Ref. 4) which shows a significant influence of the 
two -phase characteristic curves on the gas migration distance for the 
undis~urbed scenario. 

As an alternative, the van Genuchten/Parker correlation (Ref. 5, 6) is 
included. The van Genuchten relationship for capillary pressure has been 
used by Yucca Mountain (Ref. 7,8) to fit their data, and the curve fits the 
Morrow et al. data about as well as the Brooks and Corey correlation (Ref. 
9). While the Brooks and Corey model also fits the limited nonwetting 
phase relative permeability data of Morrow et al. reasonably well, the 
Parker extension to the van Genuchten model is not as successful (Ref. 9). 
Even so, the Van Genuchten/Parker model is included as correlation 
uncertainty since no data are available for WIPP specific materials. 

While the van Genuchten form has been successfully compared to capillary 
pressure data, the variation of the fitting parameter m is only given for a 
limited subset. However, for large values of capillary pressure, which is 
expected for WIPP materials, the fitting parameter m is related to the 
Brooks and Corey parameter A as m = A/(l+A). As a first approximation, the 
variation of A from Brooks and Corey can be used to determine the m 
distribution. 

No definitive threshold pressure exists for the van Genuchten curve, so the 
Davies' correlation described above cannot be directly used to characterize 
the magnitude of the capillary pressure curve. In order to include this 
effect, it is proposed to equate the magnitude of the Brooks and Corey and 
the van Genuchten curves at an effective saturation of 0.5. This procedure 
will at least capture the trend of the change in the magnitude of capillary 
pressure for different materials. 

Finally, parameter uncertainty is also large. As discussed in the 
preceding paragraph, there are no measurements and we rely on only one set 
of measurements on,an analogue material. Since only one data set was used 
for parameter evaluation, no parameter range can be given. 

With these large uncertainties in all areas, large ranges of parameters are 
necessary. The parameter ranges summarized below apply to the all 
lithologies in the Salado. The Brooks and Corey model is considered more 
reliable than the van GenuchtenjParker model based on limited data-model 
comparisons (Ref. 9); therefore, a weighting factor of 0.67 for Brooks and 
Corey and 0.33 for van GenuchtenjParker is tentatively recommended, 

(Weighting Factor 0.67) 

Threshold Pressure (Pt) 
Expected Value and Range given by Davies (Ref. 1) 

Residual Saturations (S1r and Sgr) 
Expected Value = 0.2 
Range between 0.0 and 0.4 with uniform distribution 

Pore-Size Distribution Parameter (A) 
Expected Value= 0.7 
Range between 0.2 and 10. 
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van Genuchten/Parker (Weighting Factor = 0.33) 

Pressure Constant (P 0 ) 

Equate with Brooks and Corey capillary pressure at Se=O.S 
Residual Saturation (S 1r) 

Expected Value- 0.2 
Range between 0.0 and 0.4 with uniform distribution 

Maximum Liquid Saturation (S15 ) 

Expected Value = 1.0 
No range 

Pore-Size Distribution Parameter (m) 
Calculate A using Brooks and Corey distribution 
Approximate m from m = A/(l+A) 

The residual saturation value of 0. for the critical gas saturation (Sgr) 
is an important parameter and is specified to try to estimate possible 
effects of fingering. This analogy is weak at best but it is the best that 
can be done at present. The large range for the pore-size distribution 
parameter is based on values given by Mualem (Ref. 10) for real porous 
media. Since we do not know anything about the structure of the Salado 
materials, a wide range is appropriate. 

The capillary and relative permeability curves are shown in Figure 1 for 
the A and m ranges specified above. The equations for the correlations are 
summarized in the appendix. 

Work is currently in progress evaluating fracture two-phase characteristic 
curves as well as equivalent continuum approaches which combine matrix and 
fracture behavior. These additional two-phase characteristic curves are 
expected for the 1993 PA calculations. 
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Appendix 
Two-Phase Characteristic Curves 

The relationships defining the various sets of two-phase characteristic curves 
are summarized below. 

Brooks and Corey 

The modified Brooks and Corey relationships used by Davies and LaVenue (1991) 
are 

Capillary Pressure 

p 
c 

Relative Permeability 

k· 
r,l 

k 
r,g 

s 
e 

2 
(1 - se) (1 - s~2+>.)/>.) 

sl - slr 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

The capillary pressure relationship, equation A-1, is used throughout the 
entire saturation region (0. ::=; S1 ::=; 1.) even though, as discussed by Corey 
(1986), this relationship may not be appropriate at the higher liquid 
saturations when se > 1.0. 

van Genuchten/Parker et al. 

The relationships for the van genuchten/Parker et al. (1987) characteristic 
curves are 

Capillary Pressure 

p 
c - 1 r 

A-154 

m 

(A-5) 
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Relative Permeability 

where 

k r,l 

s 
e 

-6-

where S15 is the maximum wetting phase saturation. 
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(A-6) 

(A-7) 

(A-8) 
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Table 8.1. 

WeiiiD 

2 AEC7 

3 AEC8 
4 825 
5 CABIN1 
6 DH207 
7 OH211 
8 OH215 
9 OH219 

10 OH223 
11 DH227 
12 OH77 
13 00201 
14 00203 
15 00205 
16 0045 
17 0052 
18 0056 
19 0063 
20 0067 
21 0088 
22 0091 
23 DOE1 
24 DOE2 
25 ENGLE 
26 ERDA10 
27 
28 

29 

30 
31 
32 

33 
34 

35 
36 
37 
38 
39 

ERDA6 
ERDA9 
FFG 002 
FFG 004 

FFG 005 
FFG 006 
FFG 007 
FFG 009 
FFG 011 
FFG 012 
FFG 013 
FFG 014 
FFG 016 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

621117 

617522 
611695 

' 613191 
\613634 

613637 
613634 
613636 
613634 

613632 
613476 
613581 
613630 
613587 
613632 
613586 
613587 
613587 
613516 
613435 
613395 
615203 
613683 
614953 
606684 
618226 
613697 
627231 
622022 
627356 
627658 
627758 
627959 
627658 
627255 
625249 
621225 

627303 

y-UTM 

3589387 
3586435 

3580609 
3578049 
3581973 
3581784 
3581588 
3581448 
3581247 

3581071 
3582573 
3582062 
3582376 
3582616 
3582263 
3582231 
3582375 
3582524 
3582572 
3582572 
3582575 
3580333 
3585294 
3567454 
3570523 
3589011 
3581958 
3608400 
3605526 

3605486 
3605587 
3604682 
3604782 
3605184 
3605184 
3605163 
3604704 
3602758 

x-STPLN 

691810 
679945 
660759 
665559 
667074 
667082 
667072 
667081 
667073 

667066 
666554 
666900 
667059 
667066 
667066 
666915 
666919 
666919 
666687 
666421 
666288 
672206 
667317 
671122 
644057 
682292 
667297 
712258 
695095 
712599 
713589 
713919 
714579 
713589 
712269 
705684 
692478 
712361 

y-STPLN 

523142 
513555 
494504 
486111 
498589 

497966 
497326 
496864 
496207 

495630 
500556 
498880 
499910 

500696 
499540 
499432 
499907 

500396 
500551 
500551 
500561 
493563 
509876 
451297 
461534 

521975 
498929 
585415 
576082 
575853 
576183 
573213 
573543 
574863 
574863 
574827 
573420 
566901 

Township 

21 

22 

22 

23 

0 
0 
0 
0 
0 

0 
0 

0 
0 
0 
0 

0 

0 

0 
0 
0 
0 
22 
22 
24 

23 

21 
22 
20 

20 

20 
20 
20 
20 

20 
20 
20 
20 
20 

Range 

32 

31 

31 
31 

0 

0 
0 
0 

0 

0 
0 

0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
31 
31 
31 

30 

31 
31 

33 
33 

33 
33 
33 

33 
33 
33 
33 
33 
33 

Section 

31 

11 

20 

5 
0 

0 
0 
0 

0 

0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 

28 

8 
4 
34 

35 
20 
3 
7 

10 
11 
14 
14 

14 
15 
16 
18 
22 

Source 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table 1 
Krieg, 1984, Table 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3·6 and 3-7 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
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1 

2 
3 
4 
5 
6 
7 

8 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

Table 8.1. 

WeiiiD 

FFG 017 
FFG_018 
FFG 019 
FFG 020 
FFG 023 
FFG_024 
FFG_025 
FFG_026 
FFG 027 
FFG_039 
FFG 040 
FFG 041 
FFG 042 
FFG_043 
FFG_044 
FFG_105 
FFG_106 
FFG_107 
FFG_108 
FFG_109 
FFG_110 
FFG_111 
FFG 112 
FFG 113 
FFG 114 
FFG 115 
FFG 116 
FFG 117 
FFG 119 
FFG 120 
FFG 121 
FFG 122 
FFG 123 
FFG 124 

-' 
FFG 125 
FFG 126 
FFG 127 
FFG 128 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM). State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

628494 
630636 
627720 
621672 
633058 
635469 
628538 
628122 
627820 
616468 
620041 
616805 
615263 
614824 
618435 
609126 
607630 
607832 
610586 
612822 
613636 
616209 
615312 
615319 
609458 
608243 
606902 
607132 
604055 
604750 
604134 
604165 
606439 
608252 
607631 
609341 
608226 
605614 

y-UTM 

3603697 
3602305 
3600778 
3601468 
3599616 
3599257 
3600381 
3600375 
3600074 
3606754 
3603892 
3604246 
3604535 
3602618 
3602658 
3590258 
3591218 
3590109 
3589854 
3589796 
3588341 
3589857 
3588335 
3589869 
3586996 
3586900 
3588088 
3587086 
3585149 
3586261 
3585930 
3585505 
3586110 
3586096 
3585457 
3584606 
3583523 
3581894 

x-STPLN 

716300 
723296 
713695 
693880 
731178 
739089 
716379 
715015 
714025 
676902 
688561 
677942 
672914 
671406 
683256 
652461 
647587 
648217 
657254 
664589 
667229 
675705 
672729 
672784 
653485 
649498 
645132 
645854 
635724 
638038 
636016 
636083 

643580 
649528 
647458 
653068 
649376 
640772 

y-STPLN 

569948 
565346 
560402 
562799 
556481 
555233 
559068 
559082 
558092 
580244 
570786 
572014 
572994 
566704 
566770 
526265 
529450 
525810 
524908 
524686 
519875 
524786 
519825 
524858 
515558 
515244 
519179 
515889 
509600 
513251 
512165 
510770 
512686 
512608 
510544 
507720 
504163 
498885 

Township 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 

Range 

33 
33 
33 
33 
33 
33 
33 
33 
33 
32 
32 
32 
32 
32 
32 
30 
30 
30 
31 
31 
31 
31 
31 
31 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

Section 

23 
24 
26 
30 
33 
34 
35 
35 
35 
10 
13 
15 
16 
21 
23 
25 
26 
26 
31 
32 
32 
34 

34 
34 
1 

2 
3 

3 
9 

9 
9 

9 
10 
11 

11 

13 
14 
21 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
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Table 8.1. 
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FFG 129 
2 FFG 130 
3 FFG 132 
4 FFG 133 
5 FFG 134 

6 FFG 135 
7 FFG 136 
8 FFG 137 
9 FFG 138 

10 FFG 139 
11 FFG 140 
12 FFG 141 
13 FFG 142 
14 FFG 143 
15 FFG 144 
16 FFG 145 
17 FFG 146 
18 FFG 147 
19 FFG_148 
20 FFG 149 
21 FFG 155 

22 FFG 156 
23 FFG 157 
24 FFG 158 
25 FFG_159 
26 FFG 160 
27 FFG 161 
28 FFG 162 
29 FFG 163 
30 FFG 164 
31 FFG 165 
32 FFG 166 
33 FFG 167 
34 FFG 168 
35 FFG _169 
36 FFG_170 
37 FFG 171 
38 FFG 172 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

604814 
604412 
606479 
606462 
605663 
607211 
609279 

609955 
610827 

610665 
613648 
612120 
615288 
616006 
599879 
599320 
600363 
595499 
600569 
600707 
596597 

595692 
599212 
600510 
609539 
610084 
607676 
607342 
608127 
602541 
601827 
609182 
609012 
604202 
604034 
601537 
601959 
603366 

y-UTM 

3583050 
3582244 
3581068 
3580266 
3580407 
3560978 
3579410 
3578869 
3587071 

3587722 
3585123 
3585114 
3586667 
3579286 
3577828 
3577132 
3578186 
3578188 
3576193 
3574718 
3570664 
3570883 
3569453 
3569436 
3578101 
3577670 
3577068 
3578605 
3577850 
3574598 
3573070 
3573205 
3570846 
3570581 
3572065 
3572060 
3569718 
3570098 

x-STPLN 

638181 

636828 
643582 
643522 
640899 

645983 
652734 
654952 
657978 

657478 
667200 
662187 
672617 
674808 
621856 
620020 
623476 
607513 
624120 
624539 
610951 
607981 
619500 
623761 
653588 
655343 
647439 
646376 
648955 
630556 
628182 
652317 
651726 
635911 
635389 
627194 
628551 
633169 

y-STPLN 

502679 

500068 
496139 
493544 
494006 

495845 
490667 
488858 
515773 
517912 
509316 
509317 
514350 
490129 
485641 
483389 
486818 
486922 
480278 
475434 
462232 

462952 
458190 
458104 
486370 
484923 
483015 
488059 
485549 
475010 
469995 
470305 
462566 
461795 
466662 
466716 
458995 
460209 

Township 

22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 

23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 

Range 

30 

30 
30 
30 
30 
30 
30 
30 
31 
31 
31 
31 
31 

31 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
30 
30 
30 
30 

Section 

21 
21 
27 
27 
27 

27 
36 
36 
6 
6 

8 
8 
9 

34 

4 
12 
13 
27 
28 
35 
36 
1 

2 
2 
2 
17 
19 
24 
26 
28 
29 
30 
31 
32 

Source 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table.2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 



o::l 
I 

0'1 
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FFG 173 
2 FFG 177 
3 FFG 179 
4 FFG 180 
5 FFG 181 
6 FFG 182 
7 FFG 183 
8 FFG 184 
9 FFG 185 

10 FFG 186 
11 FFG 188 
12 FFG 189 
13 FFG 190 
14 FFG 191 
15 FFG 192 
16 FFG 194 
17 FFG 195 
18 FFG 196 
19 FFG 197 
20 FFG 198 
21 FFG 199 
22 FFG 200 
23 FFG 201 
24 FFG 202 
25 FFG 203 
26 FFG 204 
27 FFG 205 
28 FFG 206 
29 FFG 207 
30 FFG 208 
31 FFG 209 
32 FFG 210 
33 FFG 212 
34 FFG 213 
35 FFG 214 
36 FFG 215 
37 FFG 216 
38 FFG 217 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

609960 
591351 
593084 
607488 
604028 
601542 
605177 
607564 
605866 
605016 
602948 
608405 
607685 
609337 
607401 
617718 
616941 
615316 
614612 
613807 
611628 
611273 
612154 
618692 
618143 
619790 
613734 
612171 
613776 
612992 
615380 
614199 
619811 
614915 
617438 
610576 
604853 
617694 

y-UTM 

3569937 
3563822 
3561340 
3567427 
3568585 
3568281 
3566738 
3565857 
3565683 
3565698 
3564040 
3563679 
3562746 
3561151 
3562442 
3568422 
3567615 
3568812 
3568483 
3568888 
3568640 
3568414 
3565951 
3566653 
3567223 
3564834 
3565566 
3564340 
3563957 
3562725 
3563980 
3562745 
3562825 
3560252 
3559994 
3559150 
3558664 
3559360 

x-STPLN 

654805 
593606 
599224 
646628 
635304 
627146 
639041 
646845 
641274 
638484 
631660 
649573 
647176 
652564 
646246 
680232 
677649 
672350 
670036 
667396 
660244 
659080 
661905 
683393 
681591 
686932 
667090 
661929 
667198 
664590 
672461 
668548 
686967 
670865 
679114 
656597 
637816 
679954 

y-STPLN 

459582 
439877 
431698 
451374 
455245 
454314 
449147 
446225 
445686 
445736 
440361 
439043 
436015 
430748 
435019 
454446 
451793 
455759 
454709 
456038 
455257 
454549 
446431 
448607 
450478 
442604 
445140 
441145 
439860 
435847 
439901 
435879 
436012 
427664 
426785 
424152 
422688 
424705 

Township 

23 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
25 
25 
25 

Range 

30 
29 
29 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
30 
30 
31 

Section 

36 
19 
29 
2 

5 

6 
9 
11 
15 
16 
20 
23 
23 
25 
27 
2 

3 

4 

4 

5 

6 
6 
7 

11 
11 
13 
17 
18 
20 
20 
21 
21 
24 
33 

35 

4 

2 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 



Table 8.1. 

WeiiiD 

1 FFG 218 
2 FFG 219 
3 FFG 220 
4 FFG 221 
5 FFG 222 
6 FFG 224 
7 FFG 225 
8 FFG 226 
9 FFG 228 

10 FFG 229 
11 FFG 230 
12 FFG 231 
13 FFG 232 
14 FFG 233 
15 FFG 234 
16 FFG 235 
17 FFG 236 
18 FFG 237 
19 FFG 238 
20 FFG 239 
21 FFG 240 
22 FFG 241 
23 FFG 242 
24 FFG_243 
25 FFG 244 
26 FFG_245 
27 FFG 246 
28 FFG_247 
29 FFG_248 
30 FFG 249 
31 FFG_250 
32 FFG 251 
33 FFG_252 
34 FFG 253 
35 FFG_254 
36 FFG_255 
37 FFG 264 
38 FFG_265 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM]. State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

618235 
616649 
619057 
616028 
614248 
629257 
629076 
628708 
626669 
625894 
625486 
624249 
623880 
623730 
622268 
623075 
620626 
624279 
625894 
627919 
627501 
628322 
623510 
627958 
627169 
634293 
636300 
638785 
638754 
635538 
630707 
639185 
631978 
634373 
634776 
636385 
624541 
626158 

y-UTM 

3558795 
3557179 
3557584 
3555913 
3552703 
3598870 
3597979 
3596750 
3597926 
3596724 
3597502 
3598303 
3597479 
3598370 
3597867 
3597479 
3597834 
3595893 
3595919 
3595147 
3595945 
3595549 
3593053 
3591122 
3589486 
3596014 
3596435 
3593673 
3594075 
3594033 
3593573 
3592056 
3589148 
3589591 
3589591 
3590012 
3575777 
3575003 

x-STPLN 

681730 
676493 
684393 
674422 
668515 
718704 
718112 
716853 
710210 
707620 
706279 
702273 
701011 
700570 
695720 
698371 
690380 
702319 
707620 
714233 
712893 
715553 
699730 
714296 
711671 
735183 
741767 
749855 
749755 
739201 
723350 
751137 
727420 
735313 
736633 
741913 
702753 
708059 

y-STPLN 

422820 
417552 
418848 
413427 
402929 
554099 
551174 
547172 
551066 
547120 
549709 
552336 
549665 
552588 
550968 
549665 
550899 
544429 
544480 
541912 
544532 
543232 
535143 
528704 
523370 
544627 
545977 
536845 
538165 
538094 
536681 
531538 
522161 
523550 
523550 
524900 
478415 
475842 

Township 

25 
25 
25 
25 
25 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
23 
23 

Range 

31 
31 
31 
31 
31 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
33 
33 
33 
33 
33 
33 
33 
33 

33 
33 
33 
32 
32 

Section 

2 
10 
12 
15 
28 

1 

2 

3 
3 

4 
4 

4 
5 
5 
6 

9 
10 
11 

11 

12 
21 
26 
35 
9 
11 

13 
13 
15 
18 
24 
32 
33 
34 
35 
9 
15 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
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Table B.1. 

Well 10 

FFG 266 
2 FFG 267 
3 FFG 268 
4 FFG 272 
5 FFG 273 
6 FFG 274 
7 FFG 275 
8 FFG 276 
9 FFG 277 

10 FFG 278 
11 FFG 279 
12 FFG 280 
13 FFG 281 
14 FFG 283 
15 FFG 284 
16 FFG 285 
17 FFG 286 
18 FFG 287 
19 FFG 288 
20 FFG 289 
21 FFG 290 
22 FFG 291 
23 FFG 292 
24 FFG 293 
25 FFG 313 
26 FFG 314 
27 
28 
29 
30 FFG 318 
31 
32 
33 FFG 321 
34 
35 
36 FFG 324 
37 FFG 325 
38 FFG 326 

Location of Wells used by WIPP (Universal Transverse Mercator 

x-UTM 

629827 
632644 
636682 
621266 
621714 
627262 
626055 
622836 
621627 
621646 
622836 
625245 
628878 
638822 
633260 
632916 
630045 
630815 
633218 
635668 
631649 
631716 
634513 
635741 
621557 
629670 
626522 
627739 
621734 
622977 
624161 
629107 
628524 
628222 
627420 
624184 
620546 
625008 

range and 

y-UTM 

3572644 
3570662 
3569503 
3580141 
3576972 
3583857 
3584259 
3584196 
3583775 
3582157 
3582989 
3583022 
3581872 
3588438 
3587655 
3587152 
3585511 
3585934 
3586749 
3584383 
3583118 
3579091 
3580338 
3579152 
3587797 
3583902 
3578214 
3576635 
3574920 
3572533 
3573735 
3572102 
3571093 
3570892 
3570965 
3572130 
3569268 
3570140 

x-STPLN 

720033 
729244 
742460 
692103 
693509 
711844 
707884 
697320 
693354 
693382 
697320 
705224 
717114 
749880 
731596 
730466 
721010 
723537 
731456 
739429 
726240 
726360 
735574 
739570 
693224 
719747 
709318 
713279 
693542 
697554 
701471 
717668 
715723 
714733 
712100 
701514 
689509 
704185 

y-STPLN 

468035 
461468 
457597 
492804 
482402 
504897 
506217 
506076 
504725 
499416 
502116 
502190 
498350 
519668 
517227 
515577 
510259 
511615 
514257 
506427 
502376 
489157 
493186 
489260 
517925 
504978 
486382 
481164 
475670 
467800 
471749 
466290 
462981 
462321 
462590 
466480 
457154 
459917 

Township 

23 
23 
23 
22 
23 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 

State Plan Coordinates 

Range 

32 
33 
33 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 

Section 

24 
32 
35 
31 
7 

14 
15 
17 
18 
19 
20 
22 
25 

4 

5 
7 
7 

9 
15 
20 
32 
33 
34 
6 
13 
3 
11 
18 
20 
21 
25 
25 
26 
26 
28 
31 
33 

and Survey Sections 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
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Table B.1. 

WeiiiD 

FFG 327 
2 FFG 328 
3 FFG 329 
4 FFG 330 
5 FFG 331 
6 FFG 332 
7 FFG 333 
8 FFG 334 
9 FFG 335 

10 FFG 336 
11 FFG 337 
12 FFG 338 
13 FFG 339 
14 FFG 340 
15 FFG 361 
16 FFG 362 
17 FFG 363 
18 FFG 364 
19 FFG 366 
20 FFG 367 -
21 FFG 370 
22 FFG 371 
23 FFG 372 
24 FFG 373 
25 FFG 374 
26 FFG 376 
27 FFG 381 
28 FFG 383 
29 FFG 384 
30 FFG 385 
31 FFG 387 
32 FFG 388 
33 FFG 389 
34 FFG_390 
35 FFG 391 
36 FFG 392 
37 FFG 393 
38 FFG 394 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM]. State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

626737 
627719 
628625 
629464 
634557 
631443 
630183 
631791 
630204 
630611 
633022 
631435 
637863 
639497 
591407 
588581 
586158 
583878 
588498 
589516 
591027 
591334 
589730 
586192 
585392 
590555 
599172 
601077 
594213 
597883 
595912 
595864 
593453 
595208 
595208 
596612 
606297 
603077 

y-UTM 

3569761 
3570289 
3570188 
3569834 
3577522 
3577384 
3575856 
3574262 
3574250 
3573046 
3572674 
3570650 
3570326 
3569942 
3608036 
3607624 
3608022 
3605062 
3606300 
3605699 
3604798 
3604826 
3604102 
3604773 
3603561 
3601690 
3599246 
3606916 
3607648 
3602444 
3600331 
3601219 
3599602 
3600029 
3599627 
3599732 
3606985 
3606946 

x-STPLN 

709825 
713083 
716053 
718778 
735655 
725434 
721264 
726509 
721301 
722603 
730519 
725277 
746370 
751700 
594694 
585423 
577470 
569923 
585115 
588421 
593382 
594392 
589095 
577514 
574858 
591768 
619978 
626395 
603902 
615814 
609313 
609189 
601245 
607003 
607003 
611609 
643526 
632959 

y-STPLN 

458640 
460341 
460011 
458813 
483942 
483557 
478574 
473313 
473303 
469355 
468066 
461460 
460265 
458973 
584951 
583663 
585038 
575355 
579318 
577345 
574358 
574416 
572070 
574376 
570394 
564155 
555961 
581073 
583643 
566466 
559598 
562513 
557239 
558608 
557288 
557599 
581199 
581140 

Township 

23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

Range 

32 
32 
32 
32 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
29 
29 
29 
29 
29 
29 
29 
29 
29 

29 
29 
29 

29 
30 
30 
30 
30 
30 
30 
30 
30 
30 
31 
31 

Section 

34 
35 
36 
36 
4 

6 
7 

17 

18 
19 
20 
31 
35 
36 
1 

3 
4 
7 

10 
11 
13 
13 
14 
16 
17 
25 
36 

5 

22 
28 
28 
31 
32 
32 
33 
4 
6 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 



Table 8.1. 

WeiiiD 

FFG 395 

2 FFG 396 

3 FFG 398 
4 FFG 399 

5 FFG 402 

6 FFG 403 
7 FFG 404 
8 FFG 407 

9 FFG 408 
10 FFG 411 
11 FFG 413 
12 FFG 418 
13 FFG 419 

14 FFG 420 

1:1:1 15 FFG 421 
I 16 FFG 422 

0 17 FFG 426 

18 FFG 432 

19 FFG_433 
20 FFG 438 
21 FFG 445 

22 FFG 453 
23 FFG 455 
24 FFG 456 

25 FFG 457 

26 FFG 458 
27 FFG 459 

28 FFG 462 

29 FFG 463 

30 FFG 464 
31 FFG 465 

32 FFG 474 

33 FFG 475 

34 FFG 476 

35 FFG 477 
36 FFG 478 

37 FFG 479 
38 FFG 480 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

603098 

603243 
588017 

587111 
590847 

586424 
583988 
583988 
582473 

584828 
588470 
596362 
594776 

594662 
593556 
593958 
592398 

607401 
588569 
618629 
590526 

618415 
618558 
617677 
614456 

615274 
619295 
615699 

612475 

614894 

614090 

628677 
628244 

621409 
626275 

627890 
627468 

628677 

y-UTM 

3605631 

3600398 
3597286 
3597387 

3595289 

3593240 
3592021 

3590814 
3590320 

3588367 
3589234 
3598010 
3597648 

3598348 
3598412 

3598000 
3591591 

3588903 
3588121 
3586910 
3580760 

3578487 
3575680 
3574462 

3574425 

3572430 
3571652 

3571221 
3570378 

3570416 

3569999 

3568183 

3568580 

3568885 

3566554 
3566569 
3566954 

3566976 

x-STPLN 

632997 

633370 

583323 
580353 

592582 

578030 
570006 

570006 
565002 

572695 
584681 

610756 
605505 
605178 
601548 

602868 
597601 
646769 

584969 
683580 
591228 
682715 

683119 
680195 
669624 

672278 

685468 
673637 

663055 

670997 

668355 
716158 
714774 

692341 
708244 
713543 
712193 

716158 

y-STPLN 

576823 

559652 
549759 

550089 
543138 

536512 

532548 
528588 
526999 

520558 
523337 
551972 
550814 

553113 
553321 
551971 
530971 

521852 
519682 
515081 
495462 
487442 

478229 
474264 
474210 

467629 
465012 

463662 

460962 

461022 

459685 
453428 

454733 

455866 
448117 

448132 
449429 

449468 

Township 

20 

20 
21 
21 

21 

21 
21 
21 
21 

21 
21 

21 
21 

21 
21 

21 
21 

21 
22 
22 
22 
23 
23 
23 
23 

23 
23 
23 

23 

23 

23 

24 
24 

24 

24 
24 

24 

24 

Range 

31 

31 

28 
28 
28 

28 
28 
28 
28 

28 

28 
29 
29 

29 
29 
29 
29 

30 
28 
31 
28 

31 
31 
31 

31 

31 
31 

31 
31 

31 

31 
32 

32 

32 

32 
32 
32 
32 

Section 

7 

30 
2 

3 
12 

15 
20 

29 

30 
33 
35 
3 
4 
4 

5 
5 
19 

35 
2 

25 

2 
11 
14 

16 

21 
25 
27 

32 

33 
33 

2 
6 
10 
11 
11 
12 

Source 

Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 



Table B.1. 
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1 FFG 481 
2 FFG 482 
3 FFG 483 
4 FFG 484 
5 FFG 485 
6 FFG 486 
7 FFG 487 
8 FFG 488 
9 FFG 489 

10 FFG 490 
11 FFG 491 
12 FFG 492 
13 FFG 493 
14 FFG 494 

t:C 15 FFG 495 
I - 16 FFG 496 - 17 FFG 497 

18 FFG 498 
19 FFG 499 
20 FFG 500 
21 FFG 501 
22 FFG 502 
23 FFG 503 
24 FFG 504 
25 FFG 505 
26 FFG_506 
27 FFG 507 
28 FFG 548 
29 FFG 552 
30 FFG 562 
31 FFG 563 
32 FFG 568 
33 FFG 569 
34 FFG 584 
35 FFG 585 
36 FFG_600 
37 FFG_601 
38 FFG_602 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

629921 
627482 
625893 
626601 
626323 
627104 
627003 
628618 
629141 
622290 
621485 
625107 
625912 
625912 
627126 
639095 
631494 
631883 
639536 
632702 
632345 
635140 
635586 
632771 
630239 
631576 
639607 
601155 
596378 
614317 
618774 
619132 
619132 
606879 
609769 
608992 
607790 
618235 

y-UTM 

3564597 
3565749 
3564517 
3563741 
3563337 
3563741 
3563842 
3564276 
3562161 
3562046 
3562046 
3559688 
3560090 
3559688 
3559716 
3568735 
3566228 
3567428 
3565513 
3565844 
3563004 
3563849 
3561835 
3561413 
3562683 
3560189 
3561088 
3608819 
3554488 
3546624 
3547092 
3541724 
3542127 
3557091 
3557118 
3550622 
3549783 
3558795 

x-STPLN 

720180 
712204 
706958 
709281 
708336 
710931 
710601 
715902 
717583 
695099 
692459 
704284 
706924 
706924 
710904 
750380 
725373 
726679 
751762 
729335 
728097 
737302 
738701 
729465 
721189 
725511 
751898 
626682 
609903 
668609 
683237 
684313 
684313 
644432 
653916 
651237 
647256 
681730 

y-STPLN 

441628 
445477 
441463 
438885 
437561 
438885 
439215 
440608 
433668 
433421 
433421 
425618 
426938 
425618 
425675 
455013 
446949 
450888 
444438 
445656 
436369 
439075 
432466 
431115 
435349 
427131 
429920 
587316 
409146 
382978 
384417 
366799 
368119 
417458 
417516 
396198 
393477 
422820 

Township 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
19 
25 
26 
26 
26 
26 
25 
25 
25 
25 
25 

Range 

32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
30 
29 
31 
31 
31 
31 
30 
30 
30 
30 
31 

Section 

13 
14 
15 
22 
22 
23 
23 
24 
25 
29 
30 
33 
34 
34 
35 
1 
7 

8 
13 
17 
20 
22 
27 
29 
30 
31 
36 
36 
15 
9 
11 
25 
25 
10 
12 
35 
35 
2 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
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I 

N 

1 

2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

34 
35 
36 
37 
38 

Table 8.1. 

WeiiiD 

FFG 606 
FFG 618 
FFG 638 
FFG 639 
FFG_640 
FFG_643 
FFG 644 
FFG 648 
FFG 685 
FFG 689 
FFG 690 
FFG 691 
FFG 692 
FFG 693 
FFG 694 
FFG 695 -
FFG 696 
FFG 697 
FFG 698 
FFG 699 
FFG 700 
FFG 701 
FFG 702 
FFG 703 
FFG 704 
FFG 705 
FFG 706 
FFG 707 
FFG 708 
FFG 709 
FFG 710 
FFG 711 
FFG 712 
FFG 713 
FFG 714 
FFG 715 
FFG 716 
FFG 717 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

618324 
599392 
607809 
606187 
604548 
610657 
605816 
609863 
592502 
626339 
625251 
626238 
627982 
627068 
625965 
625955 
625955 
624748 
620989 
623679 
623679 
625090 
625492 
628006 
625492 
624099 
624300 
623679 
623679 
620746 
622771 
624012 
625263 
624830 
625626 
626840 
638420 
633193 

y-UTM 

3551156 
3546376 
3548155 
3548136 
3549331 
3546572 
3544896 
3544129 
3586828 
3558413 
3556776 
3557256 
3556520 
3555594 
3554867 
3556071 
3556134 
3555669 
3555992 
3553534 
3553131 
3553358 
3553761 
3554508 
3552956 
3552123 
3552123 
3552427 
3552930 
3550770 
3550799 
3550012 
3550440 
3550038 
3551242 
3551268 
3559464 
3559403 

x-STPLN 

681858 
619633 
647284 
641961 
636618 
656602 
640681 
653961 
597845 
708291 
704687 
707961 
713651 
710652 
706999 
706997 
706997 
703037 
690703 
699465 
699465 
704095 
705415 
713698 
705415 
700810 
701470 
699465 
699465 
689804 
696450 
700490 
704596 
703176 
705819 
709807 
747968 
730818 

y-STPLN 

397752 
382460 
388134 
388102 
392062 
382873 
377470 
374890 
515341 
421399 
416062 
417604 
415154 
412151 
409798 
413752 
413957 
412432 
413589 
405455 
404135 
404846 
406166 
408555 
403526 
400825 
400825 
401825 
403475 
396452 
396515 
393900 
395271 
393951 
397905 
397957 
424622 
424522 

Township 

25 
26 
26 
26 
26 
26 
26 
26 
22 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

Range 

31 
29 
30 
30 
30 
30 
30 
30 
29 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
33 
33 

Section 

35 
11 
2 

3 
4 

12 
16 
24 
6 
3 
9 
10 
11 
14 
15 
15 
15 
16 
18 
20 
20 
21 
22 
23 
27 
28 
28 
29 
29 
31 
32 
33 
33 

33 
34 
34 

5 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989,.Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

Richey, 1989, Table 2 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 



t:t1 
I -w 

Table B.1. 

WeiiiD 

FFG 718 
2 FFG 719 
3 FFG 720 
4 FFG 721 
5 FFG 723 
6 FFG 724 
7 FFG 725 
8 FFG 726 
9 

10 
11 
12 
13 
14 
15 FFG 733 
16 
17 FFG 735 
18 H1 
19 H10A 
20 H10B 
21 H10C 
22 H11B1 
23 H11B2 
24 H1183 
25 H1184 
26 H12 
27 H14 
28 H15 
29 H16 
30 H17 
31 H18 
32 H2A 
33 H281 
34 
35 
36 
37 
38 

H282 
H2C 
H3 
H3B1 
H3B2 

Location of Wells used byWIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

633234 
636829 
639698 
636045 
630458 
632860 
634859 
636908 
638515 
639741 
636519 
634908 
634882 
632068 
630508 
633325 
638531 
613420 
622949 
622975 
622976 
615346 
615348 
615367 
615301 
617023 
612341 
615315 
613369 
615718 
612264 
612663 
612651 
612661 
612663 
613735 
613729 
613701 

y-UTM 

3556994 
3557836 
3555152 
3555837 
3553740 
3554578 
3554589 
3553407 
3553426 
3551836 
3551797 
3551777 
3552983 
3552542 
3550122 
3550558 
3551412 
3581687 
3572457 
3572473 
3572449 
3579130 
3579107 
3579127 
3579131 
3575452 
3580354 
3581859 
3582212 
3577513 
3583166 
3581641 
3581651 
3581649 
3581662 
3580895 
3580895 
3580906 

x-STPLN 

730887 
742712 
752066 
740111 
721708 
729624 
736187 
742876 
748148 
752140 
741568 
736280 
736227 
726993 
721809 
731054 
748168 
666391 
697463 
697549 
697552 
672647 
672653 
672716 
672501 
678079 
662815 
672606 
666231 
673837 
662621 
663897 
663860 
663890 
663904 
667389 
667377 
667283 

y-STPLN 

416614 
419312 
410438 
412751 
406002 
408686 
408691 
404776 
404806 
399555 
399493 
399460 
403421 
402039 
394129 
395493 
398200 
498039 
467561 
467613 
467525 
489617 
489542 
489608 
489620 
477535 
493697 
498572 
499726 
484304 
502926 
497912 
497943 
497938 
497992 
495440 
497440 
495476 

Township 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
22 
23 
23 
23 
22 
22 
22 
22 
23 
22 
22 
22 
23 
22 
22 
22 
22 
22 
22 
22 
22 

Range 

33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
31 
32 
32 
32 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 

Section 

8 

11 
13 
15 
19 
20 
21 
23 
24 
25 
27 
28 
28 
29 
31 
32 
36 
29 
20 
20 
20 
33 
33 
33 
33 
15 
29 
28 
20 
3 
20 
29 
29 
29 
29 
29 
29 
29 

Source 

Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 

1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Richey, 1989, Table 2 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3·7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
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2 
3 
4 

5 

6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

Table B.1. 

Well 10 

H3B3 
H3D 
H4A 
H48 
H4C 
H5A 
H5B 
H5C 
H6A 
H6B 
H6C 
H7A 
H7B1 
H7B2 
H7C 
H8A 
H8B 
H8C 
H9A 
H98 
H9C 
MB139 1 
MB139 2 
MB139 3 
MB139 4 
P1 
P10 
P11 
P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P2 
P20 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]} 

x-UTM 

613705 
613721 
612407 
612380 
612404 
616888 
616872 
616900 
610580 
610594 
610609 
608102 
608124 
608111 
608086 
608658 
608683 
608656 
613958 
613989 
613965 
613585 
613633 
613635 
613582 
612339 
617074 
617016 
610454 
610539 
609083 
610624 
612704 
613929 
618367 
617687 
615315 
618541 

3580876 
3580890 
3578469 
3578483 
3578497 
3584776 
3584801 
3584802 
3584982 
3585008 
3585027 
3574670 
3574648 
3574612 
3574632 
3563566 
3563556 
3563541 
3568260 
3568261 
3568233 
3582210 
3582061 
3582155 
3582156 
3580339 
3581193 
3583462 
3583452 
3585079 
3581974 
3578793 
3577312 
3577459 
3580352 
3582410 
3581850 
3583770 

x-STPLN 

667298 
667350 
662993 
662906 
662988 
677828 
677777 
677873 
657132 
657180 
657231 
648790 
648862 
648837 
648751 
650392 
650473 
650397 
667879 
667979 
667914 
666913 
667069 
667076 
666902 
662807 
678380 
678222 
656688 
657003 
652158 
657148 
663938 
667959 
682589 
680392 
672609 
683226 

y-STPLN 

495376 
495421 
486962 
487554 
487603 
508111 
508194 
508198 
508881 
508969 
509066 
475132 
475061 
474965 
475020 
438678 
438646 
438590 
453977 
453978 
453889 
499365 
498876 
499185 
499187 
493649 
496355 
503799 
503899 
509237 
499079 
488609 
483715 
484166 
493561 
500348 
498541 
504775 

Township 

22 
22 
23 
23 
23 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
24 
24 
24 
24 
24 
24 
0 
0 
0 
0 
22 
22 
22 
22 
22 
22 
22 
23 
23 
22 
22 
22 
22 

Range 

31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
30 
30 
30 
30 
30 
30 
30 
31 
31 
31 
0 
0 
0 
0 
31 
31 
31 
30 
31 
30 
31 
31 
31 
31 
31 
31 
31 

Section 

29 
29 
5 
5 
5 
15 
15 
15 
18 
18 
18 
14 
14 
14 
14 
23 
23 
23 
4 

4 

4 

0 
0 
0 

0 

29 
26 
23 
24 
18 
24 
31 
5 
4 
26 
23 
28 
14 

Source 

Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
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1 

2 
3 
4 

5 
6 

Table 8.1. 

WeiiiD 

P21 

P3 

P4 
P5 
P6 

P7 
7 P8 
8 P9 
9 SaltShft 

10 USGS1 
11 USGS4 
12 USGS8 
13 WIPP11 
14 WIPP12 
15 WIPP13 
16 WIPP15 
17 WIPP16 
18 WIPP18 
19 WIPP19 
20 WIPP21 
21 WIPP22 
22 WIPP25 
23 WIPP26 
24 WIPP27 
25 WIPP28 
26 WIPP29 
27 WIPP30 
28 WIPP32 
29 WIPP33 
30 WIPP34 
31 WastShft 

Location of Wells used by WIPP (Universal Transverse Mercator [UTM], State Plan Coordinates [stpln], and Survey Sections 
[township, range and section]) 

x-UTM 

616901 

612799 
614936 
613686 
610591 

612305 
613827 
615365 
613587 
606462 
605841 
605879 
613819 
613709 
612652 
590057 
602380 
613731 
613747 
613747 
613747 
606391 
604006 
604425 
611265 

596981 
613718 
595909 
609629 
614333 
613595 

y-UTM 

3584847 

3581888 
3580324 
3583535 
3581133 

3578476 
3578467 
3579125 
3582186 

3569459 
3569887 
3569888 
3586474 
3583524 
3584241 
3574585 
3597026 
3583179 
3582787 
3582349 
3582652 

3584037 
3581161 
3593073 
3594687 
3578700 
3589700 
3579081 
3584019 
3585141 
3582061 

x-STPLN 

677877 

664349 
671330 

667292 
657104 

662663 
667656 
672704 
666919 

643297 
641277 
641402 

667796 
667368 
663901 
589590 
630458 
667441 
667461 
667462 
667462 
643354 
635496 
637102 
659578 
612380 
667532 
608858 
653981 
669449 
666944 

y-STPLN 

508345 
498733 
493533 
504105 
496288 

487535 
487472 
489600 
499286 
458066 
459483 
459483 
513749 
504067 
506454 
475231 
548607 
502935 
501649 
500213 
501206 

505885 
496516 
535603 
540736 
488570 
524335 
489850 
505789 
509375 
498876 

Township 

22 

22 
22 
22 
22 

23 
23 
22 
0 

23 
23 
23 
22 
22 
22 
23 
21 

22 
22 
22 
22 
22 
22 
21 

21 

22 
21 
22 
22 
22 
0 

Range 

31 

31 

31 
31 

31 

31 

31 
31 

0 

30 
30 
30 
31 
31 

31 
35 
30 

31 
31 
31 
31 
30 
30 
30 
31 

29 
31 

29 
30 
31 
0 

Section 

15 
20 

28 
17 
30 

5 
4 
33 
0 

34 

34 
34 
9 
17 
17 

18 
5 
20 
20 
20 
20 
15 

29 
21 

18 
34 
33 
33 
13 

9 
0 

Source 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Krieg, 1984, Table I 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Gonzales, 1989, Tables 3-6 and 3-7 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Krieg, 1984, Table I 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

2 Anhydrt1 DOE2 -199.00 Mercer et al., 1987, Table 3-2 40 Anhydrta DH223 387.18 Krieg, 1984, Table 

3 Anhydrt1 DOE2 -119.10 Mercer et al., 1987, Table 3-2 41 Anhydrta DH227 384.02 Krieg, 1984, Table 

4 Anhydrt1 REF -199.00 Rechard et al., 1991, Figure 2.2-1 42 Anhydrta DH227 384.26 Krieg, 1984, Table 

5 Anhydrt1 REF -119.10 Rechard et al., 1991, Figure 2.2-1 43 Anhydrta DH77 402.79 Krieg, 1984, Table 

6 Anhydrt1 WIPP11 -43.90 SNL and USGS, 1982a, Table 2 44 Anhydrta DH77 402.88 Krieg, 1984, Table 

7 Anhydrt1 WIPP11 -37.80 SNL and USGS, 1982a, Table 2 45 Anhydrta 00201 389.23 Krieg, 1984, Table 

8 Anhydrt1 WIPP12 -139.00 SNL and D'Appolonia Consulting, 1983, Table 2 46 Anhydrta 00201 389.44 Krieg, 1984, Table 

9 Anhydrt1 WIPP12 -131.10 SNL and D'Appolonia Consulting, 1983, Table 2 47 Anhydrta 00203 400.02 Krieg, 1984, Table 

10 Anhydrt2 DOE1 -71.60 U.S. DOE, Sep 1982, Table 2 48 Anhydrta D0203 400.26 Krieg, 1984, Table 

11 Anhydrt2 DOE1 -38.60 U.S. DOE, Sep 1982, Table 2 49 Anhydrta D0205 405.17 Krieg, 1984, Table 

12 Anhydrt2 DOE2 -116.40 Mercer et al., 1987, Table 3·2 50 Anhydrta 00205 405.38 Krieg, 1984, Table 

13 Anhydrt2 REF ·116.40 Rechard et al., 1991, Figure 2.2·1 51 Anhydrta D045 396.69 Krieg, 1984, Table 

14 Anhydrt2 WIPP11 -22.20 SNL and USGS, 1982a, Table 2 52 Anhydrta 0045 396.87 Krieg, 1984, Table 

15 Anhydrt2 WIPP11 14.40 SNL and USGS, 1982a, Table 2 53 Anhydrta D0 52 393.92 Krieg, 1984, Table 

16 Anhydrt2 WIPP12 24.50 SNL and D'Appolonia Consulting, 1983, Table 2 54 Anhydrta D0 52 394.07 Krieg, 1984, Table 

17 Anhydrt2 WIPP12 57.80 SNL and D'Appolonia Consulting, 1983, Table 2 55 Anhydrta D056 399.74 Krieg, 1984, Table 

18 Anhydrt3 DOE1 30.00 U.S. DOE, Sep 1982, Table 2 56 Anhydrta D056 399.92 Krieg, 1984, Table 
I::C 19 Anhydrt3 DOE1 163.60 U.S. DOE, Sep 1982, Table 2 57 Anhydrta 0063 403.61 Krieg, 1984, Table 
I - 20 Anhydrt3 DOE2 102.30 Mercer et al., 1987, Table 3-2 58 Anhydrta 0063 403.98 Krieg, 1984, Table 
0\ 

21 Anhydrt3 ERDA9 162.00 SNL and USGS, 1982b, Table 2 59 Anhydrta 0067 403.58 Krieg, 1984, Table 

22 Anhydrt3 ERDA9 178.10 SNLand USGS, 1982b, Table 2 60 Anhydrta 0067 403.85 Krieg, 1984, Table 

23 Anhydrt3 REF 162.00 Rechard et al., 1991, Figure 2.2-1 61 Anhydrta 0088 402.36 Krieg, 1984, Table 

24 Anhydrt3 REF 178.10 Rechard et al., 1991, Figure 2.2-1 62 Anhydrta 0088 402.51 Krieg, 1984, Table 

25 Anhydrt3 WIPP11 309.40 SNL and USGS, 1982a, Table 2 63 Anhydrta 0091 402.07 Krieg, 1984, Table 

26 Anhydrt3 WIPP11 334.10 SNL and USGS, 1982a, Table 2 64 Anhydrta 0091 402.28 Krieg, 1984, Table 

27 Anhydrt3 WIPP12 127.30 SNL and D'Appolonia Consulting, 1983, Table 2 65 Anhydrta ExhtShft 389.78 Bechtel, Inc., 1986, Appendix F 

28 Anhydrt3 WIPP12 227.40 SNL and D'Appolonia Consulting, 1983, Table 2 66 Anhydrta ExhtShft 390.03 Bechtel, Inc., 1986, Appendix F 

29 Anhydrta AirShft 386.41 Holt and Powers, 1990, Figure 22 67 Anhydrta MB139 2 388.84 Krieg, 1984, Table I 

30 Anhydrta AirShft 388.70 Holt and Powers, 1990, Figure 22 68 Anhydrta MB139 2 389.05 Krieg, 1984, Table I 

31 Anhydrta DH207 386.86 Krieg, 1984, Table I 69 Anhydrta SaltShft 392.51 Bechtel, Inc., 1986, Appendix D 

32 Anhydrta DH207 388.78 Krieg, 1984, Table I 70 Anhydrta SaltShft 392.74 Bechtel, Inc., 1986, Appendix D 

33 Anhydrta DH211 389.81 Krieg, 1984, Table I 71 Anhydrta SaltShft 392.53 Krieg, 1984, Table I 

34 Anhydrta DH211 391.67 Krieg, 1984, Table I 72 Anhydrta SaltShft 392.76 Krieg, 1984, Table I 

35 Anhydrta DH215 390.11 Krieg, 1984, Table I 73 Anhydrta WastShft 388.76 Bechtel, Inc., 1986, Appendix E 

36 Anhydrta DH215 391.97 Krieg, 1984, Table I 74 Anhydrta WastShft 388.97 Bechtel, Inc., 1986, Appendix E 

37 Anhydrta DH219 390.39 Krieg, 1984, Table I 75 Anhydrta WastShft 389.01 Krieg, 1984, Table I 

38 Anhydrta DH219 ?90.57 Krieg, 1984, Table I 76 Anhydrta WastShft 389.25 Krieg, 1984, Table I 

39 Anhydrta DH223 386.88 Krieg, 1984, Table I 77 Anhydrtb DH207 388.65 Krieg, 1984, Table I 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiO Elevation Source Layer WeiiiO Elevation Source 

2 Anhydrtb OH207 386.70 Krieg, 1984, Table I 40 Anhydrtb SaltShft 390.66 Bechtel, Inc., 1986, Appendix 0 
3 Anhydrtb OH211 389.63 Krieg, 1984, Table I 41 Anhydrtb SaltShft 390.37 Krieg, 1984, Table I 
4 Anhydrtb OH211 389.66 Krieg, 1984, Table I 42 Anhydrtb SaltShft 390.45 Krieg, 1984, Table 
5 Anhydrtb OH215 389.96 Krieg, 1984, Table I 43 Anhydrtb WastShft 386.57 Bechtel, Inc., 1986, Appendix E 
6 Anhydrtb OH215 390.02 Krieg, 1984, Table I 44 Anhydrtb WastShft 386.70 Bechtel, Inc., 1986, Appendix E 
7 Anhydrtb OH219 388.41 Krieg, 1984, Table I 45 Anhydrtb WastShft 386.91 Krieg, 1984, Table I 
8 Anhydrtb OH219 388.42 Krieg, 1984, Table I 46 Anhydrtb WastShft 386.97 Krieg, 1984, Table I 
9 Anhydrtb OH223 385.05 Krieg, 1984, Table I 47 Anhydrtc OH207 369.49 Krieg, 1984, Table I 

10 Anhydrtb OH223 385.05 Krieg, 1984, Table I 48 Anhydrtc OH207 369.55 Krieg, 1984, Table I 
11 Anhydrtb OH227 382.25 Krieg, 1984, Table I 49 Anhydrtc OH211 372.71 Krieg, 1984, Table I 
12 Anhydrtb OH227 382.25 Krieg, 1984, Table I 50 Anhydrtc OH211 372.80 Krieg, 1984, Table I 
13 Anhydrtb OH77 400.75 Krieg, 1984, Table I 51 Anhydrtc OH215 373.14 Krieg, 1984, Table I 
14 Anhydrtb OH77 400.83 Krieg, 1984, Table I 52 Anhydrtc OH215 373.20 Krieg, 1984, Table I 
15 Anhydrtb 00201 387.07 Krieg, 1984, Table I 53 Anhydrtc OH219 372.13 Krieg, 1984, Table I 
16 Anhydrtb 00201 387.13 Krieg, 1984, Table I 54 Anhydrtc OH219 372.19 Krieg, 1984, Table I 
17 Anhydrtb 00203 398.13 Krieg, 1984, Table I 55 Anhydrtc OH223 369.08 Krieg, 1984, Table I 
18 Anhydrtb 00203 398.19 Krieg, 1984, Table I 56 Anhydrtc OH223 369.17 Krieg, 1984, Table I 
19 Anhydrtb 00205 403.13 Krieg, 1984, Table I 57 Anhydrtc OH227 366.16 Krieg, 1984, Table I 
20 Anhydrtb 00205 403.19 Krieg, 1984, Table I 58 Anhydrtc OH227 386.22 Krieg, 1984, Table I 
21 Anhydrtb 0045 393.92 Krieg, 1984, Table I 59 Anhydrtc OH77 384.75 Krieg, 1984, Table I 
22 Anhydrtb 0045 393.95 Krieg, 1984, Table I 60 Anhydrtc OH77 384.81 Krieg, 1984, Table I 
23 Anhydrtb 0052 391.88 Krieg, 1984, Table I 61 Anhydrtc 00201 369.91 Krieg, 1984, Table I 
24 Anhydrtb 0052 391.94 Krieg, 1984, Table I 62 Anhydrtc 00201 370.03 Krieg, 1984, Table I 
25 Anhydrtb 0056 397.64 Krieg, 1984, Table I 63 Anhydrtc 00203 381.95 Krieg, 1984, Table I 
26 Anhydrtb 0056 397.70 Krieg, 1984, Table I 64 Anhydrtc 00203 382.D1 Krieg, 1984, Table I 
27 Anhydrtb 0063 401.45 Krieg, 1984, Table I 65 Anhydrtc 00205 387.37 Krieg, 1984, Table I 
28 Anhydrtb 0063 401.51 Krieg, 1984, Table I 66 Anhydrtc 00205 387.43 Krieg, 1984, Table I 
29 Anhydrtb 0067 401.45 Krieg, 1984, Table I 67 Anhydrtc 0045 377.22 Krieg, 1984, Table I 
30 Anhydrtb 0067 401.53 Krieg, 1984, Table I 68 Anhydrtc 0045 377.28 Krieg, 1984, Table I 
31 Anhydrtb 0088 400.23 Krieg, 1984, Table I 69 Anhydrtc 0052 375.18 Krieg, 1984, Table I 
32 Anhydrtb 0088 400.30 Krieg, 1984, Table I 70 Anhydrtc 0052 375.24 Krieg, 1984, Table I 
33 Anhydrtb 0091 399.91 Krieg, 1984, Table I 71 Anhydrtc 0056 381.00 Krieg, 1984, Table I 
34 Anhydrtb 0091 399.96 Krieg, 1984, Table I 72 Anhydrtc 0056 381.09 Krieg, 1984, Table I 
35 Anhydrtb ExhtShft 387.66 Bechtel, Inc., 1986, Appendix F 73 Anhydrtc 0063 385.66 Krieg, 1984, Table I 
36 Anhydrtb ExhtShft 387.75 Bechtel, Inc., 1986, Appendix F 74 Anhydrtc 0063 385.84 Krieg, 1984, Table I 
37 Anhydrtb MB139 2 386.58 Krieg, 1984, Table I 75 Anhydrtc 0067 385.54 Krieg, 1984, Table I 
38 Anhydrtb MB139 2 386.61 Krieg, 1984, Table I 76 Anhydrtc 0067 385.63 Krieg, 1984, Table I 
39 Anhydrtb SaltShft 390.58 Bechtel, Inc., 1986, Appendix 0 77 Anhydrtc 0088 384.01 Krieg, 1984, Table I 



Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Anhydrtc 0088 384.06 Krieg, 1984, Table I 39 Culebra FFG 026 592.50 Richey, 1989, Table 2, p.22 

2 Anhydrtc 0091 384.03 Krieg, 1984, Table I 40 Culebra FFG 027 585.50 Richey, 1989, Table 2, p.22 

3 Anhydrtc 0091 384.12 Krieg, 1984, Table I 41 Culebra FFG 028 578.60 Richey, 1989, Table 2, p.22 

4 Anhydrtc SaltShft 373.09 Krieg, 1984, Table I 42 Culebra FFG_029 563.50 Richey, 1989, Table 2, p.22 

5 Anhydrtc SaltShft 373.20 Krieg, 1984, Table I 43 Culebra FFG 030 563.00 Richey, 1989, Table 2, p.22 

6 B_CANyon DOE2 -276.30 Mercer et al., 1987, Table 3-2 44 Culebra FFG 031 554.40 Richey, 1989, Table 2, p.22 

7 B_CANyon DOE2 -199.00 Mercer et al., 1987, Table 3-2 45 Culebra FFG 032 549.40 Richey, 1989, Table 2, p.22 

8 B_CANyon REF -276.30 Rechard et al.,1991, Figure 2.2-1 46 Culebra FFG_033 549.20 Richey, 1989, Table 2, p.22 

9 B_CANyon REF -199.00 Rechard et al., 1991, Figure 2.2-f 47 Culebra FFG_034 548.60 Richey, 1989, Table 2, p.23 

10 Culebra AEC7 848.50 Mercer, 1983, Table 1 48 Culebra FFG 035 533.90 Richey, 1989, Table 2, p.23 

11 Culebra AEC8 822.70 Mercer, 1983, Table 1 49 Culebra FFG 036 541.40 Richey, 1989, Table 2, p.23 

12 Culebra AirShft 824.48 Holt and Powers, 1990, Figure 22 50 Culebra FFG 037 534.00 Richey, 1989, Table 2, p.23 

13 Culebra 825 824.50 Mercer, 1983, Table 1 51 Culebra FFG_038 523.60 Richey, 1989, Table 2, p.23 

14 Culebra DOE1 806.10 U.S. DOE, Sep 1982, Table 2 52 Culebra FFG 039 731.90 Richey, 1989, Table 2, p.23 

15 Culebra DOE2 790.80 Mercer et al., 1987, Table 3-2 53 Culebra FFG 040 655.40 Richey, 1989, Table 2, p.23 

16 Culebra ERDA10 882.40 Mercer, 1983, Table 1 54 Culebra FFG 041 733.70 Richey, 1989, Table 2, p.23 

17 Culebra ERDA6 862.60 Mercer, 1983, Table 1 55 Culebra FFG 042 740.60 Richey, 1989, Table 2, p.23 

1:1:! 18 Culebra ERDA9 827.50 Mercer, 1983, Table 1 56 Culebra FFG 043 735.70 Richey, 1989, Table 2, p.23 
I 

Culebra ERDA9 SNL and USGS, 1982b, Table 2 Culebra FFG 044 689.10 Richey, 1989, Table 2, p.23 - 19 823.40 57 
00 -

20 Culebra ExhtShft 821.57 Bechtel, Inc., 1986, Appendix F 58 Culebra FFG 047 561.10 Richey, 1989, Table 2, p.23 

21 Culebra FFG 002 624.80 Richey, 1989, Table 2, p.21 59 Culebra FFG 048 580.30 Richey, 1989, Table 2, p.23 

22 Culebra FFG 004 666.60 Richey, 1989, Table 2, p.21 60 Culebra FFG 049 567.50 Richey, 1989, Table 2, p.23 

23 Culebra FFG 005 628.50 Richey, 1989, Table 2, p.21 61 Culebra FFG 050 582.50 Richey, 1989, Table 2, p.24 

24 Culebra FFG 006 616.60 Richey, 1989, Table 2, p.21 62 Culebra FFG 051 573.90 Richey, 1989, Table 2, p.24 

25 Culebra FFG 007 602.00 Richey, 1989, Table 2, p.21 63 Culebra FFG 052 595.20 Richey, 1989, Table 2, p.24 

26 Culebra FFG_009 604.10 Richey, 1989, Table 2, p.21 64 Culebra FFG 053 563.00 Richey, 1989, Table 2, p.24 

27 Culebra FFG_011 609.90 Richey, 1989, Table 2, p.21 65 Culebra FFG 054 562.70 Richey, 1989, Table 2, p.24 

28 Culebra FFG 012 613.90 Richey, 1989, Table 2, p.21 66 Culebra FFG 055 565.70 Richey, 1989, Table 2, p.24 

29 Culebra FFG_013 646.20 Richey, 1989, Table 2, p.21 67 Culebra FFG 056 564.50 Richey, 1989, Table 2, p.24 

30 Culebra FFG 014 667.80 Richey, 1989, Table 2, p.21 68 Culebra FFG 057 564.80 Richey, 1989, Table 2, p.24 

31 Culebra FFG 016 587.90 Richey, 1989, Table 2, p.21 69 Culebra FFG 058 569.30 Richey, 1989, Table 2, p.24 

32 Culebra FFG 017 594.90 Richey, 1989, Table 2, p.22 70 Culebra FFG 059 569.70 Richey, 1989, Table 2, p.24 

33 Culebra FFG 018 598.60 Richey, 1989, Table 2, p.22 71 Culebra FFG_060 569.30 Richey, 1989, Table 2, p.24 

34 Culebra FFG 019 588.60 Richey, 1989, Table 2, p.22 72 Culebra FFG 061 570.60 Richey, 1989, Table 2, p.24 

35 Culebra FFG 020 662.00 Richey, 1989, Table 2, p.22 73 Culebra FFG 062 513.90 Richey, 1989, Table 2, p.24 

36 Culebra FFG 023 596.20 Richey, 1989, Table 2, p.22 74 Culebra FFG 063 470.70 Richey, 1989, Table 2, p.24 

37 Culebra FFG_024 579.10 Richey, 1989, Table 2, p.22 75 Culebra FFG 064 497.50 Richey, 1989, Table 2, p.24 

38 Culebra FFG 025 598.50 Richey, 1989, Table 2, p.22 76 Culebra FFG 065 471.80 Richey, 1989, Table 2, p.24 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer Well ID Elevation Source 

Culebra FFG 066 434.30 Richey, 1989, Table 2, p.24 39 Culebra FFG 106 902.60 Richey, 1989, Table 2, p.27 
2 Culebra FFG 067 470.00 Richey, 1989, Table 2, p.25 40 Culebra FFG 107 887.90 Richey, 1989, Table 2, p.27 
3 Culebra FFG_068 430.10 Richey, 1989, Table 2, p.25 41 Culebra FFG 108 878.70 Richey, 1989, Table 2, p.27 
4 Culebra FFG 069 447.50 Richey, 1989, Table 2, p.25 42 Culebra FFG 109 862.30 Richey, 1989, Table 2, p.27 
5 Culebra FFG_070 484.60 Richey, 1989, Table 2, p.25 43 Culebra FFG 110 832.10 Richey, 1989, Table 2, p.27 
6 Culebra FFG 071 755.00 Richey, 1989, Table 2, p.25 44 Culebra FFG 111 836.60 Richey, 1989, Table 2, p.27 
7 Culebra FFG 072 681.20 Richey, 1989, Table 2, p.25 45 Culebra FFG 112 824.50 Richey, 1989, Table 2, p.28 
8 Culebra FFG 073 659.30 Richey, 1989, Table 2, p.25 46 Culebra FFG 113 838.50 Richey, 1989, Table 2, p.28 
9 Culebra FFG 074 666.40 Richey, 1989, Table 2, p.25 47 Culebra FFG 114 870.50 Richey, 1989, Table 2, p.28 

10 Culebra FFG_075 717.90 Richey, 1989, Table 2, p.25 48 Culebra FFG 115 857.40 Richey, 1989, Table 2, p.28 
11 Culebra FFG 076 777.60 Richey, 1989, Table 2, p.25 49 Culebra FFG 116 871.40 Richey, 1989, Table 2, p.28 
12 Culebra FFG 078 814.70 Richey, 1989, Table 2, p.25 50 Culebra FFG 117 868.70 Richey, 1989, Table 2, p.28 
13 Culebra FFG 079 787.00 Richey, 1989, Table 2, p.25 51 Culebra FFG 119 870.90 Richey, 1989, Table 2, p.28 
14 Culebra FFG 080 765.60 Richey, 1989, Table 2, p.25 52 Culebra FFG 120 874.20 Richey, 1989, Table 2, p.28 
15 Culebra FFG 081 683.10 Richey, 1989, Table 2, p.26 53 Culebra FFG 121 882.40 Richey, 1989, Table 2, p.28 
16 Culebra FFG 082 711.10 Richey, 1989, Table 2, p.26 54 Culebra FFG 122 876.30 Richey, 1989, Table 2, p.28 
17 Culebra FFG 083 638.10 Richey, 1989, Table 2, p.26 55 Culebra FFG 123 867.10 Richey, 1989, Table 2, p.28 ttl - -

I 18 Culebra FFG 084 661.40 Richey, 1989, Table 2, p.26 56 Culebra FFG 124 837.90 Richey, 1989, Table 2, p.28 - 19 Culebra FFG 085 655.40 Richey, 1989, Table 2, p.26 57 Culebra FFG 125 851.20 Richey, 1989, Table 2, p.28 \0 

20 Culebra FFG 086 665.00 Richey, 1989, Table 2, p.26 58 Culebra FFG 126 852.70 Richey, 1989, Table 2, p.28 
21 Culebra FFG 087 636.70 Richey, 1989, Table 2, p.26 59 Culebra FFG 127 860.70 Richey, 1989, Table 2, p.28 
22 Culebra FFG 088 626.10 Richey, 1989, Table 2, p.26 60 Culebra FFG 128 887.00 Richey, 1989, Table 2, p.28 
23 Culebra FFG_089 613.90 Richey, 1989, Table 2, p.26 61 Culebra FFG 129 858.30 Richey, 1989, Table 2, p.28 
24 Culebra FFG 091 652.30 Richey, 1989, Table 2, p.26 62 Culebra FFG 130 897.60 Richey, 1989, Table 2, p.28 
25 Culebra FFG 092 670.90 Richey, 1989, Table 2, p.26 63 Culebra FFG 132 898.60 Richey, 1989, Table 2, p.29 
26 Culebra FFG_093 673.60 Richey, 1989, Table 2, p.26 64 Culebra FFG 133 901.60 Richey, 1989, Table 2, p.29 
27 Culebra FFG 094 674.20 Richey, 1989, Table 2, p.26 65 Culebra FFG 134 904.40 Richey, 1989, Table 2, p.29 
28 Culebra FFG 095 651.60 Richey, 1989, Table 2, p.26 66 Culebra FFG 135 880.90 Richey, 1989, Table 2, p.29 
29 Culebra FFG 096 635.50 Richey, 1989, Table 2, p.26 67 Culebra FFG 136 882.50 Richey, 1989, Table 2, p.29 
30 Culebra FFG 097 614.80 Richey, 1989, Table 2, p.27 68 Culebra FFG 137 892.80 Richey, 1989, Table 2, p.29 
31 Culebra FFG_098 587.90 Richey, 1989, Table 2, p.27 69 Culebra FFG 138 844.10 Richey, 1989, Table 2, p.29 
32 Culebra FFG 099 582.50 Richey, 1989, Table 2, p.27 70 Culebra FFG 139 855.60 Richey, 1989, Table 2, p.29 
33 Culebra FFG 100 564.80 Richey, 1989, Table 2, p.27 71 Culebra FFG 140 792.70 Richey, 1989, Table 2, p.29 
34 Culebra FFG 101 533.70 Richey, 1989, Table 2, p.27 72 Culebra FFG_141 820.10 Richey, 1989, Table 2, p.29 
35 Culebra FFG 102 549.00 Richey, 1989, Table 2, p.27 73 Culebra FFG 142 795.90 Richey, 1989, Table 2, p.29 
36 Culebra FFG 103 609.30 Richey, 1989, Table 2, p.27 74 Culebra FFG 143 804.00 Richey, 1989, Table 2, p.29 
37 Culebra FFG 104 508.10 Richey, 1989, Table 2, p.27 75 Culebra FFG 144 894.30 Richey, 1989, Table 2, p.29 
38 Culebra FFG_105 867.50 Richey, 1989, Table 2, p.27 76 Culebra FFG 145 893.10 Richey, 1989, Table 2, p.29 



t:C 
I 

N 
0 

Layer 

Culebra 
2 Culebra 
3 Culebra 
4 Culebra 
5 Culebra 
6 Culebra 
7 Culebra 
8 Culebra 
9 Culebra 

10 Culebra 
11 Culebra 
12 Culebra 
13 Culebra 
14 Culebra 
15 Culebra 
16 Culebra 
17 Culebra 
18 Culebra 
19 Culebra 
20 Culebra 
21 Culebra 
22 Culebra 
23 Culebra 
24 Culebra 
25 Culebra 
26 Culebra 
27 Culebra 
28 Culebra 
29 Culebra 
30 Culebra 
31 Culebra 
32 Culebra 
33 Culebra 
34 Culebra 
35 Culebra 
36 Culebra 
37 Culebra 
38 Culebra 

Well 10 

FFG 146 
FFG 147 
FFG 148 
FFG 149 
FFG 155 
FFG 156 
FFG 157 
FFG 158 
FFG 159 
FFG 160 
FFG 161 
FFG 162 
FFG 163 
FFG 164 
FFG 165 
FFG 166 
FFG 167 
FFG 168 
FFG 169 
FFG 170 
FFG 171 
FFG 172 
FFG 173 
FFG 177 
FFG 178 
FFG 179 
FFG 180 
FFG 181 
FFG 182 
FFG 183 
FFG 184 
FFG 185 
FFG 186 
FFG 188 
FFG 189 
FFG 190 
FFG 191 
FFG 192 

Elevation 

906.80 
882.70 
900.10 
910.70 
901.30 
906.50 
904.10 
928.10 
898.60 
895.20 
901.00 
891.90 
897.40 
937.60 
912.80 
900.00 
887.00 
906.50 
919.20 
903.70 
922.10 
915.30 
876.90 
889.10 
718.10 
886.60 
883.00 
930.50 
812.60 
904.40 
891.20 
899.50 
827.90 
845.80 
867.80 
843.60 
845.50 
774.50 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 

Layer 

39 Culebra 
40 Culebra 
41 Culebra 
42 Culebra 
43 Culebra 
44 Culebra 
45 Culebra 
46 Culebra 
47 Culebra 
48 Culebra 
49 Culebra 
50 Culebra 
51 Culebra 
52 Culebra 
53 Culebra 
54 Culebra 
55 Culebra 
56 Culebra 
57 Culebra 
58 Culebra 
59 Culebra 
60 Culebra 
61 Culebra 
62 Culebra 
63 Culebra 
64 Culebra 
65 Culebra 
66 Culebra 
67 Culebra 
68 Culebra 
69 Culebra 
70 Culebra 
71 Culebra 
72 Culebra 
73 Culebra 
74 Culebra 
75 Culebra 
76 Culebra 

Well 10 

FFG 194 
FFG 195 
FFG 196 
FFG 197 
FFG 198 
FFG 199 
FFG 200 
FFG 201 
FFG 202 
FFG_203 
FFG_204 
FFG_205 
FFG 206 
FFG_207 
FFG_208 
FFG_209 
FFG_210 
FFG 212 
FFG 213 
FFG 214 
FFG 215 
FFG 216 
FFG 217 
FFG 218 
FFG 219 
FFG 220 
FFG 221 
FFG 222 
FFG 224 
FFG 225 
FFG_226 
FFG_228 
FFG 229 
FFG 230 
FFG 231 
FFG_232 
FFG_233 
FFG 234 

Elevation 

788.50 
803.50 
837.00 
841.00 
840.90 
827.00 
838.20 
838.20 
773.80 
776.00 
813.50 
825.10 
837.00 
833.60 
843.10 
838.20 
827.50 
817.50 
837.90 
818.40 
793.10 
688.80 
814.80 
803.50 
848.80 
798.60 
756.50 
713.30 
597.80 
603.50 
601.80 
588.30 
614.70 
601.10 
619.90 
631.50 
624.00 
660.20 

Source 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Culebra FFG 235 635.50 Richey, 1989, Table 2, p.35 39 Culebra FFG 273 753.20 Richey, 1989, Table 2, p.38 
2 Culebra FFG 236 682.70 Richey, 1989, Table 2, p.35 40 Culebra FFG 274 793.10 Richey, 1989, Table 2, p.38 
3 Culebra FFG 237 646.20 Richey, 1989, Table 2, p.35 41 Culebra FFG 275 800.70 Richey, 1989, Table 2, p.38 
4 Culebra FFG 238 628.50 Richey, 1989, Table 2, p.36 42 Culebra FFG 276 802.80 Richey, 1989, Table 2, p.38 
5 Culebra FFG 239 620.50 Richey, 1989, Table 2, p.36 43 Culebra FFG 277 795.50 Richey, 1989, Table 2, p.38 
6 Culebra FFG 240 609.90 Richey, 1989, Table 2, p.36 44 Culebra FFG 278 776.60 Richey, 1989, Table 2, p.38 
7 Culebra FFG 241 605.10 Richey, 1989, Table 2, p.36 45 Culebra FFG 279 776.90 Richey, 1989, Table 2, p.38 
8 Culebra FFG 242 732.20 Richey, 1989, Table 2, p.36 46 Culebra FFG 280 788.80 Richey, 1989, Table 2, p.38 
9 Culebra FFG 243 668.40 Richey, 1989, Table 2, p.36 47 Culebra FFG 281 762.60 Richey, 1989, Table 2, p.38 

10 Culebra FFG 244 721.30 Richey, 1989, Table 2, p.36 48 Culebra FFG 283 496.20 Richey, 1989, Table 2, p.39 
11 Culebra FFG 245 510.80 Richey, 1989, Table 2, p.36 49 Culebra FFG 284 648.00 Richey, 1989, Table 2, p.39 
12 Culebra FFG 246 516.00 Richey, 1989, Table 2, p.36 50 Culebra FFG 285 669.60 Richey, 1989, Table 2, p.39 
13 Culebra FFG 247 501.30 Richey, 1989, Table 2, p.36 51 Culebra FFG 286 773.80 Richey, 1989, Table 2, p.39 
14 Culebra FFG 248 506.60 Richey, 1989, Table 2, p.36 52 Culebra FFG 287 738.20 Richey, 1989, Table 2, p.39 
15 Culebra FFG 249 505.30 Richey, 1989, Table 2, p.36 53 Culebra FFG 288 668.70 Richey, 1989, Table 2, p.39 
16 Culebra FFG 250 587.50 Richey, 1989, Table 2, p.36 54 Culebra FFG 289 680.60 Richey, 1989, Table 2, p.39 
17 Culebra FFG 251 477.30 Richey, 1989, Table 2, p.36 55 Culebra FFG 290 770.90 Richey, 1989, Table 2, p.39 
18 Culebra FFG 252 619.60 Richey, 1989, Table 2, p.36 56 Culebra FFG 291 668.70 Richey, 1989, Table 2, p.39 
19 Culebra FFG 253 566.70 Richey, 1989, Table 2, p.36 57 Culebra FFG 292 724.80 Richey, 1989, Table 2, p.39 
20 Culebra FFG 254 562.00 Richey, 1989, Table 2, p.36 58 Culebra FFG_293 718.10 Richey, 1989, Table 2, p.39 
21 Culebra FFG 255 514.50 Richey, 1989, Table 2, p.37 59 Culebra FFG 294 504.50 Richey, 1989, Table 2, p.39 
22 Culebra FFG 256 477.90 Richey, 1989, Table 2, p.37 60 Culebra FFG 295 489.50 Richey, 1989, Table 2, p.39 
23 Culebra FFG 257 523.30 Richey, 1989, Table 2, p.37 61 Culebra FFG 297 469.10 Richey, 1989, Table 2, p.39 
24 Culebra FFG 258 546.20 Richey, 1989, Table 2, p.37 62 Culebra FFG 298 528.10 Richey, 1989, Table 2, p.40 
25 Culebra FFG 259 503.20 Richey, 1989, Table 2, p.37 63 Culebra FFG 299 497.80 Richey, 1989, Table 2, p.40 
26 Culebra FFG 260 556.30 Richey, 1989, Table 2, p.37 64 Culebra FFG 300 480.60 Richey, 1989, Table 2, p.40 
27 Culebra FFG 261 542.20 Richey, 1989, Table 2, p.37 65 Culebra FFG 301 435.90 Richey, 1989, Table 2, p.40 
28 Culebra FFG 262 485.60 Richey, 1989, Table 2, p.37 66 Culebra FFG 302 443.50 Richey, 1989, Table 2, p.40 
29 Culebra FFG 263 456.50 Richey, 1989, Table 2, p.37 67 Culebra FFG_303 449.00 Richey, 1989, Table 2, p.40 
30 Culebra FFG 264 703.80 Richey, 1989, Table 2, p.37 68 Culebra FFG 304 445.90 Richey, 1989, Table 2, p.40 
31 Culebra FFG 265 686.10 Richey, 1989, Table 2, p.37 69 Culebra FFG 305 443.20 Richey, 1989, Table 2, p.40 
32 Culebra FFG 266 665.40 Richey, 1989, Table 2, p.37 70 Culebra FFG 306 413.00 Richey, 1989, Table 2, p.40 
33 Culebra FFG 267 641.30 Richey, 1989, Table 2, p.37 71 Culebra FFG 307 432.20 Richey, 1989, Table 2, p.40 
34 Culebra FFG 268 613.60 Richey, 1989, Table 2, p.37 72 Culebra FFG 308 376.10 Richey, 1989, Table 2, p.40 
35 Culebra FFG 269 627.70 Richey, 1989, Table 2, p.38 73 Culebra FFG 309 434.60 Richey, 1989, Table 2, p.40 
36 Culebra FFG 270 730.30 Richey, 1989, Table 2, p.38 74 Culebra FFG 310 475.20 Richey, 1989, Table 2, p.40 
37 Culebra FFG 271 773.90 Richey, 1989, Table 2, p.38 75 Culebra FFG 311 428.60 Richey, 1989, Table 2, p.40 
38 Culebra FFG 272 751.80 Richey, 1989, Table 2, p.38 76 Culebra FFG 312 429.80 Richey, 1989, Table 2, p.40 



t::tl 
I 
IV 
IV 

Layer 

Culebra 

2 Culebra 

3 Culebra 

4 Culebra 

5 Culebra 

6 Culebra 

7 Culebra 

8 Culebra 

9 Culebra 

10 Culebra 

11 Culebra 

12 Culebra 

13 Culebra 

14 Culebra 

15 Culebra 

16 Culebra 

17 Culebra 

18 Culebra 

19 Culebra 

20 Culebra 

21 Culebra 

22 Culebra 

23 Culebra 

24 Culebra 

25 Culebra 

26 Culebra 

27 Culebra 

28 Culebra 

29 Culebra 

30 Culebra 

31 Culebra 

32 Culebra 

33 Culebra 

34 Culebra 

35 Culebra 

36 Culebra 

37 Culebra 

38 Culebra 

WeiiiD 

FFG 313 

FFG 314 

FFG 315 

FFG 316 

FFG 317 

FFG 318 

FFG 319 

FFG 320 

FFG 321 

FFG 322 

FFG 323 

FFG 324 

FFG 325 

FFG 326 

FFG 327 

FFG 328 

FFG 329 

FFG 330 

FFG 331 

FFG 332 

FFG 333 

FFG 334 

FFG 335 

FFG 336 

FFG 337 

FFG 338 

FFG 339 

FFG 340 

FFG 342 

FFG 344 

FFG 345 

FFG 347 

FFG 348 

FFG 349 

FFG 350 

FFG 351 

FFG 352 

FFG 353 

Elevation 

870.30 

788.90 

701.50 

678.40 

732.40 

710.20 

704.60 

669.40 

668.40 

669.80 

675.20 

699.50 

762.30 

706.50 

689.80 

673.80 

669.00 

669.50 

652.90 

639.50 

650.60 

644.90 

663.30 

658.10 

641.90 

646.90 

611.70 

617.80 

682.70 

659.10 

678.60 

699.50 

738.50 

714.50 

745.20 

629.40 

629.40 

651.10 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 

Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 

Layer 

39 Culebra 

40 Culebra 

41 Culebra 

42 Culebra 

43 Culebra 

44 Culebra 

45 Culebra 

46 Culebra 

47 Culebra 

48 Culebra 

49 Culebra 

50 Culebra 

51 Culebra 

52 Culebra 

53 Culebra 

54 Culebra 

55 Culebra 

56 Culebra 

57 Culebra 

58 Culebra 

59 Culebra 

60 Culebra 

61 Culebra 

62 Culebra 

63 Culebra 

64 Culebra 

65 Culebra 

66 Culebra 

67 Culebra 

68 Culebra 

69 Culebra 

70 Culebra 

71 Culebra 

72 Culebra 

73 Culebra 

74 Culebra 

75 Culebra 

76 Culebra 

WeiiiD 

FFG 354 

FFG 361 

FFG 362 

FFG 363 

FFG 364 

FFG 366 

FFG 367 

FFG 370 

FFG 371 

FFG 372 

FFG 373 

FFG 374 

FFG 376 

FFG 381 

FFG 383 
FFG 384 

FFG 385 

FFG 387 

FFG 388 

FFG 389 

FFG 390 

FFG 391 

FFG 392 

FFG 393 

FFG 394 

FFG 395 

FFG 396 

FFG 398 

FFG 399 

FFG 401 

FFG 402 

FFG 403 

FFG 404 

FFG 407 

FFG 408 

FFG 409 
FFG 411 

FFG 413 

Elevation 

762.00 

955.20 

919.30 

947.00 

918.30 

911.60 

931.70 

968.70 

965.70 

949.10 

909.00 

908.30 

947.60 

914.70 

908.30 

921.10 

915.90 

911.10 

900.70 

924.80 

919.60 

919.20 

910.50 

785.60 

882.40 

874.50 

853.80 

771.70 

785.20 

839.70 

947.10 

914.60 

873.30 

908.00 

907.10 

943.10 

887.30 

915.10 

Source 

Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 

Richey, 1989, Table 2, p.47 



t:t! 
I 

N 
I.>.) 

Layer 

1 Culebra 
2 Culebra 
3 Culebra 
4 Culebra 
5 Culebra 
6 Culebra 
7 Culebra 
8 Culebra 
9 Culebra 

10 Culebra 
11 Culebra 
12 Culebra 
13 Culebra 
14 Culebra 
15 Culebra 
16 Culebra 
17 Culebra 
18 Culebra 
19 Culebra 
20 Culebra 
21 Culebra 
22 Culebra 
23 Culebra 
24 Culebra 
25 Culebra 
26 Culebra 
27 Culebra 
28 Culebra 
29 Culebra 
30 Culebra 
31 Culebra 
32 Culebra 
33 Culebra 
34 Culebra 
35 Culebra 
36 Culebra 
37 Culebra 
38 Culebra 

WeiiiD 

FFG 418 
FFG 419 
FFG 420 
FFG 421 
FFG 422 
FFG 426 
FFG 432 
FFG 433 
FFG 438 
FFG 445 
FFG 453 
FFG 455 
FFG 456 
FFG 457 
FFG 458 
FFG 459 
FFG 462 
FFG 463 
FFG 464 
FFG 465 
FFG 467 
FFG 468 
FFG 470 
FFG 471 
FFG 472 
FFG 473 
FFG 474 
FFG 475 
FFG 476 
FFG 477 
FFG 478 
FFG 479 
FFG 480 
FFG 481 
FFG_482 
FFG_483 
FFG 484 
FFG 485 

Elevation 

930.30 
942.80 
936.90 
923.30 
923.20 
926.90 
884.50 
897.60 
835.60 
920.20 
782.30 
770.20 
776.60 
831.20 
833.30 
761.40 
828.60 
854.40 
843.40 
844.90 
430.90 
377.70 
408.10 
426.10 
501.70 
390.40 
677.50 
686.30 
760.20 
726.70 
702.60 
706.80 
688.00 
681.60 
711.70 
741.20 
725.90 
730.30 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.48 
Richey, 1989, Table 2, p.49 
Richey, 1989, Table 2, p.49 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Layer 

39 Culebra 
40 Culebra 
41 Culebra 
42 Culebra 
43 Culebra 
44 Culebra 
45 Culebra 
46 Culebra 
47 Culebra 
48 Culebra 
49 Culebra 
50 Culebra 
51 Culebra 
52 Culebra 
53 Culebra 
54 Culebra 
55 Culebra 
56 Culebra 
57 Culebra 
58 Culebra 
59 Culebra 
60 Culebra 
61 Culebra 
62 Culebra 
63 Culebra 
64 Culebra 
65 Culebra 
66 Culebra 
67 Culebra 
68 Culebra 
69 Culebra 
70 Culebra 
71 Culebra 
72 Culebra 
73 Culebra 
74 Culebra 
75 Culebra 
76 Culebra 

WeiiiD 

FFG 486 
FFG 487 
FFG 488 
FFG 489 
FFG 490 
FFG 491 
FFG_492 
FFG 493 
FFG 494 
FFG 495 
FFG_496 
FFG 497 
FFG 498 
FFG_499 
FFG 500 
FFG 501 
FFG 502 
FFG 503 
FFG 504 
FFG_505 
FFG_506 
FFG_507 
FFG 508 
FFG 509 
FFG 510 
FFG 511 
FFG 512 
FFG 513 
FFG 514 
FFG 515 
FFG 516 
FFG 517 
FFG 518 
FFG 519 
FFG 520 
FFG 521 
FFG 522 
FFG 523 

Elevation 

716.00 
715.40 
698.30 
717.30 
806.80 
799.80 
765.60 
752.40 
754.00 
749.80 
616.00 
649.90 
645.60 
612.40 
643.40 
673.00 
638.20 
624.00 
674.30 
702.30 
700.10 
607.00 
688.90 
668.10 
670.10 
629.10 
643.70 
667.00 
645.90 
617.20 
612.60 
755.30 
742.20 
704.10 
590.90 
633.10 
434.20 
449.30 

Source 

Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2; p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
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10 
11 

12 

13 

14 
15 
16 

17 

18 
19 
20 
21 

22 
23 
24 
25 

26 

27 
28 

29 

30 
31 

32 
33 
34 

35 
36 
37 

38 

Layer 

Culebra 

Culebra 

Culebra 
Culebra 

Culebra 

Culebra 
Culebra 
Culebra 

Culebra 

Culebra 
Culebra 
Culebra 
Culebra 

Culebra 
Culebra 
Culebra 
Culebra 

Culebra 
Culebra 
Culebra 
Culebra 

Culebra 
Culebra 
Culebra 
Culebra 

Culebra 
Culebra 

Culebra 
Culebra 

Culebra 
Culebra 

Culebra 

Culebra 

Culebra 
Culebra 

Culebra 

Culebra 

Culebra 

WeiiiD 

FFG 524 

FFG 525 
FFG 526 
FFG 527 

FFG 528 

FFG 530 
FFG 531 

FFG 532 

FFG 534 
FFG 535 
FFG 536 
FFG 537 
FFG 543 
FFG 548 
FFG 552 
FFG 562 
FFG 563 

FFG 568 
FFG 569 
FFG 584 
FFG 585 

FFG 600 
FFG 601 
FFG 602 
FFG 606 

FFG 607 
FFG 608 

FFG 609 
FFG 610 

FFG 611 
FFG 612 

FFG 613 

FFG 618 

FFG 638 
FFG 639 

FFG 640 
FFG 643 

FFG 644 

Elevation 

616.00 

443.90 
950.70 

894.20 
896.10 

965.90 
894.90 

879.70 
892.80 

882.10 
892.50 
879.90 
932.20 

883.30 
732.70 
621.80 
537.40 

631.90 
632.80 
742.70 
686.70 

700.10 
580.00 
803.50 
673.70 

681.30 

663.20 
656.50 

649.20 

644.00 
679.10 

677.90 

686.70 

536.80 
508.10 

597.80 
642.30 

677.20 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.56 

Richey, 1989, Table 2, p.56 
Richey, 1989, Table 2, p.56 
Richey, 1989, Table 2, p.57 
Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.57 
Richey, 1989, Table 2, p.57 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.60 

Layer 

39 Culebra 

40 Culebra 
41 Culebra 
42 Culebra 
43 Culebra 

44 Culebra 
45 Culebra 
46 Culebra 
47 Culebra 

48 Culebra 
49 Culebra 
50 Culebra 
51 Culebra 

52 Culebra 
53 Culebra 
54 Culebra 
55 Culebra 

56 Culebra 
57 Culebra 
58 Culebra 
59 Culebra 

60 Culebra 
61 Culebra 
62 Culebra 
63 Culebra 

64 Culebra 
65 Culebra 

66 Culebra 
67 Culebra 

68 Culebra 
69 Culebra 

70 Culebra 

71 Culebra 

72 Culebra 
73 Culebra 

74 Culebra 
75 Culebra 

76 Culebra 

WeiiiD 

FFG 648 

FFG 652 
FFG 653 
FFG 654 

FFG 655 
FFG 656 
FFG 657 
FFG 658 
FFG 659 

FFG 660 
FFG 662 
FFG 664 
FFG 666 

FFG 667 
FFG 668 
FFG 669 
FFG 670 

FFG 671 
FFG 672 
FFG 673 
FFG 674 

FFG 675 
FFG 676 
FFG 677 
FFG 679 
FFG 685 

FFG 689 
FFG 690 
FFG 691 

FFG 692 

FFG 693 

FFG 694 

FFG 695 

FFG 696 
FFG 697 
FFG 698 
FFG 699 

FFG 700 

Elevation 

513.30 

822.90 
822.70 
845.80 
847.30 

845.20 
862.90 
849.40 
856.80 

873.40 
843.40 
836.40 
890.00 

875.70 
926.10 
912.90 
897.30 

900.00 
897.10 
894.20 
893.40 

851.50 
862.30 
889.70 
891.20 

918.10 
764.50 

768.70 
760.80 

749.90 
760.40 

750.40 

756.50 

758.30 

760.20 
802.00 
755.60 

749.30 

Source 

Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
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VI 

Layer 

Culebra 
2 Culebra 
3 Culebra 
4 Culebra 
5 Culebra 
6 Culebra 
7 Culebra 
8 Culebra 
9 Culebra 

10 Culebra 
11 Culebra 
12 Culebra 
13 Culebra 
14 Culebra 
15 Culebra 
16 Culebra 
17 Culebra 
18 Culebra 
19 Culebra 
20 Culebra 
21 Culebra 
22 Culebra 
23 Culebra 
24 Culebra 
25 Culebra 
26 Culebra 
27 Culebra 
28 Culebra 
29 Culebra 
30 Culebra 
31 Culebra 
32 Culebra 
33 Culebra 
34 Culebra 
35 Culebra 
36 Culebra 
37 Culebra 
38 Culebra 

WeiiiD 

FFG 701 

FFG_702 
FFG_703 
FFG 704 
FFG 705 

FFG 706 
FFG 707 
FFG 708 
FFG 709 

FFG_710 
FFG 711 
FFG 712 
FFG_713 
FFG 714 
FFG 715 
FFG 716 
FFG_717 
FFG 718 
FFG 719 
FFG 720 
FFG 721 
FFG 723 
FFG 724 
FFG 725 
FFG 726 
FFG 727 
FFG 728 
FFG 729 
FFG 730 
FFG 731 
FFG 732 
FFG 733 
FFG 734 
FFG 735 
FFG 736 
FFG 737 
FFG_738 
FFG 739 

Elevation 

749.60 

755.60 
761.70 
745.60 
679.70 
702.30 
686.80 
736.70 
632.80 
631.60 
634.60 
678.30 
620.70 

731.50 
741.80 
604.90 
672.20 
664.70 
626.00 
625.80 
646.20 
762.80 
686.50 
652.90 
648.60 
639.20 
646.70 
648.90 
673.60 
670.40 
686.40 
749.80 
707.40 
638.90 
676.40 
620.30 
662.00 
694.80 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 

Layer 

39 Culebra 

40 Culebra 
41 Culebra 
42 Culebra 
43 Culebra 

44 Culebra 
45 Culebra 
46 Culebra 
47 Culebra 

48 Culebra 
49 Culebra 
50 Culebra 
51 Culebra 

52 Culebra 
53 Culebra 
54 Culebra 
55 Culebra 
56 Culebra 
57 Culebra 
58 Culebra 
59 Culebra 
60 Culebra 
61 Culebra 
62 Culebra 
63 Culebra 
64 Culebra 
65 Culebra 
66 Culebra 
67 Culebra 
68 Culebra 
69 Culebra 
70 Culebra 
71 Culebra 
72 Culebra 
73 Culebra 
74 Culebra 
75 Culebra 
76 Culebra 

WeiiiD 

FFG 740 

FFG 741 
FFG 742 
FFG 743 
FFG 744 

FFG 745 
FFG 746 
H1 
H10C 
H2C 
H3 
H4C 
H5C 
H6C 
H7C 
HaC 
H9C 
P1 
P10 
P11 
P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P2 
P20 
P21 
P3 
P4 
P5 
P6 
P7 
P8 
P9 

Elevation 

662.60 
658.70 
700.70 
686.10 
677.20 
657.70 
645.50 
829.70 
709.30 
839.70 
828.50 
866.80 
794.90 

836.40 
891.90 
867.20 
840.90 

855.60 
785.70 
790.00 
835.50 

835.50 
849.40 
883.00 
858.90 
846.70 
782.70 
785.80 
799.20 
792.50 
795.50 
835.40 
813.50 
812.90 
858.60 
864.40 
846.10 
816.30 

Source 

Richey, 1989, Table 2, p.66 

Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 

Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
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15 

16 

17 

18 

19 
20 
21 

22 

23 
24 

25 

26 
27 

28 

29 
30 

31 

32 
33 

34 
35 

36 

37 

38 

Layer 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 
Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Culebra 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Deweylk 

Halite1 

Halite1 

Halite1 

Halite1 

Halite1 

Halite1 

WeiiiD 

REF 

SaltShft 

WIPP11 

WIPP11 

WIPP12 

WIPP12 

WIPP13 

WIPP16 

WIPP18 

WIPP19 

WIPP21 

WIPP22 

WIPP25 

WIPP26 
WIPP27 

WIPP28 

WIPP29 

WIPP30 

WIPP32 

WIPP33 
WIPP34 

WastShft 

AirShft 

DOE1 

DOE2 

ERDA9 

ExhtShft 

REF 

SaltShft 

WIPP11 

WIPP12 

WastShft 

DOE1 

DOE1 

DOE2 

DOE2 

REF 

REF 

Elevation 

823.40 

822.81 

786.90 

787.00 

811.30 

811.40 

824.10 

679.70 

813.80 

816.00 
819.30 

818.00 

843.10 

904.00 

879.30 

892.20 

903.70 

852.60 

902.80 

845.30 
792.20 

823.64 

1022.02 

1018.10 
1001.30 

1023.30 

1022.73 

1023.30 

1025.35 

995.20 

1010.90 

1009.97 

-170.40 

-71.60 
-119.10 

-116.40 

-119.10 

-116.40 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Rechard et al., 1991, Figure 2.2-1 

Bechtel, Inc., 1986, Appendix D 

Mercer, 1983, Table 1 

SNLand USGS, 1982a, Table 2 

39 

40 

41 

42 

SNL and D'Appolonia Consulting, 1983, Table 2 43 

Mercer, 1983, Table 1 44 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Bechtel, Inc., 1986, Appendix E 

Holt and Powers, 1990, Figure 22 

U.S. DOE, Sep 1982, Table 2 

Mercer et al., 1987, Table 3-2 

SNL and USGS, 1982b, Table 2 

Bechtel, Inc., 1986, Appendix F 

Rechard et al.,1991, Figure 2.2-1 

Bechtel, Inc., 1986, Appendix D 

SNL and USGS, 1982a, Table 2 

45 

46 
47 

48 

49 

50 

51 

52 

53 
54 

55 

56 

57 

58 

59 

60 

61 
62 

63 

64 

65 

66 
67 

68 

SNLand D'Appolonia Consulting, 1983, Table 2 69 

Bechtel, Inc., 1986, Appendix E 70 

U.S. DOE, Sep 1982, Table 2 71 

U.S. DOE, Sep 1982, Table 2 72 

Mercer et al., 1987, Table 3-2 73 

Mercer et al., 1987, Table 3-2 

Rechard et al., 1991, Figure 2.2-1 

Rechard et al., 1991, Figure 2.2-1 

74 

75 

76 

Layer WeiiiD 

Halite1 WIPP11 

Halite1 WIPP11 

Halite1 WIPP12 

Halite1 WIPP12 

Halite2 DOE1 

Halite2 DOE1 

Halite2 WIPP11 

Halite2 WIPP11 

Halite2 WIPP12 

Halite2 WIPP12 

L Member DOE1 

L Member DOE2 

L Member ERDA9 

L Member REF 

L Member WIPP11 

L Member WIPP12 

M49er AEC7 

M49er AEC8 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

M49er 

AirShft 

B25 
DOE1 

DOE2 

ERDA6 

ERDA9 

ERDA9 

ExhtShft 

FFG 002 

FFG 004 

FFG 005 

FFG 006 

FFG 007 

FFG 009 
FFG 011 

FFG 012 

FFG 013 

FFG 014 

FFG 016 

FFG 017 

Elevation 

-37.80 

-22.20 

-131.10 

24.50 

-38.60 

30.00 
14.40 

309.40 

57.80 

127.30 

163.60 

102.30 
178.10 

178.10 
334.10 
227.40 

911.90 

875.40 

877.42 

876.60 
855.20 

847.10 
915.60 

878.10 

874.00 

872.52 

686.10 

739.10 

693.80 

688.90 

678.20 

678.10 

684.60 

687.00 

696.80 

741.90 

666.90 

669.60 

Source 

SNLand USGS, 1982a, Table 2 

SNL and USGS, 1982a, Table 2 

SNLand D'Appolonia Consulting, 1983, Table 2 

SNLand D'Appolonia Consulting, 1983, Table 2 

U.S. DOE, Sep 1982, Table 2 

U.S. DOE, Sep 1982, Table 2 

SNL and USGS, 1982a, Table 2 
SNL and USGS, 1982a, Table 2 

SNL and D'Appolonia Consulting, 1983, Table 2 

SNLand D'Appolonia Consulting, 1983, Table 2 

U.S. DOE, Sep 1982, Table 2 

Mercer et al., 1987, Table 3-2 

SNLand USGS, 1982b, Table 2 

Rechard et al., 1991, Figure 2.2-1 

SNL and USGS, 1982a, Table 2 
SNLand D'Appolonia Consulting, 1983, Table 2 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Holt and Powers, 1990, Figure 22 

Mercer, 1983, Table 1 

U.S. DOE, Sep 1982, Table 2 

Mercer et al., 1987, Table 3-2 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

SNL and USGS, 1982b, Table 2 

Bechtel, Inc., 1986, Appendix F 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.22 
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Table 6.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 M49er FFG 018 672.40 Richey, 1989, Table 2, p.22 39 M49er FFG 060 645.50 Richey, 1989, Table 2, p.24 
2 M49er FFG 019 666.30 Richey, 1989, Table 2, p.22 40 M49er FFG 061 645.90 Richey, 1989, Table 2, p.24 
3 M49er FFG 020 740.70 Richey, 1989, Table 2, p.22 41 M49er FFG 062 574.30 Richey, 1989, Table 2, p.24 
4 M49er FFG 023 678.50 Richey, 1989, Table 2, p.22 42 M49er FFG 063 534.70 Richey, 1989, Table 2, p.24 
5 M49er FFG 024 662.00 Richey, 1989, Table 2, p.22 43 M49er FFG 064 559.70 Richey, 1989, Table 2, p.24 
6 M49er FFG 025 674.10 Richey, 1989, Table 2, p.22 44 M49er FFG 065 542.90 Richey, 1989, Table 2, p.24 
7 M49er FFG 026 670.80 Richey, 1989, Table 2, p.22 45 M49er FFG 066 496.80 Richey, 1989, Table 2, p.24 
8 M49er FFG 027 664.20 Richey, 1989, Table 2, p.22 46 M49er FFG 067 537.10 Richey, 1989, Table 2, p.25 
9 M49er FFG 028 629.80 Richey, 1989, Table 2, p.22 47 M49er FFG 068 496.50 Richey, 1989, Table 2, p.25 

10 M49er FFG 029 616.00 Richey, 1989, Table 2, p.22 48 M49er FFG 069 524.30 Richey, 1989, Table 2, p.25 
11 M49er FFG 030 616.60 Richey, 1989, Table 2, p.22 49 M49er FFG 070 553.80 Richey, 1989, Table 2, p.25 
12 M49er FFG 031 609.60 Richey, 1989, Table 2, p.22 50 M49er FFG 071 811.10 Richey, 1989, Table 2, p.25 
13 M49er FFG 032 611.90 Richey, 1989, Table 2, p.22 51 M49er FFG 072 739.70 Richey, 1989, Table 2, p.25 
14 M49er FFG 033 607.20 Richey, 1989, Table 2, p.22 52 M49er FFG 073 717.80 Richey, 1989, Table 2, p.25 
15 M49er FFG 034 601.30 Richey, 1989, Table 2, p.23 53 M49er FFG 074 723.70 Richey, 1989, Table 2, p.25 
16 M49er FFG 035 590.30 Richey, 1989, Table 2, p.23 54 M49er FFG 075 773.30 Richey, 1989, Table 2, p.25 
17 M49er FFG 036 602.60 Richey, 1989, Table 2, p.23 55 M49er FFG 076 836.40 Richey, 1989, Table 2, p.25 
18 M49er FFG 037 592.90 Richey, 1989, Table 2, p.23 56 M49er FFG 078 874.40 Richey, 1989, Table 2, p.25 
19 M49er FFG 038 579.40 Richey, 1989, Table 2, p.23 57 M49er FFG 079 848.00 Richey, 1989, Table 2, p.25 
20 M49er FFG 039 798.60 Richey, 1989, Table 2, p.23 58 M49er FFG 080 827.50 Richey, 1989, Table 2, p.25 
21 M49er FFG 040 740.70 Richey, 1989, Table 2, p.23 59 M49er FFG 081 746.80 Richey, 1989, Table 2, p.26 
22 M49er FFG 041 801.00 Richey, 1989, Table 2, p.23 60 M49er FFG 082 779.10 Richey, 1989, Table 2, p.26 
23 M49er FFG 042 805.50 Richey, 1989, Table 2, p.23 61 M49er FFG 083 693.00 Richey, 1989, Table 2, p.26 
24 M49er FFG 043 810.00 Richey, 1989, Table 2, p.23 62 M49er FFG 084 721.10 Richey, 1989, Table 2, p.26 
25 M49er FFG 044 762.30 Richey, 1989, Table 2, p.23 63 M49er FFG 085 714.20 Richey, 1989, Table 2, p.26 
26 M49er FFG 047 633.40 Richey, 1989, Table 2, p.23 64 M49er FFG 086 722.60 Richey, 1989, Table 2, p.26 
27 M49er FFG 048 653.20 Richey, 1989, Table 2, p.23 65 M49er FFG 087 698.00 Richey, 1989, Table 2, p.26 
28 M49er FFG 049 641.90 Richey, 1989, Table 2, p.23 66 M49er FFG 088 694.40 Richey, 1989, Table 2, p.26 
29 M49er FFG 050 648.00 Richey, 1989, Table 2, p.24 67 M49er FFG 089 675.80 Richey, 1989, Table 2, p.26 
30 M49er FFG 051 648.90 Richey, 1989, Table 2, p.24 68 M49er FFG 091 720.00 Richey, 1989, Table 2, p.26 
31 M49er FFG 052 651.60 Richey, 1989, Table 2, p.24 69 M49er FFG 092 734.90 Richey, 1989, Table 2, p.26 
32 M49er FFG 053 642.80 Richey, 1989, Table 2, p.24 70 M49er FFG 093 737.30 Richey, 1989, Table 2, p.26 
33 M49er FFG 054 641.90 Richey, 1989, Table 2, p.24 71 M49er FFG 094 740.60 Richey, 1989, Table 2, p.26 
34 M49er FFG 055 641.60 Richey, 1989, Table 2, p.24 72 M49er FFG 095 706.50 Richey, 1989, Table 2, p.26 
35 M49er FFG 056 644.30 Richey, 1989, Table 2, p.24 73 M49er FFG 096 689.50 Richey, 1989, Table 2, p.26 
36 M49er FFG 057 645.60 Richey, 1989, Table 2, p.24 74 M49er FFG 097 671.20 Richey, 1989, Table 2, p.27 
37 M49er FFG 058 641.00 Richey, 1989, Table 2, p.24 75 M49er FFG 098 645.50 Richey, 1989, Table 2, p.27 
38 M49er FFG 059 643.40 Richey, 1989, Table 2, p.24 76 M49er FFG 099 641.60 Richey, 1989, Table 2, p.27 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 M49er FFG 100 624.90 Richey, 1989, Table 2, p.27 39 M49er FFG 141 873.10 Richey, 1989, Table 2, p.29 

2 M49er FFG 101 593.10 Richey, 1989, Table 2, p.27 40 M49er FFG 142 849.30 Richey, 1989, Table 2, p.29 

3 M49er FFG 102 613.90 Richey, 1989, Table 2, p.27 41 M49er FFG 143 855.80 Richey, 1989, Table 2, p.29 

4 M49er FFG 103 674.60 Richey, 1989, Table 2, p.27 42 M49er FFG_159 956.20 Richey, 1989, Table 2, p.30 

5 M49er FFG 104 572.50 Richey, 1989, Table 2, p.27 43 M49er FFG_160 950.10 Richey, 1989, Table 2, p.30 

6 M49er FFG 105 926.90 Richey, 1989, Table 2, p.27 44 M49er FFG 161 957.40 Richey, 1989, Table 2, p.30 

7 M49er FFG 106 954.70 Richey, 1989, Table 2, p.27 45 M49er FFG 162 955.90 Richey, 1989, Table 2, p.30 

8 M49er FFG 107 945.20 Richey, 1989, Table 2, p.27 46 M49er FFG 163 955.30 Richey, 1989, Table 2, p.30 

9 M49er FFG 108 933.60 Richey, 1989, Table 2, p.27 47 M49er FFG 166 954.30 Richey, 1989, Table 2, p.31 

10 M49er FFG 109 917.20 Richey, 1989, Table 2, p.27 48 M49er FFG 167 936.70 Richey, 1989, Table 2, p.31 

11 M49er FFG 110 887.00 Richey, 1989, Table 2, p.27 49 M49er FFG 168 967.50 Richey, 1989, Table 2, p.31 

12 M49er FFG 111 896.70 Richey, 1989, Table 2, p.27 50 M49er FFG 169 980.20 Richey, 1989, Table 2, p.31 

13 M49er FFG 112 879.30 Richey, 1989, Table 2, p.28 51 M49er FFG 170 933.60 Richey, 1989, Table 2, p.31 

14 M49er FFG 113 893.40 Richey, 1989, Table 2, p.28 52 M49er FFG 173 934.80 Richey, 1989, Table 2, p.31 

15 M49er 14 924.20 Richey, 1989, Table 2, p.28 53 M49er FFG 180 943.90 Richey, 1989, Table 2, p.31 

16 M49er FFG 115 913.80 Richey, 1989, Table 2, p.28 54 M49er FFG 182 856.50 Richey, 1989, Table 2, p.32 

17 M49er 16 929.30 Richey, 1989, Table 2, p.28 55 M49er FFG 189 922.70 Richey, 1989, Table 2, p.32 
tl:l 18 M49er 17 935.70 Richey, 1989, Table 2, p.28 56 M49er FFG 190 901.60 Richey, 1989, Table 2, p.32 
I 
IV 19 M49er FFG 120 944.30 Richey, 1989, Table 2, p.28 57 M49er FFG 191 901.30 Richey, 1989, Table 2, p.32 
00 

20 M49er FFG 121 946.40 Richey, 1989, Table 2, p.28 58 M49er FFG 192 834.50 Richey, 1989, Table 2, p.32 

21 M49er FFG 122 944.90 Richey, 1989, Table 2, p.28 59 M49er FFG 194 839.70 Richey, 1989, Table 2, p.33 

22 M49er 928.10 Richey, 1989, Table 2, p.28 60 M49er FFG_195 855.30 Richey, 1989, Table 2, p.33 

23 M49er FFG 124 900.40 Richey, 1989, Table 2, p.28 61 M49er FFG_196 897.60 Richey, 1989, Table 2, p.33 

24 M49er FFG 125 912.20 Richey, 1989, Table 2, p.28 62 M49er FFG 197 899.50 Richey, 1989, Table 2, p.33 

25 M49er FFG 126 904.50 Richey, 1989, Table 2, p.28 63 M49er FFG_198 898.20 Richey, 1989, Table 2, p.33 

26 M49er FFG 127 909.50 Richey, 1989, Table 2, p.28 64 M49er FFG 199 888.80 Richey, 1989, Table 2, p.33 

27 M49er FFG 128 948.00 Richey, 1989, Table 2, p.28 65 M49er FFG_200 902.50 Richey, 1989, Table 2, p.33 

28 M49er FFG 129 923.80 Richey, 1989, Table 2, p.28 66 M49er FFG_201 894.60 Richey, 1989, Table 2, p.33 

29 M49er FFG 130 954.00 Richey, 1989, Table 2, p.28 67 M49er FFG 202 834.20 Richey, 1989, Table 2, p.33 

30 M49er FFG 132 956.50 Richey, 1989, Table 2, p.29 68 M49er FFG_203 841.30 Richey, 1989, Table 2, p.33 

31 M49er FFG 133 959.50 Richey, 1989, Table 2, p.29 69 M49er FFG 204 864.80 Richey, 1989, Table 2, p.33 

32 M49er FFG 134 963.80 Richey, 1989, Table 2, p.29 70 M49er FFG 205 880.60 Richey, 1989, Table 2, p.33 

33 M49er FFG 135 937.30 Richey, 1989, Table 2, p.29 71 M49er FFG 206 895.80 Richey, 1989, Table 2, p.33 

34 M49er FFG 136 934.30 Richey, 1989, Table 2, p.29 72 M49er FFG 207 892.20 Richey, 1989, Table 2, p.33 

35 M49er FFG 137 946.80 Richey, 1989, Table 2, p.29 73 M49er FFG_208 902.80 Richey, 1989, Table 2, p.34 

36 M49er FFG 138 897.40 Richey, 1989, Table 2, p.29 74 M49er FFG 210 885.80 Richey, 1989, Table 2, p.34 

37 M49er FFG 139 907.70 Richey, 1989, Table 2, p.29 75 M49er FFG 212 870.50 Richey, 1989, Table 2, p.34 

38 M49er FFG 140 849.10 Richey, 1989, Table 2, p.29 76 M49er FFG 213 903.50 Richey, 1989, Table 2, p.34 



Table 6.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 M49er FFG 214 877.80 Richey, 1989, Table 2, p.34 39 M49er FFG 254 651.00 Richey, 1989, Table 2, p.36 
2 M49er FFG 215 852.50 Richey, 1989, Table 2, p.34 40 M49er FFG 255 609.90 Richey, 1989, Table 2, p.37 
3 M49er FFG 216 737.00 Richey, 1989, Table 2, p.34 41 M49er FFG 256 557.80 Richey, 1989, Table 2, p.37 
4 M49er FFG 217 873.60 Richey, 1989, Table 2, p.34 42 M49er FFG 257 600.40 Richey, 1989, Table 2, p.37 
5 M49er FFG 218 863.50 Richey, 1989, Table 2, p.34 43 M49er FFG 258 615.00 Richey, 1989, Table 2, p.37 
6 M49er FFG 219 910.40 Richey, 1989, Table 2, p.34 44 M49er FFG 259 584.90 Richey, 1989, Table 2, p.37 
7 M49er FFG 220 859.90 Richey, 1989, Table 2, p.34 45 M49er FFG 260 621.80 Richey, 1989, Table 2, p.37 
8 M49er FFG 221 814.40 Richey, 1989, Table 2, p.34 46 M49er FFG 261 610.20 Richey, 1989, Table 2, p.37 
9 M49er FFG 222 770.60 Richey, 1989, Table 2, p.34 47 M49er FFG 263 553.40 Richey, 1989, Table 2, p.37 

10 M49er FFG 224 677.00 Richey, 1989, Table 2, p.35 48 M49er FFG 284 777.60 Richey, 1989, Table 2, p.37 
11 M49er FFG 225 683.70 Richey, 1989, Table 2, p.35 49 M49er FFG 265 775.40 Richey, 1989, Table 2, p.37 
12 M49er FFG 226 683.20 Richey, 1989, Table 2, p.35 50 M49er FFG 266 758.90 Richey, 1989, Table 2, p.37 
13 M49er FFG 228 673.70 Richey, 1989, Table 2, p.35 51 M49er FFG 267 736.40 Richey, 1989, Table 2, p.37 
14 M49er FFG 229 701.60 Richey, 1989, Table 2, p.35 52 M49er FFG 268 716.00 Richey, 1989, Table 2, p.37 
15 M49er FFG 230 688.60 Richey, 1989, Table 2, p.35 53 M49er FFG 269 729.20 Richey, 1989, Table 2, p.38 
16 M49er FFG 231 704.00 Richey, 1989, Table 2, p.35 54 M49er FFG 270 791.80 Richey, 1989, Table 2, p.38 
17 M49er FFG_232 717.80 Richey, 1989, Table 2, p.35 55 M49er FFG 271 833.90 Richey, 1989, Table 2, p.38 
18 M49er FFG 233 709.30 Richey, 1989, Table 2, p.35 56 M49er FFG 272 846.60 Richey, 1989, Table 2, p.38 
19 M49er FFG 234 745.80 Richey, 1989, Table 2, p.35 57 M49er FFG 273 816.90 Richey, 1989, Table 2, p.38 
20 M49er FFG 235 722.40 Richey, 1989, Table 2, p.35 58 M49er FFG 274 851.00 Richey, 1989, Table 2, p.38 
21 M49er FFG 236 768.40 Richey, 1989, Table 2, p.35 59 M49er FFG 275 858.60 Richey, 1989, Table 2, p.38 
22 M49er FFG 237 735.30 Richey, 1989, Table 2, p.35 60 M49er FFG 276 861.60 Richey, 1989, Table 2, p.38 
23 M49er FFG_238 716.60 Richey, 1989, Table 2, p.36 61 M49er FFG 277 853.50 Richey, 1989, Table 2, p.38 
24 M49er FFG 239 703.10 Richey, 1989, Table 2, p.36 62 M49er ·FFG 278 868.40 Richey, 1989, Table 2, p.38 
25 M49er FFG 240 695.20 Richey, 1989, Table 2, p.36 63 M49er FFG 279 860.10 Richey, 1989, Table 2, p.38 
26 M49er FFG_241 688.90 Richey, 1989, Table 2, p.36 64 M49er FFG 280 858.60 Richey, 1989, Table 2, p.38 
27 M49er FFG 242 799.80 Richey, 1989, Table 2, p.36 65 M49er FFG 281 835.80 Richey, 1989, Table 2, p.38 
28 M49er FFG_243 763.80 Richey, 1989, Table 2, p.36 66 M49er FFG 283 584.60 Richey, 1989, Table 2, p.39 
29 M49er FFG 244 798.40 Richey, 1989, Table 2, p.36 67 M49er FFG 284 730.30 Richey, 1989, Table 2, p.39 
30 M49er FFG_245 597.10 Richey, 1989, Table 2, p.36 68 M49er FFG 285 760.20 Richey, 1989, Table 2, p.39 
31 M49er FFG_246 601.70 Richey, 1989, Table 2, p.36 69 M49er FFG 286 837.50 Richey, 1989, Table 2, p.39 
32 M49er FFG 247 589.10 Richey, 1989, Table 2, p.36 70 M49er FFG 287 812.00 Richey, 1989, Table 2, p.39 
33 M49er FFG_248 594.70 Richey, 1989, Table 2, p.36 71 M49er FFG 288 765.70 Richey, 1989, Table 2, p.39 
34 M49er FFG 249 593.70 Richey, 1989, Table 2, p.36 72 M49er FFG 289 736.30 Richey, 1989, Table 2, p.39 
35 M49er FFG_250 674.10 Richey, 1989, Table 2, p.36 73 M49er FFG 290 825.70 Richey, 1989, Table 2, p.39 
36 M49er FFG 251 568.70 Richey, 1989, Table 2, p.36 74 M49er FFG 291 766.20 Richey, 1989, Table 2, p.39 
37 M49er FFG_252 708.60 Richey, 1989, Table 2, p.36 75 M49er FFG 292 774.20 Richey, 1989, Table 2, p.39 
38 M49er FFG 253 860.50 Richey, 1989, Table 2, p.36 76 M49er FFG 293 766.00 Richey, 1989, Table 2, p.39 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
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Source 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 

Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 

Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 

Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.46 

Richey, 1989, Table 2, p.47 



Table 6.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer Well ID Elevation Source Layer WeiiiD Elevation Source 

1 M49er FFG 404 925.70 Richey, 1989, Table 2, p.47 39 M49er FFG 489 764.60 Richey, 1989, Table 2, p.52 
2 M49er FFG 407 958.30 Richey, 1989, Table 2, p.47 40 M49er FFG 490 855.60 Richey, 1989, Table 2, p.52 
3 M49er FFG 419 997.00 Richey, 1989, Table 2, p.48 41 M49er FFG 491 855.90 Richey, 1989, Table 2, p.52 
4 M49er FFG 420 992.70 Richey, 1989, Table 2, p.48 42 M49er FFG 492 817.50 Richey, 1989, Table 2, p.52 
5 M49er FFG 421 983.60 Richey, 1989, Table 2, p.48 43 M49er FFG 493 803.60 Richey, 1989, Table 2, p.53 
6 M49er FFG 422 976.60 Richey, 1989, Table 2, p.48 44 M49er FFG 494 811.30 Richey, 1989, Table 2, p.53 
7 M49er FFG 432 931.80 Richey, 1989, Table 2, p.48 45 M49er FFG 495 799.40 Richey, 1989, Table 2, p.53 
8 M49er FFG 438 892.60 Richey, 1989, Table 2, p.49 46 M49er FFG 496 715.40 Richey, 1989, Table 2, p.53 
9 M49er FFG 455 837.60 Richey, 1989, Table 2, p.50 47 M49er FFG 497 721.50 Richey, 1989, Table 2, p.53 

10 M49er FFG 456 829.00 Richey, 1989, Table 2, p.SO 48 M49er FFG 498 737.00 Richey, 1989, Table 2, p.53 
11 M49er FFG 457 885.10 Richey, 1989, Table 2, p.SO 49 M49er FFG 499 715.40 Richey, 1989, Table 2, p.53 
12 M49er FFG_ 458 888.20 Richey, 1989, Table 2, p.50 50 M49er FFG 500 726.00 Richey, 1989, Table 2, p.53 
13 M49er FFG 459 816.60 Richey, 1989, Table 2, p.SO 51 M49er FFG 501 731.50 Richey, 1989, Table 2, p.53 
14 M49er FFG 462 884.10 Richey, 1989, Table 2, p.50 52 M49er FFG 502 724.80 Richey, 1989, Table 2, p.53 
15 M49er FFG 463 913.50 Richey, 1989, Table 2, p.51 53 M49er FFG 503 705.40 Richey, 1989, Table 2, p.53 
16 M49er FFG_464 900.40 Richey, 1989, Table 2, p.51 54 M49er FFG 504 723.60 Richey, 1989, Table 2, p.53 
17 M49er FFG_ 465 902.80 Richey, 1989, Table 2, p.51 55 M49er FFG 505 754.70 Richey, 1989, Table 2, p.53 t:r:l 18 M49er FFG_467 506.20 Richey, 1989, Table 2, p.51 56 M49er FFG 506 749.20 Richey, 1989, Table 2, p.53 I 

c..> 19 M49er FFG 468 493.50 Richey, 1989, Table 2, p.51 57 M49er FFG 507 712.80 Richey, 1989, Table 2, p.53 
20 M49er FFG 470 509.60 Richey, 1989, Table 2, p.51 58 M49er FFG 508 763.30 Richey, 1989, Table 2, p.53 
21 M49er FFG 471 525.80 Richey, 1989, Table 2, p.51 59 M49er FFG 509 767.80 Richey, 1989, Table 2, p.54 
22 M49er FFG 472 564.20 Richey, 1989, Table 2, p.51 60 M49er FFG 510 767.30 Richey, 1989, Table 2, p.54 
23 M49er FFG 473 491.60 Richey, 1989, Table 2, p.51 61 M49er FFG 511 728.20 Richey, 1989, Table 2, p.54 
24 M49er FFG 474 750.70 Richey, 1989, Table 2, p.51 62 M49er FFG 512 748.30 Richey, 1989, Table 2, p.54 
25 M49er FFG 475 749.70 Richey, 1989, Table 2, p.51 63 M49er FFG 513 763.00 Richey, 1989, Table 2, p.54 
26 M49er FFG 476 821.80 Richey, 1989, Table 2, p.51 64 M49er FFG 514 754.70 Richey, 1989, Table 2, p.54 
27 M49er FFG 477 774.50 Richey, 1989, Table 2, p.51 65 M49er FFG 515 722.60 Richey, 1989, Table 2, p.54 
28 M49er FFG 478 755.60 Richey, 1989, Table 2, p.52 66 M49er FFG 516 715.90 Richey, 1989, Table 2, p.54 
29 M49er FFG 479 752.50 Richey, 1989, Table 2, p.52 67 M49er FFG 517 809.30 Richey, 1989, Table 2, p.54 
30 M49er FFG 480 754.40 Richey, 1989, Table 2, p.52 68 M49er FFG 518 797.90 Richey, 1989, Table 2, p.54 
31 M49er FFG 481 731.80 Richey, 1989, Table 2, p.52 69 M49er FFG 519 765.70 Richey, 1989, Table 2, p.54 
32 M49er FFG 482 761.40 Richey, 1989, Table 2, p.52 70 M49er FFG 520 653.00 Richey, 1989, Table 2, p.54 
33 M49er FFG 483 785.10 Richey, 1989, Table 2, p.52 71 M49er FFG 521 673.30 Richey, 1989, Table 2, p.54 
34 M49er FFG 484 772.20 Richey, 1989, Table 2, p.52 72 M49er FFG 522 531.70 Richey, 1989, Table 2, p.54 
35 M49er FFG 485 779.40 Richey, 1989, Table 2, p.52 73 M49er FFG 523 541.30 Richey, 1989, Table 2, p.54 
36 M49er FFG_486 766.30 Richey, 1989, Table 2, p.52 74 M49er FFG 524 693.10 Richey, 1989, Table 2, p.55 
37 M49er FFG_487 763.90 Richey, 1989, Table 2, p.52 75 M49er FFG 525 543.30 Richey, 1989, Table 2, p.55 
38 M49er FFG 488 748.00 Richey, 1989, Table 2, p.52 76 M49er FFG 527 958.90 Richey, 1989, Table 2, p.55 
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12 
13 

14 
15 
16 
17 

18 
19 
20 
21 

22 
23 
24 
25 

26 
27 
28 

29 

30 

31 
32 

33 

34 

35 
36 
37 

38 

Layer 

M49er 

M49er 
M49er 

M49er 
M49er 

M49er 
M49er 
M49er 

M49er 

M49er 
M49er 
M49er 
M49er 

M49er 
M49er 
M49er 
M49er 

M49er 
M49er 
M49er 
M49er 

M49er 
M49er 
M49er 
M49er 

M49er 
M49er 

M49er 
M49er 

M49er 
M49er 

M49er 

M49er 

M49er 
M49er 

M49er 
M49er 

M49er 

WeiiiD 

FFG 528 

FFG 535 
FFG 548 

FFG 562 
FFG 563 

FFG 569 
FFG 584 

FFG 600 
FFG 601 

FFG 606 
FFG 607 
FFG 608 
FFG 609 

FFG 610 
FFG 611 
FFG 612 
FFG 613 

FFG 620 
FFG 638 

FFG 639 
FFG 640 
FFG 643 
FFG 644 
FFG 648 
FFG 652 
FFG 653 
FFG 654 

FFG 655 
FFG 656 

FFG 657 
FFG 658 

FFG 659 

FFG 660 

FFG 662 

FFG 664 
FFG 666 

FFG 667 

FFG 670 

Elevation 

951.60 

939.70 

930.60 
670.60 

582.50 

689.20 
773.20 

729.10 
645.60 

723.00 
743.10 
754.60 
758.30 

746.70 
731.80 
733.40 
728.50 

759.80 
591.70 
566.30 
649.10 

688.90 
723.50 
558.40 
878.70 

880.00 

899.50 
897.30 
894.30 

906.20 
898.20 

901.90 

919.20 

894.60 

888.20 
938.10 

923.30 

946.10 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.56 
Richey, 1989, Table 2, p.57 
Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 

Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 

Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.61 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 

Layer 

39 M49er 

40 M49er 

41 M49er 
42 M49er 
43 M49er 

44 M49er 
45 M49er 
46 M49er 

47 M49er 

48 M49er 
49 M49er 
50 M49er 
51 M49er 

52 M49er 
53 M49er 
54 M49er 
55 M49er 

56 M49er 
57 M49er 
58 M49er 
59 M49er 

60 M49er 
61 M49er 
62 M49er 
63 M49er 

64 M49er 
65 M49er 

66 M49er 
67 M49er 

68 M49er 
69 M49er 

70 M49er 

71 M49er 

72 M49er 
73 M49er 
74 M49er 

75 M49er 

76 M49er 

WeiiiD 

FFG 672 

FFG 674 
FFG 675 
FFG 676 
FFG 677 

FFG 679 
FFG 689 
FFG 690 
FFG 691 

FFG 692 
FFG 693 
FFG 694 

FFG 695 
FFG 696 
FFG 697 
FFG 698 
FFG 699 

FFG 700 
FFG 701 
FFG 702 
FFG 703 

FFG 704 
FFG 705 
FFG 706 
FFG 707 

FFG 708 

FFG 709 
FFG 710 
FFG 711 

FFG 712 
FFG 713 
FFG 714 

FFG 715 

FFG 716 

FFG 717 
FFG 718 
FFG 719 

FFG 720 

Elevation 

943.70 

937.00 

896.00 
905.00 
932.40 

934.80 
817.20 
824.80 
816.30 

806.20 
817.70 
810.10 
814.10 

815.90 
818.10 
861.40 
811.10 

801.40 
810.60 
811.70 
817.20 

806.20 
735.50 
755.00 
741.00 

791.60 

681.50 
682.50 
694.40 

735.60 
672.50 

790.30 

799.70 

697.90 
722.50 

723.50 
696.70 

699.60 

Source 

Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 

Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 

Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 

Richey, 1989, Table 2, p.65 
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Layer 

1 M49er 
2 M49er 
3 M49er 
4 M49er 
5 M49er 
6 M49er 
7 M49er 
8 M49er 
9 M49er 

10 M49er 
11 M49er 
12 M49er 
13 M49er 
14 M49er 
15 M49er 
16 M49er 
17 M49er 
18 M49er 
19 M49er 
20 M49er 
21 M49er 
22 M49er 
23 M49er 
24 M49er 
25 M49er 
26 M49er 
27 M49er 
28 M49er 
29 M49er 
30 M49er 
31 M49er 
32 M49er 
33 M49er 
34 M49er 
35 M49er 
36 M49er 
37 M49er 
38 M49er 

WeiiiD 

FFG 721 

FFG_723 
FFG_724 
FFG 725 
FFG 726 
FFG_727 
FFG_728 
FFG 729 
FFG_730 
FFG_731 
FFG 732 
FFG 733 
FFG 734 
FFG 735 
FFG 736 
FFG 737 
FFG 738 
FFG 739 
FFG 740 
FFG 741 
FFG 742 
FFG 743 
FFG 744 
FFG 745 
FFG 746 
H1 
H10C 
H2C 
H3 
H4C 
H5C 
H6C 
H7C 
H8C 
H9C 
P1 
P10 
P11 

Elevation 

698.00 
808.20 
738.90 
712.30 
698.90 
702.90 
696.40 
706.60 
724.80 
720.70 
739.50 
806.50 
758.60 
704.10 
758.70 
702.60 
713.80 
753.90 
754.70 
721.20 
774.50 
757.20 
739.70 
730.30 
719.80 
882.70 
756.80 
890.30 
880.30 
920.20 
845.80 
890.40 
937.60 
924.80 
899.40 
910.50 
860.40 
840.90 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Layer 

39 M49er 
40 M49er 
41 M49er 
42 M49er 
43 M49er 
44 M49er 
45 M49er 
46 M49er 
47 M49er 
48 M49er 
49 M49er 
50 M49er 
51 M49er 
52 M49er 
53 M49er 
54 M49er 
55 M49er 
56 M49er 
57 M49er 
58 M49er 
59 M49er 
60 M49er 
61 M49er 
62 M49er 
63 M49er 
64 M49er 
65 M49er 
66 M49er 
67 M49er 
68 M49er 
69 M49er 
70 M49er 
71 M49er 
72 M49er 
73 M49er 
74 M49er 
75 M49er 
76 M49er 

P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P2 
P20 
P21 
P3 
P4 
P5 
P6 
P7 
P8 
P9 

WeiiiD 

REF 
SaltShft 
WIPP11 
WIPP11 
WIPP12 
WIPP12 
WIPP13 
WIPP16 
WIPP18 
WIPP19 
WIPP21 
WIPP22 
WIPP25 
WIPP26 
WIPP27 
WIPP28 
WIPP30 
WIPP32 
WIPP33 
WIPP34 

Elevation 

887.90 

889.50 
906.10 
938.50 
915.00 
900.40 
868.40 
849.50 
850.10 
845.30 
845.80 
888.50 
864.10 
868.10 
913.50 
920.50 
898.50 
868.70 
874.00 
875.54 
842.10 
842.20 
866.80 
866.90 
880.20 
681.20 
866.60 
866.90 
870.80 
869.50 
908.60 
957.70 
921.70 
954.70 
908.00 
921.40 
891.60 
846.10 

Source 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Rechard et al.,1991, Figure 2.2-1 
Bechtel, Inc., 1986, Appendix D 
Mercer, 1983, Table 1 
SNL and USGS, 1982a, Table 2 
SNL and D'Appolonia Consulting, 1983, Table 2 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
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8 
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10 
11 
12 
13 

14 
15 
16 
17 

18 
19 
20 
21 

22 
23 
24 
25 

26 
27 
28 

29 

30 

31 
32 

33 
34 
35 
36 
37 

38 

Layer 

M49er 

MB126 

MB126 
MB126 
MB126 

MB126 
MB126 

MB126 
MB126 

MB126 
MB126 
MB126 
MB126 

MB126 
MB126 
MB126 

MB136 

MB136 
MB136 
MB136 
MB136 

MB136 
MB136 
MB136 
MB138 

MB138 
MB138 
MB138 

MB138 

MB138 

MB138 
MB138 

MB138 

MB138 

MB138 

MB138 
MB138 

MB138 

WeiiiD 

WastShft 

AirShft 
AirShft 

DOE1 

DOE2 

DOE2 
ERDA9 
ExhtShft 
ExhtShft 

REF 
SaltShft 
SaltShft 
WIPP11 

WIPP12 
WastShft 
WastShft 
AirShft 

AirShft 
ExhtShft 

ExhtShft 
SaltShft 

SaltShft 
WastShft 
WastShft 
AirShft 

AirShft 

DH207 
DH207 
DH211 

DH211 

DH215 
DH215 
DH219 

DH219 
DH223 

DH223 
DH227 

DH227 

Elevation 

875.18 

509.31 
509.64 

485.50 
484.90 

485.40 
511.60 
512.54 

512.72 

511.60 
514.21 
514.47 
513.00 

513.80 
512.40 
512.75 
412.87 

417.16 
415.52 
418.86 
418.84 

421.37 
415.27 
419.66 

393.81 

393.98 
395.92 

396.16 

398.83 

398.98 
399.23 

399.41 

397.58 

397.82 

394.10 

394.31 
391.03 

391.18 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

39 

40 
41 
42 
43 

44 
45 
46 
47 

48 
49 
50 

Bechtel, Inc., 1986, Appendix E 

Holt and Powers, 1990, Figure 22 
Holt and Powers, 1990, Figure 22 

U.S. DOE, Sep 1982, Table 2 
Mercer et al., 1987, Table 3-2 

Mercer et al., 1987, Table 3-2 

SNL and USGS, 1~P,Table 2 
Bechtel, Inc., 1986, Appendix F 
Bechtel, Inc., 1986, Appendix F 

Rechard et al., 1991, Figure 2.2-1 

Bechtel, Inc., 1986, Appendix D 
Bechtel, Inc., 1986, Appendix D 
SNL and USGS. 1982a. Table 2 51 

SNL and D'Appolonia Consulting, 1983, Table 2 52 

Bechtel, Inc., 1986, Appendix E 53 
Bechtel, Inc., 1986, Appendix E 
Holt and Powers, 1990, Figure 22 

Holt and Powers, 1990, Figure 22 
Bechtel, Inc., 1986, Appendix F 
Bechtel, Inc., 1986, Appendix F 
Bechtel, Inc., 1986, Appendix D 

Bechtel, Inc., 1986, Appendix 0 
Bechtel, Inc., 1986, Appendix E 
Bechtel, Inc., 1986, Appendix E 

Holt and Powers, 1990, Figure 22 

Holt and Powers, 1990, Figure 22 
Krieg, 1984, Table I 

Krieg, 1984, Table I 
Krieg, 1984, Table I 

Krieg, 1984, Table I 

Krieg, 1984, Table I 

Krieg, 1984, Table I 

Krieg, 1984, Table I 

Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 

Krieg, 1984, Table I 

Krieg, 1984, Table I 

54 

55 
56 
57 
58 
59 

60 
61 

62 
63 

64 

65 
66 
67 

68 

69 
70 
71 

72 
73 
74 

75 

76 

Layer 

MB138 

MB138 
MB138 

MB138 
MB138 

MB138 

MB138 
MB138 
MB138 
MB138 

MB138 
MB138 
MB138 

MB138 
MB138 
MB138 
MB138 

MB138 
MB138 
MB138 
MB138 

MB138 

1MB138 
MB138 
MB138 

MB138 
MB138 
MB138 

MB138 

MB138 

MB138 
MB138 

MB138 

MB138 

MB138 
MB138 
MB138 

MB138 

WeiiiD 

DH77 

DH77 
00201 
00201 
00203 

00203 
00205 

00205 
0045 

0045 
0052 
0052 
0056 

0056 
0063 
0063 
0067 

0067 
0088 
0088 
0091 

0091 
DOE1 
DOE2 
ERDA9 

ERDA9 
ExhtShft 
ExhtShft 

MB139 2 

MB139 2 

REF 

REF 
SaltShft 

SaltShft 

SaltShft 
SaltShft 
WIPP11 

W1PP12 

Elevation 

409.65 

409.95 
396.40 
396.58 

406.94 

407.15 
412.06 
412.30 
403.83 

404.01 
401.39 
401.51 
406.69 

406.84 
410.47 
410.68 
410.38 

410.50 
409.07 
409.33 
408.81 

409.02 
368.60 
370.40 
396.00 

396.40 

396.86 
397.03 
396.15 

396.30 
396.00 

396.40 
399.79 

399.80 

399.76 
399.91 
430.40 

411.00 

Source 

Krieg, 1984, Table I 

Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table I 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 

Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 

Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 

Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 
Krieg, 1984, Table 

Krieg, 1984, Table 
U.S. DOE, Sep 1982, Table 2 
Mercer et al., 1987, Table 3-2 
SNL and USGS, 1982b, Table 2 

SNL and USGS, 1982b, Table 2 
Bechtel, Inc., 1986, Appendix F 
Bechtel, Inc., 1986, Appendix F 

Krieg, 1984, Table I 

Krieg, 1984, Table I 

Rechard et al., 1991, Figure 2.2-1 
Rechard et al., 1991, Figure 2.2-1 

Bechtel, Inc., 1986, Appendix D 

Bechtel, Inc., 1986, Appendix D 

Krieg, 1984, Table I 
Krieg, 1984, Table I 
SNL and USGS, 1982a, Table 2 

SNLand D'Appolonia Consulting, 1983, Table 2 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer Well 10 Elevation Source 

MB138 WastShft 395.89 Bechtel, Inc., 1986, Appendix E 39 MB139 DOE1 350.40 U.S. DOE, Sep 1982, Table 2 
2 MB138 WastShft 396.07 Bechtel, Inc., 1986, Appendix E 40 MB139 DOE2 339.00 Mercer et at., 1987, Table 3-2 
3 MB138 WastShft 396.31 Krieg, 1984, Table I 41 MB139 DOE2 340.00 Mercer et al., 1987, Table 3-2 
4 MB138 WastShft 396.49 Krieg, 1984, Table I 42 MB139 ERDA9 378.10 SNL and USGS, 1982b, Table 2 
5 MB139 DH207 377.63 Krieg, 1984, Table I 43 MB139 ERDA9 379.00 SNL and USGS, 1982b, Table 2 
6 MB139 DH207 378.70 Krieg, 1984, Table I 44 MB139 MB139 2 377.44 Krieg, 1984, Table I 
7 MB139 DH211 380.73 Krieg, 1984, Table I 45 MB139 MB139 2 378.42 Krieg, 1984, Table I 
8 MB139 DH211 381.31 Krieg, 1984, Table I 46 MB139 REF 378.10 Rechard et al., 1991, Figure 2.2-1 
9 MB139 DH215 381.03 Krieg, 1984, Table I 47 MB139 REF 379.00 Rechard et al.,1991, Figure 2.2-1 

10 MB139 DH215 382.04 Krieg, 1984, Table I 48 MB139 SaltShft 381.64 Bechtel, Inc., 1986, Appendix D 
11 MB139 DH219 379.91 Krieg, 1984, Table I 49 MB139 SaltShft 382.44 Bechtel, Inc., 1986, Appendix D 
12 MB139 DH219 380.58 Krieg, 1984, Table I 50 MB139 SaltShft 381.38 Krieg, 1984, Table I 
13 MB139 DH223 376.70 Krieg, 1984, Table I 51 MB139 SaltShft 382.29 Krieg, 1984, Table I 
14 MB139 DH223 377.64 Krieg, 1984, Table I 52 MB139 WIPP11 419.10 SNL and USGS, 1982a, Table 2 
15 MB139 DH227 373.78 Krieg, 1984, Table I 53 MB139 WIPP12 395.90 SNL and D'Appolonia Consulting, 1983, Table 2 
16 MB139 DH227 374.42 Krieg, 1984, Table I 54 MB139 WastShft 377.14 Bechtel, Inc., 1986, Appendix E 

1':1; 
17 MB139 DH77 392.37 Krieg, 1984, Table I 55 MB139 WastShft 378.22 Bechtel, Inc., 1986, Appendix E 

I 18 MB139 DH77 393.35 Krieg, 1984, Table I 56 MB139 WastShft 378.04 Krieg, 1984, Table I \.,t.J 
Vo 19 MB139 00201 378.26 Krieg, 1984, Table I 57 MB139 WastShft 379.10 Krieg, 1984, Table 

20 MB139 00201 379.11 Krieg, 1984, Table I 58 Magenta AEC7 890.30 Mercer, 1983, Table 1 
21 MB139 00203 389.84 Krieg, 1984, Table I 59 Magenta AEC8 858.70 Mercer, 1983, Table 1 
22 MB139 00203 390.63 Krieg, 1984, Table I 60 Magenta AirShft 858.82 Holt and Powers, 1990, Figure 22 
23 MB139 00205 394.29 Krieg, 1984, Table I 61 Magenta 825 858.40 Mercer, 1983, Table 1 
24 MB139 00205 394.69 Krieg, 1984, Table I 62 Magenta DOE1 838.60 U.S. DOE, Sep 1982, Table 2 
25 MB139 0045 385.11 Krieg, 1984, Table I 63 Magenta DOE2 829.00 Mercer et al., 1987, Table 3-2 
26 MB139 0045 386.36 Krieg, 1984, Table I 64 Magenta ERDA10 915.90 Mercer, 1983, Table 1 
27 MB139 0052 383.44 Krieg, 1984, Table I 65 Magenta ERDA6 897.60 Mercer, 1983, Table 1 
28 MB139 0052 384.57 Krieg, 1984, Table I 66 Magenta ERDA9 860.40 Mercer, 1983, Table 1 
29 MB139 0056 388.89 Krieg, 1984, Table I 67 Magenta ERDA9 856.70 SNL and USGS, 1982b, Table 2 
30 MB139 0056 389.53 Krieg, 1984, Table I 68 Magenta ExhtShft 855.39 Bechtel, Inc., 1986, Appendix F 
31 MB139 0063 392.79 Krieg, 1984, Table I 69 Magenta FFG 002 667.50 Richey, 1989, Table 2, p.21 
32 MB139 0063 393.46 Krieg, 1984, Table I 70 Magenta FFG 004 717.80 Richey, 1989, Table 2, p.21 
33 MB139 0067 393.19 Krieg, 1984, Table I 71 Magenta FFG 005 674.90 Richey, 1989, Table 2, p.21 
34 MB139 0067 394.13 Krieg, 1984, Table I 72 Magenta FFG 006 670.00 Richey, 1989, Table 2, p.21 
35 MB139 0088 392.06 Krieg, 1984, Table I 73 Magenta FFG 007 655.90 Richey, 1989, Table 2, p.21 
36 MB139 0088 392.99 Krieg, 1984, Table I 74 Magenta FFG 009 657.40 Richey, 1989, Table 2, p.21 
37 MB139 0091 391.62 Krieg, 1984, Table I 75 Magenta FFG 011 664.20 Richey, 1989, Table 2, p.21 
38 MB139 0091 392.66 Krieg, 1984, Table I 76 Magenta FFG 012 667.80 Richey, 1989, Table 2, p.21 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Magenta FFG 013 674.80 Richey, 1989, Table 2, p.21 39 Magenta FFG 056 621.80 Richey, 1989, Table 2, p.24 

2 Magenta FFG_014 721.10 Richey, 1989, Table 2, p.21 40 Magenta FFG_057 625.20 Richey, 1989, Table 2, p.24 

3 Magenta FFG 016 644.90 Richey, 1989, Table 2, p.21 41 Magenta FFG 058 623.60 Richey, 1989, Table 2, p.24 

4 Magenta FFG 017 648.30 Richey, 1989, Table 2, p.22 42 Magenta FFG_059 623.60 Richey, 1989, Table 2, p.24 

5 Magenta FFG 018 652.30 Richey, 1989, Table 2, p.22 43 Magenta FFG_060 627.30 Richey, 1989, Table 2, p.24 

6 Magenta FFG_019 644.70 Richey, 1989, Table 2, p.22 44 Magenta FFG 061 626.00 Richey, 1989, Table 2, p.24 

7 Magenta FFG 020 718.40 Richey, 1989, Table 2, p.22 45 Magenta FFG 062 553.20 Richey, 1989, Table 2, p.24 

8 Magenta FFG 023 654.10 Richey, 1989, Table 2, p.22 46 Magenta FFG 063 513.70 Richey, 1989, Table 2, p.24 

9 Magenta FFG 024 638.80 Richey, 1989, Table 2, p.22 47 Magenta FFG 064 538.60 Richey, 1989, Table 2, p.24 

10 Magenta FFG_025 652.20 Richey, 1989, Table 2, p.22 48 Magenta FFG_065 520.60 Richey, 1989, Table 2, p.24 

11 Magenta FFG_026 649.50 Richey, 1989, Table 2, p.22 49 Magenta FFG 066 473.90 Richey, 1989, Table 2, p.24 

12 Magenta FFG 027 643.10 Richey, 1989, Table 2, p.22 50 Magenta FFG 067 516.40 Richey, 1989, Table 2, p.25 

13 Magenta FFG 028 612.70 Richey, 1989, Table 2, p.22 51 Magenta FFG_068 481.90 Richey, 1989, Table 2, p.25 

14 Magenta FFG_029 599.20 Richey, 1989, Table 2, p.22 52 Magenta FFG 069 502.40 Richey, 1989, Table 2, p.25 

15 Magenta FFG 030 598.30 Richey, 1989, Table 2, p.22 53 Magenta FFG_070 532.20 Richey, 1989, Table 2, p.25 

16 Magenta FFG 031 590.10 Richey, 1989, Table 2, p.22 54 Magenta FFG 071 790.70 Richey, 1989, Table 2, p.25 

t:l:j 
17 Magenta FFG 032 592.10 Richey, 1989, Table 2, p.22 55 Magenta FFG 072 721.10 Richey, 1989, Table 2, p.25 

I 18 Magenta FFG 033 588.30 Richey, 1989, Table 2, p.22 56 Magenta FFG 073 699.50 Richey, 1989, Table 2, p.25 
\J..) - -
0'1 19 Magenta FFG 034 582.40 Richey, 1989, Table 2, p.23 57 Magenta FFG 074 703.30 Richey, 1989, Table 2, p.25 

20 Magenta FFG 035 572.60 Richey, 1989, Table 2, p.23 58 Magenta FFG 075 756.00 Richey, 1989, Table 2, p.25 

21 Magenta FFG_036 582.20 Richey, 1989, Table 2, p.23 59 Magenta FFG 076 818.10 Richey, 1989, Table 2, p.25 

22 Magenta FFG 037 571.80 Richey, 1989, Table 2, p.23 60 Magenta FFG 078 855.20 Richey, 1989, Table 2, p.25 

23 Magenta FFG 038 559.60 Richey, 1989, Table 2, p.23 61 Magenta FFG 079 829.70 Richey, 1989, Table 2, p.25 

24 Magenta FFG 039 778.80 Richey, 1989, Table 2, p.23 62 Magenta FFG_oso 808.30 Richey, 1989, Table 2, p.25 

25 Magenta FFG 040 720.90 Richey, 1989, Table 2, p.23 63 Magenta FFG_081 727.90 Richey, 1989, Table 2, p.26 

26 Magenta FFG_041 780.60 Richey, 1989, Table 2, p.23 64 Magenta FFG_082 759.30 Richey, 1989, Table 2, p.26 

27 Magenta FFG 042 785.40 Richey, 1989, Table 2, p.23 65 Magenta FFG 083 674.70 Richey, 1989, Table 2, p.26 

28 Magenta FFG_043 788.10 Richey, 1989, Table 2, p.23 66 Magenta FFG 084 702.20 Richey, 1989, Table 2, p.26 

29 Magenta FFG 044 741.00 Richey, 1989, Table 2, p.23 67 Magenta FFG 085 695.60 Richey, 1989, Table 2, p.26 

30 Magenta FFG 047 613.90 Richey, 1989, Table 2, p.23 68 Magenta FFG_086 705.60 Richey, 1989, Table 2, p.26 

31 Magenta FFG 048 630.90 Richey, 1989, Table 2, p.23 69 Magenta FFG_087 680.00 Richey, 1989, Table 2, p.26 

32 Magenta FFG 049 620.90 Richey, 1989, Table 2, p.23 70 Magenta FFG 088 674.60 Richey, 1989, Table 2, p.26 

33 Magenta FFG 050 627.60 Richey, 1989, Table 2, p.24 71 Magenta FFG 089 656.00 Richey, 1989, Table 2, p.26 

34 Magenta FFG_051 627.30 Richey, 1989, Table 2, p.24 72 Magenta FFG 091 700.40 Richey, 1989, Table 2, p.26 

35 Magenta FFG_052 630.30 Richey, 1989, Table 2, p.24 73 Magenta FFG 092 716.60 Richey, 1989, Table 2, p.26 

36 Magenta FFG 053 623.30 Richey, 1989, Table 2, p.24 74 Magenta FFG 093 718.10 Richey, 1989, Table 2, p.26 

37 Magenta FFG_054 620.60 Richey, 1989, Table 2, p.24 75 Magenta FFG_094 720.20 Richey, 1989, Table 2, p.26 

38 Magenta FFG 055 621.10 Richey, 1989, Table 2, p.24 76 Magenta FFG_095 688.80 Richey, 1989, Table 2, p.26 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP {Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Magenta FFG 096 671.20 Richey, 1989, Table 2, p.26 39 Magenta FFG 137 927.90 Richey, 1989, Table 2, p.29 
2 Magenta FFG 097 651.70 Richey, 1989, Table 2, p.27 40 Magenta FFG 138 880.60 Richey, 1989, Table 2, p.29 
3 Magenta FFG 098 625.40 Richey, 1989, Table 2, p.27 41 Magenta FFG 139 889.70 Richey, 1989, Table 2, p.29 
4 Magenta FFG 099 620.90 Richey, 1989, Table 2, p.27 42 Magenta FFG 140 829.20 Richey, 1989, Table 2, p.29 
5 Magenta FFG 100 603.90 Richey, 1989, Table 2, p.27 43 Magenta FFG 141 854.20 Richey, 1989, Table 2, p.29 
6 Magenta FFG 101 574.90 Richey, 1989, Table 2, p.27 44 Magenta FFG 142 829.40 Richey, 1989, Table 2, p.29 
7 Magenta FFG 102 593.50 Richey, 1989, Table 2, p.27 45 Magenta FFG 143 839.30 Richey, 1989, Table 2, p.29 
8 Magenta FFG 103 655.40 Richey, 1989, Table 2, p.27 46 Magenta FFG 147 897.90 Richey, 1989, Table 2, p.29 
9 Magenta FFG 104 551.10 Richey, 1989, Table 2, p.27 47 Magenta FFG 155 914.10 Richey, 1989, Table 2, p.30 

10 Magenta FFG 105 909.60 Richey, 1989, Table 2, p.27 48 Magenta FFG 157 915.30 Richey, 1989, Table 2, p.30 
11 Magenta FFG 106 939.70 Richey, 1989, Table 2, p.27 49 Magenta FFG 158 937.20 Richey, 1989, Table 2, p.30 
12 Magenta FFG 107 923.00 Richey, 1989, Table 2, p.27 50 Magenta FFG 159 936.70 Richey, 1989, Table 2, p.30 
13 Magenta FFG 108 918.40 Richey, 1989, Table 2, p.27 51 Magenta FFG 160 929.70 Richey, 1989, Table 2, p.30 
14 Magenta FFG 109 898.90 Richey, 1989, Table 2, p.27 52 Magenta FFG 161 936.10 Richey, 1989, Table 2, p.30 
15 Magenta FFG 110 865.70 Richey, 1989, Table 2, p.27 53 Magenta FFG 162 933.30 Richey, 1989, Table 2, p.30 
16 Magenta FFG_111 871.70 Richey, 1989, Table 2, p.27 54 Magenta· FFG 163 933.90 Richey, 1989, Table 2, p.30 

tc 17 Magenta FFG 112 861.00 Richey, 1989, Table 2, p.28 55 Magenta FFG 166 936.00 Richey, 1989, Table 2, p.31 
I 18 Magenta FFG 113 875.10 Richey, 1989, Table 2, p.28 56 Magenta FFG 167 922.10 Richey, 1989, Table 2, p.31 """ -..-J 19 Magenta FFG_114 905.60 Richey, 1989, Table 2, p.28 57 Magenta FFG 168 944.60 Richey, 1989, Table 2, p.31 

20 Magenta FFG 115 895.50 Richey, 1989, Table 2, p.28 58 Magenta FFG 169 957.30 Richey, 1989, Table 2, p.31 
21 Magenta FFG 116 911.00 Richey, 1989, Table 2, p.28 59 Magenta FFG 170 922.90 Richey, 1989, Table 2, p.31 
22 Magenta FFG_117 911.30 Richey, 1989, Table 2, p.28 60 Magenta FFG 171 931.50 Richey, 1989, Table 2, p.31 
23 Magenta FFG_120 923.00 Richey, 1989, Table 2, p.28 61 Magenta FFG 172 937.20 Richey, 1989, Table 2, p.31 
24 Magenta FFG_121 928.10 Richey, 1989, Table 2, p.28 62 Magenta FFG 173 914.10 Richey, 1989, Table 2, p.31 
25 Magenta FFG 122 926.60 Richey, 1989, Table 2, p.28 63 Magenta FFG 180 920.50 Richey, 1989, Table 2, p.31 
26 Magenta FFG_123 900.60 Richey, 1989, Table 2, p.28 64 Magenta FFG 181 951.30 Richey, 1989, Table 2, p.32 
27 Magenta FFG 124 865.30 Richey, 1989, Table 2, p.28 65 Magenta FFG 182 847.60 Richey, 1989, Table 2, p.32 
28 Magenta FFG 125 890.90 Richey, 1989, Table 2, p.28 66 Magenta FFG 184 927.80 Richey, 1989, Table 2, p.32 
29 Magenta FFG 126 886.20 Richey, 1989, Table 2, p.28 67 Magenta FFG 185 934.50 Richey, 1989, Table 2, p.32 
30 Magenta FFG_127 891.20 Richey, 1989, Table 2, p.28 68 Magenta FFG 186 863.80 Richey, 1989, Table 2, p.32 
31 Magenta FFG_128 926.60 Richey, 1989, Table 2, p.28 69 Magenta FFG 188 874.10 Richey, 1989, Table 2, p.32 
32 Magenta FFG 129 899.40 Richey, 1989, Table 2, p.28 70 Magenta FFG 189 902.20 Richey, 1989, Table 2, p.32 
33 Magenta FFG 130 929.60 Richey, 1989, Table 2, p.28 71 Magenta FFG 190 882.40 Richey, 1989, Table 2, p.32 
34 Magenta FFG_132 935.10 Richey, 1989, Table 2, p.29 72 Magenta FFG 191 878.10 Richey, 1989, Table 2, p.32 
35 Magenta FFG 133 938.10 Richey, 1989, Table 2, p.29 73 Magenta FFG 192 815.30 Richey, 1989, Table 2, p.32 
36 Magenta FFG_134 944.00 Richey, 1989, Table 2, p.29 74 Magenta FFG 194 822.10 Richey, 1989, Table 2, p.33 
37 Magenta FFG_135 917.50 Richey, 1989, Table 2, p.29 75 Magenta FFG 195 834.00 Richey, 1989, Table 2, p.33 
38 Magenta FFG_136 919.10 Richey, 1989, Table 2, p.29 76 Magenta FFG 196 876.90 Richey, 1989, Table 2, p.33 



Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Magenta FFG 197 878.10 Richey, 1989, Table 2, p.33 39 Magenta FFG 238 691.00 Richey, 1989, Table 2, p.36 

2 Magenta FFG 198 877.50 Richey, 1989, Table 2, p.33 40 Magenta FFG 239 679.10 Richey, 1989, Table 2, p.36 

3 Magenta FFG 199 867.50 Richey, 1989, Table 2, p.33 41 Magenta FFG 240 671.20 Richey, 1989, Table 2, p.36 

4 Magenta FFG 200 880.90 Richey, 1989, Table 2, p.33 42 Magenta FFG 241 666.30 Richey, 1989, Table 2, p.36 

5 Magenta FFG 201 873.20 Richey, 1989, Table 2, p.33 43 Magenta FFG 242 783.10 Richey, 1989, Table 2, p.36 

6 Magenta FFG 202 816.50 Richey, 1989, Table 2, p.33 44 Magenta FFG 243 743.10 Richey, 1989, Table 2, p.36 

7 Magenta FFG 203 823.00 Richey, 1989, Table 2, p.33 45 Magenta FFG 244 780.80 Richey, 1989, Table 2, p.36 

8 Magenta FFG 204 846.50 Richey, 1989, Table 2, p.33 46 Magenta FFG 245 573.00 Richey, 1989, Table 2, p.36 

9 Magenta FFG 205 860.50 Richey, 1989, Table 2, p.33 47 Magenta FFG 246 578.50 Richey, 1989, Table 2, p.36 

10 Magenta FFG 206 874.50 Richey, 1989, Table 2, p.33 48 Magenta FFG 247 563.80 Richey, 1989, Table 2, p.36 

11 Magenta FFG 207 872.30 Richey, 1989, Table 2, p.33 49 Magenta FFG 248 571.20 Richey, 1989, Table 2, p.36 

12 Magenta FFG 208 882.10 Richey, 1989, Table 2, p.34 50 Magenta FFG 249 569.70 Richey, 1989, Table 2, p.36 

13 Magenta FFG 209 873.20 Richey, 1989, Table 2, p.34 51 Magenta FFG 250 651.50 Richey, 1989, Table 2, p.36 

14 Magenta FFG 210 865.90 Richey, 1989, Table 2, p.34 52 Magenta FFG_251 544.90 Richey, 1989, Table 2, p.36 

15 Magenta FFG 212 852.80 Richey, 1989, Table 2, p.34 53 Magenta FFG_252 683.90 Richey, 1989, Table 2, p.36 

16 Magenta FFG 213 874.50 Richey, 1989, Table 2, p.34 54 Magenta FFG_253 639.20 Richey, 1989, Table 2, p.36 

17 Magenta FFG 214 854.90 Richey, 1989, Table 2, p.34 55 Magenta FFG 254 630.00 Richey, 1989, Table 2, p.36 
t:J:j - -
I 18 Magenta FFG 215 831.20 Richey, 1989, Table 2, p.34 56 Magenta FFG 255 587.70 Richey, 1989, Table 2, p.37 

w 19 Magenta FFG 216 716.80 Richey, 1989, Table 2, p.34 57 Magenta FFG 256 535.20 Richey, 1989, Table 2, p.37 00 

20 Magenta FFG 217 851.40 Richey, 1989, Table 2, p.34 58 Magenta FFG 257 579.40 Richey, 1989, Table 2, p.37 

21 Magenta FFG_218 844.00 Richey, 1989, Table 2, p.34 59 Magenta FFG 258 594.90 Richey, 1989, Table 2, p.37 

22 Magenta FFG_219 889.70 Richey, 1989, Table 2, p.34 60 Magenta FFG 259 561.10 Richey, 1989, Table 2, p.37 

23 Magenta FFG 220 836.70 Richey, 1989, Table 2, p.34 61 Magenta FFG 260 603.80 Richey, 1989, Table 2, p.37 

24 Magenta FFG 221 796.20 Richey, 1989, Table 2, p.34 62 Magenta FFG 261 592.80 Richey, 1989, Table 2, p.37 

25 Magenta FFG 222 749.80 Richey, 1989, Table 2, p.34 63 Magenta FFG 263 526.60 Richey, 1989, Table 2, p.37 

26 Magenta FFG 224 655.70 Richey, 1989, Table 2, p.35 64 Magenta FFG 264 760.50 Richey, 1989, Table 2, p.37 

27 Magenta FFG 225 662.40 Richey, 1989, Table 2, p.35 65 Magenta FFG_265 755.90 Richey, 1989, Table 2, p.37 

28 Magenta FFG 226 661.00 Richey, 1989, Table 2, p.35 66 Magenta FFG 266 736.70 Richey, 1989, Table 2, p.37 

29 Magenta FFG_228 651.70 Richey, 1989, Table 2, p.35 67 Magenta FFG 267 713.50 Richey, 1989, Table 2, p.37 

30 Magenta FFG 229 679.40 Richey, 1989, Table 2, p.35 68 Magenta FFG_268 690.70 Richey, 1989, Table 2, p.37 

31 Magenta FFG_230 665.10 Richey, 1989, Table 2, p.35 69 Magenta FFG 269 702.40 Richey, 1989, Table 2, p.38 

32 Magenta FFG 231 681.80 Richey, 1989, Table 2, p.35 70 Magenta FFG_270 774.50 Richey, 1989, Table 2, p.38 

33 Magenta FFG 232 695.60 Richey, 1989, Table 2, p.35 71 Magenta FFG 271 815.00 Richey, 1989, Table 2, p.38 

34 Magenta FFG 233 685.80 Richey, 1989, Table 2, p.35 72 Magenta FFG 272 822.50 Richey, 1989, Table 2, p.38 

35 Magenta FFG 234 722.70 Richey, 1989, Table 2, p.35 73 Magenta FFG 273 797.40 Richey, 1989, Table 2, p.38 

36 Magenta FFG 235 698.60 Richey, 1989, Table 2, p.35 74 Magenta FFG 274 834.20 Richey, 1989, Table 2, p.38 

37 Magenta FFG 236 746.40 Richey, 1989, Table 2, p.35 75 Magenta FFG 275 840.30 Richey, 1989, Table 2, p.38 

38 Magenta FFG 237 712.10 Richey, 1989, Table 2, p.35 76 Magenta FFG 276 845.20 Richey, 1989, Table 2, p.38 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

z Magenta FFG 277 836.70 Richey, 1989, Table 2, p.38 40 Magenta FFG 317 777.00 Richey, 1989, Table 2, p.41 
3 Magenta FFG 278 845.80 Richey, 1989, Table 2, p.38 41 Magenta FFG 318 742.20 Richey, 1989, Table 2, p.41 
4 Magenta FFG 279 840.90 Richey, 1989, Table 2, p.38 42 Magenta FFG 319 751.60 Richey, 1989, Table 2, p.41 
5 Magenta FFG 280 837.30 Richey, 1989, Table 2, p.38 43 Magenta FFG 320 741.30 Richey, 1989, Table 2, p.41 
6 Magenta FFG 281 814.20 Richey, 1989, Table 2, p.38 44 Magenta FFG 321 737.90 Richey, 1989, Table 2, p.41 
7 Magenta FFG 283 563.90 Richey, 1989, Table 2, p.39 45 Magenta FFG 322 733.20 Richey, 1989, Table 2, p.41 
8 Magenta FFG 284 712.00 Richey, 1989, Table 2, p.39 46 Magenta FFG 323 729.50 Richey, 1989, Table 2, p.41 
9 Magenta FFG 285 741.30 Richey, 1989, Table 2, p.39 47 Magenta FFG 324 745.30 Richey, 1989, Table 2, p.41 

10 Magenta FFG 286 820.20 Richey, 1989, Table 2, p.39 48 Magenta FFG 325 800.40 Richey, 1989, Table 2, p.41 
11 Magenta FFG 287 793.10 Richey, 1989, Table 2, p.39 49 Magenta FFG 326 736.10 Richey, 1989, Table 2, p.41 
12 Magenta FFG 288 744.90 Richey, 1989, Table 2, p.39 50 Magenta FFG 327 729.10 Richey, 1989, Table 2, p.42 
13 Magenta FFG 289 719.90 Richey, 1989, Table 2, p.39 51 Magenta FFG 328 734.50 Richey, 1989, Table 2, p.42 
14 Magenta FFG 290 806.50 Richey, 1989, Table 2, p.39 52 Magenta FFG 329 733.90 Richey, 1989, Table 2, p.42 
15 Magenta FFG 291 742.50 Richey, 1989, Table 2, p.39 53 Magenta FFG 330 733.20 Richey, 1989, Table 2, p.42 
16 Magenta FFG 292 758.40 Richey, 1989, Table 2, p.39 54 Magenta FFG 331 728.50 Richey, 1989, Table 2, p.42 
17 Magenta FFG 293 750.70 Richey, 1989, Table 2, p.39 55 Magenta FFG 332 719.30 Richey, 1989, Table 2, p.42 
18 Magenta FFG 294 572.80 Richey, 1989, Table 2, p.39 56 Magenta FFG 333 722.80 Richey, 1·989,Table 2, p.42 
19 Magenta FFG 295 560.20 Richey, 1989, Table 2, p.39 57 Magenta FFG 334 718.10 Richey, 1989, Table 2, p.42 
20 Magenta FFG 297 539.20 Richey, 1989, Table 2, p.39 58 Magenta FFG 335 733.70 Richey, 1989, Table 2, p.42 
21 Magenta FFG 298 552.40 Richey, 1989, Table 2, p.40 59 Magenta FFG 336 730.60 Richey, 1989, Table 2, p.42 
22 Magenta FFG 299 569.10 Richey, 1989, Table 2, p.40 60 Magenta FFG 337 713.80 Richey, 1989, Table 2, p.42 
23 Magenta FFG 300 520.60 Richey, 1989, Table 2, p.40 61 Magenta FFG_338 720.70 Richey, 1989, Table 2, p.42 
24 Magenta FFG 301 491.10 Richey, 1989, Table 2, p.40 62 Magenta FFG 339 684.80 Richey, 1989, Table 2, p.42 
25 Magenta FFG 302 518.50 Richey, 1989, Table 2, p.40 63 Magenta FFG 340 694.00 Richey, 1989, Table 2, p.42 
26 Magenta FFG 303 511.20 Richey, 1989, Table 2, p.40 64 Magenta FFG 342 726.90 Richey, 1989, Table 2, p.43 
27 Magenta FFG 304 517.50 Richey, 1989, Table 2, p.40 65 Magenta FFG 344 692.70 Richey, 1989, Table 2, p.43 
28 Magenta FFG 305 509.30 Richey, 1989, Table 2, p.40 66 Magenta FFG 345 752.10 Richey, 1989, Table 2, p.43 
29 Magenta FFG_306 469.30 Richey, 1989, Table 2, p.40 67 Magenta FFG 347 744.70 Richey, 1989, Table 2, p.43 
30 Magenta FFG 307 493.50 Richey, 1989, Table 2, p.40 68 Magenta FFG 348 773.30 Richey, 1989, Table 2, p.43 
31 Magenta FFG 308 465.70 Richey, 1989, Table 2, p.40 69 Magenta FFG 349 742.20 Richey, 1989, Table 2, p.43 
32 Magenta FFG_309 508.10 Richey, 1989, Table 2, p.40 70 Magenta FFG 350 789.10 Richey, 1989, Table 2, p.43 
33 Magenta FFG_310 539.20 Richey, 1989, Table 2, p.40 71 Magenta FFG 351 705.60 Richey, 1989, Table 2, p.43 
34 Magenta FFG 311 486.50 Richey, 1989, Table 2, p.40 72 Magenta FFG 352 705.60 Richey, 1989, Table 2, p.43 
35 Magenta FFG 312 510.60 Richey, 1989, Table 2, p.40 73 Magenta FFG 353 726.70 Richey, 1989, Table 2, p.43 
36 Magenta FFG_313 915.10 Richey, 1989, Table 2, p.41 74 Magenta FFG 354 800.80 Richey, 1989, Table 2, p.43 
37 Magenta FFG_314 843.10 Richey, 1989, Table 2, p.41 75 Magenta FFG 361 986.90 Richey, 1989, Table 2, p.44 
38 Magenta FFG 315 764.30 Richey, 1989, Table 2, p.41 76 Magenta FFG 366 940.60 Richey, 1989, Table 2, p.44 
39 Magenta FFG_316 747.90 Richey, 1989, Table 2, p.41 77 Magenta FFG 367 954.60 Richey, 1989, Table 2, p.44 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer Well 10 Elevation Source Layer WeiiiD Elevation Source 

Magenta FFG_371 997.70 Richey, 1989, Table 2, p.44 39 Magenta FFG 472 538.30 Richey, 1989, Table 2, p.51 

2 Magenta FFG 374 940.90 Richey, 1989, Table 2, p.45 40 Magenta FFG_473 468.20 Richey, 1989, Table 2, p.51 

3 Magenta FFG 383 938.80 Richey, 1989, Table 2, p.45 41 Magenta FFG 474 729.40 Richey, 1989, Table 2, p.51 

4 Magenta FFG 384 945.80 Richey, 1989, Table 2, p.45 42 Magenta FFG 475 728.90 Richey, 1989, Table 2, p.51 

5 Magenta FFG 387 940.30 Richey, 1989, Table 2, p.45 43 Magenta FFG 476 805.00 Richey, 1989, Table 2, p.51 

6 Magenta FFG_388 936.70 Richey, 1989, Table 2, p.46 44 Magenta FFG 477 760.80 Richey, 1989, Table 2, p.51 

7 Magenta FFG 390 954.00 Richey, 1989, Table 2, p.46 45 Magenta FFG 478 739.70 Richey, 1989, Table 2, p.52 

8 Magenta FFG_391 951.50 Richey, 1989, Table 2, p.46 46 Magenta FFG 479 736.40 Richey, 1989, Table 2, p.52 

9 Magenta FFG_392 948.60 Richey, 1989, Table 2, p.46 47 Magenta FFG_480 732.50 Richey, 1989, Table 2, p.52 

10 Magenta FFG 393 816.10 Richey, 1989, Table 2, p.46 48 Magenta FFG 481 715.70 Richey, 1989, Table 2, p.52 

11 Magenta FFG 394 908.60 Richey, 1989, Table 2, p.46 49 Magenta FFG 482 744.30 Richey, 1989, Table 2, p.52 

12 Magenta FFG 395 901.60 Richey, 1989, Table 2, p.46 50 Magenta FFG 483 767.80 Richey, 1989, Table 2, p.52 

13 Magenta FFG 396 884.30 Richey, 1989, Table 2, p.46 51 Magenta FFG 484 753.60 Richey, 1989, Table 2, p.52 

14 Magenta FFG 398 805.60 Richey, 1989, Table 2, p.46 52 Magenta FFG 485 762.60 Richey, 1989, Table 2, p.52 

15 Magenta FFG 402 979.40 Richey, 1989, Table 2, p.46 53 Magenta FFG 486 749.50 Richey, 1989, Table 2, p.52 

16 Magenta FFG 403 941.40 Richey, 1989, Table 2, p.47 54 Magenta FFG 487 746.50 Richey, 1989, Table 2, p.52 

17 Magenta FFG 404 901.60 Richey, 1989, Table 2, p.47 55 Magenta FFG 488 731.20 Richey, 1989, Table 2, p.52 
t:C -
I 18 Magenta FFG 407 940.00 Richey, 1989, Table 2, p.47 56 Magenta FFG 489 748.40 Richey, 1989, Table 2, p.52 -

""' 0 19 Magenta FFG_408 913.20 Richey, 1989, Table 2, p.47 57 Magenta FFG 490 838.80 Richey, 1989, Table 2, p.52 

20 Magenta FFG_ 419 976.60 Richey, 1989, Table 2, p.48 58 Magenta FFG 491 836.40 Richey, 1989, Table 2, p.52 

21 Magenta FFG_420 973.50 Richey, 1989, Table 2, p.48 59 Magenta FFG 492 798.60 Richey, 1989, Table 2, p.52 

22 Magenta FFG 421 960.10 Richey, 1989, Table 2, p.48 60 Magenta FFG_493 785.30 Richey, 1989, Table 2, p.53 

23 Magenta FFG 422 958.30 Richey, 1989, Table 2, p.48 61 Magenta FFG_494 792.10 Richey, 1989, Table 2, p.53 

24 Magenta FFG 432 924.10 Richey, 1989, Table 2, p.48 62 Magenta FFG_ 495 783.00 Richey, 1989, Table 2, p.53 

25 Magenta FFG_438 874.60 Richey, 1989, Table 2, p.49 63 Magenta FFG 496 688.60 Richey, 1989, Table 2, p.53 

26 Magenta FFG 455 817.50 Richey, 1989, Table 2, p.50 64 Magenta FFG 497 701.10 Richey, 1989, Table 2, p.53 

27 Magenta FFG 456 812.50 Richey, 1989, Table 2, p.50 65 Magenta FFG 498 714.10 Richey, 1989, Table 2, p.53 

28 Magenta FFG 457 868.10 Richey, 1989, Table 2, p.50 66 Magenta FFG 499 689.50 Richey, 1989, Table 2, p.53 

29 Magenta FFG 458 872.60 Richey, 1989, Table 2, p.50 67 Magenta FFG 500 704.70 Richey, 1989, Table 2, p.53 

30 Magenta FFG_ 459 799.50 Richey, 1989, Table 2, p.50 68 Magenta FFG 501 710.10 Richey, 1989, Table 2, p.53 

31 Magenta FFG 462 865.80 Richey, 1989, Table 2, p.50 69 Magenta FFG 502 702.90 Richey, 1989, Table 2, p.53 

32 Magenta FFG 463 893.10 Richey, 1989, Table 2, p.51 70 Magenta FFG 503 684.00 Richey, 1989, Table 2, p.53 

33 Magenta FFG 464 880.00 Richey, 1989, Table 2, p.51 71 Magenta FFG 504 706.00 Richey, 1989, Table 2, p.53 

34 Magenta FFG_465 883.00 Richey, 1989, Table 2, p.51 72 Magenta FFG 505 739.50 Richey, 1989, Table 2, p.53 

35 Magenta FFG 467 488.20 Richey, 1989, Table 2, p.51 73 Magenta FFG 506 730.90 Richey, 1989, Table 2, p.53 

36 Magenta FFG 468 465.50 Richey, 1989, Table 2, p.51 74 Magenta FFG 507 692.40 Richey, 1989, Table 2, p.53 

37 Magenta FFG 470 484.90 Richey, 1989, Table 2, p.51 75 Magenta FFG 508 744.10 Richey, 1989, Table 2, p.53 

38 Magenta FFG 471 500.50 Richey, 1989, Table 2, p.51 76 Magenta FFG_509 745.20 Richey, 1989, Table 2, p.54 



Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer Well 10 Elevation Source Layer Well 10 Elevation Source 

1 Magenta FFG 510 744.80 Richey, 1989, Table 2, p.54 39 Magenta FFG 640 630.80 Richey, 1989, Table 2, p.60 
2 Magenta FFG 511 702.30 Richey, 1989, Table 2, p.54 40 Magenta FFG 643 669.70 Richey, 1989, Table 2, p.60 
3 Magenta FFG 512 720.80 Richey, 1989, Table 2, p.54 41 Magenta FFG 644 706.40 Richey, 1989, Table 2, p.60 
4 Magenta FFG 513 740.70 Richey, 1989, Table 2, p.54 42 Magenta FFG 648 541.30 Richey, 1989, Table 2, p.60 
5 Magenta FFG 514 731.20 Richey, 1989, Table 2, p.54 43 Magenta FFG 652 859.80 Richey, 1989, Table 2, p.60 
6 Magenta FFG 515 697.90 Richey, 1989, Table 2, p.54 44 Magenta FFG 653 859.90 Richey, 1989, Table 2, p.61 
7 Magenta FFG 516 691.30 Richey, 1989, Table 2, p.54 45 Magenta FFG 654 880.00 Richey, 1989, Table 2, p.61 
8 Magenta FFG 517 788.80 Richey, 1989, Table 2, p.54 46 Magenta FFG 655 878.10 Richey, 1989, Table 2, p.61 
9 Magenta FFG 518 778.10 Richey, 1989, Table 2, p.54 47 Magenta FFG 656 876.90 Richey, 1989, Table 2, p.61 

10 Magenta FFG 519 743.70 Richey, 1989, Table 2, p.54 48 Magenta FFG 657 889.80 Richey, 1989, Table 2, p.61 
11 Magenta FFG 520 635.40 Richey, 1989, Table 2, p.54 49 Magenta FFG 658 881.80 Richey, 1989, Table 2, p.61 
12 Magenta FFG 521 655.00 Richey, 1989, Table 2, p.54 50 Magenta FFG 659 886.10 Richey, 1989, Table 2, p.61 
13 Magenta FFG 522 504.30 Richey, 1989, Table 2, p.54 51 Magenta FFG 660 901.50 Richey, 1989, Table 2, p.61 
14 Magenta FFG 523 516.90 Richey, 1989, Table 2, p.54 52 Magenta FFG 662 876.30 Richey, 1989, Table 2, p.61 
15 Magenta FFG 524 675.10 Richey, 1989, Table 2, p.55 53 Magenta FFG 664 868.40 Richey, 1989, Table 2, p.61 
16 Magenta FFG 525 513.70 Richey, 1989, Table 2, p.55 54 Magenta FFG 666 920.50 Richey, 1989, Table 2, p.62 _ 
17 Magenta FFG 527 938.70 Richey, 1989, Table 2, p.55 55 Magenta FFG 887 905.60 Richey, 1989, Table 2, p.62 
18 Magenta FFG 528 934.20 Richey, 1989, Table 2, p.55 56 Magenta FFG 670 926.90 Richey, 1989, Table 2, p.62 
19 Magenta FFG 532 915.60 Richey, 1989, Table 2, p.55 57 Magenta FFG 672 925.70 Richey, 1989, Table 2, p.62 
20 Magenta FFG 535 919.90 Richey, 1989, Table 2, p.55 58 Magenta FFG 674 921.70 Richey, 1989, Table 2, p.62 
21 Magenta FFG 548 914.10 Richey, 1989, Table 2, p.56 59 Magenta FFG 675 877.70 Richey, 1989, Table 2, p.62 
22 Magenta FFG 562 652.30 Richey, 1989, Table 2, p.57 60 Magenta FFG_676 891.90 Richey, 1989, Table 2, p.62 
23 Magenta FFG 563 564.80 Richey, 1989, Table 2, p.57 61 Magenta FFG 677 917.80 Richey, 1989, Table 2, p.62 
24 Magenta FFG 569 670.60 Richey, 1989, Table 2, p.57 62 Magenta FFG 679 917.10 Richey, 1989, Table 2, p.62 
25 Magenta FFG 584 767.70 Richey, 1989, Table 2, p.58 63 Magenta FFG 689 799.50 Richey, 1989, Table 2, p.63 
26 Magenta FFG 600 727.60 Richey, 1989, Table 2, p.58 64 Magenta FFG 690 805.00 Richey, 1989, Table 2, p.63 
27 Magenta FFG 601 623.00 Richey, 1989, Table 2, p.58 65 Magenta FFG 691 796.20 Richey, 1989, Table 2, p.63 
28 Magenta FFG 606 703.50 Richey, 1989, Table 2, p.58 66 Magenta FFG 692 786.40 Richey, 1989, Table 2, p.63 
29 Magenta FFG 607 723.30 Richey, 1989, Table 2, p.59 67 Magenta FFG 693 797.00 Richey, 1989, Table 2, p.63 
30 Magenta FFG 608 731.80 Richey, 1989, Table 2, p.59 68 Magenta FFG 694 789.40 Richey, 1989, Table 2, p.63 
31 Magenta FFG 609 738.80 Richey, 1989, Table 2, p.59 69 Magenta FFG 695 794.90 Richey, 1989, Table 2, p.63 
32 Magenta FFG 610 722.40 Richey, 1989, Table 2, p.59 70 Magenta FFG 696 797.00 Richey, 1989, Table 2, p.63 
33 Magenta FFG 611 707.40 Richey, 1989, Table 2, p.59 71 Magenta FFG 697 799.20 Richey, 1989, Table 2, p.64 
34 Magenta FFG 612 715.70 Richey, 1989, Table 2, p.59 72 Magenta FFG 698 841.60 Richey, 1989, Table 2, p.64 
35 Magenta FFG_613 713.50 Richey, 1989, Table 2, p.59 73 Magenta FFG 699 792.80 Richey, 1989, Table 2, p.64 
36 Magenta FFG 620 738.50 Richey, 1989, Table 2, p.59 74 Magenta FFG 700 782.50 Richey, 1989, Table 2, p.64 
37 Magenta FFG 638 573.10 Richey, 1989, Table 2, p.60 75 Magenta FFG 701 788.60 Richey, 1989, Table 2, p.64 
38 Magenta FFG 639 543.80 Richey, 1989, Table 2, p.60 76 Magenta FFG 702 792.80 Richey, 1989, Table 2, p.64 



c 
:.. 
.,) 

1 

2 
3 

4 
5 

6 
7 

8 

9 

10 
11 

12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

28 
29 
30 
31 
32 

33 

34 
35 

36 
37 

38 

Layer 

Magenta 

Magenta 
Magenta 

Magenta 
Magenta 

Magenta 

Magenta 
Magenta 
Magenta 

Magenta 
Magenta 
Magenta 
Magenta 

Magenta 
Magenta 
Magenta 
Magenta 

Magenta 
Magenta 
Magenta 
Magenta 

Magenta 
Magenta 
Magenta 
Magenta 

Magenta 
Magenta 

Magenta 
Magenta 

Magenta 

Magenta 
Magenta 

Magenta 

Magenta 
Magenta 

Magenta 
Magenta 

Magenta 

WeiiiD 

FFG 703 

FFG 704 

FFG 705 
FFG 706 
FFG 707 

FFG 708 

FFG 709 
FFG 710 
FFG 711 

FFG 712 
FFG 713 
FFG 714 
FFG 715 

FFG 716 
FFG 717 
FFG 718 
FFG 719 

FFG 720 
FFG 721 
FFG 723 
FFG 724 

FFG 725 
FFG 726 
FFG 727 
FFG 728 
FFG 729 

FFG 730 
FFG 731 
FFG 732 

FFG 733 

FFG 734 

FFG 735 

FFG 736 

FFG 737 

FFG 738 
FFG 739 

FFG 740 

FFG 741 

Elevation 

798.90 

785.50 
715.60 

736.10 
720.30 

773.30 
664.50 

665.40 
675.20 

718.80 
655.80 
770.20 
783.00 

680.80 
703.30 
706.70 
679.40 

679.10 
679.10 
791.70 
719.10 

694.90 
682.70 
680.00 
677.80 

688.90 

705.60 
703.00 
720.60 

787.60 
741.90 

684.60 

739.10 

682.80 

697.00 

734.40 
736.70 

702.90 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.64 
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Richey, 1989, Table 2, p.64 
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Richey, 1989, Table 2, p.67 

Richey, 1989, Table 2, p.67 
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Mercer, 1983, Table 1 
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Mercer, 1983, Table 1 
Rechard et al., 1991, Figure 2.2-1 

Bechtel, Inc., 1986, Appendix D 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Mercer, 1983, Table 1 39 

SNLand USGS, 1982a, Table 2 40 
SNLand D'Appolonia Consulting, 1983, Table 2 41 
Mercer, 1983, Table 1 42 
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WeiiiD 
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Layer 
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Elevation 

518.80 
521.20 
520.90 
524.60 
526.70 
529.70 
532.80 
532.50 
479.20 
438.40 
461.20 
449.60 
401.70 
435.90 
396.50 
407.90 
442.00 
700.20 
645.80 
623.30 
630.70 
683.40 
741.90 
776.90 
750.40 
727.50 
644.40 
673.00 
604.60 
626.00 
620.90 
630.30 
601.30 
595.30 
576.70 
614.20 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 
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39 Salado 
40 Salado 
41 Salado 
42 Salado 
43 Salado 
44 Salado 
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46 Salado 
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48 Salado 
49 Salado 
50 Salado 
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65 Salado 
66 Salado 
67 Salado 
68 Salado 
69 Salado 
70 Salado 
71 Salado 
72 Salado 
73 Salado 
74 Salado 
75 Salado 
76 Salado 

Well ID 

FFG 094 
FFG 095 
FFG 096 
FFG 097 
FFG 098 
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FFG 106 
FFG 107 
FFG 108 
FFG 109 
FFG 110 
FFG 111 
FFG 112 
FFG 113 
FFG 114 
FFG 115 
FFG 116 
FFG 117 
FFG 119 
FFG 120 
FFG 121 
FFG 122 
FFG 123 
FFG 124 
FFG 126 
FFG 127 
FFG 128 
FFG 129 

FFG 130 
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Elevation 
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618.70 
605.00 
580.60 
555.90 
550.20 
530.40 
500.20 
512.40 
474.30 
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840.70 
836.10 
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831.80 
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784.80 
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828.80 
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819.30 
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785.50 
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Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Salado FFG 136 844.40 Richey, 1989, Table 2, p.29 39 Salado FFG 183 837.30 Richey, 1989, Table 2, p.32 
2 Salado FFG 137 853.20 Richey, 1989, Table 2, p.29 40 Salado FFG 184 851.60 Richey, 1989, Table 2, p.32 
3 Salado FFG 138 798.30 Richey, 1989, Table 2, p.29 41 Salado FFG 185 840.00 Richey, 1989, Table 2, p.32 
4 Salado FFG 139 810.10 Richey, 1989, Table 2, p.29 42 Salado FFG 186 766.30 Richey, 1989, Table 2, p.32 
5 Salado FFG 140 750.00 Richey, 1989, Table 2, p.29 43 Salado FFG 188 781.20 Richey, 1989, Table 2, p.32 
6 Salado FFG 141 782.90 Richey, 1989, Table 2, p.29 44 Salado FFG 189 805.00 Richey, 1989, Table 2, p.32 
7 Salado FFG 142 757.80 Richey, 1989, Table 2, p.29 45 Salado FFG 190 793.40 Richey, 1989, Table 2, p.32 
8 Salado FFG 144 825.10 Richey, 1989, Table 2, p.29 46 Salado FFG 191 780.00 Richey, 1989, Table 2, p.32 
9 Salado FFG 145 830.60 Richey, 1989, Table 2, p.29 47 Salado FFG 192 708.00 Richey, 1989. Table 2, p.32 

10 Salado FFG 146 826.00 Richey, 1989, Table 2, p.29 48 Salado FFG 194 738.80 Richey, 1989, Table 2, p.33 
11 Salado FFG 147 816.30 Richey, 1989, Table 2, p.29 49 Salado FFG 195 753.50 Richey, 1989, Table 2, p.33 
12 Salado FFG 148 832.10 Richey, 1989, Table 2, p.29 50 Salado FFG 196 792.50 Richey, 1989, Table 2, p.33 
13 Salado FFG 149 842.10 Richey, 1989, Table 2, p.30 51 Salado FFG 197 790.10 Richey, 1989, Table 2, p.33 
14 Salado FFG 152 836.70 Richey, 1989, Table 2, p.30 52 Salado FFG 198 783.90 Richey, 1989, Table 2, p.33 
15 Salado FFG 155 830.90 Richey, 1989, Table 2, p.30 53 Salado FFG 199 780.60 Richey, 1989, Table 2, p.33 
16 Salado FFG 156 837.60 Richey, 1989, Table 2, p.30 54 Salado FFG 200 785.20 Richey, 1989, Table 2, p.33 

t:C 
17 Salado FFG_158 856.80 Richey, 1989, Table 2, p.30 55 Salado FFG 201 778.70 Richey, 1989, Table 2, p.33 

I 18 Salado FFG 159 859.60 Richey, 1989, Table 2, p.30 56 Salado FFG 202 723.60 Richey, 1989, Table 2, p.33 ""' v. 19 Salado FFG 160 855.60 Richey, 1989, Table 2, p.30 57 Salado FFG 203 727.60 Richey, 1989, Table 2, p.33 
20 Salado FFG_161 856.80 Richey, 1989, Table 2, p.30 58 Salado FFG 204 767.20 Richey, 1989, Table 2, p.33 
21 Salado FFG_162 857.70 Richey, 1989, Table 2, p.30 59 Salado FFG 205 768.50 Richey, 1989, Table 2, p.33 
22 Salado FFG 163 856.20 Richey, 1989, Table 2, p.30 60 Salado FFG 206 779.40 Richey, 1989, Table 2, p.33 
23 Salado FFG 164 854.70 Richey, 1989, Table 2, p.30 61 Salado FFG 207 775.70 Richey, 1989, Table 2, p.33 
24 Salado FFG_165 838.80 Richey, 1989, Table 2, p.30 62 Salado FFG 208 780.30 Richey, 1989, Table 2, p.34 
25 Salado FFG 166 858.30 Richey, 1989, Table 2, p.31 63 Salado FFG 209 787.30 Richey, 1989, Table 2, p.34 
26 Salado FFG_167 836.70 Richey, 1989, Table 2, p.31 64 Salado FFG 210 766.00 Richey, 1989, Table 2, p.34 
27 Salado FFG 168 843.10 Richey, 1989, Table 2, p.31 65 Salado FFG 212 768.40 Richey, 1989, Table 2, p.34 
28 Salado FFG 169 861.30 Richey, 1989, Table 2, p.31 66 Salado FFG 213 795.30 Richey, 1989, Table 2, p.34 
29 Salado FFG 170 839.10 Richey, 1989, Table 2, p.31 67 Salado FFG 214 757.70 Richey, 1989, Table 2, p.34 
30 Salado FFG 171 848.00 Richey, 1989, Table 2, p.31 68 Salado FFG 215 734.60 Richey, 1989, Table 2, p.34 
31 Salado FFG_172 851.90 Richey, 1989, Table 2, p.31 69 Salado FFG 216 520.60 Richey, 1989, Table 2, p.34 
32 Salado FFG 173 831.50 Richey, 1989, Table 2, p.31 70 Salado FFG 217 756.30 Richey, 1989, Table 2, p.34 
33 Salado FFG 177 812.60 Richey, 1989, Table 2, p.31 71 Salado FFG 218 744.00 Richey, 1989, Table 2, p.34 
34 Salado FFG 178 539.20 Richey, 1989, Table 2, p.31 72 Salado FFG 219 783.30 Richey, 1989, Table 2, p.34 
35 Salado FFG 179 816.80 Richey, 1989, Table 2, p.31 73 Salado FFG 220 742.20 Richey, 1989, Table 2, p.34 
36 Salado FFG 180 825.10 Richey, 1989, Table 2, p.31 74 Salado FFG 221 684.90 Richey, 1989, Table 2, p.34 
37 Salado FFG 181 869.00 Richey, 1989, Table 2, p.32 75 Salado FFG 222 604.50 Richey, 1989, Table 2, p.34 
38 Salado FFG_182 757.10 Richey, 1989, Table 2, p.32 76 Salado FFG 224 558.10 Richey, 1989, Table 2, p.35 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued} 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Salado FFG 225 566.30 Richey, 1989, Table 2, p.35 39 Salado FFG 264 653.50 Richey, 1989, Table 2, p.37 

2 Salado FFG 226 561.90 Richey, 1989, Table 2, p.35 40 Salado FFG_265 634.60 Richey, 1989, Table 2, p.37 

3 Salado FFG 228 549.30 Richey, 1989, Table 2, p.35 41 Salado FFG 266 609.60 Richey, 1989, Table 2, p.37 

4 Salado FFG 229 572.10 Richey, 1989, Table 2, p.35 42 Salado FFG 267 582.70 Richey, 1989, Table 2, p.37 

5 Salado FFG 230 558.40 Richey, 1989, Table 2, p.35 43 Salado FFG 268 563.30 Richey, 1989, Table 2, p.37 

6 Salado FFG 231 578.20 Richey, 1989, Table 2, p.35 44 Salado FFG 269 568.30 Richey, 1989, Table 2, p.38 

7 Salado FFG 232 586.10 Richey, 1989, Table 2, p.35 45 Salado FFG_270 689.40 Richey, 1989, Table 2, p.38 

8 Salado FFG 233 581.90 Richey, 1989, Table 2, p.35 46 Salado FFG 271 733.30 Richey, 1989, Table 2, p.38 

9 Salado FFG 234 616.30 Richey, 1989, Table 2, p.35 47 Salado FFG 272 697.20 Richey, 1989, Table 2, p.38 

10 Salado FFG 235 595.90 Richey, 1989, Table 2, p.35 48 Salado FFG 273 701.70 Richey, 1989, Table 2, p.38 

11 Salado FFG 236 641.90 Richey, 1989, Table 2, p.35 49 Salado FFG 274 747.40 Richey, 1989, Table 2, p.38 

12 Salado FFG~237 600.80 Richey, 1989, Table 2, p.35 50 Salado FFG 275 767.20 Richey, 1989, Table 2, p.38 

13 Salado FFG_238 584.30 Richey, 1989, Table 2, p.36 51 Salado FFG 276 766.20 Richey, 1989, Table 2, p.38 

14 Salado FFG 239 570.50 Richey, 1989, Table 2, p.36 52 Salado FFG 277 753.50 Richey, 1989, Table 2, p.38 

15 Salado FFG 240 568.80 Richey, 1989, Table 2, p.36 53 Salado FFG 278 722.40 Richey, 1989, Table 2, p.38 

16 Salado FFG 241 562.70 Richey, 1989, Table 2, p.36 54 Salado FFG 279 735.70 Richey, 1989, Table 2, p.38 

17 Salado FFG 242 681.30 Richey, 1989, Table 2, p.36 55 Salado FFG 280 738.20 Richey, 1989, Table 2, p.38 

18 Salado FFG_243 615.10 Richey, 1989, Table 2, p.36 56 Salado FFG 281 709.30 Richey, 1989, Table 2, p.38 

19 Salado FFG 244 689.30 Richey, 1989, Table 2, p.36 57 Salado FFG_283 450.50 Richey, 1989, Table 2, p.39 

20 Salado FFG 245 470.60 Richey, 1989, Table 2, p.36 58 Salado FFG 284 596.20 Richey, 1989, Table 2, p.39 

21 Salado FFG 246 473.10 Richey, 1989, Table 2, p.36 59 Salado FFG 285 616.00 Richey, 1989, Table 2, p.39 

22 Salado FFG 247 460.10 Richey, 1989, Table 2, p.36 60 Salado FFG_286 728.70 Richey, 1989, Table 2, p.39 

23 Salado FFG 248 464.50 Richey, 1989, Table 2, p.36 61 Salado FFG_287 693.10 Richey, 1989, Table 2, p.39 

24 Salado FFG 249 464.20 Richey, 1989, Table 2, p.36 62 Salado FFG_288 616.90 Richey, 1989, Table 2, p.39 

25 Salado FFG_250 545.50 Richey, 1989, Table 2, p.36 63 Salado FFG_289 639.10 Richey, 1989, Table 2, p.39 

26 Salado FFG_251 432.20 Richey, 1989, Table 2, p.36 64 Salado FFG_290 733.40 Richey, 1989, Table 2, p.39 

27 Salado FFG 252 567.50 Richey, 1989, Table 2, p.36 65 Salado FFG 291 615.10 Richey, 1989, Table 2, p.39 

28 Salado FFG 253 521.90 Richey, 1989, Table 2, p.36 66 Salado FFG 292 686.70 Richey, 1989, Table 2, p.39 

29 Salado FFG 254 517.80 Richey, 1989, Table 2, p.36 67 Salado FFG 293 672.40 Richey, 1989, Table 2, p.39 

30 Salado FFG 255 467.30 Richey, 1989, Table 2, p.37 68 Salado FFG 294 458.20 Richey, 1989, Table 2, p.39 

31 Salado FFG 256 438.90 Richey, 1989, Table 2, p.37 69 Salado FFG 295 438.90 Richey, 1989, Table 2, p.39 

32 Salado FFG_257 484.00 Richey, 1989, Table 2, p.37 70 Salado FFG 297 420.30 Richey, 1989, Table 2, p.39 

33 Salado FFG 258 497.70 Richey, 1989, Table 2, p.37 71 Salado FFG 298 490.00 Richey, 1989, Table 2, p.40 

34 Salado FFG_259 456.80 Richey, 1989, Table 2, p.37 72 Salado FFG 299 441.40 Richey, 1989, Table 2, p.40 

35 Salado FFG 260 515.10 Richey, 1989, Table 2, p.37 73 Salado FFG 300 416.90 Richey, 1989, Table 2, p.40 

36 Salado FFG 261 502.60 Richey, 1989, Table 2, p.37 74 Salado FFG_301 359.40 Richey, 1989, Table 2, p.40 

37 Salado FFG 262 440.50 Richey, 1989, Table 2, p.37 75 Salado FFG_302 420.30 Richey, 1989, Table 2, p.40 

38 Salado FFG 263 406.80 Richey, 1989, Table 2, p.37 76 Salado FFG_303 404.80 Richey, 1989, Table 2, p.40 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Salado FFG 304 399.30 Richey, 1989, Table 2, p.40 39 Salado FFG 344 622.60 Richey, 1989, Table 2, p.43 
2 Salado FFG 305 399.60 Richey, 1989, Table 2, p.40 40 Salado FFG 345 628.60 Richey, 1989, Table 2, p.43 
3 Salado FFG 306 361.40 Richey, 1989, Table 2, p.40 41 Salado FFG 347 655.30 Richey, 1989, Table 2, p.43 
4 Salado FFG 307 383.80 Richey, 1989, Table 2, p.40 42 Salado FFG 348 686.10 Richey, 1989, Table 2, p.43 
5 Salado FFG 308 323.00 Richey, 1989, Table 2, p.40 43 Salado FFG 349 678.80 Richey, 1989, Table 2, p.43 
6 Salado FFG 309 388.60 Richey, 1989, Table 2, p.40 44 Salado FFG 350 712.30 Richey, 1989, Table 2, p.43 
7 Salado FFG 310 430.00 Richey, 1989, Table 2, p.40 45 Salado FFG 351 571.50 Richey, 1989, Table 2, p.43 
8 Salado FFG 311 387.40 Richey, 1989, Table 2, p.40 46 Salado FFG 352 573.10 Richey, 1989, Table 2, p.43 
9 Salado FFG 312 384.10 Richey, 1989, Table 2, p.40 47 Salado FFG 353 598.40 Richey, 1989, Table 2, p.43 

10 Salado FFG 313 832.20 Richey, 1989, Table 2, p.41 48 Salado FFG 354 722.40 Richey, 1989, Table 2, p.43 
11 Salado FFG 314 734.90 Richey, 1989, Table 2, p.41 49 Salado FFG 361 905.80 Richey, 1989, Table 2, p.44 
12 Salado FFG 315 650.90 Richey, 1989, Table 2, p.41 50 Salado FFG 362 841.50 Richey, 1989, Table 2, p.44 
13 Salado FFG 316 624.20 Richey, 1989, Table 2, p.41 51 Salado FFG 363 881.50 Richey, 1989, Table 2, p.44 
14 Salado FFG 317 693.10 Richey, 1989, Table 2, p.41 52 Salado FFG 366 863.80 Richey, 1989, Table 2, p.44 
15 Salado FFG 318 666.00 Richey, 1989, Table 2, p.41 53 Salado FFG 367 876.90 Richey, 1989, Table 2, p.44 
16 Salado FFG 319 662.00 Richey, 1989, Table 2, p.41 54 Salado FFG 370 919.30 Richey, 1989, Table 2, p.44 
17 Salado FFG 320 616.00 Richey, 1989, Table 2, p.41 55 Salado FFG 371 919.90 Richey, 1989, Table 2, p.44 
18 Salado FFG 321 612.90 Richey, 1989, Table 2, p.41 56 Salado FFG 374 855.00 Richey, 1989, Table 2, p.45 
19 Salado FFG 322 616.80 Richey, 1989, Table 2, p.41 57 Salado FFG 376 896.40 Richey, 1989, Table 2, p.45 
20 Salado FFG 323 626.80 Richey, 1989, Table 2, p.41 58 Salado FFG 381 875.10 Richey, 1989, Table 2, p.45 
21 Salado FFG 324 653.20 Richey, 1989, Table 2, p.41 59 Salado FFG 383 867.20 Richey, 1989, Table 2, p.45 
22 Salado FFG 325 713.50 Richey, 1989, Table 2, p.41 60 Salado FFG 385 856.50 Richey, 1989, Table 2, p.45 
23 Salado FFG_326 657.50 Richey, 1989, Table 2, p.41 61 Salado FFG 387 862.00 Richey, 1989, Table 2, p.45 
24 Salado FFG 327 645.30 Richey, 1989, Table 2, p.42 62 Salado FFG 390 863.50 Richey, 1989, Table 2, p.46 
25 Salado FFG 328 620.50 Richey, 1989, Table 2, p.42 63 Salado FFG 391 868.30 Richey, 1989, Table 2, p.46 
26 Salado FFG 329 613.20 Richey, 1989, Table 2, p.42 64 Salado FFG 392 863.20 Richey, 1989, Table 2, p.46 
27 Salado FFG 330 611.60 Richey, 1989, Table 2, p.42 65 Salado FFG 393 752.70 Richey, 1989, Table 2, p.46 
28 Salado FFG~331 602.60 Richey, 1989, Table 2, p.42 66 Salado FFG 394 846.70 Richey, 1989, Table 2, p.46 
29 Salado FFG 332 587.00 Richey, 1989, Table 2, p.42 67 Salado FFG 395 842.20 Richey, 1989, Table 2, p.46 
30 Salado FFG 333 598.80 Richey, 1989, Table 2, p.42 68 Salado FFG 396 787.30 Richey, 1989, Table 2, p.46 
31 Salado FFG_334 589.10 Richey, 1989, Table 2, p.42 69 Salado FFG 403 846.90 Richey, 1989, Table 2, p.47 
32 Salado FFG 335 607.80 Richey, 1989, Table 2, p.42 70 Salado FFG 408 827.80 Richey, 1989, Table 2, p.47 
33 Salado FFG 336 603.20 Richey, 1989, Table 2, p.42 71 Salado FFG 411 789.10 Richey, 1989, Table 2, p.47 
34 Salado FFG 337 584.60 Richey, 1989, Table 2, p.42 72 Salado FFG 413 835.20 Richey, 1989, Table 2, p.47 
35 Salado FFG 338 589.60 Richey, 1989, Table 2, p.42 73 Salado FFG 421 879.40 Richey, 1989, Table 2, p.48 
36 Salado FFG 339 553.80 Richey, 1989, Table 2, p.42 74 Salado FFG 426 856.50 Richey, 1989, Table 2, p.48 
37 Salado FFG 340 559.90 Richey, 1989, Table 2, p.42 75 Salado FFG 432 837.30 Richey, 1989, Table 2, p.48 
38 Salado FFG 342 651.60 Richey, 1989, Table 2, p.43 76 Salado FFG 433 816.80 Richey, 1989, Table 2, p.48 
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Layer 

Salado 

2 Salado 
3 Salado 

4 Salado 
5 Salado 

6 Salado 
7 Salado 
8 Salado 
9 Salado 

10 Salado 
11 Salado 
12 Salado 

13 Salado 

14 Salado 
15 Salado 
16 Salado 
17 Salado 

18 Salado 
19 Salado 
20 Salado 
21 Salado 

22 Salado 
23 Salado 
24 Salado 
25 Salado 

26 Salado 

27 Salado 
28 Salado 
29 Salado 

30 Salado 
31 Salado 

32 Salado 
33 Salado 

34 Salado 
35 Salado 

36 Salado 
37 Salado 

38 Salado 

WeUID 

FFG 438 

FFG 445 

FFG 453 
FFG 455 
FFG 456 

FFG 457 
FFG 458 
FFG 459 
FFG 462 

FFG 463 
FFG 464 

FFG 465 
FFG 467 

FFG 468 
FFG 470 
FFG 471 
FFG 472 

FFG 473 
FFG 474 
FFG 475 
FFG 476 

FFG 477 
FFG 478 
FFG 479 
FFG 480 

FFG 481 

FFG_482 
FFG 463 
FFG 484 

FFG 485 

FFG 486 
FFG 487 
FFG 488 

FFG_489 
FFG 490 

FFG_491 
FFG 492 

FFG 493 

Elevation 

797.50 
827.20 

726.50 
723.90 
730.90 

784.50 

785.50 
717.20 
781.30 

811.40 
787.60 
783.90 
380.30 

322.20 
360.00 
372.40 

439.30 
339.50 
634.90 
637.80 

711.40 
679.70 
655.30 
661.10 
641.60 

635.20 
665.40 

690.90 
672.20 

682.80 

668.70 
669.40 
648.90 

663.10 
765.70 
752.60 
720.50 

709.70 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.49 

Richey, 1989, Table 2, p.49 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 

Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 
Richey, 1989, Table 2, p.50 

Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 
Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.53 

Layer 

39 Salado 

40 Salado 
41 Salado 
42 Salado 
43 Salado 

44 Salado 

45 Salado 
46 Salado 
47 Salado 

48 Salado 
49 Salado 
50 Salado 
51 Salado 
52 Salado 
53 Salado 
54 Salado 
55 Salado 

56 Salado 
57 Salado 
58 Salado 
59 Salado 

60 Salado 
61 Salado 
62 Salado 
63 Salado 

64 Salado 

65 Salado 
66 Salado 
67 Salado 

68 Salado 

69 Salado 
70 Salado 

71 Salado 

72 Salado 

73 Salado 
74 Salado 
75 Salado 

76 Salado 

WeiiiD 

FFG 494 

FFG 495 
FFG 496 
FFG 497 

FFG 498 
FFG 499 

FFG 500 
FFG 501 
FFG 502 

FFG 503 
FFG 504 
FFG 505 
FFG 506 

FFG 507 
FFG 508 
FFG 509 
FFG 510 

FFG 511 
FFG_512 
FFG 513 

FFG 514 

FFG 515 
FFG 516 

FFG_517 
FFG 518 

FFG 519 
FFG 520 

FFG 521 
FFG 522 

FFG 523 
FFG 524 

FFG 525 
FFG 526 

FFG 527 
FFG 528 

FFG 530 
FFG 531 
FFG 532 

Elevation 

713.20 

696.40 
555.40 
601.70 

589.20 

549.90 
582.80 
625.40 
567.20 

573.70 

618.80 
650.50 
649.50 
549.10 
628.80 
616.30 
615.20 

570.60 
576.70 
606.00 
577.30 

556.20 
545.90 
732.50 
720.20 

659.90 
542.70 
604.70 
382.40 

388.90 
561.70 

388.40 
911.10 

871.10 

864.10 
930.20 
855.20 

838.50 

Source 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
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Layer 

1 Salado 
2 Salado 
3 Salado 
4 Salado 
5 Salado 
6 Salado 
7 Salado 
8 Salado 
9 Salado 

10 Salado 
11 Salado 
12 Salado 
13 Salado 
14 Salado 
15 Salado 
16 Salado 
17 Salado 
18 Salado 
19 Salado 
20 Salado 
21 Salado 
22 Salado 
23 Salado 
24 Salado 
25 Salado 
26 Salado 
27 Salado 
28 Salado 
29 Salado 
30 Salado 
31 Salado 
32 Salado 
33 Salado 
34 Salado 
35 Salado 
36 Salado 
37 Salado 
38 Salado 

Well ID 

FFG 535 
FFG 536 
FFG_537 
FFG_564 
FFG 584 
FFG 585 
FFG_602 
FFG_606 
FFG 607 
FFG 608 
FFG 609 
FFG 610 
FFG 611 
FFG 612 
FFG 613 
FFG 640 
FFG 643 
FFG 652 
FFG 653 
FFG 654 
FFG 655 
FFG 656 
FFG 657 
FFG 658 
FFG 659 
FFG 660 
FFG 662 
FFG 664 
FFG 666 
FFG 667 
FFG 668 
FFG 669 
FFG 670 
FFG 671 
FFG 672 
FFG 673 
FFG_674 
FFG_675 

Elevation 

850.40 
853.50 
840.60 
557.80 
690.90 
643.40 
743.70 
603.20 
624.30 
593.70 
586.10 
588.30 
579.40 
624.90 
621.80 
519.50 
576.10 
786.40 
788.60 
812.30 
812.90 
808.90 
830.00 
816.20 
821.10 
845.10 
810.20 
794.90 
860.10 
845.80 
905.10 
890.60 
876.00 
873.50 
868.10 
870.50 
860.20 
819.20 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.57 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.58 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.59 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.60 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.61 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 

Layer 

39 Salado 
40 Salado 
41 Salado 
42 Salado 
43 Salado 
44 Salado 
45 Salado 
46 Salado 
47 Salado 
48 Salado 
49 Salado 
50 Salado 
51 Salado 
52 Salado 
53 Salado 
54 Salado 
55 Salado 
56 Salado 
57 Salado 
58 Salado 
59 Salado 
60 Salado 
61 Salado 
62 Salado 
63 Salado 
64 Salado 
65 Salado 
66 Salado 
67 Salado 
68 Salado 
69 Salado 
70 Salado 
71 Salado 
72 Salado 
73 Salado 
74 Salado 
75 Salado 
76 Salado 

Well ID 

FFG 676 
FFG 6n 
FFG 679 
FFG 685 
FFG 689 
FFG_690 
FFG_691 
FFG 693 
FFG_694 
FFG 695 
FFG 696 
FFG 697 
FFG_698 
FFG 699 
FFG_?OO 
FFG 701 
FFG_702 
FFG 703 
FFG 704 
FFG 705 
FFG 706 
FFG 707 
FFG 708 
FFG 710 
FFG 711 
FFG 716 
FFG 717 
FFG 718 
FFG 719 
FFG 720 
FFG 721 
FFG 723 
FFG 724 
FFG 725 
FFG 726 
FFG 727 
FFG 728 
FFG_729 

Elevation 

831.80 
857.10 
861.10 
825.70 
718.10 
718.10 
711.40 
712.60 
680.30 
702.60 
703.10 
699.90 
734.90 
691.00 
682.20 
686.50 
693.70 
716.90 
686.40 
610.80 
637.10 
616.70 
669.70 
579.20 
570.60 
553.10 
621.90 
612.80 
571.20 
570.60 
594.40 
712.50 
633.80 
610.50 
589.10 
575.50 
590.40 
595.90 

Source 

Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.62 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.63 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.64 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.85 
Richey, 1989, Table 2, p.65 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 



Layer 

Salado 
2 Salado 
3 Salado 
4 Salado 
5 Salado 
6 Salado 
7 Salado 
8 Salado 
9 Salado 

10 Salado 
11 Salado 
12 Salado 
13 Salado 
14 Salado 
15 Salado 
16 Salado 

t:J:j 
I 

17 Salado 
18 Salado 
19 Salado 
20 Salado 
21 Salado 
22 Salado 
23 Salado 
24 Salado 
25 Salado 
26 Salado 
27 Salado 
28 Salado 
29 Salado 
30 Salado 
31 Salado 
32 Salado 
33 Salado 
34 Salado 
35 Salado 
36 Salado 
37 Salado 
38 Salado 

We!IID 

FFG 730 
FFG 731 
FFG 733 
FFG 734 
FFG 735 
FFG 736 
FFG 737 
FFG 738 
FFG 739 
FFG 740 
FFG 741 
FFG 742 
FFG 743 
FFG 744 
FFG 745 
FFG 746 
H1 
H10C 
H2C 
H3 
H4C 
H5C 
H6C 
H7C 
H8C 
H9C 
P1 
P10 
P11 
P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P2 

Elevation 

622.70 
617.70 
698.30 
654.10 
584.00 
615.40 
559.30 
610.20 
628.60 
609.00 
602.30 
646.50 
630.70 
630.00 
598.30 
581.80 
784.50 
666.30 
796.70 
783.10 
825.40 
751.60 
800.70 
877.80 
823.00 
797.00 
813.30 
738.50 
745.50 
800.10 
799.80 
814.70 
843.70 
814.40 
798.90 
728.20 
740.00 
753.20 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Layer 

39 Salado 
40 Salado 
41 Salado 
42 Salado 
43 Salado 
44 Salado 
45 Salado 
46 Salado 
47 Salado 
48 Salado 
49 Salado 
50 Salado 
51 Salado 
52 Salado 
53 Salado 
54 Salado 
55 Salado 
56 Salado 
57 Salado 
58 Salado 
59 Salado 
60 Salado 
61 Salado 
62 Salado 
63 Salado 
64 Supra_R 
65 Supra_R 
66 Supra_R 
67 Supra_R 
68 Supra_R 
69 Supra_R 
70 Supra_R 
71 Supra_R 
72 Supra_R 
73 Supra_R 
74 Supra_R 
75 Supra_R 
76 Supra_R 

WeiiiD 

P20 
P21 
P3 
P4 
P5 
P6 
P7 
P8 
pg 

WIPP11 
WIPP12 
WIPP13 
WIPP18 
WIPP19 
WIPP21 
WIPP22 
WIPP25 
WIPP26 
WIPP27 
WIPP28 
WIPP29 
WIPP30 
WIPP32 
WIPP33 
WIPP34 
AEC7 
AEC8 
925 
ERDA10 
ERDA6 
ERDA9 
FFG 002 
FFG 004 
FFG 005 
FFG 006 
FFG 007 
FFG 009 
FFG 011 

Elevation 

746.80 
751.60 
791.50 
766.20 
769.40 
821.40 
823.60 
799.80 
771.50 
754.30 
767.20 
780.50 
770.50 
773.90 
776.90 
775.10 
807.10 
866.50 
841.50 
858.40 
863.80 
816.60 
870.80 
812.60 
749.80 
1113.70 
1076.60 
1039.10 
1027.50 
1079.00 
1042.10 
1090.30 
1068.30 
1089.70 
1091.50 
1093.90 
1094.80 
1092.70 

Source 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Supra_R FFG 012 1092.10 Richey, 1989, Table 2, p.21 39 Supra_R FFG 055 1145.10 Richey, 1989, Table 2, p.24 
2 Supra_R FFG 013 1080.20 Richey, 1989, Table 2, p.21 40 Supra_R FFG 056 1136.60 Richey, 1989, Table 2, p.24 
3 Supra_R FFG 014 1068.60 Richey, 1989, Table 2, p.21 41 Supra_R FFG 057 1134.80 Richey, 1989, Table 2, p.24 
4 Supra_R FFG 016 1099.70 Richey, 1989, Table 2, p.21 42 Supra_R FFG 058 1147.70 Richey, 1989, Table 2, p.24 
5 Supra_R FFG 017 1100.90 Richey, 1989, Table 2, p.22 43 Supra_R FFG 059 1156.10 Richey, 1989, Table 2, p.24 
6 Supra_R FFG 018 1116.50 Richey, 1989, Table 2, p.22 44 Supra_R FFG 060 1138.40 Richey, 1989, Table 2, p.24 
7 Supra_R FFG 019 1111.00 Richey, 1989, Table 2, p.22 45 Supra_R FFG 061 1137.50 Richey, 1989, Table 2, p.24 
8 Supra_R FFG 020 1091.50 Richey, 1989, Table 2, p.22 46 Supra_R FFG 062 1122.60 Richey, 1989, Table 2, p.24 
9 Supra_R FFG 023 1109.80 Richey, 1989, Table 2, p.22 47 Supra_R FFG 063 1118.10 Richey, 1989, Table 2, p.24 

10 Supra_R FFG 024 1124.60 Richey, 1989, Table 2, p.22 48 Supra_R FFG 064 1127.20 Richey, 1989, Table 2, p.24 
11 Supra_R FFG 025 1117.60 Richey, 1989, Table 2, p.22 49 Supra_R FFG 065 1110.70 Richey, 1989, Table 2, p.24 
12 Supra_R FFG 026 1116.00 Richey, 1989, Table 2, p.22 50 Supra_R FFG 066 1113.70 Richey, 1989, Table 2, p.24 
13 Supra_R FFG 027 1117.40 Richey, 1989, Table 2, p.22 51 Supra_R FFG 067 1127.50 Richey, 1989, Table 2, p.25 
14 Supra_R FFG 028 1183.90 Richey, 1989, Table 2, p.22 52 Supra_R FFG 068 1125.00 Richey, 1989, Table 2, p.25 
15 Supra_R FFG 029 1145.40 Richey, 1989, Table 2, p.22 53 Supra_R FFG 069 1130.20 Richey, 1989, Table 2, p.25 
16 Supra_R FFG 030 1154.30 Richey, 1989, Table 2, p.22 54 Supra_R FFG 070 1130.80 Richey, 1989, Table 2, p.25 

t:C 17 Supra_R FFG 031 1168.30 Richey, 1989, Table 2, p.22 55 Supra_R FFG 071 1115.30 Richey, 1989, Table 2, p.25 
I 18 Supra_R FFG 032 1158.50 Richey, 1989, Table 2, p.22 56 Supra_R FFG 072 1105.20 Richey, 1989, Table 2, p.25 Vl 

19 Supra_R FFG 033 1143.60 Richey, 1989, Table 2, p.22 57 Supra_R FFG 073 1107.40 Richey, 1989, Table 2, p.25 
20 Supra_R FFG 034 1139.30 Richey, 1989, Table 2, p.23 58 Supra_R FFG 074 1107.00 Richey, 1989, Table 2, p.25 
21 Supra_R FFG 035 1121.10 Richey, 1989, Table 2, p.23 59 Supra_R FFG 075 1108.30 Richey, 1989, Table 2, p.25 
22 Supra_R FFG 036 1147.60 Richey, 1989, Table 2, p.23 60 Supra_R FFG 076 1097.30 Richey, 1989, Table 2, p.25 
23 Supra_R FFG 037 1129.30 Richey, 1989, Table 2, p.23 61 Supra_R FFG 078 1087.20 Richey, 1989, Table 2, p.25 
24 Supra_R FFG 038 1118.30 Richey, 1989, Table 2, p.23 62 Supra_R FFG 079 1091.20 Richey, 1989, Table 2, p.25 
25 Supra_R FFG 039 1046.10 Richey, 1989, Table 2, p.23 63 Supra_R FFG 080 1082.30 Richey, 1989, Table 2, p.25 
26 Supra_R FFG 040 1077.20 Richey, 1989, Table 2, p.23 64 Supra_R FFG 081 1097.00 Richey, 1989, Table 2, p.26 
27 Supra_R FFG 041 1065.30 Richey, 1989, Table 2, p.23 65 Supra_R FFG 082 1084.80 Richey, 1989, Table 2, p.26 
28 Supra_R FFG 042 1069.50 Richey, 1989, Table 2, p.23 66 Supra_R FFG 083 1115.60 Richey, 1989, Table 2, p.26 
29 Supra_R FFG 043 1067.10 Richey, 1989, Table 2, p.23 67 Supra_R FFG 084 1107.60 Richey, 1989, Table 2, p.26 
30 Supra_R FFG 044 1080.50 Richey, 1989, Table 2, p.23 68 Supra_R FFG 085 1108.90 Richey, 1989, Table 2, p.26 
31 Supra_R FFG 047 1112.80 Richey, 1989, Table 2, p.23 69 Supra_R FFG 086 1107.30 Richey, 1989, Table 2, p.26 
32 Supra_R FFG 048 1106.10 Richey, 1989, Table 2, p.23 70 Supra_R FFG 087 1107.30 Richey, 1989, Table 2, p.26 
33 Supra_R FFG 049 1119.20 Richey, 1989, Table 2, p.23 71 Supra_R FFG 088 1108.90 Richey, 1989, Table 2, p.26 
34 Supra_R FFG 050 1132.50 Richey, 1989, Table 2, p.24 72 Supra_R FFG 089 1108.60 Richey, 1989, Table 2, p.26 
35 Supra_R FFG 051 1131.10 Richey, 1989, Table 2, p.24 73 Supra_R FFG 091 1091.20 Richey, 1989, Table 2, p.26 
36 Supra_R FFG 052 1132.00 Richey, 1989, Table 2, p.24 74 Supra_R FFG 092 1097.60 Richey, 1989, Table 2, p.26 
37 Supra_R FFG 053 1137.50 Richey, 1989, Table 2, p.24 75 Supra_R FFG 093 1097.90 Richey, 1989, Table 2, p.26 
38 Supra_R FFG 054 1150.20 Richey, 1989, Table 2, p.24 76 Supra_R FFG 094 1095.10 Richey, 1989, Table 2, p.26 



Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer Well ID Elevation Source Layer Well ID Elevation Source 

Supra_R FFG_095 1138.70 Richey, 1989, Table 2, p.26 39 Supra:_R FFG 135 1002.50 Richey, 1989, Table 2, p.29 

2 Supra_R FFG 096 1174.40 Richey, 1989, Table 2, p.26 40 Supra_R FFG_136 1007.50 Richey, 1989, Table 2, p.29 

3 Supra_R FFG 097 1149.40 Richey, 1989, Table 2, p.27 41 Supra_R FFG_137 1007.40 Richey, 1989, Table 2, p.29 

4 Supra_R FFG 098 1208.20 Richey, 1989, Table 2, p.27 42 Supra_R FFG_138 1023.90 Richey, 1989, Table 2, p.29 

5 Supra_R FFG 099 1205.80 Richey, 1989, Table 2, p.27 43 Supra_R FFG 139 1023.50 Richey, 1989, Table 2, p.29 

6 Supra_R FFG 100 1153.10 Richey, 1989, Table 2, p.27 44 Supra_R FFG 140 1042.60 Richey, 1989, Table 2, p.29 

7 Supra_R FFG 101 1142.70 Richey, 1989, Table 2, p.27 45 Supra_R FFG 141 1030.40 Richey, 1989, Table 2, p.29 

8 Supra_R FFG 102 1127.20 Richey, 1989, Table 2, p.27 46 Supra_R FFG_142 1042.80 Richey, 1989, Table 2, p.29 

9 Supra_R FFG 103 1108.60 Richey, 1989, Table 2, p.27 47 Supra_R FFG 143 1052.70 Richey, 1989, Table 2, p.29 

10 Supra_R FFG 104 1127.50 Richey, 1989, Table 2, p.27 48 Supra_R FFG 144 905.00 Richey, 1989, Table 2, p.29 

11 Supra_R FFG 105 995.20 Richey, 1989, Table 2, p.27 49 Supra_R FFG 145 905.30 Richey, 1989, Table 2, p.29 

12 Supra_R FFG 106 981.50 Richey, 1989, Table 2, p.27 50 Supra_R FFG_146 912.90 Richey, 1989, Table 2, p.29 

13 Supra_R FFG_107 987.60 Richey, 1989, Table 2, p.27 51 Supra_R FFG 147 908.30 Richey, 1989, Table 2, p.29 

14 Supra_R FFG 108 1015.90 Richey, 1989, Table 2, p.27 52 Supra_R FFG 148 907.70 Richey, 1989, Table 2, p.29 

15 Supra_R FFG 109 1039.10 Richey, 1989, Table 2, p.27 53 Supra_R FFG 149 916.50 Richey, 1989, Table 2, p.30 

16 Supra_R FFG 110 1045.50 Richey, 1989, Table 2, p.27 54 Supra_R FFG 152 905.30 Richey, 1989, Table 2, p.30 

17 Supra_R FFG 111 1062.20 Richey, 1989, Table 2, p.27 55 Supra_R FFG 155 918.10 Richey, 1989, Table 2, p.30 

18 Supra_R FFG 112 1055.10 Richey, 1989, Table 2. p.28 56 Supra_R FFG 156 908.30 Richey, 1989, Table 2, p.30 

19 Supra_R FFG 113 1054.90 Richey, 1989, Table 2, p.28 57 Supra_R FFG 157 926.00 Richey, 1989, Table 2, p.30 

20 Supra_R FFG 114 1014.70 Richey, 1989, Table 2, p.28 58 Supra_R FFG_158 941.80 Richey, 1989, Table 2, p.30 

21 Supra_R FFG 115 970.50 Richey, 1989, Table 2, p.28 59 Supra_R FFG_159 1001.30 Richey, 1989, Table 2, p.30 

22 Supra_R FFG 116 972.00 Richey, 1989, Table 2, p.28 60 Supra_R FFG_160 1002.50 Richey, 1989, Table 2, p.30 

23 Supra_R FFG 117 966.20 Richey, 1989, Table 2, p.28 61 Supra_R FFG_161 987.90 Richey, 1989, Table 2, p.30 

24 Supra_R FFG_119 950.10 Richey, 1989, Table 2, p.28 62 Supra_R FFG_162 988.80 Richey, 1989, Table 2, p.30 

25 Supra_R FFG 120 956.50 Richey, 1989, Table 2, p.28 63 Supra_R FFG 163 988.80 Richey, 1989, Table 2, p.30 

26 Supra_R FFG 121 958.60 Richey, 1989, Table 2, p.28 64 Supra_R FFG 164 955.90 Richey, 1989, Table 2, p.30 

27 Supra_R FFG 122 954.00 Richey, 1989, Table 2, p.28 65 Supra_R FFG 165 935.70 Richey, 1989, Table 2, p.30 

28 Supra_R FFG 123 961.60 Richey, 1989, Table 2, p.28 66 Supra_R FFG_166 993.00 Richey, 1989, Table 2, p.31 

29 Supra_R FFG 124 977.20 Richey, 1989, Table 2, p.28 67 Supra_R FFG 167 1019.60 Richey, 1989, Table 2, p.31 

30 Supra_R FFG 125 976.20 Richey, 1989, Table 2, p.28 68 Supra_R FFG 168 1001.00 Richey, 1989, Table 2, p.31 

31 Supra_R FFG_126 1014.20 Richey, 1989, Table 2, p.28 69 Supra_R FFG 169 986.00 Richey, 1989, Table 2, p.31 

32 Supra_R FFG 127 1019.20 Richey, 1989, Table 2, p.28 70 Supra_R FFG 170 934.80 Richey, 1989, Table 2, p.31 

33 Supra_R FFG_128 994.30 Richey, 1989, Table 2, p.28 71 Supra_R FFG 171 956.80 Richey, 1989, Table 2, p.31 

34 Supra_R FFG 129 961.90 Richey, 1989, Table 2, p.28 72 Supra_R FFG 172 986.00 Richey, 1989, Table 2, p.31 

35 Supra_R FFG 130 979.90 Richey, 1989, Table 2, p.28 73 Supra_R FFG 173 1022.60 Richey, 1989, Table 2, p.31 

36 Supra_R FFG 132 1002.20 Richey, 1989, Table 2, p.29 74 Supra_R FFG 177 913.20 Richey, 1989, Table 2, p.31 

37 Supra_R FFG 133 993.00 Richey, 1989, Table 2, p.29 75 Supra_R FFG 178 888.20 Richey, 1989, Table 2, p.31 

38 Supra_R FFG 134 988.20 Richey, 1989, Table 2, p.29 76 Supra_R FFG 179 896.40 Richey, 1989, Table 2, p.31 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Supra_R FFG_180 1062.20 Richey, 1989, Table 2, p.31 39 Supra_R FFG 221 1027.80 Richey, 1989, Table 2, p.34 
2 Supra_R FFG_181 1016.50 Richey, 1989, Table 2, p.32 40 Supra_R FFG 222 1019.90 Richey, 1989, Table 2, p.34 
3 Supra_R FFG 182 986.00 Richey, 1989, Table 2, p.32 41 Supra_R FFG 224 1133.60 Richey, 1989, Table 2, p.35 
4 Supra_ R FFG 183 1020.50 Richey, 1989, Table 2, p.32 42 Supra_R FFG 225 1138.30 Richey, 1989, Table 2, p.35 
5 Supra_R FFG 184 1047.90 Richey, 1989, Table 2, p.32 43 Supra_R FFG 226 1150.30 Richey, 1989, Table 2, p.35 
6 Supra_R FFG 185 1022.60 Richey, 1989, Table 2, p.32 44 Supra_R FFG 228 1133.60 Richey, 1989, Table 2, p.35 
7 Supra_R FFG_186 1013.50 Richey, 1989, Table 2, p.32 45 Supra_R FFG 229 1146.00 Richey, 1989, Table 2, p.35 
8 Supra_R FFG 188 979.00 Richey, 1989, Table 2, p.32 46 Supra_R FFG 230 1134.50 Richey, 1989, Table 2, p.35 
9 Supra_R FFG 189 1046.10 Richey, 1989, Table 2, p.32 47 Supra_ R FFG 231 1120.10 Richey, 1989, Table 2, p.35 

10 Supra_R FFG_190 1037.80 Richey, 1989, Table 2, p.32 48 Supra_R FFG 232 1124.10 Richey, 1989, Table 2, p.35 
11 Supra_R FFG 191 1041.50 Richey, 1989, Table 2, p.32 49 Supra_R FFG 233 1114.70 Richey, 1989, Table 2, p.35 
12 Supra_R FFG 192 1031.40 Richey, 1989, Table 2, p.32 50 Supra_R FFG 234 1112.80 Richey, 1989, Table 2, p.35 
13 Supra_R FFG 194 1075.40 Richey, 1989, Table 2, p.33 51 Supra_R FFG 235 1117.10 Richey, 1989, Table 2, p.35 
14 Supra_R FFG 195 1059.20 Richey, 1989, Table 2, p.33 52 Supra_R FFG 236 1101.20 Richey, 1989, Table 2, p.35 
15 Supra_R FFG 196 1042.40 Richey, 1989, Table 2, p.33 53 Supra_R FFG 237 1137.80 Richey, 1989, Table 2, p.35 
16 Supra_R FFG 197 1034.50 Richey, 1989, Table 2, p.33 54 Supra_R FFG 238 1152.80 Richey, 1989, Table 2, p.36 

1:1:1 
17 Supra_R FFG 198 1031.40 Richey, 1989, Table 2, p.33 55 Supra_R FFG 239 1177.10 Richey, 1989, Table 2, p.36 

I 18 Supra_R FFG 199 1038.80 Richey, 1989, Table 2, p.33 56 Supra_R FFG 240 1162.20 Richey, 1989, Table 2, p.36 Vt -
v.> 19 Supra_R FFG 200 1040.90 Richey, 1989, Table 2, p.33 57 Supra_R FFG 241 1165.30 Richey, 1989, Table 2, p.36 

20 Supra_R FFG 201 1074.10 Richey, 1989, Table 2, p.33 58 Supra_R FFG 242 1115.00 Richey, 1989, Table 2, p.36 
21 Supra_R FFG_202 1075.60 Richey, 1989, Table 2, p.33 59 Supra_R FFG 243 1153.70 Richey, 1989, Table 2, p.36 
22 Supra_R FFG_203 1071.40 Richey, 1989, Table 2, p.33 60 Supra_R FFG 244 1120.00 Richey, 1989, Table 2, p.36 
23 Supra_R FFG 204 1096.40 Richey, 1989, Table 2, p.33 61 Supra_R FFG 245 1170.70 Richey, 1989, Table 2, p.36 
24 Supra_R FFG 205 1082.00 Richey, 1989, Table 2, p.33 62 Supra_R FFG 246 1161.90 Richey, 1989, Table 2, p.36 
25 Supra_R FFG_206 1067.70 Richey, 1989, Table 2, p.33 63 Supra_R FFG 247 1145.40 Richey, 1989, Table 2, p.36 
26 Supra_R FFG 207 1072.60 Richey, 1989, Table 2, p.33 64 Supra_R FFG 248 1150.00 Richey, 1989, Table 2, p.36 
27 Supra_R FFG 208 1060.10 Richey, 1989, Table 2, p.34 65 Supra_R FFG 249 1169.20 Richey, 1989, Table 2, p.36 
28 Supra_R FFG_209 1074.10 Richey, 1989, Table 2, p.34 66 Supra_R FFG 250 1159.80 Richey, 1989, Table 2, p.36 
29 Supra_R FFG 210 1066.20 Richey, 1989, Table 2, p.34 67 Supra_R FFG 251 1139.00 Richey, 1989, Table 2, p.36 
30 Supra_R FFG_212 1078.40 Richey, 1989, Table 2, p.34 68 Supra_R FFG 252 1134.10 Richey, 1989, Table 2, p.36 
31 Supra_R FFG_213 1051.60 Richey, 1989, Table 2, p.34 69 Supra_R FFG 253 1108.60 Richey, 1989, Table 2, p.36 
32 Supra_R FFG_214 1061.60 Richey, 1989, Table 2, p.34 70 Supra_R FFG 254 1111.60 Richey, 1989, Table 2, p.36 
33 Supra_R FFG 215 1041.80 Richey, 1989, Table 2, p.34 71 Supra_R FFG 255 1122.60 Richey, 1989, Table 2, p.37 
34 Supra_R FFG 216 993.60 Richey, 1989, Table 2, p.34 72 Supra_R FFG 256 1136.00 Richey, 1989, Table 2, p.37 
35 Supra_R FFG 217 1057.70 Richey, 1989, Table 2, p.34 73 Supra_R FFG 257 1137.20 Richey, 1989, Table 2, p.37 
36 Supra_R FFG 218 1053.10 Richey, 1989, Table 2, p.34 74 Supra_R FFG 258 1120.40 Richey, 1989, Table 2, p.37 
37 Supra_R FFG_219 1036.30 Richey, 1989, Table 2, p.34 75 Supra_R FFG 259 1139.60 Richey, 1989, Table 2, p.37 
38 Supra_R FFG_220 1051.00 Richey, 1989, Table 2, p.34 76 Supra_R FFG 260 1111.00 Richey, 1989, Table 2, p.37 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Supra_ R FFG_261 1106.10 Richey, 1989, Table 2, p.37 39 Supra_ R FFG_301 1046.40 Richey, 1989, Table 2, p.40 

2 Supra_R FFG 262 1109.50 Richey, 1989, Table 2, p.37 40 Supra_R FFG 302 1092.70 Richey, 1989, Table 2, p.40 

3 Supra_R FFG_263 1115.60 Richey, 1989, Table 2, p.37 41 Supra_R FFG 303 1099.30 Richey, 1989, Table 2, p.40 

4 Supra_R FFG 264 1121.10 Richey, 1989, Table 2, p.37 42 Supra_R FFG 304 1088.10 Richey, 1989, Table 2, p.40 

5 Supra_R FFG 265 1130.80 Richey, 1989, Table 2, p.37 43 Supra_R FFG 305 1093.90 Richey, 1989, Table 2, p.40 

6 Supra_R FFG 266 1131.40 Richey, 1989, Table 2, p.37 44 Supra_R FFG 306 1075.90 Richey, 1989, Table 2, p.40 

7 Supra_R FFG 267 1120.40 Richey, 1989, Table 2, p.37 45 Supra_ R FFG 307 1078.70 Richey, 1989, Table 2, p.40 

8 Supra_R FFG 268 1115.90 Richey, 1989, Table 2, p.37 46 Supra_R FFG 308 1075.90 Richey, 1989, Table 2, p.40 

9 Supra_R FFG_269 1105.80 Richey, 1989, Table 2, p.38 47 Supra_R FFG 309 1093.60 Richey, 1989, Table 2, p.40 

10 Supra_R FFG 270 1057.00 Richey, 1989, Table 2, p.38 48 Supra_R FFG 310 1087.50 Richey, 1989, Table 2, p.40 

11 Supra_R FFG 271 1049.40 Richey, 1989, Table 2, p.38 49 Supra_R FFG 311 1085.40 Richey, 1989, Table 2, p.40 

12 Supra_R FFG 272 1073.50 Richey, 1989, Table 2, p.38 50 Supra_R FFG 312 1076.90 Richey, 1989, Table 2, p.40 

13 Supra_R FFG 273 1079.20 Richey, 1989, Table 2, p.38 51 Supra_R FFG 313 1106.10 Richey, 1989, Table 2, p.41 

14 Supra_R FFG 274 1137.20 Richey, 1989, Table 2, p.38 52 Supra_R FFG 314 1121.10 Richey, 1989, Table 2, p.41 

15 Supra_R FFG 275 1135.70 Richey, 1989, Table 2, p.38 53 Supra_R FFG 315 1131.10 Richey, 1989, Table 2, p.41 

16 Supra_R FFG 276 1125.90 Richey, 1989, Table 2, p.38 54 Supra_R FFG 316 1133.20 Richey, 1989, Table 2, p.41 

ttl 
17. Supra_R FFG 277 1123.20 Richey, 1989, Table 2, p.38 55 Supra_R FFG 317 1097.60 Richey, 1989, Table 2, p.41 

I 18 Supra_R FFG 278 1098.20 Richey, 1989, Table 2, p.38 56 Supra_R FFG 318 1123.50 Richey, 1989, Table 2, p.41 
VI - -
""' 19 Supra_R FFG 279 1107.90 Richey, 1989, Table 2, p.38 57 Supra_R FFG 319 1120.70 Richey, 1989, Table 2, p.41 

20 Supra_R FFG 280 1120.30 Richey, 1989, Table 2, p.38 58 Supra_ R FFG 320 1129.60 Richey, 1989, Table 2, p.41 

21 Supra_R FFG 281 1147.30 Richey, 1989, Table 2, p.38 59 Supra_ R FFG 321 1124.70 Richey, 1989, Table 2, p.41 

22 Supra_R FFG 283 1090.90 Richey, 1989, Table 2, p.39 60 Supra_ R FFG 322 1124.70 Richey, 1989, Table 2, p.41 

23 Supra_R FFG 284 1117.10 Richey, 1989, Table 2, p.39 61 Supra_ R FFG 323 1120.40 Richey, 1989, Table 2, p.41 

24 Supra_R FFG_285 1112.50 Richey, 1989, Table 2, p.39 62 Supra_R FFG 324 1122.00 Richey, 1989, Table 2, p.41 

25 Supra_ R FFG 286 1101.50 Richey, 1989, Table 2, p.39 63 Supra_R FFG_325 1079.90 Richey, 1989, Table 2, p.41 

26 Supra_R FFG 287 1094.60 Richey, 1989, Table 2, p.39 64 Supra_R FFG 326 1117.70 Richey, 1989, Table 2, p.41 

27 Supra_R FFG 288 1110.40 Richey, 1989, Table 2, p.39 65 Supra_R FFG 327 1102.20 Richey, 1989, Table 2, p.42 

28 Supra_R FFG 289 1081.90 Richey, 1989, Table 2, p.39 66 Supra_R FFG 328 1121.40 Richey, 1989, Table 2, p.42 

29 Supra_R FFG 290 1103.40 Richey, 1989, Table 2, p.39 67 Supra_R FFG_329 1120.40 Richey, 1989, Table 2, p.42 

30 Supra_R FFG 291 1132.00 Richey, 1989, Table 2, p.39 68 Supra_R FFG 330 1115.60 Richey, 1989, Table 2, p.42 

31 Supra_R FFG 292 1090.60 Richey, 1989, Table 2, p.39 69 Supra_R FFG 331 1103.70 Richey, 1989, Table 2, p.42 

32 Supra_R FFG 293 1085.10 Richey, 1989, Table 2, p.39 70 Supra_R FFG 332 1124.70 Richey, 1989, Table 2, p.42 

33 Supra_R FFG 294 1095.50 Richey, 1989, Table 2, p.39 71 Supra_R FFG_333 1130.50 Richey, 1989, Table 2, p.42 

34 Supra_R FFG 295 1087.50 Richey, 1989, Table 2, p.39 72 Supra_R FFG 334 1125.90 Richey, 1989, Table 2, p.42 

35 Supra_R FFG_297 1104.90 Richey, 1989, Table 2, p.39 73 Supra_R FFG_335 1129.60 Richey, 1989, Table 2, p.42 

36 Supra_ R FFG 298 1070.00 Richey, 1989, Table 2, p.40 74 Supra_R FFG_336 1124.10 Richey, 1989, Table 2, p.42 

37 Supra_R FFG 299 1078.40 Richey, 1989, Table 2, p.40 75 Supra_R FFG_337 1124.40 Richey, 1989, Table 2, p.42 

38 Supra_R FFG_300 1062.20 Richey, 1989, Table 2, p.40 76 Supra_R FFG 338 1123.50 Richey, 1989, Table 2, p.42 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Supra_R FFG_339 1107.90 Richey, 1989, Table 2, p.42 39 Supra_R FFG 396 1090.00 Richey, 1989, Table 2, p.46 
2 Supra_R FFG 340 1107.00 Richey, 1989, Table 2, p.42 40 Supra_R FFG 398 1011.60 Richey, 1989, Table 2, p.46 
3 Supra_R FFG 342 1056.10 Richey, 1989, Table 2, p.43 41 Supra_R FFG 399 1001.60 Richey, 1989, Table 2, p.46 
4 Supra_R FFG 344 1040.60 Richey, 1989, Table 2, p.43 42 Supra_R FFG 401 972.30 Richey, 1989, Table 2, p.46 
5 Supra_R FFG 345 1073.20 Richey, 1989, Table 2, p.43 43 Supra_R FFG 402 1023.10 Richey, 1989, Table 2, p.46 
6 Supra_R FFG_347 1039.70 Richey, 1989, Table 2, p.43 44 Supra_R FFG 403 995.20 Richey, 1989, Table 2, p.47 
7 Supra_R FFG 348 1035.70 Richey, 1989, Table 2, p.43 45 Supra_R FFG 404 976.60 Richey, 1989, Table 2, p.47 
8 Supra_R FFG 349 1034.80 Richey, 1989, Table 2, p.43 46 Supra_R FFG 407 969.90 Richey, 1989, Table 2, p.47 
9 Supra_R FFG 350 1041.50 Richey, 1989, Table 2, p.43 47 Supra_R FFG 408 965.00 Richey, 1989, Table 2, p.47 

10 Supra_R FFG 351 1102.80 Richey, 1989, Table 2, p.43 48 Supra_R FFG 409 970.50 Richey, 1989, Table 2, p.47 
11 Supra_R FFG 352 1103.10 Richey, 1989, Table 2, p.43 49 Supra_R FFG 411 957.70 Richey, 1989, Table 2, p.47 
12 Supra_R FFG_353 1095.80 Richey, 1989, Table 2, p.43 50 Supra_R FFG 413 968.70 Richey, 1989, Table 2, p.47 
13 Supra_R FFG_354 1051.00 Richey, 1989, Table 2, p.43 51 Supra_R FFG 418 1033.90 Richey, 1989, Table 2, p.48 
14 Supra_R FFG 361 1012.50 Richey, 1989, Table 2, p.44 52 Supra_R FFG 419 1052.50 Richey, 1989, Table 2, p.48 
15 Supra_R FFG_362 1010.70 Richey, 1989, Table 2, p.44 53 Supra_R FFG 420 1045.10 Richey, 1989, Table 2, p.48 
16 Supra_R FFG 363 1009.50 Richey, 1989, Table 2, p.44 54 Supra_R FFG 421 1047.00 Richey, 1989, Table 2, p.48 
17 Supra_R FFG 364 993.60 Richey, 1989, Table 2, p.44 55 Supra_R FFG 422 1054.30 Richey, 1989, Table 2, p.48 t::C -

I 18 Supra_R FFG_366 1010.40 Richey, 1989, Table 2, p.44 56 Supra_R FFG_426 996.10 Richey, 1989, Table 2, p.48 VI 
19 Supra_R FFG_367 1006.40 Richey, 1989, Table 2, p.44 57 Supra_R FFG 432 978.40 Richey, 1989, Table 2, p.48 VI 

20 Supra_R FFG 370 1012.90 Richey, 1989, Table 2, p.44 58 Supra_R FFG 433 968.00 Richey, 1989, Table 2, p.48 
21 Supra_R FFG 371 1012.90 Richey, 1989, Table 2, p.44 59 Supra_R FFG 438 1082.20 Richey, 1989, Table 2, p.49 
22 Supra_R FFG_372 1006.40 Richey, 1989, Table 2, p.45 60 Supra_R FFG 445 960.70 Richey, 1989, Table 2, p.49 
23 Supra_R FFG 373 998.10 Richey, 1989, Table 2, p.45 61 Supra_R FFG 453 1049.50 Richey, 1989, Table 2, p.50 
24 Supra_R FFG 374 995.20 Richey, 1989, Table 2, p.45 62 Supra_R FFG 455 1061.30 Richey, 1989, Table 2, p.50 
25 Supra_R FFG 376 1010.40 Richey, 1989, Table 2, p.45 63 Supra_R FFG 456 1063.40 Richey, 1989, Table 2, p.50 
26 Supra_R FFG 381 1021.40 Richey, 1989, Table 2, p.45 64 Supra_R FFG 457 1023.50 Richey, 1989, Table 2, p.50 
27 Supra_R FFG_383 1046.10 Richey, 1989, Table 2, p.45 65 Supra_R FFG 458 1025.80 Richey, 1989, Table 2, p.50 
28 Supra_R FFG_384 976.00 Richey, 1989, Table 2, p.45 66 Supra_R FFG 459 1070.50 Richey, 1989, Table 2, p.50 
29 Supra_R FFG 385 990.60 Richey, '1989, Table 2, p.45 67 Supra_R FFG 462 1032.10 Richey, 1989, Table 2, p.50 
30 Supra_R FFG 387 1019.90 Richey, 1989, Table 2, p.45 68 Supra_R FFG 463 1021.10 Richey, 1989, Table 2, p.51 
31 Supra_R FFG_388 1019.60 Richey, 1989, Table 2, p.46 69 Supra_R FFG 464 1035.40 Richey, 1989, Table 2, p.51 
32 Supra_R FFG 389 1008.00 Richey, 1989, Table 2, p.46 70 Supra_R FFG 465 1031.40 Richey, 1989, Table 2, p.51 
33 Supra_R FFG_390 1022.60 Richey, 1989, Table 2, p.46 71 Supra_R FFG 467 1025.70 Richey, 1989, Table 2, p.51 
34 Supra_R FFG_391 1025.30 Richey, 1989, Table 2, p.46 72 Supra_R FFG 468 1064.70 Richey, 1989, Table 2, p.51 
35 Supra_R FFG 392 1019.60 Richey, 1989, Table 2, p.46 73 Supra_R FFG 470 1067.10 Richey, 1989, Table 2, p.51 
36 Supra_R FFG_393 1061.60 Richey, 1989, Table 2, p.46 74 Supra_R FFG 471 1036.60 Richey, 1989, Table 2, p.51 
37 Supra_R FFG 394 1050.30 Richey, 1989, Table 2, p.46 75 Supra_R FFG 472 1032.40 Richey, 1989, Table 2, p.51 
38 Supra_R FFG 395 1059.20 Richey, 1989, Table 2, p.46 76 Supra_R FFG 473 1060.70 Richey, 1989, Table 2, p.51 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Supra_R FFG 474 1100.60 Richey, 1989, Table 2, p.51 39 Supra_R FFG 512 1073.50 Richey, 1989, Table 2, p.54 

2 Supra_R FFG 475 1103.70 Richey, 1989, Table 2, p.51 40 Supra_R FFG 513 1061.00 Richey, 1989, Table 2, p.54 

3 Supra_R FFG 476 1090.10 Richey, 1989, Table 2, p.51 41 Supra_R FFG 514 1060.10 Richey, 1989, Table 2, p.54 

4 Supra_R FFG 477 1102.80 Richey, 1989, Table 2, p.51 42 Supra_R FFG 515 1082.30 Richey, 1989, Table 2, p.54 

5 Supra_R FFG 478 1104.80 Richey, 1989, Table 2, p.52 43 Supra_R FFG 516 1075.00 Richey, 1989, Table 2, p.54 

6 Supra_R FFG 479 1106.40 Richey, 1989, Table 2, p.52 44 Supra_R FFG 517 1053.10 Richey, 1989, Table 2, p.54 

7 Supra_R FFG 480 1096.10 Richey, 1989, Table 2, p.52 45 Supra_R FFG 518 1036.30 Richey, 1989, Table 2, p.54 , 

8 Supra_R FFG 481 1090.90 Richey, 1989, Table 2, p.52 46 Supra_R FFG 519 1033.90 Richey, 1989, Table 2, p.54 

9 Supra_R FFG 482 1103.40 Richey, 1989, Table 2, p.52 47 Supra_R FFG 520 1030.80 Richey, 1989, Table 2, p.54 

10 Supra_R FFG 483 1094.20 Richey, 1989, Table 2, p.52 48 Supra_R FFG 521 1028.70 Richey, 1989, Table 2, p.54 

11 Supra_R FFG 484 1095.60 Richey, 1989, Table 2, p.52 49 Supra_R FFG 522 1055.20 Richey, 1989, Table 2, p.54 

12 Supra_R FFG 485 1096.50 Richey, 1989, Table 2, p.52 50 Supra_R FFG 523 1041.80 Richey, 1989, Table 2, p.54 

13 Supra_R FFG 486 1097.60 Richey, 1989, Table 2, p.52 51 Supra_R FFG 524 1024.10 Richey, 1989, Table 2, p.55 

14 Supra_R FFG 487 1097.00 Richey, 1989, Table 2, p.52 52 Supra_R FFG 525 1047.00 Richey, 1989, Table 2, p.55 

15 Supra_R FFG 488 1088.60 Richey, 1989, Table 2, p.52 53 Supra_R FFG 526 1033.90 Richey, 1989, Table 2, p.55 

16 Supra_R FFG 489 1086.60 Richey, 1989, Table 2, p.52 54 Supra_R FFG 527 1031.70 Richey, 1989, Table 2, p.55 

17 Supra_R FFG 490 1072.60 Richey, 1989, Table 2, p.52 55 Supra_R FFG 528 1023.50 Richey, 1989, Table 2, p.55 
tt:j 
I 18 Supra_R FFG 491 1077.50 Richey, 1989, Table 2, p.52 56 Supra_R FFG 530 1016.50 Richey, 1989, Table 2, p.55 
v. -
0'1 19 Supra_R FFG 492 1067.40 Richey, 1989, Table 2, p.52 57 Supra_R FFG 531 998.20 Richey, 1989, Table 2, p.55 

20 Supra_R FFG 493 1069.20 Richey, 1989, Table 2, p.53 58 Supra_R FFG 532 990.30 Richey, 1989, Table 2, p.55 

21 Supra_R FFG 494 1069.50 Richey, 1989, Table 2, p.53 59 Supra_R FFG 534 1021.10 Richey, 1989, Table 2, p.55 

22 Supra_R FFG 495 1072.30 Richey, 1989, Table 2, p.53 60 Supra_R FFG 535 995.90 Richey, 1989, Table 2, p.55 

23 Supra_R FFG 496 1108.30 Richey, 1989, Table 2, p.53 61 Supra_R FFG 536 996.10 Richey, 1989, Table 2, p.55 

24 Supra_R FFG 497 1090.60 Richey, 1989, Table 2, p.53 62 Supra_R FFG 537 985.40 Richey, 1989, Table 2, p.55 

25 Supra_R FFG 498 1104.90 Richey, 1989, Table 2, p.53 63 Supra_R FFG 543 997.90 Richey, 1989, Table 2, p.56 

26 Supra_R FFG 499 1091.50 Richey, 1989, Table 2, p.53 64 Supra_R FFG 548 1047.30 Richey, 1989, Table 2, p.56 

27 Supra_R FFG 500 1091.50 Richey, 1989, Table 2, p.53 65 Supra_R FFG 552 922.90 Richey, 1989, Table 2, p.56 

28 Supra_R FFG 501 1075.60 Richey, 1989, Table 2, p.53 66 Supra_R FFG 562 981.50 Richey, 1989, Table 2, p.57 

29 Supra_R FFG 502 1092.40 Richey, 1989, Table 2, p.53 67 Supra_R FFG 563 969.90 Richey, 1989, Table 2, p.57 

30 Supra_R FFG 503 1064.10 Richey, 1989, Table 2, p.53 68 Supra_R FFG 564 969.30 Richey, 1989, Table 2, p.57 

31 Supra_R FFG 504 1070.50 Richey, 1989, Table 2, p.53 69 Supra_R FFG 568 957.10 Richey, 1989, Table 2, p.57 

32 Supra_R FFG 505 1077.80 Richey, 1989, Table 2, p.53 70 Supra_R FFG 569 952.20 Richey, 1989, Table 2, p.57 

33 Supra_R FFG 506 1069.80 Richey, 1989, Table 2, p.53 71 Supra_R FFG 584 1006.80 Richey, 1989, Table 2, p.58 

34 Supra_R FFG 507 1051.90 Richey, 1989, Table 2, p.53 72 Supra_R FFG 585 1025.00 Richey, 1989, Table 2, p.58 

35 Supra_R FFG 508 1051.90 Richey, 1989, Table 2, p.53 73 Supra_R FFG 600 1003.40 Richey, 1989, Table 2, p.58 

36 Supra_R FFG 509 1066.50 Richey, 1989, Table 2, p.54 74 Supra_R FFG 601 983.90 Richey, 1989, Table 2, p.58 

37 Supra_R FFG 510 1080.50 Richey, 1989, Table 2, p.54 75 Supra_R FFG 602 1053.10 Richey, 1989, Table 2, p.58 

38 Supra_R FFG 511 1102.80 Richey, 1989, Table 2, p.54 76 Supra_R FFG 606 1012.90 Richey, 1989, Table 2, p.58 

,----- - - -----



Table 8.2. Elevations of Stratigraphic Layers Near WIPP {Continued) 

Layer We!IID Elevation Source Layer Well ID Elevation Source 

Supra_R FFG 607 1001.30 Richey, 1989, Table 2, p.59 39 Supra_R FFG 677 1064.40 Richey, 1989, Table 2, p.62 
2 Supra_R FFG 608 1018.60 Richey, 1989, Table 2, p.59 40 Supra_R FFG 679 1060.70 Richey, 1989, Table 2, p.62 
3 Supra_R FFG 609 1025.30 Richey, 1989, Table 2, p.59 41 Supra_R FFG 685 1003.50 Richey, 1989, Table 2, p.63 
4 Supra_R FFG 610 1023.20 Richey, 1989, Table 2, p.59 42 Supra_R FFG 689 1059.20 Richey, 1989, Table 2, p.63 
5 Supra_R FFG 611 1009.20 Richey, 1989, Table 2, p.59 43 Supra_R FFG 690 1052.20 Richey, 1989, Table 2, p.63 
6 Supra_R FFG 612 977.10 Richey, 1989, Table 2, p.59 44 Supra_R FFG 691 1052.50 Richey, 1989, Table 2, p.63 
7 Supra_R FFG 613 945.90 Richey, 1989, Table 2, p.59 45 Supra_R FFG 692 1057.70 Richey, 1989, Table 2, p.63 
8 Supra_R FFG 618 897.00 Richey, 1989, Table 2, p.59 46 Supra_R FFG 693 1050.60 Richey, 1989, Table 2, p.63 
9 Supra_R FFG 620 909.90 Richey, 1989, Table 2, p.59 47 Supra_R FFG 694 1042.40 Richey, 1989, Table 2, p.63 

10 Supra_R FFG 621 905.90 Richey, 1989, Table 2, p.59 48 Supra_R FFG 695 1048.50 Richey, 1989, Table 2, p.63 
11 Supra_R FFG 638 975.40 Richey, 1989, Table 2, p.60 49 Supra_R FFG 696 1050.60 Richey, 1989, Table 2, p.63 
12 Supra_R FFG 639 961.50 Richey, 1989, Table 2, p.60 50 Supra_R FFG 697 1045.80 Richey, 1989, Table 2, p.64 
13 Supra_R FFG 640 966.20 Richey, 1989, Table 2, p.60 51 Supra_R FFG 698 1039.70 Richey, 1989, Table 2, p.64 
14 Supra_R FFG 643 975.40 Richey, 1989, Table 2, p.60 52 Supra_R FFG 699 1029.60 Richey, 1989, Table 2, p.64 
15 Supra_R FFG 644 936.70 Richey, 1989, Table 2, p.60 53 Supra_R FFG 700 1027.10 Richey, 1989, Table 2, p.64 
16 Supra_R FFG 648 960.70 Richey, 1989, Table 2, p.60 54 Supra_R FFG 701 1032.10 Richey, 1989, Table 2, p.64 
17 Supra_R FFG 652 1106.40 Richey, 1989, Table 2, p.60 55 Supra_R FFG 702 1036.60 Richey, 1989, Table 2, p.64 
18 Supra_R FFG 653 1096.10 Richey, 1989, Table 2, p.61 56 Supra_R FFG 703 1047.00 Richey, 1989, Table 2, p.64 
19 Supra_R FFG 654 1098.50 Richey, 1989, Table 2, p.61 57 Supra_R FFG 704 1032.70 Richey, 1989, Table 2, p.64 
20 Supra_R FFG 655 1093.00 Richey, 1989, Table 2, p.61 58 Supra_R FFG 705 1023.80 Richey, 1989, Table 2, p.64 
21 Supra_R FFG 656 1091.80 Richey, 1989, Table 2, p.61 59 Supra_R FFG 706 1025.70 Richey, 1989, Table 2, p.64 
22 Supra_R FFG 657 1083.30 Richey, 1989, Table 2, p.61 60 Supra_R FFG 707 1019.30 Richey, 1989, Table 2, p.64 
23 Supra_R FFG 658 1088.10 Richey, 1989, Table 2, p.61 61 Supra_R FFG 708 1026.60 Richey, 1989, Table 2, p.64 
24 Supra_R FFG 659 1072.60 Richey, 1989, Table 2, p.61 62 Supra_R FFG 709 1008.60 Richey, 1989, Table 2, p.64 
25 Supra_R FFG 660 1071.10 Richey, 1989, Table 2, p.61 63 Supra_R FFG 710 1007.40 Richey, 1989, Table 2, p.64 
26 Supra_R FFG 662 1085.70 Richey, 1989, Table 2, p.61 64 Supra_R FFG 711 1012.90 Richey, 1989, Table 2, p.65 
27 Supra_R FFG 664 1084.50 Richey, 1989, Table 2, p.61 65 Supra_R FFG 712 1018.00 Richey, 1989, Table 2, p.65 
28 Supra_R FFG 666 1063.10 Richey, 1989, Table 2, p.62 66 Supra_R FFG 713 1011.30 Richey, 1989, Table 2, p.65 
29 Supra_R FFG 667 1059.20 Richey, 1989, Table 2, p.62 67 Supra_R FFG 714 1024.10 Richey, 1989, Table 2, p.65 
30 Supra_R FFG_668 1043.30 Richey, 1989, Table 2, p.62 68 Supra_R FFG 715 1025.30 Richey, 1989, Table 2, p.65 
31 Supra_R FFG 669 1036.30 Richey, 1989, Table 2, p.62 69 Supra_R FFG 716 1060.60 Richey, 1989, Table 2, p.65 
32 Supra_R FFG 670 1049.10 Richey, 1989, Table 2, p.62 70 Supra_R FFG 717 1056.10 Richey, 1989, Table 2, p.65 
33 Supra_R FFG 671 1044.90 Richey, 1989, Table 2, p.62 71 Supra_R FFG 718 1044.90 Richey, 1989, Table 2, p.65 
34 Supra_R FFG_672 1058.00 Richey, 1989, Table 2, p.62 72 Supra_R FFG 719 1040.40 Richey, 1989, Table 2, p.65 
35 Supra_R FFG_673 1037.20 Richey, 1989, Table 2, p.62 73 Supra_R FFG 720 1019.90 Richey, 1989, Table 2, p.65 
36 Supra_R FFG_674 1064.70 Richey, 1989, Table 2, p.62 74 Supra_R FFG 721 1026.90 Richey, 1989, Table 2, p.65 
37 Supra_R FFG_675 1078.40 Richey, 1989, Table 2, p.62 75 Supra_R FFG 723 1054.30 Richey, 1989, Table 2, p.65 
38 Supra_R FFG_676 1084.50 Richey, 1989, Table 2, p.62 76 Supra_R FFG 724 1044.20 Richey, 1989, Table 2, p.65 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WelllD Elevation Source Layer WeiiiD Elevation Source 

Supra_R FFG 725 1029.60 Richey, 1989, Table 2, p.65 39 Supra_R P15 1008.90 Mercer, 1983, Table 1 

2 Supra_R FFG 726 1018.60 Richey, 1989, Table 2, p.65 40 Supra_R P16 1011.30 Mercer, 1983, Table 1 

3 Supra_R FFG 727 1020.80 Richey, 1989, Table 2, p.66 41 Supra_R P17 1016.80 Mercer, 1983, Table 1 

4 Supra_R FFG 728 1012.20 Richey, 1989, Table 2, p.66 42 Supra_R P18 1059.80 Mercer, 1983, Table 1 

5 Supra_R FFG_729 1014.40 Richey, 1989, Table 2, p.66 43 Supra_R P19 1080.50 Mercer, 1983, Table 1 

6 Supra_R FFG 730 1018.90 Richey, 1989, Table 2, p.66 44 Supra_R P2 1060.40 Mercer, 1983, Table 1 

7 Supra_R FFG_731 1022.30 Richey, 1989, Table 2, p.66 45 Supra_R P20 1083.00 Mercer, 1983, Table 1 

8 Supra_R FFG_732 1040.30 Richey, 1989, Table 2, p.66 46 Supra_R P21 1069.50 Mercer, 1983, Table 1 

9 Supra_R FFG 733 1028.40 Richey, 1989, Table 2, p.66 47 Supra_R P3 1031.10 Mercer, 1983, Table 1 

10 Supra_R FFG 734 1029.00 Richey, 1989, Table 2, p.66 48 Supra_R P4 1049.70 Mercer, 1983, Table 1 

11 Supra_R FFG_735 1016.50 Richey, 1989, Table 2, p.66 49 Supra_R P5 1058.00 Mercer, 1983, Table 1 

12 Supra_R FFG_736 1025.60 Richey, 1989, Table 2, p.66 50 Supra_R P6 1022.30 Mercer, 1983, Table 1 

13 Supra_R FFG_737 1040.50 Richey, 1989, Table 2, p.66 51 Supra_R P7 1015.60 Mercer, 1983, Table 1 

14 Supra_R FFG_738 1018.30 Richey, 1989, Table 2, p.66 52 Supra_R P8 1017.70 Mercer, 1983, Table 1 

15 Supra_R FFG_739 1015.10 Richey, 1989, Table 2, p.66 53 Supra_R P9 1040.00 Mercer, 1983, Table 1 

16 Supra_R FFG 740 1015.60 Richey, 1989, Table 2, p.66 54 Supra_R WIPP11 1044.20 Mercer, 1983, Table 1 

::.t! 
17 Supra_R FFG 741 1014.70 Richey, 1989, Table 2, p.66 55 Supra_R WIPP12 1058.30 Mercer, 1983, Table 1 

I 18 Supra_R FFG 742 1023.80 Richey, 1989, Table 2, p.67 56 Supra_R WIPP13 1037.80 Mercer, 1983, Table 1 

"" ::.0 19 Supra_R FFG_743 1013.20 Richey, 1989, Table 2, p.67 57 Supra_R WIPP15 996.40 Mercer, 1983, Table 1 

20 Supra_R FFG 744 1012.50 Richey, 1989, Table 2, p.67 58 Supra_R WIPP16 1031.10 Mercer, 1983, Table 1 

21 Supra_R FFG_745 1006.40 Richey, 1989, Table 2, p.67 59 Supra_R WIPP18 1053.40 Mercer, 1983, Table 1 

22 Supra_R FFG_746 1007.50 Richey, 1989, Table 2, p.67 60 Supra_R WIPP19 1046.40 Mercer, 1983, Table 1 

23 Supra_R H1 1035.70 Mercer, 1983, Table 1 61 Supra_R WIPP21 1041.50 Mercer, 1983, Table 1 

24 Supra_R H10C 1123.80 Mercer, 1983, Table 1 62 Supra_R WIPP22 1044.20 Mercer, 1983, Table 1 

25 Supra_R H2C 1029.60 Mercer, 1983, Table 1 63 Supra_R WIPP25 979.30 Mercer, 1983, Table 1 

26 Supra_R H3 1033.30 Mercer, 1983, Table 1 64 Supra_R WIPP26 960.70 Mercer, 1983, Table 1 

27 Supra_R H4C 1016.20 Mercer, 1983, Table 1 65 Supra_R WIPP27 968.30 Mercer, 1983, Table 1 

28 Supra_R H5C 1068.90 Mercer, 1983, Table 1 66 Supra_R WIPP28 1020.20 Mercer, 1983, Table 1 

29 Supra_R H6C 1020.50 Mercer, 1983, Table 1 67 Supra_R WIPP29 907.40 Mercer, 1983, Table 1 

30 Supra_R H7C 964.10 Mercer, 1983, Table 1 68 Supra_R WIPP30 1044.90 Mercer, 1983, Table 1 

31 Supra_R H8C 1046.40 Mercer, 1983, Table 1 69 Supra_R WIPP32 921.40 Mercer, 1983, Table 1 

32 Supra_R H9C 1038.10 Mercer, 1983, Table 1 70 Supra_R WIPP33 1012.90 Mercer, 1983, Table 1 

33 Supra_R P1 1019.60 Mercer, 1983, Table 1 71 Supra_R WIPP34 1046.40 Mercer, 1983, Table 1 

34 Supra_R P10 1069.50 Mercer, 1983, Table 1 72 Tamarisk AEC7 882.40 Mercer, 1983, Table 1 

35 Supra_R P11 1068.00 Mercer, 1983, Table 1 73 Tamarisk AEC8 851.70 Mercer, 1983, Table 1 

36 Supra_R P12 1028.40 Mercer, 1983, Table 1 74 Tamarisk AirShft 850.99 Holt and Powers, 1990, Figure 22 

37 Supra_R P13 1019.60 Mercer, 1983, Table 1 75 Tamarisk 825 851.00 Mercer, 1983, Table 1 

38 Supra_R P14 1024.10 Mercer, 1983, Table 1 76 Tamarisk ERDA10 910.20 Mercer, 1983, Table 1 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Tamarisk ERDA6 889.70 Mercer, 1983, Table 1 39 Tamarisk FFG 043 782.00 Richey, 1989, Table 2, p.23 
2 Tamarisk ERDA9 853.10 Mercer, 1983, Table 1 40 Tamarisk FFG 044 733.60 Richey, 1989, Table 2, p.23 
3 Tamarisk ExhtShft 847.97 Bechtel, Inc., 1986, Appendix F 41 Tamarisk FFG 047 607.50 Richey, 1989, Table 2, p.23 
4 Tamarisk FFG 002 660.50 Richey, 1989, Table 2, p.21 42 Tamarisk FFG 048 623.30 Richey, 1989, Table 2, p.23 
5 Tamarisk FFG 004 710.80 Richey, 1989, Table 2, p.21 43 Tamarisk FFG 049 614.80 Richey, 1989, Table 2, p.23 
6 Tamarisk FFG 005 667.90 Richey, 1989, Table 2, p.21 44 Tamarisk FFG 050 621.50 Richey, 1989, Table 2, p.24 
7 Tamarisk FFG 006 661.40 Richey, 1989, Table 2, p.21 45 Tamarisk FFG 051 622.10 Richey, 1989, Table 2, p.24 
8 Tamarisk FFG 007 649.80 Richey, 1989, Table 2, p.21 46 Tamarisk FFG 052 624.20 Richey, 1989, Table 2, p.24 
9 Tamarisk FFG 009 650.10 Richey, 1989, Table 2, p.21 47 Tamarisk FFG 053 615.40 Richey, 1989, Table 2, p.24 

10 Tamarisk FFG 011 657.10 Richey, 1989, Table 2, p.21 48 Tamarisk FFG 054 613.30 Richey, 1989, Table 2, p.24 
11 Tamarisk FFG 012 659.60 Richey, 1989, Table 2, p.21 49 Tamarisk FFG 055 612.60 Richey, 1989, Table 2, p.24 
12 Tamarisk FFG 013 667.80 Richey, 1989, Table 2, p.21 50 Tamarisk FFG_056 615.40 Richey, 1989, Table 2, p.24 
13 Tamarisk FFG 014 713.50 Richey, 1989, Table 2, p.21 51 Tamarisk FFG 057 617.60 Richey, 1989, Table 2, p.24 
14 Tamarisk FFG 016 637.60 Richey, 1989, Table 2, p.21 52 Tamarisk FFG 058 615.10 Richey, 1989, Table 2, p.24 
15 Tamarisk FFG 017 640.70 Richey, 1989, Table 2, p.22 53 Tamarisk FFG_059 617.50 Richey, 1989, Table 2, p.24 
16 Tamarisk FFG 018 645.90 Richey, 1989, Table 2, p.22 54 Tamarisk FFG 060 618.10 Richey, 1989, Table 2, p.24 
17 Tamarisk FFG 019 637.60 Richey, 1989, Table 2, p.22 55 Tamarisk FFG_061 619.90 Richey, 1989, Table 2, p.24 t:l:i 18 Tamarisk FFG 020 712.30 Richey, 1989, Table 2, p.22 56 Tamarisk FFG 062 547.10 Richey, 1989, Table 2, p.24 I 

Vl 19 Tamarisk FFG 023 647.40 Richey, 1989, Table 2, p.22 57 Tamarisk FFG_063 508.50 Richey, 1989, Table 2, p.24 \D 

20 Tamarisk FFG 024 632.10 Richey, 1989, Table 2, p.22 58 Tamarisk FFG_064 531.90 Richey, 1989, Table 2, p.24 
21 Tamarisk FFG 025 646.10 Richey, 1989, Table 2, p.22 59 Tamarisk FFG 065 515.40 Richey, 1989, Table 2, p.24 
22 Tamarisk FFG 026 643.40 Richey, 1989, Table 2, p.22 60 Tamarisk FFG 066 469.40 Richey, 1989, Table 2, p.24 
23 Tamarisk FFG 027 636.40 Richey, 1989, Table 2, p.22 61 Tamarisk FFG 067 511.20 Richey, 1989, Table 2, p.25 
24 Tamarisk FFG 028 607.50 Richey, 1989, Table 2, p.22 62 Tamarisk FFG 068 475.80 Richey, 1989, Table 2, p.25 
25 Tamarisk FFG 029 594.00 Richey, 1989, Table 2, p.22 63 Tamarisk FFG_069 496.30 Richey, 1989, Table 2, p.25 
26 Tamarisk FFG 030 592.90 Richey, 1989, Table 2, p.22 64 Tamarisk FFG_070 526.10 Richey, 1989, Table 2, p.25 
27 Tamarisk FFG 031 584.00 Richey, 1989, Table 2, p.22 65 Tamarisk FFG 071 784.30 Richey, 1989, Table 2, p.25 
28 Tamarisk FFG 032 586.00 Richey, 1989, Table 2, p.22 66 Tamarisk FFG 072 715.00 Richey, 1989, Table 2, p.25 
29 Tamarisk FFG 033 582.80 Richey, 1989, Table 2, p.22 67 Tamarisk FFG_073 690.60 Richey, 1989, Table 2, p.25 
30 Tamarisk FFG 034 577.90 Richey, 1989, Table 2, p.23 68 Tamarisk FFG 074 698.40 Richey, 1989, Table 2, p.25 
31 Tamarisk FFG 035 566.50 Richey, 1989, Table 2, p.23 69 Tamarisk FFG 075 749.20 Richey, 1989, Table 2, p.25 
32 Tamarisk FFG 036 576.70 Richey, 1989, Table 2, p.23 70 Tamarisk FFG 076 810.50 Richey, 1989, Table 2, p.25 
33 Tamarisk FFG 037 566.90 Richey, 1989, Table 2, p.23 71 Tamarisk FFG_078 847.00 Richey, 1989, Table 2, p.25 
34 Tamarisk FFG 038 554.10 Richey, 1989, Table 2, p.23 72 Tamarisk FFG 079 823.60 Richey, 1989, Table 2, p.25 
35 Tamarisk FFG 039 772.10 Richey, 1989, Table 2, p.23 73 Tamarisk FFG_OBO 800.40 Richey, 1989, Table 2, p.25 
36 Tamarisk FFG 040 713.60 Richey, 1989, Table 2, p.23 74 Tamarisk FFG 081 720.90 Richey, 1989, Table 2, p.26 
37 Tamarisk FFG 041 773.60 Richey, 1989, Table 2, p.23 75 Tamarisk FFG 082 753.20 Richey, 1989, Table 2, p.26 
38 Tamarisk FFG 042 777.80 Richey, 1989, Table 2, p.23 76 Tamarisk FFG 083 668.60 Richey, 1989, Table 2, p.26 
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Tamarisk 
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Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 

WeiiiD 

FFG 084 

FFG 085 

FFG 086 

FFG 087 
FFG 088 

FFG 089 

FFG 091 
FFG 092 
FFG 093 

FFG 094 
FFG 095 
FFG 096 
FFG 097 

FFG 098 
FFG 099 
FFG 100 
FFG 101 

FFG 102 
FFG 103 
FFG 104 
FFG 105 

FFG 106 
FFG 107 
FFG 108 
FFG 109 

FFG 110 
FFG 111 

FFG 112 
FFG 113 

FFG 114 

FFG 115 
FFG 116 

FFG 117 

FFG 119 

FFG 120 
FFG 121 

FFG 122 

FFG 123 

Elevation 

694.60 

687.40 
697.30 
671.40 
667.20 

649.60 
692.80 
706.50 
710.20 

713.20 
681.50 
665.10 
645.00 
619.90 
615.40 

598.10 
569.40 

587.40 
652.00 
545.00 
901.30 

931.80 
916.90 
912.30 

892.80 

859.60 
867.10 
854.90 

869.00 

898.30 
889.40 

904.90 
902.20 

937.90 
913.80 
922.00 

920.50 

894.50 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 

40 

41 

42 
43 
44 
45 

46 
47 

48 

49 

50 
51 

52 

53 
54 

55 
56 
57 

58 
59 
60 
61 
62 
63 
64 
65 

66 
67 

68 

69 
70 
71 

72 

73 
74 

75 
76 

77 

Layer 

Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 

Tamarisk 

Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 

WeiiiD 

FFG 124 

FFG 125 
FFG 126 
FFG 127 
FFG 128 

FFG 129 

FFG 130 
FFG_132 

FFG 134 

FFG 136 
FFG 137 

FFG 138 
FFG 139 
FFG 140 
FFG 141 

FFG 142 
FFG 143 
FFG 144 
FFG 145 

FFG 146 
FFG 147 
FFG 148 
FFG 149 

FFG 155 

FFG 157 
FFG 158 
FFG 159 

FFG 160 
FFG 161 

FFG 162 
FFG 163 

FFG 164 
FFG 165 

FFG 166 
FFG 167 

FFG 168 

Elevation Source 

857.70 

883.20 

880.10 
885.10 
917.50 

893.30 
920.50 
929.00 

932.00 

935.50 
910.80 
911.50 
919.30 

874.50 
882.40 
823.10 
845.70 

821.80 
831.70 
903.50 
905.30 

912.90 
893.70 
907.70 
912.20 

905.60 
907.10 

931.10 

928.80 

924.20 

930.00 
925.40 

927.80 

955.90 
935.70 

928.40 
914.40 

933.90 

Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 



o:1 
I 

01 

Layer WeiiiD 

Tamarisk FFG _ 169 

2 Tamarisk FFG 170 
3 Tamarisk FFG_171 
4 Tamarisk FFG 172 
5 Tamarisk FFG 173 

6 Tamarisk FFG 180 
7 Tamarisk FFG 181 
8 Tamarisk FFG 182 
9 Tamarisk FFG 183 

10 Tamarisk FFG 184 
11 Tamarisk FFG 185 
12 Tamarisk FFG_186 
13 Tamarisk FFG 188 
14 Tamarisk FFG 189 
15 Tamarisk FFG 190 
16 Tamarisk FFG 191 
17 Tamarisk FFG 192 
18 Tamarisk FFG_194 
19 Tamarisk FFG _ 195 
20 Tamarisk FFG 196 
21 Tamarisk FFG 197 
22 Tamarisk FFG 198 
23 Tamarisk FFG 199 
24 Tamarisk FFG 200 
25 Tamarisk FFG_201 
26 Tamarisk FFG_202 
27 Tamarisk FFG 203 
28 Tamarisk FFG 204 
29 Tamarisk FFG 205 
30 Tamarisk FFG 206 
31 Tamarisk FFG 207 
32 Tamarisk FFG _ 208 
33 Tamarisk FFG 209 
34 Tamarisk FFG 210 
35 Tamarisk FFG 212 
36 Tamarisk FFG 213 
37 Tamarisk FFG 214 
38 Tamarisk FFG 215 

Elevation 

949.10 

916.80 
924.20 
933.00 
906.50 

915.00 
946.70 
842.40 
939.10 

924.80 
929.90 
857.70 
869.00 
894.30 
874.70 
870.50 
806.50 
815.60 
828.80 
869.90 
870.80 
871.40 
859.90 
873.00 
865.60 

808.30 
815.70 
837.90 
853.20 
867.40 
865.00 
874.20 
866.20 

858.90 
845.20 
868.40 
848.20 
823.60 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Layer WeiiiD 

39 Tamarisk FFG 216 
40 Tamarisk FFG 217 
41 Tamarisk FFG 218 
42 Tamarisk FFG 219 
43 Tamarisk FFG 220 
44 Tamarisk FFG 221 
45 Tamarisk FFG 222 
46 Tamarisk FFG 224 
47 Tamarisk FFG 225 
48 Tamarisk FFG 226 
49 Tamarisk FFG 228 
50 Tamarisk FFG 229 
51 Tamarisk FFG 230 
52 Tamarisk FFG 231 
53 Tamarisk FFG 232 
54 Tamarisk FFG 233 
55 Tamarisk FFG 234 
56 Tamarisk FFG 235 
57 Tam a risk FFG 236 
58 Tamarisk FFG 237 
59 Tamarisk FFG 238 
60 Tamarisk FFG 239 
61 Tamarisk FFG 240 
62 Tamarisk FFG 241 
63 Tamarisk FFG 242 

64 Tamarisk FFG 243 
65 Tamarisk FFG 244 
66 Tamarisk FFG 245 
67 Tamarisk FFG 246 

68 Tamarisk FFG 247 
69 Tamarisk FFG 248 
70 Tamarisk FFG 249 
71 Tamarisk FFG 250 
72 Tamarisk FFG 251 
73 Tamarisk FFG 252 
74 Tamarisk FFG 253 
75 Tamarisk FFG 254 
76 Tamarisk FFG 255 

Elevation Source 

710.40 

843.70 

835.80 
879.90 
832.20 
787.00 
741.60 
648.10 
656.30 
654.00 
643.20 
672.00 
658.10 

674.20 
688.20 
678.80 
715.00 
691.30 
738.50 
704.80 
685.50 
673.30 
664.50 
659.00 
776.70 
735.50 
773.10 
566.90 
573.00 

558.00 
566.00 
564.20 
644.50 

538.50 
677.80 
632.50 
623.90 
580.10 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.37 
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11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 

29 
30 
31 

32 
33 
34 

35 
36 
37 

38 

Layer 

Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 

WeiiiD 

FFG 256 
FFG 257 
FFG 258 
FFG 259 
FFG 260 

FFG 261 
FFG 262 

FFG 264 
FFG 265 
FFG 266 
FFG 267 
FFG 268 
FFG 269 
FFG 270 
FFG 271 
FFG 272 
FFG 273 
FFG 274 
FFG 275 
FFG 276 
FFG 277 
FFG 278 
FFG 279 
FFG 280 
FFG 281 
FFG 283 
FFG 284 
FFG 285 
FFG 286 
FFG 287 
FFG 288 
FFG 289 

FFG 290 
FFG 291 
FFG 292 
FFG 293 

FFG 294 

Elevation 

529.80 
573.60 
587.60 
553.50 
597.40 
586.40 
1109.50 
521.10 
753.20 
749.80 
730.90 
708.30 
684.60 
696.90 
769.30 
808.90 
816.40 
790.10 
827.20 
834.30 
837.60 
829.10 
838.50 
833.30 
830.90 
807.40 
558.10 
705.90 
734.90 
814.10 
786.10 
738.80 
713.80 

799.50 
736.70 
752.30 
744.60 
567.00 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

65 
66 
67 

68 
69 
70 
71 

72 
73 
74 
75 

76 

Layer WeiiiD 

Tamarisk FFG 295 
Tamarisk FFG 297 
Tamarisk FFG 298 
Tamarisk FFG 299 
Tamarisk FFG 300 
Tamarisk FFG 301 
Tamarisk FFG 302 
Tamarisk FFG 303 
Tamarisk FFG 304 
Tamarisk FFG_305 
Tamarisk FFG_306 
Tamarisk FFG_307 
Tamarisk FFG 308 
Tamarisk FFG 309 
Tamarisk FFG 310 
Tamarisk FFG 311 
Tamarisk FFG 312 
Tamarisk FFG 313 
Tamarisk FFG 314 
Tamarisk FFG 315 
Tamarisk FFG 316 
Tamarisk FFG_317 
Tamarisk FFG_318 
Tamarisk FFG_319 
Tamarisk FFG_320 
Tamarisk FFG 321 
Tamarisk FFG 322 
Tamarisk FFG_323 
Tamarisk FFG 324 
Tamarisk FFG 325 
Tamarisk 
Tamarisk 
Tamarisk FFG_328 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk FFG 333 

Elevation Source 

554.70 

532.50 
546.70 
564.20 
515.40 
485.60 
514.20 
505.10 
512.90 
503.20 
465.10 
488.00 
460.50 
503.20 
534.60 
481.00 
504.50 
908.10 
836.10 
758.50 
742.10 
772.70 
734.60 
745.80 
735.50 

732.10 
727.40 
723.40 
738.00 

793.40 
729.10 
723.60 
728.70 

728.40 
728.00 
722.70 
713.80 
717.30 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 

Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Tamarisk FFG 334 712.60 Richey, 1989, Table 2, p.42 39 Tamarisk FFG 391 944.50 Richey, 1989, Table 2, p.46 
2 Tamarisk FFG 335 724.80 Richey, 1989, Table 2, p.42 40 Tamarisk FFG 392 941.90 Richey, 1989, Table 2, p.46 
3 Tamarisk FFG 336 725.10 Richey, 1989, Table 2, p.42 41 Tamarisk FFG 393 810.60 Richey, 1989, Table 2, p.46 
4 Tamarisk FFG 337 708.00 Richey, 1989, Table 2, p.42 42 Tamarisk FFG 394 903.10 Richey, 1989, Table 2, p.46 
5 Tamarisk FFG 338 715.20 Richey, 1989, Table 2, p.42 43 Tamarisk FFG 395 895.80 Richey, 1989, Table 2, p.46 
6 Tamarisk FFG 339 680.30 Richey, 1989, Table 2, p.42 44 Tamarisk FFG 396 877.20 Richey, 1989, Table 2, p.46 
7 Tamarisk FFG 340 688.80 Richey, 1989, Table 2, p.42 45 Tamarisk FFG 398 798.50 Richey, 1989, Table 2, p.46 
8 Tamarisk FFG 342 720.20 Richey, 1989, Table 2, p.43 46 Tamarisk FFG 399 838.50 Richey, 1989, Table 2, p.46 
9 Tamarisk FFG 344 685.10 Richey, 1989, Table 2, p.43 47 Tamarisk FFG 401 874.80 Richey, 1989, Table 2, p.46 

10 Tamarisk FFG 345 746.60 Richey, 1989, Table 2, p.43 48 Tamarisk FFG 402 972.00 Richey, 1989, Table 2, p.46 
11 Tamarisk FFG 347 736.70 Richey, 1989, Table 2, p.43 49 Tamarisk FFG 403 935.30 Richey, 1989, Table 2, p.47 
12 Tamarisk FFG 348 768.10 Richey, 1989, Table 2, p.43 50 Tamarisk FFG 404 897.40 Richey, 1989, Table 2, p.47 
13 Tamarisk FFG 349 738.00 Richey, 1989, Table 2, p.43 51 Tamarisk FFG 407 932.40 Richey, 1989, Table 2, p.47 
14 Tamarisk FFG 350 783.00 Richey, 1989, Table 2, p.43 52 Tamarisk FFG 408 908.80 Richey, 1989, Table 2, p.47 
15 Tamarisk FFG 351 701.10 Richey, 1989, Table 2, p.43 53 Tamarisk FFG_ 409 970.50 Richey, 1989, Table 2, p.47 
16 Tamarisk FFG 352 699.50 Richey, 1989, Table 2, p.43 54 Tamarisk FFG 418 983.30 Richey, 1989, Table 2, p.48 
17 Tamarisk FFG_353 721.20 Richey, 1989, Table 2, p.43 55 Tamarisk FFG 419 969.00 Richey, 1989, Table 2, p.48 t:C 18 Tamarisk FFG 354 795.30 Richey, 1989, Table 2, p.43 56 Tamarisk FFG_420 964.30 Richey, 1989, Table 2, p.48 I 

0\ 19 Tamarisk FFG 361 982.60 Richey, 1989, Table 2, p.44 57 Tamarisk FFG 421 955.00 Richey, 1989, Table 2, p.48 w 
20 Tamarisk FFG 362 956.40 Richey, 1989, Table 2, p.44 58 Tamarisk FFG 422 946.10 Richey, 1989, Table 2, p.48 
21 Tamarisk FFG_363 972.90 Richey, 1989, Table 2, p.44 59 Tamarisk FFG_ 426 962.00 Richey, 1989, Table 2, p.48 
22 Tamarisk FFG 364 942.70 Richey, 1989, Table 2, p.44 60 Tamarisk FFG_432 918.00 Richey, 1989, Table 2, p.48 
23 Tamarisk FFG 366 933.90 Richey, 1989, Table 2, p.44 61 Tamarisk FFG 433 920.50 Richey, 1989, Table 2, p.48 
24 Tamarisk FFG 367 948.50 Richey, 1989, Table 2, p.44 62 Tamarisk FFG 438 866.70 Richey, 1989, Table 2, p.49 
25 Tamarisk FFG 370 1012.90 Richey, 1989, Table 2, p.44 63 Tamarisk FFG 453 862.20 Richey, 1989, Table 2, p.50 
26 Tamarisk FFG 371 994.60 Richey, 1989, Table 2, p.44 64 Tamarisk FFG_ 455 810.40 Richey, 1989, Table 2, p.50 
27 Tamarisk FFG 372 1006.40 Richey, 1989, Table 2, p.45 65 Tamarisk FFG 456 805.20 Richey, 1989, Table 2, p.50 
28 Tamarisk FFG_373 945.00 Richey, 1989, Table 2, p.45 66 Tamarisk FFG 457 861.30 Richey, 1989, Table 2, p.50 
29 Tamarisk FFG 374 929.70 Richey, 1989, Table 2, p.45 67 Tamarisk FFG 458 862.30 Richey, 1989, Table 2, p.50 
30 Tamarisk FFG 376 984.80 Richey, 1989, Table 2, p.45 68 Tamarisk FFG_459 791.90 Richey, 1989, Table 2, p.50 
31 Tamarisk FFG 381 1021.40 Richey, 1989, Table 2, p.45 69 Tamarisk FFG 462 857.50 Richey, 1989, Table 2, p.50 
32 Tamarisk FFG 383 931.20 Richey, 1989, Table 2, p.45 70 Tamarisk FFG 463 886.40 Richey, 1989, Table 2, p.51 
33 Tamarisk FFG 384 937.90 Richey, 1989, Table 2, p.45 71 Tamarisk FFG 464 872.30 Richey, 1989, Table 2, p.51 
34 Tamarisk FFG 385 922.00 Richey, 1989, Table 2, p.45 72 Tamarisk FFG 465 875.30 Richey, 1989, Table 2, p.51 
35 Tamarisk FFG_387 934.60 Richey, 1989, Table 2, p.45 73 Tamarisk FFG 467 483.30 Richey, 1989, Table 2, p.51 
36 Tamarisk FFG_388 929.40 Richey, 1989, Table 2, p.46 74 Tamarisk FFG_468 460.00 Richey, 1989, Table 2, p.51 
37 Tamarisk FFG_389 976.60 Richey, 1989, Table 2, p.46 75 Tamarisk FFG 470 480.10 Richey, 1989, Table 2, p.51 
38 Tamarisk FFG 390 945.50 Richey, 1989, Table 2, p.46 76 Tamarisk FFG 471 495.00 Richey, 1989, Table 2, p.51 
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Well ID 

FFG 472 

FFG 473 

FFG 474 

FFG 475 

FFG 476 

FFG 477 
FFG 478 

FFG 479 

FFG 480 

FFG 481 

FFG 482 

FFG 483 
FFG 484 

FFG 485 

FFG 486 

FFG 487 

FFG 488 

FFG 489 

FFG 490 

FFG 491 
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FFG 495 
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FFG 497 

FFG 498 

FFG 499 

FFG 500 

FFG 501 

FFG 502 

FFG 503 

FFG 504 

FFG 505 

FFG 506 

FFG 507 

FFG 508 

FFG 509 

Elevation 

532.80 

463.60 

723.30 

723.80 

797.40 

751.70 

733.60 

730.00 

726.40 

709.00 

738.60 

761.40 

748.10 

756.80 

743.40 

740.40 
726.60 
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786.00 
777.20 

684.30 
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697.40 
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734.30 

725.40 

688.40 

738.60 

739.10 

Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.51 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 
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Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

Richey, 1989, Table 2, p.52 

1989, Table 2, p.52 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 

Richey, 1989, Table 2, p.53 
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Tamarisk 

WeiiiD 

FFG 510 

FFG 511 

FFG 512 

FFG 513 

FFG 514 

FFG 515 

FFG 516 

FFG 517 

FFG 518 

FFG 519 

FFG 520 

FFG 521 

FFG 522 

FFG 523 
FFG 524 

FFG 525 
FFG 526 

FFG 527 

FFG 528 

FFG 530 

FFG 531 

FFG 532 

FFG 534 

FFG 535 

FFG 536 

FFG 537 

FFG 543 

FFG 548 

FFG 562 

FFG 563 

FFG 568 

FFG 569 

FFG 584 

FFG 585 

FFG 600 
FFG 601 

FFG 602 

FFG 606 

Elevation Source 

738.70 

696.50 
714.80 

734.90 

726.00 

692.80 

685.50 

783.70 

772.00 

740.10 

631.70 

650.40 
499.70 

509.30 

670.80 

508.50 

973.50 

933.60 

926.00 

1000.30 

919.30 

907.10 

946.40 

912.80 

928.40 

904.60 

970.90 

907.70 

645.30 

557.50 

634.60 

663.20 

764.30 

730.90 

722.10 

615.70 
1053.10 

695.90 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.54 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.56 

Richey, 1989, Table 2, p.56 

Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.57 

Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 

Richey, 1989, Table 2, p.58 



Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Tamarisk FFG 607 718.40 Richey, 1989, Table 2, p.59 39 Tamarisk FFG 689 793.70 Richey, 1989, Table 2, p.63 
2 Tamarisk FFG 608 726.60 Richey, 1989, Table 2, p.59 40 Tamarisk FFG 690 798.90 Richey, 1989, Table 2, p.63 
3 Tamarisk FFG 609 732.70 Richey, 1989, Table 2, p.59 41 Tamarisk FFG 691 790.40 Richey, 1989, Table 2, p.63 
4 Tamarisk FFG 610 713.20 Richey, 1989, Table 2, p.59 42 Tamarisk FFG 692 780.30 Richey, 1989, Table 2, p.63 
5 Tamarisk FFG 611 703.20 Richey, 1989, Table 2, p.59 43 Tamarisk FFG 693 790.90 Richey, 1989, Table 2, p.63 
6 Tamarisk FFG 612 712.70 Richey, 1989, Table 2, p.59 44 Tamarisk FFG 694 783.30 Richey, 1989, Table 2, p.63 
7 Tamarisk FFG 613 705.90 Richey, 1989, Table 2, p.59 45 Tamarisk FFG 695 788.80 Richey, 1989, Table 2, p.63 
8 Tamarisk FFG_618 701.90 Richey, 1989, Table 2, p.59 46 Tamarisk FFG 696 790.60 Richey, 1989, Table 2, p.63 
9 Tamarisk FFG 638 567.30 Richey, 1989, Table 2, p.60 47 Tamarisk FFG 697 793.70 Richey, 1989, Table 2, p.64 

10 Tamarisk FFG 639 537.40 Richey, 1989, Table 2, p.60 48 Tamarisk FFG_698 835.50 Richey, 1989, Table 2, p.64 
11 Tamarisk FFG 640 623.10 Richey, 1989, Table 2, p.60 49 Tamarisk FFG 699 786.70 Richey, 1989, Table 2, p.64 
12 Tamarisk FFG 643 662.40 Richey, 1989, Table 2, p.60 50 Tamarisk FFG 700 777.00 Richey, 1989, Table 2, p.64 
13 Tamarisk FFG 644 701.20 Richey, 1989, Table 2, p.60 51 Tamarisk FFG_701 781.90 Richey, 1989, Table 2, p.64 
14 Tamarisk FFG 648 536.10 Richey, 1989, Table 2, p.60 52 Tamarisk FFG 702 786.70 Richey, 1989, Table 2, p.64 
15 Tamarisk FFG_652 853.70 Richey, 1989, Table 2, p.60 53 Tamarisk FFG_703 791.60 Richey, 1989, Table 2, p.64 
16 Tamarisk FFG 653 854.10 Richey, 1989, Table 2, p.61 54 Tamarisk FFG 704 779.40 Richey, 1989, Table 2, p.64 
17 Tamarisk FFG 654 874.80 Richey, 1989, Table 2, p.61 55 Tamarisk FFG 705 709.60 Richey, 1989, Table 2, p.64 1:;1:; 
18 Tamarisk FFG_655 873.20 Richey, 1989, Table 2, p.61 56 Tamarisk FFGJ06 730.70 Richey, 1989, Table 2, p.64 I 

0'1 19 Tamarisk FFG 656 870.80 Richey, 1989, Table 2, p.61 57 Tamarisk FFG 707 714.20 Richey, 1989, Table 2, p.64 v. 
20 Tamarisk FFG 657 883.70 Richey, 1989, Table 2, p.61 58 Tamarisk FFG_708 767.20 Richey, 1989, Table 2, p.64 
21 Tamarisk FFG_658 874.40 Richey, 1989, Table 2, p.61 59 Tamarisk FFG_709 658.70 Richey, 1989, Table 2, p.64 
22 Tamarisk FFG_659 879.70 Richey, 1989, Table 2, p.61 60 Tamarisk FFG_710 659.30 Richey, 1989, Table 2, p.64 
23 Tamarisk FFG 660 896.90 Richey, 1989, Table 2, p.61 61 Tamarisk FFG 711 668.20 Richey, 1989, Table 2, p.65 
24 Tamarisk FFG 662 870.80 Richey, 1989, Table 2, p.61 62 Tamarisk FFG 712 710.90 Richey, 1989, Table 2, p.65 
25 Tamarisk FFG 664 862.00 Richey, 1989, Table 2, p.61 63 Tamarisk FFG 713 648.10 Richey, 1989, Table 2, p.65 
26 Tamarisk FFG 666 914.40 Richey, 1989, Table 2, p.62 64 Tamarisk FFG 714 761.90 Richey, 1989, Table 2, p.65 
27 Tamarisk FFG 667 899.50 Richey, 1989, Table 2, p.62 65 Tamarisk FFG 715 774.80 Richey, 1989, Table 2, p.65 
28 Tamarisk FFG_668 947.70 Richey, 1989, Table 2, p.62 66 Tamarisk FFG 716 676.60 Richey, 1989, Table 2, p.65 
29 Tamarisk FFG_669 934.20 Richey, 1989, Table 2, p.62 67 Tamarisk FFG_717 698.10 Richey, 1989, Table 2, p.65 
30 Tamarisk FFG 670 919.30 Richey, 1989, Table 2, p.62 68 Tamarisk FFG 718 700.90 Richey, 1989, Table 2, p.65 
31 Tamarisk FFG 671 917.70 Richey, 1989, Table 2, p.62 69 Tamarisk FFG_719 674.20 Richey, 1989, Table 2, p.65 
32 Tamarisk FFG 672 919.90 Richey, 1989, Table 2, p.62 70 Tamarisk FFG 720 671.50 Richey, 1989, Table 2, p.65 
33 Tamarisk FFG 673 914.70 Richey, 1989, Table 2, p.62 71 Tamarisk FFG_721 673.60 Richey, 1989, Table 2, p.65 
34 Tamarisk FFG 674 915.00 Richey, 1989, Table 2, p.62 72 Tamarisk FFG 723 785.30 Richey, 1989, Table 2, p.65 
35 Tamarisk FFG_675 871.60 Richey, 1989, Table 2, p.62 73 Tamarisk FFG 724 713.60 Richey, 1989, Table 2, p.65 
36 Tamarisk FFG_676 884.20 Richey, 1989, Table 2, p.62 74 Tamarisk FFG_725 689.70 Richey, 1989, Table 2, p.65 
37 Tamarisk FFG_677 910.50 Richey, 1989, Table 2, p.62 75 Tamarisk FFG 726 677.50 Richey, 1989, Table 2, p.65 
38 Tamarisk FFG 679 910.40 Richey, 1989, Table 2, p.62 76 T~marisk FFG 727 674.90 Richey, 1989, Table 2, p.66 
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H7C 
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H9C 
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P11 
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P14 
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Elevation 

673.30 

683.70 
701.30 

697.80 
713.20 

781.20 
737.00 
679.10 
732.40 

678.80 
692.50 
729.80 
730.60 

697.70 
748.60 
735.20 

717.80 
705.90 

693.00 
856.20 
733.70 
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893.40 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.66 

Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 

Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 
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Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.66 

Richey, 1989, Table 2, p.66 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 
Richey, 1989, Table 2, p.67 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
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46 
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49 
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51 
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53 
54 

55 
56 
57 
58 
59 

60 
61 
62 
63 

64 

65 
66 
67 

68 
69 
70 
71 

72 
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74 

75 
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Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 
Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 
Tamarisk 

Tamarisk 
Tamerisk 
Tamarisk 

Tamerisk 

Tamerisk 

Tamerisk 

WeiiiD 

P18 

P19 
P2 

P20 
P21 

P3 
P4 

P5 
P6 

P7 
P8 
pg 

SaltShft 
WIPP11 
WIPP12 
WIPP13 
WIPP18 

WIPP19 
WIPP21 

WIPP22 
WIPP25 

WIPP26 
WIPP27 

WIPP28 
WIPP29 

WIPP30 
WIPP32 

WIPP33 
WIPP34 

WastShft 

DOE1 
DOE2 

ERDA9 
REF 

WIPP11 
Tamerisk WIPP12 

U Member AirShft 

U Member DOE1 

Elevation Source 

837.30 

824.80 
824.80 
819.00 
822.00 

862.50 
840.60 
841.30 

887.30 

894.30 
873.20 
843.70 
848.11 

815.60 
840.40 
860.10 
841.30 

841.60 
846.10 
844.90 
879.30 

930.50 
909.20 
925.70 
907.40 

881.20 
910.40 

870.30 
820.50 

849.83 

831.60 
821.70 
849.10 

849.10 

815.70 
840.10 

782.57 

761.00 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Bechtel, Inc., 1986, Appendix D 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 
Bechtel, Inc., 1986, Appendix E 

TME 3159, Sep 1982, Table 2 
Mercer et al., 1987, Table 3-2 

SNL and USGS, 1982b, Table 2 

Rechard et al., 1991, Figure 2.2-1 
SNL and USGS, 1982a, Table 2 
D'Appolonia Consulting, 1983, Table 2 

IT Corporation, 1990, Figure 22 

TME 3159, Sep 1982, Table 2 
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11 
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13 
14 
15 
16 
17 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

30 
31 
32 
33 
34 
35 
36 
37 
38 

Layer WeiiiD 

U Member DOE2 
U Member ERDA9 

U Member ExhtShft 
U Member REF 
U Member SaltShft 

U Member WIPP11 
U Member WIPP12 
U Member WastShft 
Unnamed AEC7 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

AEC8 
AirShft 
B25 
DOE1 
DOE2 
ERDA10 
ERDA6 
ERDA9 
ERDA9 
ExhtShft 
FFG 002 
FFG 004 
FFG 005 
FFG 006 
FFG 007 
FFG 009 

FFG 011 
FFG 012 
FFG 013 
FFG 014 
FFG 016 
FFG 017 
FFG 018 
FFG 019 
FFG 020 
FFG 023 
FFG 024 
FFG 025 
FFG 026 

Elevation 

749.00 
779.70 
779.82 
779.70 
779.83 

754.40 
767.40 
781.32 
840.60 
814.80 
817.19 
817.20 
799.40 
784.10 
873.90 
855.00 
820.50 
816.40 
814.75 
618.10 
659.90 
622.10 
608.10 
593.70 
596.50 
603.50 
606.20 
634.30 
658.90 
579.40 
587.30 
590.70 
580.30 
655.30 
587.70 
571.80 
591.80 
585.50 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Mercer et al., 1987, Table 3-2 

SNLand USGS, 1982b, Table 2 
Bechtel, Inc., 1986, Appendix F 
Rechard et al., 1991, Figure 2.2-1 
Bechtel, Inc., 1986, Appendix D 
SNL and USGS, 1982a, Table 2 
D'Appolonia Consulting, 1983, Table 2 
Bechtel, Inc., 1986, Appendix E 
Mercer, 1983, Table 1 

Mercer, 1983, Table 1 

IT Corporation, 1990, Figure 22 
Mercer, 1983, Table 1 

TME3159, Sep 1982, Table 2 
Mercer et al., 1987, Table 3-2 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 
Mercer, 1983, Table 1 

SNLand USGS, 1982b, Table 2 
Bechtel, Inc., 1986, Appendix F 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 

Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.21 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
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56 
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58 
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66 
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69 
70 
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Layer 

Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

WeiiiD 

FFG 027 

FFG 028 
FFG 029 

FFG 030 
FFG 031 

FFG 032 
FFG 033 
FFG 034 
FFG 035 

FFG 036 
FFG 037 
FFG 038 
FFG 039 
FFG 040 
FFG 041 
FFG 042 
FFG 043 
FFG 044 
FFG 047 
FFG 048 
FFG 049 
FFG 050 
FFG 051 
FFG 052 
FFG 053 
FFG 054 
FFG_055 
FFG 056 
FFG 057 
FFG 058 
FFG 059 
FFG 060 
FFG 061 
FFG 062 
FFG 063 
FFG 064 
FFG 065 
FFG 066 

Elevation Source 

578.50 

572.50 

558.10 
557.20 
547.40 
546.10 
542.20 
542.50 
530.90 
535.60 
528.80 
517.50 
725.50 

645.30 
726.40 
730.00 
728.70 

680.90 
556.00 
573.30 
559.60 
574.90 
566.30 
589.80 
555.60 
556.60 
557.80 
556.90 
558.10 
560.80 
564.80 
563.20 
565.10 
507.20 
465.80 
488.90 
464.50 
429.10 

Richey, 1989, Table 2, p.22 

Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 

Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.22 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 

Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 
Richey, 1989, Table 2, p.23 

Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 

Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
Richey, 1989, Table 2, p.24 
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Unnamed 

Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 

Unnamed 

Unnamed 

Unnamed 
Unnamed 
Unnamed 

Unnamed 

WeiiiD 

FFG 067 

FFG 068 
FFG 069 

FFG 070 
FFG 071 

FFG 072 
FFG 073 
FFG 074 
FFG 075 

FFG 076 
FFG 078 
FFG 079 
FFG 080 

FFG_081 
FFG 082 
FFG 083 
FFG 084 

FFG 085 
FFG 086 
FFG 087 
FFG 088 
FFG 089 
FFG 091 

FFG_092 
FFG 093 

FFG 094 
FFG 095 
FFG 096 
FFG 097 

FFG 098 

FFG_099 
FFG 100 

FFG 101 

FFG 102 
FFG 103 
FFG 104 

FFG 105 

FFG 106 

Elevation 

464.00 

424.00 

441.40 
479.10 

748.30 

674.20 

652.20 
660.30 
712.10 

771.50 

607.70 
780.90 
758.30 
674.90 
705.30 
632.00 
654.70 

649.00 
657.40 
630.00 
622.70 

606.60 
643.80 
662.30 
668.10 

666.60 
645.20 

629.40 
608.40 

581.80 

574.60 
558.70 

527.30 

542.90 
601.70 

502.10 
861.40 

894.60 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 
Richey, 1989, Table 2, p.25 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 
Richey, 1989, Table 2, p.26 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
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Unnamed 

Unnamed 
Unnamed 
Unnamed 

Unnamed 

Unnamed 
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Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
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Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 

Unnamed 

Unnamed 

Well ID 

FFG 107 

FFG 108 
FFG 109 
FFG 110 

FFG 111 

FFG 112 
FFG 113 
FFG 114 

FFG_115 
FFG 116 
FFG 117 

FFG 119 
FFG 120 
FFG 121 
FFG 122 
FFG 123 
FFG 124 

FFG 125 
FFG 126 

FFG 127 
FFG 128 
FFG 129 

FFG 130 
FFG 132 

FFG 133 

FFG 134 
FFG 135 
FFG 136 

FFG 137 

FFG 138 

FFG 139 
FFG 140 
FFG 141 

FFG 142 
FFG 143 
FFG 144 

FFG 145 

FFG 146 

Elevation Source 

878.80 

869.60 
856.20 
824.50 

830.60 

816.80 
830.90 
863.20 

848.30 

865.30 
856.50 
864.80 
865.10 

873.30 
868.70 
861.00 
830.90 

842.10 
846.60 
851.60 
877.60 

852.20 
888.50 
890.90 
895.50 

896.80 
875.10 

876.40 
884.60 

834.90 

847.90 
785.00 

812.50 

788.30 

797.30 
883.70 
887.00 

897.70 

Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 
Richey, 1989, Table 2, p.27 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 

Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.28 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
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Unnamed 
Unnamed 

Unnamed 
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Unnamed 

Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 

WeiiiD 

FFG 147 

FFG 148 

FFG 149 

FFG 152 

FFG 155 

FFG 156 

FFG 157 

FFG 158 

FFG 159 

FFG 160 

FFG 161 
FFG 162 

FFG_163 

FFG 164 

FFG 165 

FFG 166 
FFG 167 

FFG 168 

FFG 169 
FFG 170 
FFG 171 

FFG 172 
FFG 173 
FFG 177 

FFG 178 

FFG 179 

FFG 180 
FFG 181 

FFG 182 

FFG 183 
FFG 184 

FFG 185 
FFG 186 

FFG 188 
FFG 189 
FFG 190 
FFG 191 

FFG 192 

Elevation 

875.40 

894.90 

903.10 
893.10 

894.00 

895.50 
898.60 

918.00 
891.60 

886.10 

894.90 

884.60 
888.20 

928.50 

902.20 
891.80 
877.90 

898.90 
909.20 

893.00 

909.30 

906.10 
867.80 

880.00 
711.40 

875.10 
874.70 

922.90 
804.30 

893.40 
883.60 
891.80 
819.30 

837.60 

859.60 
835.10 
839.40 

784.40 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

1989, Table 2, p.29 

Richey, 1989, Table 2, p.29 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 

Richey, 1989, Table 2, p.30 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 

1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 

Richey, 1989, Table 2, p.31 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 
Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 

Richey, 1989, Table 2, p.32 
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FFG 194 

FFG 195 

FFG 196 
FFG 197 

FFG 198 

FFG 199 

FFG 200 
FFG 201 

FFG 202 

FFG 203 
FFG 204 

FFG 205 

FFG 206 

FFG 207 

FFG 208 
FFG 209 

FFG 210 

FFG 212 
FFG 213 

FFG 214 
FFG 215 

FFG 216 
FFG 217 
FFG 218 
FFG 219 

FFG 220 
FFG 221 
FFG 222 

FFG 224 

FFG 225 
FFG 226 
FFG 228 

FFG 229 

FFG_230 
FFG 231 

FFG_232 
FFG 233 

FFG 234 

Elevation Source 

780.60 

792.80 
827.50 

831.20 

831.80 

818.70 

828.10 

830.00 

763.20 

767.50 

805.30 

816.60 
828.10 

826.00 

834.50 
829.70 
818.70 

809.00 
828.80 
808.60 
784.90 

682.70 
805.60 
794.30 
840.30 

789.50 
744.30 
705.00 

590.10 

598.00 
594.80 

580.70 
607.10 

595.00 
613.80 

625.80 
617.90 

653.50 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.33 

Richey, 1989, Table 2, p.33 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 

Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.34 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
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15 
16 
17 

18 
19 

20 
21 

22 
23 
24 

25 

26 

27 
28 
29 

30 
31 

32 
33 
34 

35 
36 

37 

38 

Layer 

Unnamed 

Unnamed 
Unnamed 
Unnamed 

Unnamed 

Unnamed 

Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 
Unnamed 

Unnamed 

Unnamed 

Unnamed 

Unnamed 
Unnamed 

Unnamed 

Unnamed 

WeiiiD 

FFG 235 

FFG 236 
FFG 237 

FFG 238 
FFG 239 

FFG 240 
FFG 241 
FFG 242 

FFG 243 
FFG 244 

FFG 245 
FFG 246 
FFG 247 

FFG 248 
FFG 249 

FFG 250 
FFG 251 

FFG 252 
FFG 253 
FFG 254 
FFG 255 

FFG 256 
FFG 257 
FFG 258 
FFG 259 

FFG 260 
FFG 261 
FFG 262 
FFG 263 

FFG 264 

FFG 265 

FFG 266 

FFG 267 

FFG 268 
FFG 269 

FFG 270 
FFG 271 

FFG 272 

Elevation 

628.50 

677.20 

634.40 
621.50 
613.50 

602.60 

598.10 
724.20 

659.30 

715.20 
503.50 
508.10 
493.70 

498.30 
498.30 
580.50 
470.00 

612.60 
561.50 
554.70 
506.30 

470.90 
517.20 
536.40 
494.90 

548.90 

537.30 
477.00 

448.50 

696.20 
677.30 

656.80 
632.70 

606.30 
617.60 
721.10 

767.80 

743.90 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.35 

Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.35 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 

Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.36 
Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 

Richey, 1989, Table 2, p.37 
Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.38 

39 

40 
41 
42 
43 

44 
45 
46 
47 

48 
49 

50 
51 

52 

53 
54 

55 
56 
57 
58 
59 

60 
61 
62 

63 
64 
65 
66 
67 

68 

69 

70 
71 

72 
73 
74 

75 

76 

Layer WeiiiD 

Unnamed FFG 273 

Unnamed FFG 274 
Unnamed FFG 275 

Unnamed FFG 276 
Unnamed FFG 277 

Unnamed FFG 278 
Unnamed FFG 279 

Unnamed FFG 280 
Unnamed FFG 281 

Unnamed FFG 283 
Unnamed FFG 284 
Unnamed FFG 285 
Unnamed FFG 286 

Unnamed FFG 287 
Unnamed FFG 288 
Unnamed FFG 289 
Unnamed FFG 290 

Unnamed FFG 291 
Unnamed FFG 292 
Unnamed FFG 293 
Unnamed FFG 294 

Unnamed FFG 295 
Unnamed FFG 297 
Unnamed FFG 298 
Unnamed FFG 299 

Unnamed FFG 300 
Unnamed FFG 301 

Unnamed FFG 302 
Unnamed FFG 303 

Unnamed FFG 304 

Unnamed FFG 305 

Unnamed FFG 306 

Unnamed FFG 307 

Unnamed FFG 308 
Unnamed FFG 309 
Unnamed FFG 310 

Unnamed FFG 311 

Unnamed FFG 312 

Elevation Source 

745.30 

785.80 
794.60 

795.80 
789.10 

765.40 
767.70 
780.00 
754.40 

489.20 
641.30 

660.50 
766.20 

733.30 
662.60 
673.90 
760.80 

660.80 
717.80 
710.50 
497.50 

480.00 
455.40 
520.40 
489.80 

473.00 
430.40 
436.80 

442.00 

438.90 

434.60 

405.30 

424.30 

367.80 
427.90 
469.10 
420.30 

424.00 

Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 
Richey, 1989, Table 2, p.38 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 

Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.39 
Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 
Richey, 1989, Table 2, p.40 

Richey, 1989, Table 2, p.40 



Layer WeiiiD 

Unnamed FFG 313 
2 Unnamed FFG 314 
3 Unnamed FFG 315 
4 Unnamed FFG 316 
5 Unnamed FFG 317 
6 Unnamed FFG 318 
7 Unnamed FFG 319 
8 Unnamed FFG 320 
9 Unnamed FFG 321 

10 Unnamed FFG 322 
11 Unnamed FFG 323 
12 Unnamed FFG 324 
13 Unnamed FFG 325 
14 Unnamed FFG 326 
15 Unnamed FFG 327 
16 Unnamed FFG 328 
17 Unnamed FFG 329 
18 Unnamed FFG 330 
19 Unnamed FFG 331 
20 Unnamed FFG 332 
21 Unnamed FFG 333 
22 Unnamed FFG 334 
23 Unnamed FFG 335 
24 Unnamed FFG 336 
25 Unnamed FFG 337 
26 Unnamed FFG 338 
27 Unnamed FFG 339 
28 Unnamed FFG 340 
29 Unnamed FFG 342 
30 Unnamed FFG 344 
31 Unnamed FFG 345 
32 Unnamed FFG 347 
33 Unnamed FFG 348 
34 Unnamed FFG_349 
35 Unnamed FFG 350 
36 Unnamed FFG 351 
37 Unnamed FFG 352 
38 Unnamed FFG 353 

Elevation 

862.00 
781.60 
694.20 
670.20 
725.10 
702.60 
696.40 
662.00 
661.70 
662.20 
667.90 
692.20 
753.20 
698.00 
681.90 
664.70 
661.40 
661.00 
646.80 
632.80 
643.00 
637.00 
655.00 
650.40 
634.30 
639.00 
604.10 
609.30 
676.30 
650.90 
671.30 
692.80 
733.00 
709.30 
739.70 
621.20 
621.80 
644.10 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.41 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.42 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.43 

Layer Well ID 

39 Unnamed FFG 354 
40 Unnamed FFG _ 361 
41 Unnamed FFG 362 
42 Unnamed FFG 363 
43 Unnamed FFG 364 
44 Unnamed FFG 366 
45 Unnamed FFG 367 
46 Unnamed FFG 370 
47 Unnamed FFG 371 
48 Unnamed FFG 372 
49 Unnamed FFG 373 
50 Unnamed FFG 374 
51 Unnamed FFG 376 
52 Unnamed FFG 381 
53 Unnamed FFG 383 
54 Unnamed FFG 384 
55 Unnamed FFG 385 
56 Unnamed FFG 387 
57 Unnamed FFG _ 388 
58 Unnamed FFG 389 
59 Unnamed FFG 390 
60 Unnamed FFG 391 
61 Unnamed FFG 392 
62 Unnamed FFG 393 
63 Unnamed FFG_394 
64 Unnamed FFG 395 
65 Unnamed FFG 396 
66 Unnamed FFG 398 
67 Unnamed FFG 399 
68 Unnamed FFG 401 
69 Unnamed FFG 402 
70 Unnamed FFG 403 
71 Unnamed FFG 404 
72 Unnamed FFG 407 
73 Unnamed FFG _ 408 
7 4 Unnamed FFG _ 409 
75 Unnamed FFG 411 
76 Unnamed FFG 413 

Elevation Source 

756.00 
948.50 
911.00 
937.90 
909.80 
904.00 
922.60 
962.60 
958.60 
941.50 
902.00 
902.20 
939.70 
908.60 
902.20 
912.30 
906.80 
901.60 
893.70 
917.50 
913.50 
913.10 
904.40 
781.00 
877.20 
867.50 
847.10 
767.20 
780.60 
833.60 
936.70 
903.30 
867.20 
898.90 
901.00 
932.40 
873.90 
906.20 

Richey, 1989, Table 2, p.43 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.44 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.45 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.46 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 
Richey, 1989, Table 2, p.47 



Table B.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

1 Unnamed FFG_ 418 923.00 Richey, 1989, Table 2, p.48 39 Unnamed FFG 486 708.40 Richey, 1989, Table 2, p.52 

2 Unnamed FFG 419 936.70 Richey, 1989, Table 2, p.48 40 Unnamed FFG 487 706.90 Richey, 1989, Table 2, p.52 

3 Unnamed FFG 420 927.80 Richey, 1989, Table 2, p.48 41 Unnamed FFG 488 692.50 Richey, 1989, Table 2, p.52 

4 Unnamed FFG 421 913.80 Richey, 1989, Table 2, p.48 42 Unnamed FFG 489 708.80 Richey, 1989, Table 2, p.52 

5 Unnamed FFG 422 915.60 Richey, 1989, Table 2, p.48 43 Unnamed FFG 490 801.30 Richey, 1989, Table 2, p.52 

6 Unnamed FFG 426 919.30 Richey, 1989, Table 2, p.48 44 Unnamed FFG 491 793.10 Richey, 1989, Table 2, p.52 

7 Unnamed FFG 432 876.90 Richey, 1989, Table 2, p.48 45 Unnamed FFG 492 757.10 Richey, 1989, Table 2, p.52 

8 Unnamed FFG 433 892.40 Richey, 1989, Table 2, p.48 46 Unnamed FFG 493 743.20 Richey, 1989, Table 2, p.53 

9 Unnamed FFG 438 829.80 Richey, 1989, Table 2, p.49 47 Unnamed FFG 494 747.00 Richey, 1989, Table 2, p.53 

10 Unnamed FFG 445 911.60 Richey, 1989, Table 2, p.49 48 Unnamed FFG_495 743.10 Richey, 1989, Table 2, p.53 

11 Unnamed FFG 453 772.90 Richey, 1989, Table 2, p.50 49 Unnamed FFG_496 604.20 Richey, 1989, Table 2, p.53 

12 Unnamed FFG 455 761.40 Richey, 1989, Table 2, p.50 50 Unnamed FFG_497 642.20 Richey, 1989, Table 2, p.53 

13 Unnamed FFG 456 769.90 Richey, 1989, Table 2, p.50 51 Unnamed FFG_498 637.60 Richey, 1989, Table 2, p.53 

14 Unnamed FFG 457 822.60 Richey, 1989, Table 2, p.50 52 Unnamed FFG 499 603.20 Richey, 1989, Table 2, p.53 

15 Unnamed FFG 458 825.10 Richey, 1989, Table 2, p.50 53 Unnamed FFG 500 635.20 Richey, 1989, Table 2, p.53 

16 Unnamed FFG 459 752.30 Richey, 1989, Table 2, p.50 54 Unnamed FFG_501 665.60 Richey, 1989, Table 2, p.53 

17 Unnamed FFG 462 820.70 Richey, 1989, Table 2, p.50 55 Unnamed FFG_502 630.90 Richey, 1989, Table 2, p.53 

18 Unnamed FFG 463 843.70 Richey, 1989, Table 2, p.51 56 Unnamed FFG_503 616.30 Richey, 1989, Table 2, p.53 

19 Unnamed FFG 464 833.60 Richey, 1989, Table 2, p.51 57 Unnamed FFG_504 667.60 Richey, 1989, Table 2, p.53 

20 Unnamed FFG 465 835.10 Richey, 1989, Table 2, p.51 58 Unnamed FFG 505 696.20 Richey, 1989, Table 2, p.53 

21 Unnamed FFG 467 423.00 Richey, 1989, Table 2, p.51 59 Unnamed FFG 506 690.60 Richey, 1989, Table 2, p.53 

22 Unnamed FFG 468 373.10 Richey, 1989, Table 2, p.51 60 Unnamed FFG 507 599.40 Richey, 1989, Table 2, p.53 

23 Unnamed FFG 470 402.60 Richey, 1989, Table 2, p.51 61 Unnamed FFG 508 680.70 Richey, 1989, Table 2, p.53 

24 Unnamed FFG 471 420.60 Richey, 1989, Table 2, p.51 62 Unnamed FFG_509 662.30 Richey, 1989, Table 2, p.54 

25 Unnamed FFG 472 495.60 Richey, 1989, Table 2, p.51 63 Unnamed FFG 510 658.80 Richey, 1989, Table 2, p.54 

26 Unnamed FFG 473 383.70 Richey, 1989, Table 2, p.51 64 Unnamed FFG 511 619.40 Richey, 1989, Table 2, p.54 

27 Unnamed FFG 474 671.70 Richey, 1989, Table 2, p.51 65 Unnamed FFG 512 634.60 Richey, 1989, Table 2, p.54 

28 Unnamed FFG 475 677.70 Richey, 1989, Table 2, p.51 66 Unnamed FFG 513 659.30 Richey, 1989, Table 2, p.54 

29 Unnamed FFG 476 751.70 Richey, 1989, Table 2, p.51 67 Unnamed FFG 514 637.00 Richey, 1989, Table 2, p.54 

30 Unnamed FFG 477 718.80 Richey, 1989, Table 2, p.51 68 Unnamed FFG 515 610.80 Richey, 1989, Table 2, p.54 

31 Unnamed FFG 478 694.00 Richey, 1989, Table 2, p.52 69 Unnamed FFG_516 601.60 Richey, 1989, Table 2, p.54 

32 Unnamed FFG 479 698.90 Richey, 1989, Table 2, p.52 70 Unnamed FFG 517 750.70 Richey, 1989, Table 2, p.54 

33 Unnamed FFG 480 681.30 Richey, 1989, Table 2, p.52 71 Unnamed FFG 518 735.80 Richey, 1989, Table 2, p.54 

34 Unnamed FFG 481 674.50 Richey, 1989, Table 2, p.52 72 Unnamed FFG 519 696.50 Richey, 1989, Table 2, p.54 

35 Unnamed FFG_ 482 703.80 Richey, 1989, Table 2, p.52 73 Unnamed FFG 520 585.40 Richey, 1989, Table 2, p.54 

36 Unnamed FFG 483 732.70 Richey, 1989, Table 2, p.52 74 Unnamed FFG 521 628.20 Richey, 1989, Table 2, p.54 

37 Unnamed FFG_484 720.70 Richey, 1989, Table 2, p.52 75 Unnamed FFG 522 427.50 Richey, 1989, Table 2, p.54 

38 Unnamed FFG 485 723.00 Richey, 1989, Table 2, p.52 76 Unnamed FFG 523 443.20 Richey, 1989, Table 2, p.54 
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21 
22 
23 
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26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

38 

Layer 

Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

Unnamed 
Unnamed 
Unnamed 
Unnamed 
Unnamed 

WeiiiD 

FFG 524 

FFG 525 
FFG 526 
FFG 527 
FFG 528 
FFG 530 
FFG 531 
FFG_532 
FFG 534 

FFG_535 
FFG_536 
FFG 537 
FFG 543 

FFG_548 
FFG 552 
FFG 562 
FFG 563 
FFG 564 
FFG 568 
FFG 569 
FFG 584 
FFG 585 
FFG 600 
FFG 601 
FFG 602 
FFG 606 
FFG 607 
FFG 608 
FFG 609 
FFG 610 
FFG 611 
FFG 612 
FFG 613 
FFG 618 
FFG 620 
FFG_621 
FFG_638 
FFG_639 

Elevation 

607.40 

436.60 
943.10 
888.10 
891.50 

957.70 
888.60 
873.00 

883.30 
875.70 
884.50 
872.60 
926.70 

877.20 
722.00 
614.50 
528.20 

663.00 
625.80 
624.20 
736.60 
678.40 
692.50 
572.70 
794.30 
667.60 
671.60 
654.70 
646.70 
640.10 
635.50 
669.70 
668.70 
679.10 
731.20 
695.00 
530.10 
498.40 

Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Source 

Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 

Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.55 
Richey, 1989, Table 2, p.56 
Richey, 1989, Table 2, p.56 
Richey, 1989, Table 2, p.56 
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Table 8.2. Elevations of Stratigraphic Layers Near WIPP (Continued) 

Layer WeiiiD Elevation Source Layer WeiiiD Elevation Source 

Unnamed P7 856.50 Mercer, 1983, Table 1 39 V Trista SaltShtt 627.89 Bechtel, Inc., 1986, Appendix D 
2 Unnamed P8 838.50 Mercer, 1983, Table 1 40 V Triste SaltShtt 628.33 Bechtel, Inc., 1986, Appendix D 
3 Unnamed P9 809.30 Mercer, 1983, Table 1 41 V Trista WIPP11 611.20 SNL and USGS, 1982a, Table 2 
4 Unnamed REF 816.40 Rechard et al., 1991, Figure 2.2-1 42 V Triste WIPP11 612.70 SNL and USGS, 1982a, Table 2 
5 Unnamed SaltShtt 813.97 Bechtel, Inc., 1986, Appendix D 43 V Triste WIPP12 620.80 D'Appolonia Consulting, 1983, Table 2 
6 Unnamed WIPP11 779.90 Mercer, 1983, Table 1 44 V Triste WIPP12 621.70 D'Appolonia Consulting, 1983, Table 2 
7 Unnamed WIPP11 780.00 SNLand USGS, 1982a, Table 2 45 
8 Unnamed WIPP12 803.90 D'Appolonia Consulting, 1983, Table 2 
9 Unnamed WIPP12 803.80 Mercer, 1983, Table 1 

10 Unnamed WIPP13 817.10 Mercer, 1983, Table 1 
11 Unnamed WlPP15 996.40 Mercer, 1983, Table 1 
12 Unnamed WIPP16 672.70 Mercer, 1983, Table 1 
13 Unnamed WIPP18 807.10 Mercer, 1983, Table 1 
14 Unnamed WIPP19 809.60 Mercer, 1983, Table 1 
15 Unnamed WIPP21 812.00 Mercer, 1983, Table 1 
16 Unnamed WlPP22 811.30 Mercer, 1983, Table 1 
17 Unnamed WIPP25 835.40 Mercer, 1983, Table 1 

t:l:' 18 Unnamed WIPP26 897.00 Mercer, 1983, Table 1 I 
-.J 19 Unnamed WIPP27 871.40 Mercer, 1983, Table 1 Vl 

20 Unnamed WIPP28 884.30 Mercer, 1983, Table 1 
21 Unnamed WIPP29 894.60 Mercer, 1983, Table 1 
22 Unnamed WIPP30 845.60 Mercer, 1983, Table 1 
23 Unnamed WIPP32 894.00 Mercer, 1983, Table 1 
24 Unnamed WIPP33 836.70 Mercer, 1983, Table 1 
25 Unnamed WlPP34 784.30 Mercer, 1983, Table 1 
26 Unnamed WastShtt 817.02 Bechtel, Inc., 1986, Appendix E 
27 V Trista AirShtt 622.89 IT Corporation, 1990, Figure 22 
28 V Trista AirShtt 625.30 IT Corporation, 1990, Figure 22 
29 V Trista DOE1 604.50 TME 3159, Sep 1982, Table 2 
30 V Triste DOE1 605.70 TME 3159, Sep 1982, Table 2 
31 V Trista DOE2 598.10 Mercer et al., 1987, Table 3-2 
32 V Triste DOE2 600.30 Mercer et al., 1987, Table 3-2 
33 V Trista ERDA9 625.70 SNL and USGS, 1982b, Table 2 
34 V Trista ERDA9 627.60 SNL and USGS, 1982b, Table 2 
35 V Trista ExhtShtt 625.11 Bechtel, Inc., 1986, Appendix F 
36 V Triste ExhtShtt 626.66 Bechtel, Inc., 1986, Appendix F 
37 V Triste REF 625.70 Rechard et al.,1991, Figure 2.2-1 
38 V Trista REF 627.60 Rechard et al., 1991, Figure 2.2-1 
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The following 70 figures are grey-scale representations of the 70 realizations of Culebra transmissivity field gener­
ated for<use in the 1992 series of PA calculations. The realizations are ordered by increasing travel time (marlced at 
the bottom of each figure). 

The origins of these representations of transmissivity field are briefly explained in Section 2.6.3 of this report, and in 
more detail in Volume 2 of the 1992 series of reports. 

Note: On all figures, the grey-scale values are in units of log 10 (m
2/s). 
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Figure C-1. Realization 12 of Culebra transmissivity. 
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Figure C-2. Realization 64 of Culebra transmissivity. 
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Figure C-3. Realization 25 of Culebra transmissivity. 
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Figure C-4. Realization 23 of Culebra transmissivity. 

C-7 

APPENDIXC 

TRI-6342-1933-0 



APPENDIX C 

0 
0 
0 ...,. 
N 

0 
0 
0 
00 

0 
0 
0 
N 

0 
0 
0 
<0 

0 

0 

.. < -8 

.__ _ _.I -4 to -5 

5000 10000 15000 

Grey-scale Values are in Units of log 10 (m2fs): 

--?to-8 --6to-7 

-3 to -4 --3to-2 

20000 

IBKII-sto-6 

~-2< .. 

Figure C-5. Realization 15 of Culebra transmissivity. 
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Figure C-6. Realization 18 of Culebra transmissivity. 
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Figure C-7. Realization 53 of Culebra transmissivity. 
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Figure C-8. Realization 16 of Culebra transmissivity. 
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Figure C-9. Realization 36 of Culebra transmissivity. 
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Figure C-1 0. Realization 19 of Culebra transmissivity. 

C-13 

APPENDIXC 

TRI-6342·1001-0 



APPENDIXC 

0 
0 
0 
"<t 
N 

0 
0 
0 
ro 

0 
0 
0 
N ...... 

0 
0 
0 
c.o 

0 

0 

.. <-8 

L-. _ _.l-4 to -5 

5000 10000 15000 

Grey-scale Values are in Units of log10 (m2/s): 

--7to-8 

-3 to -4 

---Sto-7 

BM -3to-2 

20000 

- -Sto-6 

~-2<.. 

Figure C-11 . Realization 66 of Culebra transmissivity. 
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Figure C-12. Realization 45 of Culebra transmissivity. 
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Figure C-13. Realization 34 of Culebra transmissivity. 
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Figure C-14. Realization 24 of Culebra transmissivity. 
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Figure C-15. Realization 63 of Culebra transmissivity. 
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Figure C-16. Realization 70 of Culebra transmissivity. 
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Figure C-17. Realization 42 of Culebra transmissivity. 
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Figure C-18. Realization 56 of Culebra transmissivity. 
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Figure C-19. Realization 69 of Culebra transmissivity. 
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Figure C-21. Realization 52 of Culebra transmissivity. 
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Figure C-22. Realization 20 of Culebra transmissivity. 
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Figure C-23. Realization 33 of Culebra transmissivity. 
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Figure C-24. Realization 39 of Culebra transmissivity. 
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Figure C-25. Realization 28 of Culebra transmissivity. 
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Figure C-26. Realization 1 of Culebra transmissivity. 
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Figure C-27. Realization 55 of Culebra transmissivity. 
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Figure C-28. Realization 43 of Culebra transmissivity. 
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Figure C-29. Realization 2 of Culebra transmissivity. 
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Figure C-30. Realization 47 of Culebra transmissivity. 
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Figure C-31. Realization 48 of Culebra transmissivity. 
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Figure C-32. Realization 29 of Culebra transmissivity. 
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Figure C-33. Realization 68 of Culebra transmissivity. 
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Figure C-34. Realization 40 of Culebra transmissivity. 
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Figure C-35. Realization 5 of Culebra transmissivity. 
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Figure C-36. Realization 61 of Culebra transmissivity. 
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Figure C-37. Realization 14 of Culebra transmissivity. 
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Figure C-38. Realization 31 of Culebra transmissivity. 
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Figure C-39. Realization 38 of Culebra transmissivity. 
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Figure C-40. Realization 27 of Culebra transmissivity. 
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Figure C-41. Realization 4 of Culebra transmissivity. 

C-44 

TRI-6342-1927-0 



0 
0 
0 
«:t 
N 

0 
0 
0 
co 

0 
0 
0 
N 

0 
0 
0 
<.0 

0 

0 

.. < -8 

.___ _ _.1-4 to -5 

5000 10000 15000 

Grey-scale Values are 1n Units of log 10 (m2fs) 

--710·8 

-3 to -4 -3to -2 

--5to-6 

~-2< .. 

Figure C-42. Realization 59 of Culebra transmissivity. 
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Figure C-43. Realization 17 of Culebra transmissivity. 
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Figure C-44. Realization 51 of Culebra transmissivity. 
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Figure C-45. Realization 9 of Culebra transmissivity. 
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Figure C-46. Realization 30 of Culebra transmissivity. 
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Figure C-47. Realization 46 of Culebra transmissivity. 
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Figure C-48. Realization 3 of Culebra transmissivity. 
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Figure C-49. Realization 62 of Culebra transmissivity. 
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Figure C-50. Realization 22 of Culebra transmissivity. 
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Figure C-51. Realization 50 of Culebra transmissivity. 
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Figure 0-52. Realization 35 of Culebra transmissivity. 
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Figure C-53. Realization 57 of Culebra transmissivity. 
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Figure C-54. Realization 49 of Culebra transmissivity. 
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Figure C-55. Realization 65 of Culebra transmissivity. 
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Figure C-56. Realization 41 of Culebra transmissivity. 
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Figure C-57. Realization 26 of Culebra transmissivity. 
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Figure C-58. Realization 37 of Culebra transmissivity. 
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Figure C-60. Realization 60 of Culebra transmissivity. 
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Figure C-61. Realization 21 of Culebra transmissivity. 
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Figure C-62. Realization 13 of Culebra transmissivity. 
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Figure C-63. Realization 1 0 of Culebra transmissivity. 
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Figure C-64. Realization 32 of Culebra transmissivity. 
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Figure C·65. Realization 8 of Culebra transmissivity. 
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Figure C-66. Realization 11 of Culebra transmissivity. 
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Figure C-67. Realization 54 of Culebra transmissivity. 
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Figure C-68. Realization 6 of Culebra transmissivity. 
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Figure C-69. Realization 67 of Culebra transmissivity. 

C-72 

TRI-6342-1929-0 



0 
0 
0 
"<:)" 
C\1 

0 
0 
0 co ..... 

0 
0 
0 
C\1 ,... 

0 
0 
0 
(!) 

0 

0 

.. < -8 

....___....~J-4 to -5 

5000 10000 15000 

Grey-scale Values are in Units of log10 (m2/s): 

--?to-8 --6to-7 

-3 to -4 --3to-2 

20000 

--5to-6 

~-2< .. 

Figure C-70. Realization 58 of Culebra transmissivity. 
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APPENDIX D: 
REALIZATIONS OF 

DRILLING INTENSITY FUNCTIONS 
FOR HUMAN INTRUSION 

APPENDIXD 

The following figures are graphs of the 70 representations of drilling intensity functions used in the 1992 Perfor­
mance Assessment (PA) calculations to calculate probabilities of inadvertent drilling at the Waste Isolation Pilot Plant 
(WIPP) site (Section 1.4.2 of this volume). The genesis of these representations is explained in Section 5.2. Each 
graph of a representation shows two quantities: the intrusion rate, measured in boreholes/(km2 • 104 yr), which is 
also the function A:,(t) mentioned in Eq. 1.4.2-5 of Section 1.4.2; and the time-integrated intrusion rate, 

t 

J A
8 

(x) dx, for any t such that 0 < t < 10,000 yr, 

0 

which is also called intrusions and is measured in boreholes!km2. 

The 70 graphs are ordered by increasing values of intrusions measured at 10,000 yr. The ordering is specified by 
"sequence" number; note that many graphs are identical and so will correspond to more than one sequence number. 
Note also that only those representations that were not identically zero are included in this collection. 

Note on scaling of graphs: The ordinates and abscissas of each graph have been scaled to improve resolution; the 
scaling used is 

y = sinh- 1 (~) 
a 

where xis the variable noted on the ordinate (or abscissa) andy is the distance from ori~in of graph along ordinate (or 
abscissa). The constant a is chosen to make numbered intervals (e.g., [0,1o2], [lo2, 10 ]) of approximately the same 
size. 
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function, Sequence 3. 
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Figure D-2. Realization of drilling intensity 
function, Sequence 2. 
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FigureD-4. Realization of drilling intensity 
function, Sequence 4. 
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Figure D-5. Realization of drilling intensity 
function, Sequence 5. 
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function, Sequences 6 and 7. 
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Figure D-11. Realization of drilling intensity 
function, Sequence 14. 
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Figure D-10. Realization of drilling intensity 
function, Sequence 13. 
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function, Sequence 15. 
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Figure D-13. Realization of drilling intensity 
function, Sequence 16. 
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Figure D-15. Realization of drilling intensity 
function, Sequence 20. 
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Figure D-14. Realization of drilling intensity 
function, Sequences 17, 18 and 19. 
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function, Sequence 21. 
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Figure D-17. Realization of drilling intensity 
function, Sequence 22. 
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Figure D-19. Realization of drilling intensity 
function, Sequences 24 and 25. 
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Figure D-18. Realization of drilling intensity 
function, Sequence 23. 
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Figure D-20. Realization of drilling intensity 
function, Sequences 26 and 27. 
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Figure D-21. Realization of drilling intensity 
function, Sequence 28. 
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Figure D-23. Realization of drilling intensity 
function, Sequence 30. 
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Figure D-22. Realization of drilling intensity 
function, Sequence 29. 
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Figure D-25. Realization of drilling intensity 
function, Sequence 32. 
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Figure D-26. Realization of drilling intensity 
function, Sequence 33. 

INTRUSIONS 

INTRUSION RATE . 

TIME (VAS) 

-

100 

10-1 

:> 

"' (J 

10-2 ~ 
UJ 

6 
I 

10-3 

TRI-6342-2040-0 

Figure D-28. Realization of drilling intensity 
function, Sequences 37, 38, 39 and 40. 



10 0 

(/) 
10'1 

a: 
>-
0 
0 
0 
0 

:a 
"' 10'2 
0 
(/) 

;;; 
w 
_J 

0 
:c 

10 ·3 

0 

0 

102 

il 
101 

~, 

!I 
100 

10 ·1 

0 

0 

INTRUSIONS 

INTRUSION RATE . 

TIME (YRS) 

TRl-6342-2041-0 

Figure D-29. Realization of drilling intensity 
function, Sequence 41. 
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Figure D-30. Realization of drilling intensity 
function, Sequence 42. 
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Figure D-31. Realization of drilling intensity 
function, Sequence 43. 

Figure D-32. Realization of drilling intensity function, 
Sequences 44, 45, 46, 47 and 48. 
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Figure D-36. Realization of drilling intensity function, 
Sequences 52, 53, 54, 55 and 56. 
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function, Sequences 62 and 63. 
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Figure D-43. Realization of drilling intensity 
function, Sequences 65 and 66. 
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Figure D-42. Realization of drilling intensity 
function, Sequence 64. 
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Figure D-44. Realization of drilling intensity 
function, Sequences 67 and 68. 
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1 
2 
3 
4 
5 

NOMENCLATURE 

6 Mathematical Symbols 
7 
8 
9 

10 A 
11 A 
12 m 
13 a 
14 

15 2B 
16 
17 
18 
19 

B t•Bg 

20 b 
21 
22 
23 

24 c 
25 
26 
27 
28 c 
29 
30 co 
31 

32 c 
33 
34 D 
35 m 

36 Do 
37 

40 D 
41 
42 d 
43 
44 
45 dj 
46 
47 
48 ds 

49 E 
50 
51 
52 e 
53 f 
54 
55 
56 fw 
57 
58 fc> fm, fs 

59 
60 frchg 

61 F(x) 
62 
63 
64 f(x) 

65 
66 

cross-sectional area (m2) 

amplitude scaling factor for precipitation variation 

minimum of range of distribution 

characteristic fracture spacing or block length (m) 

formation volume faL1or (reservoir conditions/standard conditions) for liquid or gas, respec­
tively 

maximum of range of distribution 

fracture aperature (m) 

concentration (kg/m3) 

total concentration of water in solution (e.g., brine) 

- mass fraction (kg/kg) 

solubility (kg cbemicallm3 fluid) 

capacitance((\,+ lj)B l) (Pa-1) 

molecular diffusion in porous media matrix (D
0 

• 't) (m2/s) 

molecular diffusion in pure fluid (m2/s) 

hydrodynamic dispersion Dm + a.L V and Dm + a.T V, respectively (m2/s) 

hydrodynamic dispersion tensor 

- diameter 

separation distance to grid point i, e.g., separation distance between interpolated point and a 
nearby point 

distance traveled by solute 

Young's modulus (Pa) 

weighting power for inverse-distance interpolation 

fanning friction factor 

waste unit factor 

volume fraction of combustibles, metals/glass, and sludge, respectively 

recharge factor evaluated from precipitation fluctuation 

cumulative distribution function, integral of f(x), probability density function of parameter x 

distribution of x 
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10 
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23 
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28 
29 
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31 
32 
33 
34 
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39 
40 
41 
42 
43 
44 
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NOMENCLATURE 

g 

h 

h* 

K 

Kd 

%ulk 

k* 

k 

krl•~g 

L-1 

M 

Mdc• Mdm• Mds -

rnA 

nib,nic,mt 

NR 

Np 

N 

n 

ng 

P(r>R) 

p 

Pc 

Per 

Pt 

Q 

Rm,Rr 

R* 

rg/ l 

rP, rf 

acc~leration due to gravity = -9.8 m/s2 or 9.80616 - 2.5928 x w-2 cos2<j>
1 

+ 6.9 x w-5 

COS 2<j>1 t - 3.086 X 10-6Zsur- 1.543 X 10-6 fl.z, Where <j>lat iS the latitude, Zsur isafue Surface ele­
vation ttl meters, and fl.z is the depth in meters below me surface (Helm~rt's equation) (Weast 
and Astle, 1981, F-78) (9.792 rnls at 1039.06 m [surface] and 9.791 rnls at 351m [repository 
level]) 

multiplier factor 

Plank's constant, 6.6262x10-34 J • s 

hydraulic conductivity (rnls) 

distribution (or partition) coefficient (m3/kg) 

bulk modulus (E/ (3 (1- 2v)) (Pa) 

Boltzmann's constant 1.3806x1o-23 (J/K) 

permeability (m2) 

relative liquid and gas permeability, respectively 

release limit for radionuclide i (from 40 CFR 191 Appendix A, Table 1) 

molecular weight (g/mol) 

average mass of combustibles, metals/glass, and sludge, respectively, per drum (kg) 

atomic mass 

gas generation rate, biodegradation (mol/kg cellulose/s), corrosion (mol/m2 surface area steel/ 
s), and total, respectively 

Prvd 
Reynold's number, --

11 
Peclet number, V d50/ 'tD

0 
, where d50 is average particle diameter Oength dimension) 

molarity (mol/ l ) 

number of moles 

number of grid points used for interpolation 

probability of r > R 

pressure (Pa) 

capillary pressure (Pa) 

critical pressure (Pa) 

threshold displacement pressure (Pa) 

flow rate 

retardation, matrix and fracture, respectively 

universal gas constant ( 8.31441-Pa_•_m_J J l mol• K 

gas (nonwetting phase)niquid (wetting phase) ratio 

average annual precipitation (rnls), present and future, respectively 
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8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

Sg,S [ 

SgrS l r 

TK 

T 

Tcr 

Tr 

tuz 

v 

vcr 

Vd, Vs, Vw 

v 

x,y,z 

x 

xso.x99 

z 

Az 

a 

aL,aT 

B8, Bt,, Bt 

r 

r 
E 

~~·~ 
a 
e 
A. 

Ill .J-Ig 

NOMENCLATURE 

specific storage (yc) (m-1) 

bulk storativity (A •: • 8s J 
sample standard deviation, (s2 is sample variance) 

saturation (ratio of gas or liquid volume to total void volume), gas (nonwetting phase) and liq­
uid (wetting phase), respectively (VNv) 

residual saturation, gas (nonwetting phase) and liquid (wetting phase), respectively 

transmissivity (m2/s) 

temperature (K) 

critical temperature (Pa) 

reduced temperature (TITer) 

time (s) 

radionuclide half life (s) 

volume (m3) 

theoretical volume of gas assuming ideal gas behavior at critical temperature and pressure of 
the gas 

volume of the drum, solids, and design capacity of the repository, respectively {m3) 

velocity (m/s) 

variable or parameter 

mean or expected value 

value of x at 50% (0.50) quantile and 99% (0.99) quantile 

gas compressibility factor 

thickness 

parameter of probability density function 

dispersivity, longitudinal or transverse, respectively (m) 

material compressibility solid, bulk [ (1 - q, )138], and liquid, respectively (Pa-1) 

strain rate (dv/dy) (s- 1) 

unit weight ( p g) 

roughness height (m) 

Oldroyd viscosity parameter 

Pleistocene glaciation frequency (s-1) 

angular velocity of drill bit (m/s) 

failure rate function for probability model of human intrusion 

viscosity, liquid or gas, respectively (Pa • s) 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
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22 
23 
24 
25 
26 
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29 
30 
31 
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33 
34 
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36 
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39 
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41 
42 
43 
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45 
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52 
53 
54 
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66 

NOMENCLATURE 

Ps• Pb' Pr 
't 

$ 

<Plat 

<Pm• <Pr 

~ 

\) 

v 

X 

11 

Superscripts 

* 
0 

D 

• 

-

Subscripts 

g 

l 

f 

m 

density, solid, bulk, and fluid, respectively (kg/m3) 

tortuosity (lit padl 

Holocene precipitation fluctuation frequency (s-1) 

latitude 

porosity, matrix and fracture (b/[B +b)), respectively 

skin resistance from materials lining fractures, (bsfD5) 

molar volume (m3/mol) 

Poisson's ratio 

mole fraction 

Brooks-Corey relative permeability model parameter exponent 

physical constants 

property at reference conditions 

property in pure fluid 

parameter with respect to time (rate) 

mean of parameter 

gas 

liquid 

fracture 

matrix 
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29 
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31 
32 
33 
34 
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36 
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38 
39 
40 
41 
42 
43 
44 
45 
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Acronyms 

ANL-E 

ASCII 

ALGEBRA 

BLOT 

BOAST 

BRAGFLO 

CAM 

CAM CON 

CAMDAT 

CCDF 

CCDFPLT 

CH 

DCL 

DOE 

DRZ 

EPA 

EOS 

FD 

FE 

Fm 

GENMESH 

HANF 

HLW 

HST3D 

INEL 

LANL 

LHS 

LLNL 

MAT SET 

MOUND 

Argonne National Laboratories, East 

American Standard Code for Information Interchange 

support program for manipulating data in CAMDAT 

a mesh and curve plot program for CAMDAT data 

NOMENCLATURE 

Black Oil Applied Simulation Tool; 3-D, 3-phase code for flow-through porous media 

Brine And Gas Flow; 2-D, 2-phase code for flow-through porous media 

Compliance Assessment Methodology 

Compliance Assessment Methodology CONtroller-controller (driver) for compliance evalua­
tions developed for WIPP 

Compliance Assessment Methodology DATa-computational data base developed for WIPP 
(modification of GENESIS and EXODUS) 

Complementary Cumulative Distribution Function 

program to calculate and display complementary cumulative distribution function 

Contact Handled (TRU waste) 

Digital Equipment Corporation Command Language 

U.S. Department of Energy 

Disturbed Rock Zone 

U.S. Environmental Protection Agency 

equation of state 

Finite-Difference numerical analysis 

Finite-Element numerical analysis 

fonnation 

rectilinear three-dimensional finite-difference grid generator 

Hanford Reservation 

High-Level Waste 

a program io simulate heat and solute transport in a three-dimensional groundwater flow system 

Idaho National Engineering Laboratory 

Los Alamos National Laboratory 

Latin Hypercube Sampling (efficient, stratified Monte Carlo sampling) 

Lawrence Livermore National Laboratory 

a program to insert user-selected parameter or material values into the computational data base 

Mound Laboratory 
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NOMENCLATURE 

1 NEFTRAN 
2 

- NEtwork Flow and 1RANsport code 

3 NRC - U.S. Nuclear Regulatory Commission 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

NTS - Nevada Test Site 

ORNL - Oak Ridge National Laboratory 

PCCSRC - program for calculating partial correlation coefficients (PCC) and standardized regression coef-
ficients (SRC) 

PREBOAST - preprocessor (translator) for input to BOAST 

PREBRAG - preprocessor (translator) for input to BRAGFLO 

PREHST - preprocessor (translator) for input to HST3D 

PRELHS - preprocessor (translator) for input to LHS 

PREPCC - preprocessor (translator) for input to PCC/SRC 

PRENEF preprocessor (translator) for input to NEFfRAN 

PRESTEP - preprocessor (translator) for input to STEPWISE 

PRESUTRA - preprocessor (translator) for input to SUTRA 

PRESWFf - preprocessor (translator) for input to SWIFf II 

POSTBOAST - postprocessor (translator) of output from BOAST to CAMDAT 

POSTBRAG - postprocessor (translator) of output from BRAGFLO to CAMDAT 

POSTIIST - postprocessor (translator) of output from HST3D to CAMDAT 

POSTLHS postprocessor (translator) of output from LHS to CAMDAT 

POSTSUTRA - postprocessor (translator) of output from SUTRA to CAMDAT 

POSTSWFf postprocessor (translator) of output from SWJI<T II to CAMDAT 

QA - Quality Assurance 

RCRA Resource, Conservation, and Recovery Act of 1976 (Public Law 94-580) and subsequent 
amendments (e.g., HSWA-Hazardous and Solid Waste Amendments of 1984) 

RFP Rocky Flats Plant 

RH Remotely Handled (TRU waste) 

SNL Sandia National Laboratories, Albuquerque, NM 

SRS Savannah River Site 

STEPWISE stepwise regression program with rank regression and predicted error sum of squares criterion 

SWIFITI Sandia Waste-Isolation, Flow and Transport code for solving transient, three-dimensional, cou­
pled equations for fluid flow, heat transport, brine-miscible displacement, and radionuclide-mis­
cible displacement in porous and fractured media 

SUTRA Saturated-Unsaturated TRAnsport code 

TRACKER a support program to estimate the pathway of a particle released in a fluid velocity field 
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NOMENCLATURE 

1 TRU Transuranic 
2 
3 WIPP - Waste Isolation Pilot Plant 
4 
5 40CFR 191 - Code of Federal Regulations, Title 40, Part 191 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
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CONVERSION TABLES 
FOR Sl AND COMMON ENGLISH UNITS 

Table 1. Base and Derived Sl Units 

Expression Expression 
in Terms of in Terms of 

Quantity Name Symbol Other Units Sl Base Units 

Base Sl Units 
length meter m 

time second s 

mass kilogram kg 

temperature kelvin K 

amount of substance mole mol 

electric current ampere A 

SI-Derived Units 

force newton N kg • m • s-2 

pressure, stress pascal Pa Ntm2 kg • m·1 • s-2 

energy, work, 
quantity of heat joule J N•m kg • m2 ·s-2 

power, radiant flux watt w J/s kg • m2 • s-3 

electric potential volt v WIA kg • m2 • s-3 • A-1 

electric resistance ohm n VIA kg • m2 • s-3 • A-2 

frequency hertz Hz 

activity (of a beque rei Bq s-1 

radionuclide) 

absorbed dose gray Gy J/kg m2. s-2 

quantity of 
electricity, electric charge coulomb c A· s 

Conversion Tables - 1 



Conversion Tables 

Table 2. List of Prefixes 

Factor Prefix Symbol* 

1 o12 tera T 

109 giga G 

1 oB mega M 

103 kilo k 

102 hecto h 

10 deka da 

1Q•1 deci d 

1Q•2 centi c 

1Q•3 milli m 

10-6 micro 

1Q·9 nano n 

10-12 pi co p 

1o·15 femto 

1Q·18 atto a 

• Only the symbols T (tera), G (giga), and M (mega) are capitalized. Compound prefixes are not allowed -for 
example, use nm (nanometre) rather than mf..Lm (mil/imicrometre). 

Conversion Tables - 2 



Conversion Tables 

Table 3. Length Conversions 

m em A in. ft mi nmi 

meter(m) 1 *100 ·1x1o1o 39.37 3.281 6.214x1o·4 5.400x1o·4 

centimeter (em) *0.01 1 *1x1os 0.3937 3.281x1o·2 6.214x1o-s 5.400x1o-s 

angstrom (A) 
. 
1x1o-1o ·1x1o·B 1 3.937x1o-9 3.281x1o·10 6.214x10·1 4 5.400x10·14 

inch (in.) *0.0254 *2.54 *2.54x1os 1 8.333x1o·2 1.578x1o-5 1.371x1o-5 

foot (It) *0.3048 *30.48 *3.048x109 *12 1 1.894x1o·4 1.646x10·4 

mile (U.S.) (mi) 1609 1.609x105 1.609x1o13 *6.336x104 *5280 1 0.8690 

nautical mile (nmi) *1852 *1.852x105 *1.852x1013 7.291x104 6.076x103 1.151 1 

• Exact 

Table 4. Area or Permeability 

rn2 ha in.2 ft2 ac mi2 Darcy crn2 

square meters 1 ·1x1o·4 1550 10.76 2.471x1o·4 3.861x1o-7 1.013x1o12 *1.000x104 

(m2) 

hectare (ha) *1x104 1 1.550x107 1.076x105 2.471 3.861x1o-3 1.013x1o1s *1.000x10B 

square inches 6.452x1o-4 6.452x1o-s 1 6.944x1o-3 1.594x1o-7 2.491x10·10 6.537x10B 6.452 
(in.2) 

square feet (ft2) 9.290x1o-2 9.290x1o-s 144 1 2.296x1o-5 3.587x1o-s 9.413x1o1o 929 

acre (ac) 4047 0.4047 6.273x1os *4.356x104 1 1.563x1o-3 4.100x1o15 4.047x107 

square miles (mj2) 2.590x106 2590 4.015x109 2.788x107 *640 1 2.624 2.590x1o10 

darcy (D) 9.869x10·13 9.869x1o·17 1.530x1o-9 1.o62x1o-11 2.439x 1 o-16 3.811x10·19 1 9.864x1o-9 

square centimeters ·1x1o·4 1x1o·B 0.1550 1.076x1o-3 2.471x1o-s 3.861x10·11 1.013x1os 1 
(crn2) 

*Exact 

Conversion Tables - 3 
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0 = 
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(ii' 
"" 
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01.1bic meiers (m3) 

liter (I) 

01.1blo feet (ttl) 

cublo yard (ydl) 

U.S. gallon (gal) 
---

barrel (bill) 

drum (55-gal) 
---

standard· 
waste box 
(std bx) 

room 
volume 
(room) 

---

panel 
volume 
(paneQ 

disposal area 
(disposal) 

------

acre-toot 
(ac-ft) 

1-- ---

seoondotoot•day 
(sec.ft•day) 

bushel (bu) 

'Exact 

m3 I 

1 '1000 

'1x1o·3 1 

2.832x1o-2 28.32 

0.7646 7646 

3.785x1o-3 3.785 

0.1590 159 

0.2082 208.2 
---

1.9 1780 

3644 3.644x1os 

4.610x104 4.610x107 

--- ~----

4.390x1oS 4.360x1oa 

1233 1.233x1o6 

-------- ---

2447 2.447x1o6 

-------

3.524x1o·2 35.24 

ft3 yd3 gal (U.S.) 

35.31 1.308 264.2 

3.531x10-2 1.308x1o·3 0.2642 

1 3.704x10-2 7.481 
---

'27 1 201.97 
-----

0.1337 4.951x1o-3 1 
------- -------

5.615 0.2079 '42 

7.352 0.2723 '55 

62.86 2.328 470.2 

1.287x1o5 4767 9.627x1os 

1,628x1o6 6.029x1o4 1.218x107 

----- -----

1.540x107 5.703x1oS 1.152x1o6 

'43560 1613 3.259x1o5 

--- ---------

'66400 '3200 6.463x1o5 

1.244 4.609x1o-2 9.309 

Table 5. Volume 

bbl drum stdbx room panel disposal a e-ft sec-!today bushel 

6.290 4.803 0.5618 2.744x1o-4 2.169x1o-s 2.293x1o-s 8.107x10"4 4.087x10'4 28.38 

6.290x1o·3 4.803x10"3 5.618x10·4 2.744x10"7 2.169x1o·B 2.293x1o-9 8.107x10'7 4.087x1o-7 2.83Bx1o·2 

-------~---------------- --- -----

0.1781 0.1360 1.591 XI o-2 7.770x1o-s 6.143xl()'7 s.494x1o-a 2.296x1o-s 1.157x1o-s 0.8036 
-,---

4.809 3.672 0.4295 2.098x10-4 1.659x1o-5 1.753x1o-6 6.198x1o-4 3.125x1 o-4 21.70 
---c------

2.381x10·2 1.818x1o-2 2.127x10·3 1.039x1o-B 8.212x1o-8 8.682x1o-9 3.089x10·6 1.547x10-6 0.1074 

1 0.7636 8.932x1()'2 4.363x1o-5 3.449x1o-s 3.646x1o·7 1.289x1o-4 6.498x1o-s 4.512 
------- -----

1.310 1 0.1170 5.n3x1o-s 4.556x1()'6 4.804x1o·7 1.688x1o-4 8.510x1o-5 5.808 

1.120 8.550 1 4.884x1o-4 3.895x1o·5 4.107x1o-B 1.443x1Q·3 7.275xto·4 50.51 

----f- -----

2.292x1o4 1.750x104 2047 1 7.906xto·2 8.358x1o·3 2.955 1.490 1.034x10s 

--- ------- --- r· 

2.899x1os 2.214x1os 2.590X1o4 12.65 1 0.1057 37.37 18.84 1.308x1o6 

---

2.730x1o5 2.094x1o6 2.450x1o5 119.6 9.459 1 353.5 178.2 1.237x1o7 

----- --- ---- ----- c----- ---

7758 5925 6.930 0.3385 2.699x1o-2 2.846x1o-3 1 0,5042 3,500xi04 

----------- --- ---- --- -----

1.539x1o4 1.175x1o4 1374 0.6713 5.353x10'2 5.645x1o-3 1.983 1 6.943x1o4 

------- ----- -- c-- -----

0.2216 0.1693 1.980x1o·2 9.!169x1o-s 1.n1x1o-7 8.131x1o·8 2.857x1o-B 1.440x1o-s 1 
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cubic 
meters per second 
(m3/s) 

cubic 
meters per 
year 
(m3tyr) 

liters per 
second (lis) 

cubic feet 
per second 
(ft3fs) 

cubic feet 
per minute 
(ft3fmin) 

cubic feet 
per day 
(ft3/day) 

acre•foot 
per day 
(acre• 
ft!day) 

gallons 
per minute 
(gal/min) 

gallons 
per day 
(gal/day) 

barrels per 
day 
(bbl/day) 

*Exact 

m3/s m3tyr 

1 3.156x107 

3.169x1o-s 1 

*1x1o-3 3.156x104 

2.832x1o-2 8.936x10S 

4.719x1o·4 1.489x1o4 

3.277x1o·7 10.34 

1.428x1o·2 4.505x10S 

6.309x1o-5 1991 

4.381x10"8 1.383 

1.840x1o-s 58.07 

Table 6. Discharge (Volume/Time) 

I ft3/s ft3/min ft3fday 

*1000 35.31 2119 3.051x10S 

3.169x1o-s 1.119x1o-6 6.714x1o-5 9.669x1o-2 

1 3.531x1o-2 2.119 3051 

28.32 1 *60 *8.640x104 

0.4719 1.667x1o·2 1 1440 

3.277x1o·4 1.157x1o-s 6.944x1o-4 1 

14.28 0.5042 30.25 4.356x1o4 

6.309x1o·2 2.228x1o-3 0.1337 19.25 

4.381x1o-s 1.547x1Q·6 9.283x10·5 0.1337 

1.840x1o-3 6.498x1o-s 3.899x1Q-3 5.615 

--

acre•tt/day gaVmin gaVday bbVday 

70.05 1.585x104 2.282x107 5.434x105 

2.220x10-6 5.023x10·4 0.7233 1.722x1o-2 

7.005x1o-2 15.85 2.282x1o4 543.4 

1.983 448.8 6.463x105 1.539x104 

3.306x1o-2 7.481 1.077x104 256.5 

I 

2.296x1o·5 5.195x1o·3 7.481 0.1781 

1 226.3 3.259x105 7758 

4.419x1o-3 1 1440 34.29 

3.069x1o·S 6.944x1o-4 1 2.381x10·2 

1.289x1o·4 2.917x1o·2 *42 1 
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meters per 
second 
(m/s) 

meters per 
year (m/yr) 

inches per 
year (in.lyr) 

cen-
timeters 
per year 
(cm/yr) 

kilometers 
per year 
(km/yr) 

feet per 
second 
(ft/s) 

feet per 
day (ft/day) 

miles per 
hour (mph) 

knots 

gallons per 
day per 
square foot 
(gal/(day•ft2)) 

*Exact 

mls mlyr 

1 3.156x1Q7 

3.169x1o-a 1 

8.049x1()"10 *2.540x1o·2 

3.169x1 o-10 *1x1o·2 

3.169x1o-s *1000 

*0.3048 9.619x1QS 

3.528x1o-s 111.3 

---

0.4470 1.411x107 

0.5144 1.623x107 

4.716x1o·7 14.88 

Table 7. Velocity, Hydraulic Conductivity, Precipitation 

in.lyr crnlyr krnlyr ft/s ft!day mph knots gall(day•ft2) 

1.242x1o9 3.156x1o9 3.156x1o4 3.281 2.835x1Q5 2.237 1.944 2.120x10S 

39.37 *100 *1x1o-3 1.040x1Q-7 8.983x1Q·3 7.089x1o-8 6.160x1o-s 6.719x1o-2 

-

1 *2.540 *2.540x1Q-5 2.641x1Q·9 2.282x10'4 1.800x1o·9 1.565x1o·9 1.707x10"3 

---

0.3937 1 *1x10"5 1.040x1 ()"9 8.983x1o-s 7.089x1 o-1o 6.160x10·10 6.719x1o-4 

---

3.937x1Q4 *1 x1 as 1 1.040x1 o-4 8.983 7.089x1Q·5 6.160x1o·5 67.19 

--

3.787x1oa 9.619x10S 9619 1 *8.640x104 0.6818 0.5925 6.463x10S 

4383 1.113x104 0.1113 1.157x1o·5 1 7.891x1o-s 6.857x1o-s 7.481 

---

5.554x1os 1.411x109 1.411x1Q4 1.467 1.267x105 1 0.8690 9.479x105 

6.391x108 1.623x1o9 1.623x1Q4 1.688 1.458x105 1.151 1 1.091x10S 

585.9 1488 1.488x1o-2 1.547x1 o·S 0.1337 .055x1o·S 9.167x1o·7 1 

~ -



Conversion Tables 

Table 8. Force 

N kg-force dyne lbf 

Newton (N) 1 0.1020 *1 x1 os 0.2248 

kilogram-force 9.807 1 9.807x1os 2.205 
(kg-force) 

dyne *1.00x1o-s 1.02ox1 o-6 1 2.248x1o-6 

pound force (lbf) 4.448 0.4536 4.448x1os 1 

*Exact 

Table 9. Pressure and Stress 

Pa bar dyne/crn2 atm mmHg psi lb!f12 

pascal (Pa) 1 '1x1Q•5 '10 9.869x10·6 7.501x1o-3 1.450x10-4 2.089x1o-2 

bar '1x105 1 '1x106 0.9869 750.1 14.50 2089 

dyne per square 
centimeters '0.1 '1 x1 o-6 1 9.869x1o-7 7.501x1o·4 1.450X1o-s 2.089x1o-3 

i (dyne/cm2) 

atmosphere (atm) 1.013x1o5 1.013 1.013x1o6 1 '760 14.70 2116 

millimeter of 1333 1.333x1Q-3 1333 1 .316x1o-3 1 1.934x1o-2 2.785 
Mercury (mm Hg) 

pound per square 698.5 6.895x1o-2 6.895x104 6.805x1Q·2 51.71 1 '144 
inch (psi) 

pounds per square 47.88 

I 

4.788x1o·4 478.8 4.725x10·4 0.3591 6.944x1Q-3 1 
loot ( lb/112) 

'Exact 

Conversion Tables - 7 



Conversion Tables 

Table 10. Absolute Viscosity 

Pa•s cP lbm/ft/s slug/(ft•s) 
(kg/{m•s)) lbf • ftfs2 

Pascal-second (Pa•s) (kg/(m•s)) 1 *1000 0.6720 2.089x1o-2 

centipoise {cP) *1x10·3 1 6.720x1o-4 2.089x1 o-5 

pound mass per foot per second (lbm/ft/s) 1.488 1488 1 3.1 08x1 o-2 

slug per foot per second (slug/{ft•s) or lbf • ftts2) 47.88 4.788x1o4 32.17 1 

*Exact 

Table 11. Mass 

metric I 
I kg tonne oz Ibm short ton long ton 

I 
slug 

kilogram (kg) 1 *1x10-3 35.27 2.205 I 1.102x1o·3 I 9.842x10-4 6.852x1Q·2 

metric tonne (t) *1000 I 1 i 3.527x104 2205 1.102 0.9842 68.52 

avoirdupois 2.835x1o-2 2.835x1o-s 1 *0.0625 *3.125x w-s 2.790x1o-s ! 1.943x1o-3 
ounce (oz) 

pound mass 0.4536 4.536x1o-4 *16 1 *5.000x10·4 4.464x10-4 3.108x1o-2 
(Ibm) 

short ton 907.2 9.072 *32000 *2000 1 0.8927 62.16 

long ton 1016 1.016 *35840 *2240 *1.12 1 
I 

69.62 

slug 14.59 

I 

1.459x1Q-2 I 514.8 32.17 1.609x1o-2 I 1.436x1o-2 1 

I I 

*Exact 

Conversion Tables - 8 



Conversion Tables 

Table 12. Densny 

kg/m3 g/cm3 lb1ft3 lb/gal lb/bbl 

kilogram per cubic 1 *1 x1 o-3 6.243x1o-2 8.345x1o-3 2.853 
meters (kgtm3) 

grams per cubic 
centimeters *1000 1 62.43 8.345 350.5 
(g/cm3) 

pounds per cubic 16.02 1.602x1 o-2 1 0.1337 5.615 
feet (lb1ft3) 

pounds per gallon 119.8 0.1198 7.481 1 *42 
(lb/gal) 

pounds per barrel 2.853 2.853x1Q-3 0.1781 2.381x1o-2 1 
(lb/bbl) 

*Exact 

Table 13. Time 

s min h day yr 

mean solar 1 1.6667x1 o-2 2. 7779x 1 o-4 1.15741 x10-s 3.1689x1 o-a 
second (s) i 

mean solar minute *60 1 1.6667x1 o-2 6.9444x1 o-4 1.9013x10'6 
(min) 

mean solar *3600 *60 1 4.16667x 1 o-2 1.1408x1 o-4 
hour (h) 

mean solar day *8.640x1o4 *1440 *24 1 2. 7379x1 o-3 

tropical time 3.1557x1o7 5.2595x1os 8765.8 365.24 1 
year (yr) 

*Exact 

Conversion Tables - 9 



Conversion Tables 

Table 14. Temperature (T) 

K oc "R OF 

kelvin (K) 1 K-273.15 Kx 9/5 (K-273.15) X 9/5 +32 

Celsius ("C) oc + 273.15 1 ("C + 273.15) x 9/5 °C X 9/5 +32 

Rankine (0 R) "R X 5/9 ("R x 5/9) -273.15 

Fahrenheit ("F) ("F + 459.67) X 5/9 (°F - 32) X 5/9 

Table 15. Specific Activity(1) 

I Bq Ci 

I becquerel (Bq) 1 2.703x1 o-11 

curie (Ci) *3.7x1o10 1 

(g 2.396x1o-27 x th (2) xM(3) 8.864x1o-17 xth x M 

(1) Specific Activity is dsA ; where sA= soA e -A.t ; 
SA 

(2) t h is half life in seconds 

(3) M is gram molecular weight (g/mol) 

*Exact 

Conversion Tables - I 0 

1 "R -459.67 

"F + 459.67 1 

kg 

ln2 6.022x1023 103 g 4.174 x 1 o26 
- X--

th M kg thxM 

t128x1o16 

thxM 

1 



Conversion Tables 

Table 16. Miscellaneous 

To convert: to Multiply by Inverse 

1. Angular velocity 
30 - = 9.549 ..!. .. 0.1047 

rad/s rpm 
I 

1t 30 

2. Radioactivity 
a. Dose equivalent 

Sv rem 100 0.01 
b. Absorbed dose 

Gy (gray) (1J!kg) rad 100 0.01 
c. Activity (1 disintegration/s) 

2.703x1o-11 3.7x1o10 becquerel (Bq) Ci 
d. Charge 

2.58x1o-4 roentgen (R) c!kg 3876 

Conversion Tables - 11 
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ABSTRACT 

Before disposing of transuranic radioactive waste in the Waste Isolation 
Pilot Plant (WIPP), the United States Department of Energy (DOE) must 
evaluate compliance with applicable long- term regulations of the United 
States Environmental Protection Agency (EPA). Sandia National Laboratories 
is conducting iterative performance assessments (PAs) of the WIPP for the DOE 
to provide interim guidance while preparing for a final compliance 
evaluation. This volume of the 1992 PA contains results of uncertainty and 
sensitivity analyses with respect to the EPA's Environmental Protection 
Standards for Hanagement and Disposal of Spent Nuclear Fuel, High-Level and 
Transuranic Radioactive Wastes (40 CFR 191, Subpart B). Additional 
information about the 1992 PA is provided in other volumes. Volume 1 
contains an overview of WIPP PA and results of a preliminary comparison with 
40 CFR 191, Subpart B. Volume 2 describes the technical basis for the PA, 
including descriptions of the linked computational models used in the Monte 
Carlo analyses. Volume 3 contains values for input parameters used in 
consequence and probability modeling. Volume 5 contains uncertainty and 
sensitivity analyses of gas and brine migration for undisturbed performance. 
Finally, guidance derived from the entire 1992 PA is presented in Volume 6. 

Results of the 1992 uncertainty and sensitivity analyses indicate that, 
conditional on the modeling assumptions, the choice of parameters selected 
for sampling, and the assigned parameter-value distributions, the most 
important parameters for which uncertainty has the potential to affect 
compliance with 40 CFR 191B are: drilling intensity, intrusion borehole 
permeability, halite and anhydrite permeabilities, radionuclide solubilities 
and distribution coefficients, fracture spacing in the Culebra Dolomite 
Member of the Rustler Formation, porosity of the Culebra, and spatial 
variability of Culebra transmissivity. Performance with respect to 40 CFR 
191B is insensitive to uncertainty in other parameters; however, additional 
data are needed to confirm that reality lies within the assigned 
distributions. 
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PREFACE 

The Preliminary Performance Assessment for the Waste Isolation Pilot 
Plant, December 1992 is currently planned to consist of six volumes. The 
titles of the volumes are listed below. All analyses reported in the 1992 
Preliminary Performance Assessment, including those described in this volume, 
are based on computer modeling of disposal-system performance that was 
completed in November 1992. 

This report is the fourth in a series of annual reports that document 
ongoing assessments of the predicted long-term performance of the Waste 
Isolation Pilot Plant (WIPP); this documentation will continue during the WIPP 
Test Phase. However, the Test Phase schedule and projected budget may change; 
if so, the content of the 1992 Preliminary Performance Assessment report and 
its production schedule may also change. 

Volume 1: Third Comparison with 40 CFR 191, Subpart B 

Volume 2: Technical Basis 

Volume 3: Model Parameters 

Volume 4: Uncertainty and Sensitivity Analyses for 40 CFR 191, Subpart B 

Volume 5: Uncertainty and Sensitivity Analyses of Gas and Brine Migration 
for Undisturbed Performance 

Volume 6: Guidance to the WIPP Project from the December 1992 Performance 
Assessment 
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3 

1. INTRODUCTION 

4 The Waste Isolation Pilot Plant (WIPP) is planned as a research and 

5 development facility to demonstrate the safe disposal of transuranic 

6 (TRU) wastes generated by defense programs of the United States 

7 Department of Energy (DOE). Before disposing of waste in the WIPP, the 

8 DOE must evaluate compliance with applicable long-term regulations of 

9 the United States Environmental Protection Agency (EPA), including 40 

10 CFR 191, Subpart B (Environmental Radiation Protection Standards for the 

11 Management and Disposal of Spent Nuclear Fuel, High-Level and 

12 Transuranic Radioactive Wastes) (EPA, 1985) and 40 CFR 268.6 (Petitions 

13 to Allow Land Disposal of a Waste Prohibited Under Subpart C of Part 

14 268) (EPA, 1986), which is the regulation implementing the Resource 

15 Conservation and Recovery Act (RCRA) that states the conditions for 

16 disposal of specified hazardous wastes. Performance assessment ( PA) 

17 will form the basis for evaluations of compliance with these 

18 regulations. 

19 

20 The WIPP Performance Assessment Department of Sandia National 

21 Laboratories (SNL) is performing iterative preliminary PAs to provide 

22 guidance to the WIPP Project while preparing for final compliance 

23 evaluation. This volume is part of a multi-volume report documenting 

24 the third preliminary performance assessment for the WIPP, completed in 

25 December 1992. Preparation for preliminary performance assessments 

26 began with the December 1989 Draft Forecast of the Final Report for the 

27 Comparison to 40 CFR Part 191, Subpart B for the Waste Isolation Pilot 

28 Plant (Bertram-Howery et al., 1989) and Performance Assessment 

29 Methodology Demonstration: Methodology Development for Evaluating 

~ Compliance with EPA 40 CFR 191, Subpart B, for the Waste Isolation Pilot 

31 Plant (Marietta et al., 1989). The 1990 report (Bertram-Howery et al., 

32 1990) and two supporting volumes (Rechard et al., 1990; Helton et al., 

~ 1991) presented preliminary results of evaluations that addressed only 

34 the long- term performance criteria for disposal specified in the 

~ radioactive-waste disposal standards (40 CFR 191, Subpart B, EPA, 1985). 

36 The 1991 version of the report (WIPP PA Division, 199la, 199lb, 1991c; 

37 Helton et al., 1992) presented preliminary evaluations for comparison 

38 with the regulatory requirements of 40 CFR 191, Subpart B. Results of 

39 the 1992 performance assessment are not suitable for final compliance 

40 evaluations because portions of the modeling system and data base are 

41 incomplete, and the level of confidence in the defensibility of the 

42 performance estimates has not been established. Results are, however, 

43 suitable for providing interim guidance to the WIPP Project as it moves 

44 toward final compliance evaluations. 
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Chapter 1: Introduction 

Previous volumes of the December 1992 Preliminary Performance 

2 Assessment have provided an overview of the performance assessment and 

3 results of a preliminary comparison with Subpart B of 40 CFR 191 (Volume 

4 1), a description of the technical basis for probability and consequence 

5 modeling (Volume 2), and the data base of parameter values used in 

6 modeling (Volume 3). This volume contains the results of uncertainty 

7 and sensitivity analyses performed with respect to 40 CFR 1918. These 

8 analyses provide quantitative and qualitative insights on the 

9 relationships between uncertainty in the models and data used in the 

10 performance assessment and the resultant uncertainty in the results of 

11 the performance assessment. Additional uncertainty and sensitivity 

12 analyses of gas and brine migration for undisturbed conditions relevant 

13 to compliance evaluations for 40 CFR 268.6 are contained in Volume 5. 

14 Finally, Volume 6 contains guidance to the WIPP Project based on the 

15 1992 performance assessment. 

16 

17 Uncertainty and sensitivity analysis is an important part of the 

18 WIPP PA and contributes to the overall analysis in the following areas: 

19 (1) assessment of the uncertainty in performance assessment results that 

~ must be used in regulatory compliance evaluations, (2) identification of 

21 modeling areas where reductions in uncertainty can increase confidence 

~ in performance assessment results, and (3) partial verification that the 

23 computational models used in the performance assessment system are 

24 operating properly. Because uncertainty and sensitivity analyses are 

25 inherently conditional on the models, data distributions, and techniques 

26 used to generate them, they cannot provide insight about parameters not 

27 

28 

29 

sampled, conceptual and 

question, or processes 

As discussed further 

computational models not used in the analysis in 

that have been oversimplified in the analysis. 

in Volume 6, qualitative judgment about the 

~ modeling system must be used in combination with the results of analyses 

31 presented in this volume to set priorities for additional data 

32 acquisition and model development. 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 
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Organization of this volume is as follows: 

Chapter 2 provides an overview of the structure of the WIPP PA, 

including an introduction to the Kaplan and Garrick (1981) ordered­

triple representation for risk. The definition of scenarios, the 

de te rmi nation of scenario probabilities, and the calculation of 

scenario consequences are described in the context of the ordered­

triple representation for risk. Additional information about the PA 

methodology is provided in Chapters 3 and 4 in Volume 2 of this report. 



Chapter 1: Introduction 

• Chapter 3 provides information about the imprecisely known variables 

2 selected for sampling in the 1992 PA. Detailed information about 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

parameter values is provided in Volume 3 of this report. 

Chapter 4 contains a discussion of the modeling of undisturbed 

performance using a rectangular cross-section representation of the 

entire repository. Results are presented in terms of cumulative gas 

and brine migration and other two -phase flow performance measures. 

Radionuclide transport is not modeled because no brine that has been in 

contact with waste reaches the accessible environment during 10,000 yr 

of undisturbed performance. Discussions of two-phase flow and creep 

closure and detailed information about the BRAGFLO and SANCHO codes 

used in the modeling are provided in Chapter 7 and Appendices A and B 

in Volume 2 of this report. 

Chapter 5 contains a discussion of the modeling of disturbed 

performance (i.e., scenarios in which the waste-disposal region is 

intruded by an exploratory borehole) using a cylindrical representation 

of a single panel. Results in this chapter are presented in terms of 

cumulative gas and brine migration and other two-phase flow performance 

measures. Uncertainty and sensitivity analyses using radionuclide 

releases as the primary performance measure are discussed in Chapter 8. 
Modeling for disturbed performance uses the BRAGFLO and SANCHO codes, 

and also uses the PANEL code to model radionuclide mobilization in the 

waste-emplacement panel. PANEL is described in Chapter 7 and Appendix 

A in Volume 2 of this report. 

28 • Chapter 6 contains a discussion of the modeling of groundwater flow and 

29 radionuclide transport in the Culebra Dolomite Member of the Rustler 

30 

31 

32 

33 

34 

Formation above the repository. Radionuclide transport in the Culebra 

occurs only in human intrusion scenarios. Modeling is done using the 

SECO flow and transport codes, as described in Chapter 7 and Appendix C 

in Volume 2 of this report. 

35 • Chapter 7 contains a discussion of the modeling of the release of 

36 radionuclides directly at the ground surface during the drilling of an 

37 exploratory borehole that intrudes into the waste-disposal region. As 

38 modeled, particulate waste is brought to the surface in the drilling 

39 fluid both as cuttings (material intersected by the drill bit) and 

40 cavings (material eroded from the borehole wall by the circulating 

41 drilling fluid). Cuttings and cavings are collectively referred to as 

42 cuttings in this report. Modeling is done using the CUTTINGS code, as 

43 described by Berglund (1992) and Chapter 7 in Volume 2 of this report. 

44 
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• Chapter 8 contains uncertainty and sensitivity analysis results for 

2 radionuclide releases both from cuttings and groundwater transport. 

3 Alternative conceptual models are examined for transport in the 

4 Culebra, including transport in a single-porosity, fracture-only medium 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

l-4 

and transport in a dual-porosity, fracture plus porous-matrix system. 

For dual-porosity transport, releases are examined with and without the 

physical effect of clay linings in fractures and with and without 

chemical retardation by sorption. Cases considered here are a more 

complete set of those for which results were presented in Chapter 5 of 

Volume 1 of this report for preliminary comparison with the Containment 

Requirements of 40 CFR 1918. Dual-porosity transport with both 

chemical and physical retardation in matrix and clay linings is the 

conceptual model believed by the WIPP PA Department to provide the most 

realistic representation for transport in the Culebra. Experimental 

and field data are not sufficient at this time to eliminate alternative 

conceptual models, and other cases are therefore analyzed here for 

comparison. 

Chapter 9 summarizes the results of the 1992 uncertainty and 

sensitivity analyses for 40 CFR 1918, and identifies overall importance 

of individual parameters. 



2 

3 

4 

5 

2. STRUCTURE OF WIPP PERFORMANCE ASSESSMENT 

2.1 Conceptual Model 

6 As proposed by Kaplan and Garrick (1981), the outcome of a performance 

7 assessment can be represented by a set R of ordered triples of the form 

8 

9 

10 

11 where 

12 

13 

14 

15 

16 

17 

18 

19 

20 

(2.1-1) 

Si = a set of similar occurrences, 

probability that an occurrence in the set Si will take place, 

a vector of consequences associated with Si, 

nS number of sets selected for consideration, 

21 and the sets Si have no occurrences in common (i.e., the Si are disjoint 

22 sets). This representation formally decomposes the outcome of a performance 

23 assessment into what can happen (the Si), how likely things are to happen 

24 (the pSi) , and the consequences of what can happen (the cSi) . The S i are 

25 typically referred to as "scenarios" in radioactive waste disposal. 

26 Similarly, the pSi are scenario probabilities, and the vector cSi contains 

27 environmental releases for individual isotopes, the normalized EPA release 

28 for all isotopes, and possibly other information associated with scenario Si. 

29 The set R in Eq. 2.1-1 is used as the conceptual model for the WIPP 

30 performance assessment. 

31 

32 Although the expression in Eq. 2.1-1 provides a logical conceptual 

33 representation for risk, the set R by itself can be difficult to examine. 

34 For this reason, the risk results in R are often summarized with 

35 complementary cumulative distribution functions (CCDFs). These functions 

~ provide a display of the information contained in the probabilities pSi and 

37 the consequences cSi. With the assumption that a particular consequence 

38 result cS in the vector cS has been ordered so that cSi S cSi+l for i=l, ... , 

39 nS-1, the associated CCDF is shown in Figure 2.1-1. A consequence result of 

40 particular interest in performance assessments for radioactive waste disposal 

~1 is the EPA normalized release to the accessible environment (EPA, 1985). As 

12 indicated in Figure 2.1-1, the EPA places a bound on the CCDF for normalized 

13 release to the accessible environment. 
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2.1 Conceptual Model 

2 

3 

4 

In practice, the outcome 

imprecisely known variables. 

represented by a vector 

of a performance assessment depends on many 

These imprecisely known variables can be 

5 

6 

(2.1-2) 

7 where each Xj is an imprecisely known input required in the performance 

8 assessment and nV is the total number of such inputs. As a result, the set R 
9 is actually a function of x: 

10 

11 

12 

R(x) = ( (Si(X), pSi(X), CSi(X)], i=l, ... , nS(x)}. (2.1-3) 

13 As x changes, so will R(x) and all summary measures that can be derived from 

14 R(X). Thus, rather than a single CCDF for each consequence value contained 

15 in cS, there will be a distribution of CCDFs that results from the possible 

16 values that X can take on. 

17 

18 The uncertainty in X can be characterized by a sequence of probability 

19 distributions 

20 

21 

22 

(2.1-4) 

23 where Dj is the distribution for the variable Xj contained in x. The 

24 definition of these distributions may also be accompanied by the 

25 specification of correlations and various restrictions that further define 

26 the relations between the Xj. These distributions and other restrictions 

27 probabilistically characterize where the appropriate input to use in a 

28 performance assessment might fall given that the analysis has been structured 

29 so that only one value can be used for each variable. 

30 

31 Once the distributions in Eq. 2.1-4 have been developed, Monte Carlo 

32 techniques can be used to determine the uncertainty in R(X) that results from 

33 the uncertainty in X. First, a sample 

34 

35 

36 

Xk = (Xkl• Xk2• ... , Xk,nVJ, k=l, ... , nK, (2.1-5) 

37 is generated according to the specified distributions and restrictions, where 

~ nK is the size of the sample. A performance assessment is then conducted for 

39 each sample element Xk, which yields a sequence of risk results of the form 

40 

41 
42 

~~ 

(2.1-6) 
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for k=l, ... , nK. Each set R(Xk) is the result of one complete performance 
2 assessment conducted with a set of inputs (i.e., Xk) that the review process 
3 producing the distributions in Eq. 2.1-4 concluded was possible. Further, 
4 associated with each risk result R(Xk) in Eq. 2.1-6 is a probability or 
5 weight that can be used in making probabilistic statements about the 
6 distribution of R(X). When random or Latin hypercube sampling is used, this 
7 weight is the reciprocal of the sample size (i.e., 1/nK). 
8 

9 In most performance assessments, CCDFs are the results of greatest 
10 interest. For a particular consequence result, a CCDF will be produced for 
11 each set R(Xk) shown in Eq. 2.1-6. This yields a distribution of CCDFs of 
12 the form shown in Figure 2.1-2. 

13 

14 An important distinction exists between the uncertainty that gives rise 
15 to a single CCDF in Figure 2.1-2 and the uncertainty that gives rise to the 
16 distribution of CCDFs in this figure. A single CCDF arises from the fact 
17 that a number of different occurrences (e. g., borehole intrusions) have a 
18 real possibility of taking place. This type of uncertainty is referred to as 
19 stochastic variation or uncertainty in this report. A distribution of CCDFs 
20 arises from the fact that fixed, but unknown, quantities (e.g., hydrologic 
21 properties) are needed in the estimation of a CCDF. The development of 
22 distributions that characterize what the values for these fixed quantities 
23 might be leads to a distribution of CCDFs. In essence, a performance 
~ assessment can be viewed as a very complex function that estimates a CCDF. 
25 As there is uncertainty in the values of some of the variables operated on by 
26 this function, there will also be uncertainty in the dependent variable 
27 produced by this function, where this dependent variable is a CCDF. 

28 

29 Both Kaplan and Garrick (1981) and a recent report by the International 

30 Atomic Energy Agency (IAEA, 1989) distinguish between these two types of 
31 uncertainty. Specifically, Kaplan and Garrick distinguish between 
32 probabilities derived from frequencies and probabilities that characterize 
~ degrees of belief. Probabilities derived from frequencies correspond to the 
~ probabilities pSi in Eq. 2.1-1, while probabilities that characterize degrees 
35 of belief (i.e., subjective probabilities) correspond to the distributions 
36 indicated in Eq. 2.1-4. The IAEA report distinguishes between what it calls 
37 Type A uncertainty and Type B uncertainty. The IAEA report defines Type A 
~ uncertainty to be stochastic variation; as such, this uncertainty corresponds 
39 to the frequency-based probability of Kaplan and Garrick and the pSi of Eq. 
40 2.1-1. Type B uncertainty is defined to be uncertainty that is due to lack 
41 of knowledge about fixed quanti ties; thus, this uncertainty corresponds to 
42 the subjective probability of Kaplan and Garrick and the distributions 
43 indicated in Equation 2.1-4. Expressed another way, Type A uncertainty 
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figure 2.1-2. Distribution of complementary cumulative distribution functions 
(CCDFs) for normalized release to the accessible environment 

obtained in the 1991 WIPP performance assessment including both 
cuttings removal and groundwater transport with gas generation 

in the repository and a dual-porosity transport model in the 
Culebra Dolomite (Helton et al., 1992, Figure 2.1-2). 
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Chapter 2: Structure of WIPP Performance Assessment 

designates variability in a population; Type B uncertainty designates a lack 
2 of knowledge about this population and how to appropriately calculate 
3 associated results of interest. For the WIPP performance assessment, Type A 

4 uncertainty refers to all possible patterns of disruption that could occur 
5 over a 10,000 yr period, and Type B uncertainty refers to our lack of 
6 knowledge on how to characterize these patterns and calculate their 

7 consequences. This distinction has also been made by other authors, 
8 including Vesely and Rasmuson (1984), Pate-Cornell (1986), Parry (1988), 

9 Helton (1993b), and Helton and Breeding (1993). 

10 

11 As already indicated, the ordered-triple representation shown in 
12 Eq. 2.1-1 is used as the conceptual model for the WIPP performance 

13 assessment. In consistency with this representation, the scenarios Si, 
14 scenario probabilities pSi and scenario consequences cSi used in the 1991 
15 preliminary WIPP performance assessment are discussed in Sections 2. 2, 2. 3 

16 and 2.4, respectively. Several specific definitions used for R in the 1992 
17 WIPP performance assessment are then presented in Section 2.5. 

18 

19 The WIPP performance assessment endeavors to maintain a distinction 

~ between stochastic (i.e., Type A) uncertainty and subjective (i.e., Type B) 

21 uncertainty. The effect of stochastic uncertainty is represented by the 

22 probabilities pSi discussed in Section 2. 3. The characterization of the 
23 subjective uncertainty in the inputs to the 1992 WIPP performance assessment 

24 is discussed in Chapter 3. The primary focus of this report is the impact of 
25 subjective uncertainties on the outcomes of the 1992 WIPP performance 
26 assessment. These impacts will be investigated in Chapters 4 through 8. A 

27 concluding discussion is given in Chapter 9. 

28 

29 

30 

31 

2.2 Definition of Scenarios 

32 Scenarios constitute the first element Si of the ordered triples 

~ contained in the set R shown in Eq. 2.1-1 and are obtained by subdividing the 
34 set 

35 

36 

37 

38 

s (x: x a single 10,000-yr history beginning at decommissioning of the 
WIPP}. (2.2-1) 

39 Each 10, 000-yr history is complete in the sense that it includes a full 
~ specification, including time of occurrence, for everything of importance to 
41 performance assessment that happens in this time period. In the terminology 
42 of Cranwell et al. (1990), each history would contain a characterization for 
43 a specific sequence of "naturally occurring and/or human- induced conditions 
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2.2 Definition of Scenarios 

that represent realistic future states of the repository, geologic systems, 

2 and ground-water flow systems that could affect the release and transport of 

3 radionuclides from the repository to humans." In the terminology of 

4 probability theory, the set S is called the sample space, the members of S 

5 are called elementary events, and the individual scenarios Si are called 

6 events. 

7 

8 The WIPP performance assessment uses a two-stage procedure for scenario 

9 development (Chapter 4 of Volume 2). The purpose of the first stage is to 

10 develop a comprehensive set of scenarios that includes all occurrences that 

11 might reasonably take place at the WIPP. The result of this stage is a set 

12 of scenarios, called summary scenarios, that summarize what might happen at 

13 the WIPP. These summary scenarios provide a basis for discussing the future 

14 behavior of the WIPP and a starting point for the second stage of the 

15 procedure, which is the definition of scenarios at a level of detail that is 

16 appropriate for use with the computational models employed in the WIPP 

17 performance assessment. The scenarios obtained in this second stage of 

18 scenario development are referred to as computational scenarios. The 

19 development of summary scenarios is directed at understanding what might 

20 happen at the WIPP and answering completeness questions. The development of 

21 computational scenarios is directed at organizing the actual calculations 

22 that must be performed to obtain the consequences cSi appearing in Eq. 2.1-1, 
23 and as a result, must provide a structure that both permits the cSi to be 

24 calculated at a reasonable cost and holds the amount of aggregation error 

25 that enters the analysis to a reasonable level. Here, aggregation error 

26 refers to the inevitable loss of resolution that occurs when an infinite 

27 number of occurrences (i.e., the elements of S) must be divided into a finite 

28 number of sets for analysis (i.e., the subsets Si of S). The following 

29 discussion describes the computational scenarios used in the 1992 WIPP 

30 performance assessment. 

31 

The development of summary scenarios for 

assessment led to a set S of the form shown 

the 1992 WIPP performance 

in Eq. 2.2-1 in which all 

32 

33 

34 disruptions were due to drilling intrusions (Chapter 4 of Volume 2). As a 

35 result, computational scenarios were defined to provide a systematic coverage 

36 of drilling intrusions. Specifically, computational scenarios were defined 

37 on the basis of (1) number of drilling intrusions, (2) time of the drilling 

~ intrusions, (3) whether or not a single waste panel is penetrated by two or 

39 more boreholes, of which at least one penetrates a pressurized brine pocket 

40 and at least one does not, and (4) activity level of the waste penetrated by 

41 the boreholes. 

42 

43 The construction of computational scenarios started with the division of 

44 the 10,000-yr time period appearing in the EPA regulations into a sequence 
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Chapter 2: Structure of WIPP Performance Assessment 

[ t i -1, t i] , i = 1 , 2, ... , nT, (2.2-2) 

2 

3 of disjoint time intervals. When the activity levels of the waste are not 

4 considered, these time intervals lead to computational scenarios of the form 

5 

6 
7 

8 

9 

10 

11 

12 and 

13 

14 

15 

16 

17 

18 

19 

20 
21 

22 where 
23 
24 

25 

S(n) = {x: x an element of S for which exactly n(i) intrusions 
occur in time interval [ q -1, q] for i=l, 2, ... , 
nT (i.e. , an El or E2- type scenario as described 
in Section 4.2.3.2 of Volume 2.)) 

(2.2-3) 

{ x: x an element of S for which two or more boreholes 
penetrate the same waste panel during the time 
interval [ti-l• tiJ, with at least one of these 
boreholes penetrating a pressurized brine pocket 
and at least one not penetrating a pressurized 
brine pocket (i.e., an ElE2-type scenario as 
described in Section 4.2.3.2 of Volume 2)},(2.2-4) 

n = [ n ( 1) , n ( 2) , ... , n ( nT) ] . (2.2-5) 

26 As discussed in Section 2. 5, the 1992 WIPP performance assessment uses two 
27 different subdivisions of the 10, 000-yr time period in the EPA regulations. 
28 In turn, these different subdivisions lead to different definitions for the 
~ set R in Eq. 2.1-1. 

30 
31 When the act1v1ty levels of the waste are considered, the preceding time 
32 intervals lead to computational scenarios of the form 
33 

34 S(l,n) = (x: x an element of S(n) for which the jth borehole 
35 encounters waste of activity level f(j) for j=l, 
36 2, ... , nBH, where nBH is the total number of 
37 boreholes associated with a time history in S(n)} 
38 (2.2-6) 
39 
40 and 
41 

42 

43 
44 

45 

46 

47 
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s+- ( 1 ; t i _ 1 , t i) {x: X an element of s+-(ti-l,ti) for which the jth 
borehole encounters waste of activity leve 1 £ (j) 
for j =1, 2, ... , nBH, where nBH is the total 
number of boreholes associated with a time history 
in s+-(ti-l·ti)l, (2.2-7) 



2 

3 
4 
5 

~ 
,~ ,, 
12 

13 

14 

2.2 Definition of Scenarios 

where 

nT 
I = (£(1), £(2), ... , i(nBH)] and nBH = ~ n(i). (2.2-8) 

i=l 

The computational scenarios S(l,n) and s+-(l;ti-l,ti) are used as the basis 

for the CCDFs for normalized release to the accessible environment presented 

in the 1992 WIPP performance assessment. 

15 The definitions of s+-(ti-l·Ci) and s+-(l;ti-l•ti) appearing in Eqs. 

16 2.2-4 and 2.2-7 do not use the vector n designating the time intervals in 

11 which drilling intrusions occur that appears in the definitions of S(n) and 

18 S (l,n). However, vectors of this form can be incorporated into the 

19 definitions of s+-(q_l,ti) and s+-(l;ti-l,ti). Specifically, let 

20 

21 si+- (n) = {x: x an element of S(n) for which 2 or more boreholes 
22 penetrate the same waste panel during the time 
23 interval (ti-l,til (i.e., n(i)~2), with at least 
24 one of these boreholes penetrating a pressurized 
25 brine pocket and at least one not penetrating a 
26 pressurized brine pocket). (2.2-9) 
27 

28 Then, 

29 

s+-(t. 
1
,t.)- u s.+-(n), 

~- ~ nEA(i) ~ 
(2.2-10) 

36 

where nEA(i) only if n is a vector of the form defined in Eq. 2.2-5 with 

n(i)~2. The computational scenarios si+-(l,n) and s+-(l;q_l,ti) can be 

37 defined analogously for the vector I indicated in Eq. 2.2-8. In Section 2.3, 

38 conservative relations are presented (i.e., Eqs. 2.3-3 and 2.3-4) that bound 

39 the probabilities for s+-(ti-l•ti) and s+-(l;ti-l,ti) and are used in the 

40 construction of CCDFs of the form appearing in Figure 2.1-2. In Section 2.4, 

41 s+-(ti-l•ti) and s+-(l;ti-l,ti), i = 1, ... , nT, are assigned the groundwater 

42 releases (i.e., Eqs. 2.4-13 and 2.4-14) associated with 

43 

44 

:~ 
47 
48 

(2.2-ll) 

49 respectively; these releases are used in the construction of CCDFs of the 

50 form appearing in Figure 2.1-2. The subscripts in the preceding notation for 

51 sl+-(2,0, ... ,0) through SnT+-(O,O, ... ,2) are redundant and will be omitted in 

52 the remainder of this report. 

53 
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Chapter 2: Structure of WIPP Performance Assessment 

Additional information on the construction of computational scenarios for 

2 the 1992 WIPP performance assessment is available elsewhere (Chapter 5 of 

3 Volume 2). 

4 

5 

6 2.3 Determination of Scenario Probabilities 
7 

8 As discussed in Chapter 5 of Volume 2 and Helton (1993a), probabilities 

9 for computational scenarios were determined under the assumption that the 

10 occurrence of boreholes through the repository follows a Poisson process with 

11 a rate term >.. The probabilities pS(n) and pS(I,n) for the computational 

12 scenarios S(n) and S(l,n) are given by 

13 

35 

36 

37 

38 

pS(n) 
{

nT [ t. l n ( i) } [ t T ] n I ~ >.(t)dt /n(i)! exp -I n >.(t)dt 
· -1 t · 1 to ~- ~-

(2.3-1) 

and 

[ 
nBH l 

pS(I,n) = . n p~(") pS(n), 
j=l J 

(2.3-2) 

where n and I are defined in Eqs. 2.2-5 and 2.2-8, respectively, and pLJ is 

the probability that a randomly placed borehole through a waste panel will 

encounter waste of activity level i. Examples of probabilities pS (n) 

calculated as shown in Eq. 2.3-1 are given in Section 2.5. 

39 The probabilities ps+-(ti-l,ti) and ps+-(J;ti-l·ti) for the computational 

~ scenarios s+-(ti-l.ti) and s+-(J;ti-l.ti) are given by 

41 

:~ 
:~ 
f 4s 
50 and 

51 

~ 
~ 
57 
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2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

where 

O:£(t) 

/3£(t) 

aBP£ 

aTOT£ 

a TOT 

2.4 Calculation of Scenario Consequences 

[aBP£]A(t)/aTOT, 

[aTOT£ - aBP£]A(t)/aTOT, 

area (m2) of pressurized brine pocket under waste panel £, 

total area (m2) of waste panel £, 

total area (m2) of waste panels, 

13 and 

14 

15 

16 

nP =number of waste panels. 

17 For the 1992 WIPP performance assessment, each of the areas aTOT£ and aBP£ is 

18 assumed to be the same for all waste panels. This assumption is conservative 

19 in the sense that it increases the probability of ElE2-type scenarios as 

20 defined in Eq. 2.2-4 as the probability of the necessary pattern of drilling 

21 intrusions is zero for a waste panel that is underlain by no pressurized 

22 brine pocket or entirely underlain by a pressurized brine pocket. 

23 

24 

25 

26 

27 

28 

30 

31 

32 

The relations appearing in Eqs. 

Chapter 5 of Volume 2 of this report 

assumption that drilling intrusions 

random in time and space). 

2.3-1 through 2.3-4 are derived in 

and also in Helton (1993a) under the 

follow a Poisson process (i.e., are 

2.4 Calculation of Scenario Consequences 

33 As indicated in Figure 2.4-1, the following nine computer models were 

34 used to estimate scenario consequences in the 1992 WIPP performance 

35 assessment: CUTTINGS, BRAGFLO, PANEL, SEC02D, SECOTP, GRASP-INV, CCDFPERM, 

36 GENII-S and SANCHO. Brief descriptions of these models are given in Table 

37 2. 4-1. More detailed descriptions of some of these models and their use in 

~ the 1992 WIPP performance assessment are provided in Chapters 4 through 7 and 

39 in additional references indicated in Table 2.4-1. 

40 

41 There are too many computational scenarios (e.g., S(n) and S(l,n)) to 

42 perform a detailed calculation for each scenario with the models summarized 

43 in Table 2.4-1. For example, 3003 scenarios of the form S(n) are required to 

~ reach a cumulative probability of 0.9994 when A = 3.28 x lo-4 yr-1 and five 

45 time intervals of length 2000 yr are used (Helton et al., 1992, Table 2.3-1). 
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Chapter 2: Structure of WJPP Performance Assessment 

Construction of a CCDF for comparison against the EPA release limits requires 
2 the estimation of cumulative probability through at least the 0. 999 level. 
3 Thus, depending on the value for the rate A in the Poisson model for drilling 
4 intrusions, this may require the inclusion of computational scenarios 
5 involving as many as 10 to 12 drilling intrusions, which results in a total 
6 of several thousand computational scenarios. Further, this number does not 
7 include the effects of different activity levels in the waste. To obtain 
8 results for such a large number of computational scenarios, it is necessary 
9 to plan and implement the overall calculations very carefully. The following 

10 describes the approach used in the 1992 WIPP performance assessment (Helton 
11 and Iuzzolino, 1993). 

12 

13 As indicated in Eq. 2.2-2, the 10,000-yr time interval that must be 
14 considered in the construction of CCDFs for comparison with the EPA release 
15 limits is divided into disjoint subintervals [ti-l, ti], i = 1, 2, ... , nT, 
16 in the definition of computational scenarios. The following results can be 
17 calculated for each time interval: 

18 

19 

20 

21 

22 

23 

24 

25 
26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

rC· · lJ 

rGW2i 

EPA normalized release to the surface environment for cuttings 
removal due to a single borehole in time interval i with the 
assumption that the waste is homogeneous (i.e., waste of 
different activity levels is not present), (2.4-l) 

EPA normalized release to the surface environment for cuttings 
removal due to a single borehole in time interval i that 
penetrates waste of activity level j, (2.4-2) 

EPA normalized release to the accessible environment due to 
groundwater transport initiated by a single borehole in time 
interval i (i.e., an E2-type scenario), 

(2.4-3) 

EPA normalized release to the accessible environment due to 
groundwater transport initiated by two boreholes in the same waste 
pane 1 in time interval i, of which one penetrates a pressurized 
brine pocket and one does not (i.e., an ElE2-type scenario), 

(2.4-4) 

39 with the assumption that the intrusions occur at the midpoints of the time 
40 intervals (e.g. , at 1000 yr for the time interval [ 0, 2000 yr]). For the 
41 calculation of rGWli and rGW2 i in the 1992 WIPP performance assessment, the 
42 accessible environment is assumed to begin 2. 65 km from the center of the 
43 waste panels (i.e., at the land-withdrawal boundary as shown in Figure 1-2 of 
44 Volume 1 of this report). 
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2.4 Calculation of Scenario Consequences 

CCDFPERM (Intrusion Probability/CCDF Construction) 

CUTTINGS (Release of Cuttings to 
Accessible Environment) 
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Figure 2.4-l. Models used in 1992 WIPP performance assessment to calculate 
scenario consequences_ The names for computer models ( i _ e _, 
computer codes) are shown in capital letters. 
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Chapter 2: Structure of WIPP Performance Assessment 

Table 2.4-1. Summary of Computer Models Used in the 1992 WIPP Performance Assessment to 
Calculate Scenario Consequences 

Model Description 

BRAGFLO Describes the multiphase flow of gas and brine through a porous, heterogenous 
reservoir. BRAGFLO solves simultaneously the coupled partial differential 
equations that describe the mass conservation of gas and brine along with 
appropriate constraint equations, initial conditions, and boundary conditions. 
Additional information: Chapters 4 and 5. 

CCDFPERM 

CUTIINGS 

GENII-S 

GRASP-INV 

PANEL 

SECO-FLOW 

Constructs probabilities and consequences for various computational scenarios 
associated with human intrusion by exploratory drilling. Also constructs CCDFS. 
Additional information: Section 1.4.2 of Volume 3 and Helton and luzzolino, 1993. 

Calculates the quantity of radioactive material brought to the surface in cuttings and 
cavings generated by an exploratory borehole that penetrates a waste panel. 
Additional information: Chapter 7. 

Estimates potential radiation doses to humans from radionuclides in the 
environment. Additional information: Leigh et al., 1993. 

Generates transmissivity fields (estimates of transmissivity values) conditioned on 
measured transmissivity values and calibrated to steady-state and transient 
pressure data at well locations using an adjoint sensitivity and pilot-point technique. 
Additional information: LaVenue and RamaRao, 1992. 

Calculates rate of discharge and cumulative discharge of radionuclides from a 
repository panel through an intrusion borehole. Discharge is a function of fluid flow 
rate, elemental solubility, and radionuclide inventory. Additional information: WIPP 
PA Division 1991b, Section 5.3. 

Calculates single-phase Darcy flow for groundwater-flow problems in two 
dimensions. The formulation is based on a single partial diHerential equation for 
hydraulic head using fully implicit time differencing. Additional information: 
Chapter 6. 

SECO-TRANSPORT Simulates fluid flow and transport of radionuclides in fractured porous media. 

SANCHO 

2-14 

Additional information: Chapter 6. 

Solves quasistatic, large deformation, inelastic response of two-dimensional solids 
with finite element techniques. Used in the 1992 performance assessment to 
determine porosity of the waste as a function of time and cumulative gas 
generation. Additional information: Section 1.4.7 of Volume 3, Stone et al., 1985. 



2.4 Calculation of Scenario Consequences 

In general, rei, rCij• rGWli and rGW2i will be vectors contatntng a large 

2 variety of information; however, for notational simplicity, a vector 

3 representation will not be used. For the 1992 WIPP performance assessment, 

4 the cuttings release to the accessible environment (i.e., rei and rCij) is 

5 determined by the CUTTINGS program, and the groundwater release to the 

6 accessible environment (i.e., rGWli and rGW2i) is determined through a 

7 sequence of linked calculations involving the BRAGFLO, PANEL, SECO-FLOW and 

8 SECO-TRANSPORT programs. 

9 

10 The cuttings releases 

11 

u 
l~ 

rC 
nT 

(2.4-5) 

17 correspond to the cuttings releases associated with the computational 

18 scenarios 

19 

20 

21 

S(l,O, ... ,O),S(O,l, ... ,O), ... , S(O,O, ... ,l) (2.4-6) 

22 under the assumption that all waste is of the same average activity level. 

23 Similarly, the groundwater releases 

24 

rGW1
1

, rGW1
2

, , rGWlnT (2.4-7) 

30 correspond to the groundwater releases associated with the preceding five 

31 scenarios, while 

32 

rGW2
1

, rGW2
2

, , rGW2nT (2.4-8) 

38 correspond to the groundwater releases associated with the computational 

39 scenarios 

40 

41 

42 

s+- < 2 , o , ... , o) , s+- < o , 2 , ... , o) , s+- < o , o , ... , 2 ) . (2.4-9) 

43 In like manner, rClj corresponds to the cuttings release associated with the 

44 computational scenario S(j; 1, 0, ... , 0); rC2j corresponds to the cuttings 

45 release associated with S(j; 0,1, ... ,0), and so on. 

46 

47 The releases rCi, rCij, rGWli and rGW2i are used to construct the 

48 releases associated with the many individual computational scenarios that are 

49 used in the construction of a CCDF for comparison with the EPA release 

~ limits. The following assumptions are made: 

51 
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Chapter 2: Structure of WIPP Performance Assessment 

1 (l) With the exception of ElE2-type scenarios, no synergistic effects 
2 result from multiple boreholes, and thus, the total release for a 
3 scenario involving multiple intrusions can be obtained by adding the 
4 releases associated with the individual intrusions. 
5 

6 (2) An ElE2- type scenario can take place only when the necessary 
7 boreholes occur within the same time interval [ti-l· til. 
8 
9 (3) An ElE2-type scenario involving more than two boreholes will have the 

10 same subsurface release as an ElE2-type scenario involving exactly 
11 two boreholes. 
12 

13 The preceding assumptions are used to construct the releases for individual 

14 computational scenarios. 

15 

16 For cuttings removal, Assumption (1) is the only pertinent assumption. 

17 As the only release associated with cuttings removal is the direct removal of 

18 cuttings and spallings to the surface, this assumption seems reasonable; the 

19 relatively small cross-sectional area intersected by a drilling intrusion 

20 makes the interaction of two or more drilling intrusions very unlikely. 

21 Further, should such an intersection occur, the assumption is conservative in 

~ the sense that it would tend to overestimate the total size of the release. 

23 For E2-type scenarios, Assumption (1) is again the only pertinent assumption. 

24 When one, and only one intrusion occurs into each of several waste panels, 

25 this assumption seems to be appropriate as there is little reason to believe 

26 that the release taking place from one waste panel would affect the release 

27 taking place from another waste panel. If anything, the assumption in this 

28 case would be conservative due to the limited amount of brine in the region 

29 surrounding the waste panels that is available for the potential transport of 

~ radionuclides up an intruding borehole; specifically, a single borehole may 

31 experience more brine flow than each of several boreholes. For several 

32 drilling intrusions into the same waste panel, Assumption ( 1) is probably 

33 conservative due to the limited amount of brine available for radionuclide 

34 transport and the possible inventory limits on the releases of some 

35 radionuclides. Assumptions (2) and (3) relate to ElE2-type scenarios. 

36 Assumption (2) places a limit on how far apart in time two drilling 

37 intrusions can occur and still give rise to an ElE2-type scenario. Such a 

~ limitation seems reasonable due to both the plugging of boreholes by natural 

~ processes and the depletion of the brine in a pressurized brine pocket. If 

40 anything, the relatively long time intervals (e.g., 2000 yrs) used in the 

41 WIPP performance assessment in conjunction with this assumption lead to 

42 overestimates of the probability of ElE2-type scenarios. Further, given this 

43 assumption, the relationships used in the WIPP performance assessment tend to 

44 overestimate the probability of an ElE2-type scenario. Assumption (3) should 

45 have a neutral effect on the analysis as multiple drilling intrusions do not 
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2.4 Calculation of Scenario Consequences 

affect the amount of brine available for radionuclide transport up the 

2 intruding boreholes and the effect of the increased borehole cross-sectional 

3 area is small compared to the uncertainties that result from borehole 

4 permeability and elemental solubilities. 

5 

6 The normalized releases rei, rCij and rGWli can be used to construct the 

7 EPA normalized releases for the scenarios S(n) and S(l,n). For S(n), the 

8 normalized release to the accessible environment, cS(n), can be approximated 

9 by 

10 

cS(n) 
nBH 

.~1 (rCm(j) + rGWlm(j)), 
J= 

(2.4-10) 

where m(j) designates the time interval in which the j th borehole occurs. 

20 The vector 

21 

22 

23 

m = [ m ( l ) , m ( 2 ) , ... , m ( nBH) ] (2.4-11) 

24 is uniquely determined once the vector n appearing in the definition of S(n) 

25 is specified. The definition of S(n) in Eq. 2.2-3 contains no information 

26 on the activity levels encountered by the individual boreholes, and so cS(n) 

27 was constructed with the assumption that all waste is of the same average 

28 activity. However, the definition of S(l,n) in Eq. 2.2-6 does contain 

29 information on activity levels, and the associated normalized release to the 

30 accessible environment, cS(I,n), can be approximated by 

31 

cS(I,n) 
nBH [ 

= ~ rC . . 
j=l m(J),f(J) 

(2.4-12) I 
40 which does incorporate the activity levels encountered by the individual 

41 boreholes. 

42 

43 For s+-(ti-l,ti), the normalized release to the accessible environment, 

44 cs+-(ti-l,ti), can be approximated by 

45 

46 
47 

i~ 
cs+-(t. 

1
,t.) 

1- 1 
2 rC . + rGW2 . , 

1 1 
(2.4-13) 
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Chapter 2: Structure of WIPP Performance Assessment 

where it is assumed that all waste is of the same average activity for 

2 cuttings removal. Similarly, the normalized release cs+- (I; ti-l, ti) for 

3 s+-(l;ti-l·ti) can be approximated by 

4 

J 
cs+-(l;t. 1 ,t.) 

1- 1 

11 

2 
2: rC. n (.) . 1 1, X J 
J= 

+ rGW2. 
1 

(2.4-14) 

12 which incorporates the activity level of the waste. The approximations for 

13 cs+-(ti-l•ti) and cs+-(l;ti-l·ti) in Eqs. 2.4-13 and 2.4-14 are based on 

14 exactly two intrusions in the time interval [ti-l,til· More complicated 

15 express ions could be developed to define releases for multiple ElE2- type 

16 intrusions. However, due to the low probability of such patterns of 

17 intrusion (e.g., the probabilities for 2 and ~2 boreholes in Table 2-6 of 

18 WIPP PA Division (199lb) for the time interval [0,2000 yr] with 100 yr of 

19 administrative control are 0. 009022 and 0. 009315, respectively), the use of 

~ such expressions would have little impact on the CCDFs used for comparison 

21 with the EPA release limits. 

22 

23 The construction process shown in Eqs. 2.4-10 and 2.4-13 to obtain the 

24 normalized releases cS(n)and cs+-(ti-l,ti) for scenarios S(n) and 

25 s+-(ti-l•ti) is illustrated in Table 3-4 of Volume 3. Further, the 

26 construction process shown in Eqs. 2.4-12 and 2.4-14 to obtain normalized 

27 releases cS(I,n) and cs+-(l;ti-l•ti) for scenarios S(l,n) and s+-(l;ti-l•ti) is 

28 illustrated in Table 3-5 of Volume 3. 

29 

30 

31 

32 

2.5 Performance Assessment Representations Used in 1992 

33 As discussed in conjunction with Eq. 2.1-1, the outcome of a performance 

34 assessment can be represented by a set R of ordered triples. Sections 2. 2, 

35 2.3 and 2.4 provide general descriptions of the manner in which the 

~ individual elements of these triples are defined in the 1992 WIPP performance 

37 assessment. Due to computational constraints and the desire to present 

38 results obtained with different modeling assumptions, the set R is actually 

39 defined in two different ways in the 1992 WIPP performance assessment. 

40 

41 The computational cost of performing groundwater transport calculations 

42 precluded the consideration of a large number of intrusion times in the 1992 

43 WIPP performance assessment. Specifically, the decision was made to consider 

44 intrusions at only a single time (i.e., 1000 yr) for the initiation of 

45 groundwater transport. A relatively early intrusion time was selected 

46 because of the reduced releases that occur for later intrusion times due to 

47 both increased radioactive decay and reduced time for groundwater transport 
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2.5 Performance Assessment Representations Used in 1992 

to the accessible environment. This decision led to scenarios defined on the 
2 basis of the time intervals [0, 2000 yr] and [2000, 10,000 yr], with the rate 
3 term (i.e., A(t)) in the Poisson model for drilling intrusions assumed to be 
4 zero after 2000 yr. This definition produced a set R1 defined by 
5 

6 

7 

(2.5-1) 

8 where the intervals indicated in Eq. 2.2-2 are 

9 

10 

11 

[0, 2000 yr], [2000, 10,000 yr) (2.5-2) 

12 and the vector n appearing in Eq. 2.2-5 is of the form 
13 

14 

15 

n = [n(l), n(2)]. (2.5-3) 

16 The scenarios S(n), s+-<q-1, ti), S(l,n) and s+-(1; q_l, q) in Eqs. 2.2-3, 
17 2.2-4, 2.2-6 and 2.2-7 are then defined accordingly. 
18 

19 As already indicated, the rate term A(t) in the Poisson model for 
20 drilling intrusions is assumed to be zero for t > 2000 yr. With this 
21 assumption, the expressions in Eqs. 2.3-1 and 2.3-3 for scenario probability 
22 become 
23 

35 

50 

51 

52 

53 

54 

A(t)dt) if n(2) = 0 
pS(n(l) ,n(2)) 

{

{ [J;ooo A(t)dt]n(l)/n(l)! }exp[-J;ooo 

0 if n(2) ~ 0 (2.5-4) 

and 

ps+- < t. 
1 

, t. ) 
~- ~ {

nP 2000 J 2000 . . 
: {1-exp[-J 0 o

2
(t)dt] }{1-exp[-

0 
~ 2 (t)dt)} ~f ~ = 1 

2-l (2.5-5) 
Oifi=2 

respectively. As a reminder, the assumption of 100 yr of administrative 
control in which no drilling intrusions can occur is equivalent to assuming 
that A ( t) = 0 for 0 :5 t :5 100 yr. Thus, the assumptions of 100 yr of 
administrative control and a constant value A for A(t) in the time interval 
[100, 2000 yr] leads to the scenario probabilities 
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Chapter 2: Structure of WIPP Performance Assessment 

and 

pS(n(l) ,n(2)) 
{

[(1900 A)n(lfn(l)! ]exp[-1900A] 

0 if n(2) .,_ 0 

if n(2) 0 

{n~ {1-exp[-1900 o~J ){1-exp[-1900 ~~] l if i = 1 
ps+-(t. 

1
,t.) = £=1 

1- 1 

0 if i 2 

(2.5-6) 

(2.5-7) 

where O£ and ~R. are defined in conjunction with Eq. 2.3-3 with A(t) = A. 

Examples of the scenario probabilities pS(n(l),n(2)) defined in Eqs. 2.5-4 

and 2.5-6 are given in Tables 2.5-1 and 2.5-2, respectively. Further, the 

29 time-dependent A used in the determination of the probabilities in Table 

~ 2.5-1 is based on the time-dependent drilling rate shown in Figure 2.5-1. In 

31 particular, the drilling rate in Figure 2. 5-1 is expressed in units of 

32 drilling intrusions per square kilometer per 10,000 yr (i.e., l/(km2 x 104 

33 yr) or (km2 x 104 yr) -1). As used in this report, A has units of drilling 

~ intrusions per year (i.e., 1/yr or yr-1) and is obtained by multiplying the 

35 drilling rate in Figure 2.5-1 by 0.126 km2 and performing the indicated 

36 division by 104 where 0.126 km2 is the area of emplaced waste used in the 

37 1992 WIPP performance assessment. 

38 

39 The scenario consequences cSi for R1 appearing in Eq. 2.5-1 are 

~ constructed as shown in Eqs. 2.4-10 through 2.4-14 for the scenarios Si that 

41 have nonzero probabilities. 

42 

43 Once R1 is determined, the information contained in the probabilities 

44 pSi and consequences cSi can be summarized in CCDFs as shown in Figure 2.1-1. 

45 The set R1 and its associated CCDFs are determined with the assumption that 

~ A(t)=O for t > 2,000 yr. Except for small effects due to the approximations 

47 used for the probabilities of the scenarios s+-(o, 2000) and s+-(2000, 

~ 10,000), the same CCDFs result when A(t) is unchanged (i.e., A(t) is not set 

49 to 0 for t > 2000 yr) but the environmental releases rC2, rC2j, rGW2 and 

50 rGW22 for intrusions in the time interval [2000, 10,000 yr] are set to 0. 

51 

52 The calculation of releases to the accessible environment due to 

53 cuttings removal was significantly less computationally demanding than the 

54 calculation of releases due to groundwater transport. As a result, the 

55 decision was made to consider the effects of cuttings removal at a sequence 

56 of intrusion times rather than only at the single intrusion time considered 
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2.5 Performance Assessment Representations Used in 1992 

Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent >. Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 

3 [0, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set 

4 R1 defined in Eq. 2.5-1. 

6 

8 Prob with Prob with 44 Prob with Prob with 

9 Scenarioa >.iOb ).-.{)C 45 Scenarioa >.fOb ).-+0C 

111 48 

14 0 intrusions 50 4 intrusions 

15 ( # Scenarios = 1) 51 (# Scenarios = 5) 

16 5(0,0) 8.703E-01 9.863E-01 52 5(4,0) 1.304E-09 1.478E-09 

17 Prob 0 intrd 8.703E-01 9.863E-01 53 5(3, 1) 4.743E-08 O.OOOE+OO 

18 Cum Probe 8.703E-01 9.863E-01 54 5(2,2) 6.467E-07 O.OOOE+OO 

19 55 5(1 ,3) 3.919E-06 O.OOOE+OO 
20 1 intrusions 56 5(0,4) 8.907E-06 O.OOOE+OO 

21 (# Scenarios = 2) 57 Prob 4 intr 1.352E-05 1.478E-09 

22 5(1 ,0) 1.199E-02 1.358E-02 58 Cum Prob 1.000E+OO 1.000E+OO 

23 5(0, 1) 1.090E-01 O.OOOE+OO 59 

24 Prob 1 intr 1.209E-01 1.358E-02 60 5 intrusions 

25 Cum Prob 9.912E-01 9.999E-01 61 ( # Scenarios = 6) 

26 62 5(5,0) 3.593E-12 4.072E-12 
27 2 intrusions 63 5(4, 1) 1.633E-10 O.OOOE+OO 

28 (# Scenarios = 3) 64 5(3,2) 2.969E-09 O.OOOE+OO 
29 5(2,0) 8.253E-05 9.353E-05 65 5(2,3) 2.699E-08 O.OOOE+OO 

30 5(1 '1) 1.500E-03 O.OOOE+OO 66 5(1 ,4) 1.227E-07 O.OOOE+OO 
31 5(0,2) 6.820E-03 O.OOOE+OO 67 5(0,5) 2.230E-07 O.OOOE+OO 
32 Prob 2 intr 8.403E-03 9.353E-05 68 Prob 5 intr 3.758E-07 4.072E-12 

33 Cum Prob 9.996E-01 1.000E+00 69 Cum Prob 1.000E+OO 1.000E+00 
34 70 

35 3 intrusions 71 6 intrusions 

36 (# Scenarios = 4) 72 ( # Scenarios = 7) 
37 5(3,0) 3.789E-07 4.294E-07 73 5(6,0) 8.246E-15 9.346E-15 

38 5(2, 1) 1.033E-05 O.OOOE+OO 74 5(5, 1) 4.498E-13 O.OOOE+OO 
39 5(1,2) 9.392E-05 O.OOOE+OO 75 5(4,2) 1.022E-11 O.OOOE+OO 
40 5(0,3) 2.846E-04 O.OOOE+OO 76 5(3,3) 1.239E-10 O.OOOE+OO 
41 Prob 3 intr 3.892E-04 4.294E-07 77 5(2,4) 8.447E-10 O.OOOE+OO 
42 Cum Prob 1.000E+OO 1.000E+OO 78 5(1 ,5) 3.072E-09 O.OOOE+OO 
43 79 5(0,6) 4.654E-09 O.OOOE+OO 

80 Prob 6 intr 8.704E-09 9.346E-15 
81 Cum Prob 1.000E+OO 1.000E+OO 
82 

8& 
85 a 5(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr], 
86 and [2000, 10,000 yr], respectively. 
87 b Scenario probability calculated with "-"'0 over the time interval [1 00, 10,000 yr]. 
88 c Scenario probability calculated with "-"'0 over the time interval [100, 2000 yr] and -'.=0 over the time 
89 interval [2000, 10,000 yr]. 
90 d Probability of indicated number of intrusions. 
91 e Cumulative probability for all scenarios. 
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Chapter 2: Structure of WIPP Performance Assessment 

1 Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent .X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 

3 [0, 2000 yr), [2000, 1 0,000 yr). The scenarios shown in this table are contained in the set 

4 R1 defined in Eq. 2.5-1. (concluded) 

6 

8 Prob with Probwith 41 Prob with Prob with 

9 Scenarios >.iOb .X-+0C 42 Scenarios >-iOb .x~oc 

HI 41 

14 7 intrusions 47 9 intrusions 

15 ( # Scenarios = 8) 48 (#Scenarios = 10) 

16 S(7,0) 1.622E-17 1.839E-17 49 S(9,0) 4.274E-23 4.844E-23 

17 S(6, 1) 1.032E-15 O.OOOE+OO 50 S(8, 1) 3.497E-21 O.OOOE+OO 

18 S(5,2) 2.815E-14 O.OOOE+OO 51 S(7,2) 1.271 E-19 O.OOOE+OO 
19 S(4,3) 4.266E-13 O.OOOE+OO 52 S(6,3) 2.697E-18 O.OOOE+OO 

20 S(3,4) 3.878E-12 O.OOOE+OO 53 S(5,4) 3.677E-17 O.OOOE+OO 

21 S(2,5) 2.115E-11 O.OOOE+OO 54 S(4,5) 3.343E-16 O.OOOE+OO 

22 S(1 ,6) 6.409E-11 O.OOOE+OO 55 S(3,6) 2.026E-15 O.OOOE+OO 

23 S(0,7) 8.323E-11 O.OOOE+OO 56 S(2,7) 7.893E-15 O.OOOE+OO 
24 Prob 7 intr 1.728E-10 1.839E-17 57 S(1 ,8) 1.794E-14 O.OOOE+OO 

25 Cum Prob 1.000E+OO 1.000E+OO 58 S(0,9) 1.812E-14 O.OOOE+OO 

26 59 Prob 9 intr 4.635E-14 4.844E-23 
27 8 intrusions 60 Cum Prob 1.000E+OO 1.000E+OO 

28 ( # Scenarios = 9) 61 

29 S(B,O) 2.793E-20 3.165E-20 62 1 0 intrusions 

30 S(7, 1) 2.031E-18 O.OOOE+OO 63 ( # Scenarios = 11) 

31 S(6,2) 6.462E-17 O.OOOE+OO 64 S(10,0) 5.886E-26 6.671E-26 

32 S(5,3) 1.175E-15 O.OOOE+OO 65 S(9, 1) 5.350E-24 O.OOOE+OO 
33 S(4,4) 1.335E-14 O.OOOE+OO 66 S(8,2) 2.189E-22 O.OOOE+OO 

34 S(3,5) 9.709E-14 O.OOOE+OO 67 S(7,3) 5.306E-21 O.OOOE+OO 

35 S(2,6) 4.413E-13 O.OOOE+OO 68 S(6,4) 8.440E-20 O.OOOE+OO 

36 S(1 ,7) 1.146E-12 O.OOOE+OO 69 S(5,5) 9.207E-19 O.OOOE+OO 

37 S(0,8) 1.302E-12 O.OOOE+OO 70 S(4,6) 6.975E-18 O.OOOE+OO 

38 Prob 8 intrd 3.002E-12 3.165E-20 71 S(3,7) 3.623E-17 O.OOOE+OO 

39 Cum Probe 1.000E+OO 1.000E+OO 72 S(2,8) 1.235E-16 O.OOOE+OO 

40 73 S(1 ,9) 2.495E-16 O.OOOE+OO 
74 S(0,10) 2.268E-16 O.OOOE+OO 
75 Prob 10 intr 6.441 E-16 6.671E-26 
76 Cum Prob 1.000E+OO 1.000E +00 
77 

79 
80 a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr), 
81 and [2000, 10,000 yr), respectively. 
82 b Scenario probability calculated with .X>"O over the time interval [100, 10,000 yr). 
83 c Scenario probability calculated with .x ... o over the time interval [1 00, 2000 yr) and .X= o over the time 
84 interval [2000, 10,000 yr). 
85 d Probability of indicated number of intrusions. 
86 e Cumulative probability for all scenarios. 
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2.5 Performance Assessment Representations Used in 1992 

Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for >. = 3. 78 x 1Q-4 
2 yr-1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr]. [2000, 10,000 yr]. 
3 The scenarios shown in this table are contained in the set R1 defined in Eq. 2.5-1, and 
4 >. = 3. 78 x 1 o-4 yr-1 is the largest drilling rate considered in the 1992 WIPP PA. 
6 

8 Prob with Prob with 44 Prob with Prob with 
9 Scenarioa >.iOb .).-+{)C 45 Scenarioa >.iOb .).-+{)C 

HI 48 

14 0 intrusions 50 4 intrusions 
15 ( # Scenarios = 1 ) 51 (#Scenarios = 5) 
16 5(0,0) 2.378E-02 4.879E-01 52 5(4,0) 2.627E-D4 5.390E-D3 
17 Prob 0 intrd 2.378E-02 4.879E-01 53 5(3, 1) 4.424E-Q3 O.OOOE+OO 
18 Cum Probe 2.378E-02 4.879E-01 54 5(2,2) 2.794E-02 O.OOOE+OO 
19 55 5(1 ,3) 7.844E-D2 O.OOOE+OO 
20 1 intrusions 56 5(0,4) 8.257E-02 O.OOOE+OO 
21 (#Scenarios = 2) 57 Prob 4 intr 1.936E-Q1 5.390E-03 
22 5(1 ,0) 1.707E-02 3.501 E-01 58 Cum Prob 6.797E-D1 9.991 E-D1 
23 5(0, 1) 7.185E-02 O.OOOE+OO 59 

24 Prob 1 intr 8.892E-02 3.501 E-01 60 5 intrusions 
25 Cum Prob 1.127E-01 8.381 E-01 61 (# Scenarios = 6) 
26 62 5(5,0) 3.770E-05 7.735E-04 
27 2 intrusions 63 5(4,1) 7.937E-Q4 O.OOOE+OO 
28 (#Scenarios = 3) 64 5(3,2) 6.683E-03 O.OOOE+OO 
29 5(2,0) 6.123E-03 1.256E-01 65 5{2,3) 2.814E-02 O.OOOE+OO 
30 5(1, 1) 5.156E-02 O.OOOE+OO 66 5(1 ,4) 5.924E-Q2 O.OOOE+OO 
31 5(0,2) 1.085E-01 O.OOOE+OO 67 5(0,5) 4.989E-02 O.OOOE+OO 
32 Prob 2 intr 1.662E-Q1 1.256E-01 68 Prob 5 intr 1.448E-Q1 7.735E-D4 
33 Cum Prob 2.789E-01 9.637E-01 69 Cum Prob 8.245E-01 9.999E-Q1 
34 70 

35 3 intrusions 71 6 intrusions 
36 ( # Scenarios = 4) 72 ( # Scenarios = 7) 
37 5(3,0) 1.464E-03 3.004E-02 73 5(6,0) 4.508E-Q6 9.250E-Q5 
38 5(2, 1) 1.850E-02 O.OOOE+OO 74 5(5, 1) 1.139E-Q4 O.OOOE+OO 
39 5(1 ,2) 7.789E-02 O.OOOE+OO 75 5(4,2) 1.1 99E-03 O.OOOE+OO 
40 5(0,3) 1.093E-01 O.OOOE+OO 76 5(3,3) 6.731E-03 O.OOOE+OO 
41 Prob 3 intr 2.072E-01 3.004E-02 77 5(2,4) 2.126E-02 O.OOOE+OO 
42 Cum Prob 4.861 E-Q1 9.937E-01 78 5(1,5) 3.580E-02 O.OOOE+OO 
43 79 5(0,6) 2.512E-02 O.OOOE+OO 

80 Prob 6 intr 9.022E-02 9.250E-05 
81 Cum Prob 9.147E-01 1.000E+OO 
82 

811 
85 a 5(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr] 
86 and [2000, 1 0,000 yr], respectively. 
87 b Scenario probability calculated with >. =3.78 x 1Q-4,r1 over the time interval (100, 10,000 yr]. 
88 c Scenario probability calculated with >.=3.78 x 10- yr-1 over the time interval [100, 2000 yr] and >.=0 
89 over the time interval [2000, 10,000 yr]. 
90 d Probability of indicated number of intrusions. 
91 e Cumulative probability for all scenarios. 
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Chapter 2: Structure of WIPP Performance Assessment 

Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for A=3.78 x 1Q-4 
2 yr1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr), (2000, 10,000 yr). 
3 The scenarios shown in this table are contained in the set R1 defined in Eq. 2.5-1, and A = 
4 3.78 x 10-4 yr-1 is the largest drilling rate considered in the 1992 WIPP PA. (concluded) 
5 
7 Prob with Probwith 40 Prob with Prob with 
8 Scenarioa AiOb A-+0C 41 Scenarioa Af{)b A-+{)C 

11 41 

13 7 intrusions 46 9 intrusions 
14 (#Scenarios = 8) 47 (#Scenarios = 10) 
15 S(7,0) 4.621E-Q7 9.482E-06 48 S(9,0) 3.305E-09 6.780E-Q8 
16 S(6, 1) 1.362E-Q5 O.OOOE+OO 49 S(8, 1) 1.252E-07 O.OOOE+OO 
17 S(5,2) 1.721 E-Q4 O.OOOE+OO 50 S(7,2) 2.109E-06 O.OOOE+OO 
18 S(4,3) 1.207E-03 O.OOOE+OO 51 S(6,3) 2.072E-Q5 O.OOOE+OO 
19 S(3,4) 5.084E-Q3 O.OOOE+OO 52 S(5,4) 1.309E-Q4 O.OOOE+OO 
20 S(2,5) 1.284E-Q2 O.OOOE+OO 53 S(4,5) 5.511 E-Q4 O.OOOE+OO 
21 S(1 ,6) 1.803E-Q2 O.OOOE+OO 54 S(3,6) 1.547E-Q3 O.OOOE+OO 
22 S(0,7) 1.084E-02 O.OOOE+OO 55 S(2,7) 2.791E-Q3 O.OOOE+OO 
23 Prob 7 intr 4.819E-02 9.482E-Q6 56 S(1 ,8) 2.938E-03 O.OOOE+OO 
24 Cum Prob 9.629E-01 1.000E+OO 57 S(0,9) 1.375E-03 O.OOOE+OO 
25 58 Prob 9 intr 9.356E-Q3 6.780E-Q8 
26 8 intrusions 59 Cum Prob 9.948E-Q1 1.000E+OO 
27 (#Scenarios = 9) 60 

28 S(8,0) 4.145E-Q8 8.504E-07 61 1 0 intrusions 
29 S(7, 1) 1.396E-Q6 O.OOOE+OO 62 ( # Scenarios = 11 ) 
30 S(6,2) 2.058E-05 O.OOOE+OO 63 S(10,0) 2.371 E-10 4.865E-Q9 
31 S(5,3) 1.733E-04 O.OOOE+OO 64 S(9, 1) 9.985E-09 O.OOOE+OO 
32 S(4,4) 9.120E-04 O.OOOE+OO 65 5(8,2) 1.892E-07 O.OOOE+OO 

33 S(3,5) 3.072E-03 O.OOOE+OO 66 S(7,3) 2.124E-06 O.OOOE+OO 
34 S(2,6) 6.467E-03 O.OOOE+OO 67 S(6,4) 1.565E-05 O.OOOE+OO 
35 S(1, 7) 7.780E-03 O.OOOE+OO 68 S(5,5) 7.908E-Q5 O.OOOE+OO 
36 S(0,8) 4.095E-o3 O.OOOE+OO 69 S(4,6) 2.775E-04 O.OOOE+OO 
37 Prob 8 intrd 2.252E-Q2 8.504E-07 70 S(3,7) 6.676E-Q4 O.OOOE+OO 
38 Cum Probe 9.854E-01 1.000E+OO 71 S(2,8) 1.054E-Q3 O.OOOE+OO 
39 72 S(1 ,9) 9.863E-Q4 O.OOOE+OO 

73 S(O, 10) 4.153E-Q4 O.OOOE+OO 
74 Prob 10 intr 3.498E-03 4.865E-09 
75 Cum Prob 9.983E-01 1.000E+OO 
76 

78 
79 a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals (0, 2000 yr) 
80 and (2000, 10,000 yr), respectively. 
81 b Scenario probability calculated with A= 3. 78 x 1 o-4 "t-1 over the time interval ( 1 00, 10,000 yr). 
82 c Scenario probability calculated with A=3.78 x 10- yr-1 over the time interval [100, 2000 yr) and A=O 
83 over the time interval (2000, 1 0,000 yr). 
84 d Probability of indicated number of intrusions. 
85 e Cumulative probability for all scenarios. 
86 
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2.5 Performance Assessment Representations Used in 1992 

, ______ .. 
' 
' 
' 

Intrusion Rate 

' '--

Integrated Intrusion --­
Rate 

Time (yrs) 

TRI-6342·2152·0 

Figure 2.5-l. Example time-dependent rate term used in Poisson model for 
drilling intrusions in the 1992 WIPP performance assessment 
(Volume 3, Appendix D, Figure D-45). The rate ). ( t) as used in 
this chapter has units of yr-1 and is obtained by multiplying 
the rate indicated in this figure by 0.126 km2 (i.e., the area 
of emplaced waste) and performing the indicated division by 
104; further, >.(t) is set to zero for the first 100 yrs when 
100 yrs of administrative control is assumed. The rate >.(t) 
was a sampled variable in the 1992 WIPP performance assessment; 
this figure shows the drilling rate with the largest integrated 
value (i.e., expected number of drilling intrusions) over 
10,000 yr. In this and other similar figures, a hyperbolic 
sine transformation is used to generate the scales on the 
abscissa and ordinate; this transformation allows the plotting 
of zero, which is not possible when a logarithmic 
transformation is used. 
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Chapter 2: Structure of WIPP Performance Assessment 

for the initiation of groundwater transport. In particular, a set R2 defined 

2 by 

3 

4 

5 

6 

(2.5-8) 

7 was used in the 1992 WIPP performance assessment to investigate the effects 

8 of cuttings removal, where the time intervals indicated in Eq. 2.2-2 are 

9 

10 

11 

12 

[0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], 

[1500, 4500 yr], [4500, 10,000 yr] 

13 and the vector n appearing in Eq. 2.2-5 is of the form 

14 

15 

16 

n [n(l), n(2), n(3), n(4), n(S), n(6)] 

(2.5-9) 

(2.5-10) 

17 The time intervals in Eq. 2.5-9 were selected to provide increased resolution 

18 at early times when the inventory of radionuclides with relatively short half 

19 lives (e.g., Pu-238 and Am-241) is changing rapidly. With the assumption of 

~ 100 yr of administrative control, the first time interval in Eq. 2.5-9 (i.e., 

21 [0, 150 yr]) effectively becomes [100, 150 yr]. 

22 

23 The set R2 is used to show only the effects of cuttings removal. As a 

24 result, the only scenarios used in the definition of R2 are of the form S(n) 

25 and S(l,n) shown in Eqs. 2.2-3 and 2.2-6. The probabilities pS(n) and pS(I,n) 
26 for these scenarios with a time-dependent rate term (i.e., ..X(t)) in the 

27 Poisson model for drilling intrusions are defined in Eqs. 2.3-1 and 2.3-2, 

28 respectively, with the times ti, i=O, 1, ... , 6, equal to 

29 

30 

31 

0, 150, 200, 500, 1500, 4500, 10,000 yr. (2.5-11) 

32 Examples of the probabilities pS(n) calculated with the rate term shown in 

33 Figure 2 . 5 - 1 a r e pre sent e d in Tab 1 e 2 . 5 - 3 . Further , the r e s u 1 tan t 

34 probabilities for a constant-valued A are illustrated in Table 2.5-4. 

35 

36 The scenario consequences cSi for R2 appearing in Eq. 2. 5-8 are 

37 constructed as shown in Eqs. 2.4-10 and 2.4-12. As R2 is used to show only 

38 the effects of cuttings removal to the accessible environment, the term 

39 rGWlm(j) corresponding to the groundwater release in Eqs. 2.4-10 and 2.4-12 

~ is assumed to equal zero. 

41 
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2.5 Performance Assessment Representations Used in 1992 

Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent A Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 

3 [0, 150 yr), [150, 200 yr), [200, 500 yr), [500, 1500 yr), [1500, 4500 yr) and [4500, 10,000 

4 yr]. The scenarios shown in this table are contained in the set R2 defined in Eq. 2.5-8. 

6 

8 Prob with Prob with 51 Prob with Prob with 

9 Scenarioa AiOb A-+0C 52 Scenarioa AiOb A-+0C 

HI 51 

14 0 intrusions 57 5(0,0,0,0,2,0) 5.203E-04 9.794E-06 
15 ( # Scenarios = 1 ) 58 5 (0,0,0,0, 1 '1) 2.861 E-03 O.OOOE+OO 

16 5(0,0,0,0,0,0) 8.703E-01 9.863E-01 59 5(0,0,0,0,0,2) 3.933E-03 O.OOOE+OO 

17 Prob 0 intrd 8.703E-01 9.863E-01 60 Prob 2 intr 8.403E-03 9.353E-05 

18 Cum Probe 8.703E-01 9.863E-01 61 Cum Prob 9.996E-01 1.000E+00 

19 62 

20 1 intrusion 63 3 intrusions 

21 ( # Scenarios = 6) 64 ( # Scenarios = 56) 
22 5(1 ,0,0,0,0,0) 1.572E-03 1.782E-03 65 5(3,0,0,0,0,0) 8.550E-10 9.690E-10 
23 5(0, 1 ,0,0,0,0) 1.572E-03 1.782E-03 66 5(2, 1 ,0,0,0,0) 2.565E-09 2.907E-09 
24 5(0,0, 1 ,0,0,0) 4.601 E-04 5.215E-04 67 5(2,0,1,0,0,0) 7.507E-10 8.509E-10 
25 5(0,0,0, 1 ,0,0) 4.503E-03 5.103E-03 68 5(2,0,0, 1 ,0,0) 7.347E-09 8.326E-09 
26 5(0,0,0,0, 1 ,0) 3.009E-02 4.395E-03 69 5(2,0,0,0, 1 ,0) 4.910E-08 7.172E-09 
27 5(0,0,0,0,0, 1) 8.273E-02 O.OOOE+OO 70 5(2,0,0,0,0, 1) 1.350E-07 O.OOOE+OO 
28 Prob 1 intr 1.209E-01 1.358E-02 71 5(1 ,2,0,0,0,0) 2.565E-09 2.907E-09 
29 Cum Prob 9.912E-01 9.999E-01 72 5(1 '1 '1 ,0,0,0) 1.501 E-09 1.702E-09 
30 73 5(1 '1 ,0, 1 ,0,0) 1.469E-08 1.665E-08 
31 2 intrusions 74 5(1 '1 ,0,0, 1 ,0) 9.820E-08 1.434E-08 
32 ( # Scenarios = 21) 75 5(1 '1 ,0,0,0, 1) 2.700E-07 O.OOOE+OO 

33 5(2,0,0,0,0,0) 1.420E-06 1.609E-06 76 5(1 ,0,2,0,0,0) 2.197E-10 2.490E-10 

34 5(1' 1 ,0,0,0,0) 2.840E-06 3.219E-06 77 5(1 ,0, 1 '1 ,0,0) 4.300E-09 4.874E-09 

35 5(1 ,0, 1 ,0,0,0) 8.312E-07 9.420E-07 78 5(1 ,0, 1 ,0, 1 ,0) 2.874E-08 4.198E-09 

36 5(1 ,0,0, 1 ,0,0) 8.134E-06 9.219E-06 79 5(1 ,0, 1 ,0,0, 1) 7.902E-08 O.OOOE+OO 

37 5(1 ,0,0,0, 1 ,0) 5.436E-05 7.940E-06 80 5(1 ,0,0,2,0,0) 2.104E-08 2.385E-08 

38 5(1 ,0,0,0,0, 1) 1.495E-04 O.OOOE+OO 81 5(1 ,0,0, 1 '1 ,0) 2.813E-07 4.108E-08 

39 5(0,2,0,0,0,0) 1.420E-06 1.609E-06 82 5(1 ,0,0, 1 ,0, 1) 7.733E-07 O.OOOE+OO 

40 5(0, 1 '1 ,0,0,0) 8.312E-07 9.420E-07 83 5(1 ,0,0,0,2,0) 9.400E-07 1.769E-08 

41 5(0, 1 ,0, 1 ,0,0) 8.134E-06 9.219E-06 84 5(1 ,0,0,0, 1 '1) 5.168E-06 O.OOOE+OO 

42 5(0, 1 ,0,0, 1 ,0) 5.436E-05 7.940E-06 85 5(1 ,0,0,0,0,2) 7.104E-06 O.OOOE+OO 

43 5(0, 1 ,0,0,0, 1) 1.495E-04 O.OOOE+OO 86 5(0,3,0,0,0,0) 8.550E-10 9.690E-10 

44 5(0,0,2,0,0,0) 1.216E-07 1.379E-07 87 5(0,2,1,0,0,0) 7.507E-10 8.509E-10 

45 5(0,0, 1,1 ,0,0) 2.381E-06 2.698E-06 88 5(0,2,0, 1 ,0,0) 7.347E-09 8.326E-09 

46 5(0,0, 1 ,0, 1 ,0) 1.591 E-05 2.324E-06 89 5(0,2,0,0, 1 ,0) 4.910E-08 7.172E-09 

47 5(0,0, 1 ,0,0, 1) 4.374E-05 O.OOOE+OO 90 5(0,2,0,0,0,1) 1.350E-07 O.OOOE+OO 

48 5(0,0,0,2,0,0) 1.165E-05 1.320E-05 91 5(0, 1 ,2,0,0,0) 2.197E-10 2.490E-10 

49 5(0,0,0, 1 '1 ,0) 1.557E-04 2.274E-05 92 5(0, 1,1, 1 ,0,0) 4.300E-09 4.874E-09 

50 5(0,0,0, 1 ,0, 1) 4.281 E-04 O.OOOE+OO 93 5(0, 1 '1 ,0, 1 ,0) 2.874E-08 4.198E-09 
94 5(0, 1,1 ,0,0, 1) 7.902E-08 O.OOOE+OO 

96 
97 a 5(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 
98 intervals [0, 150 yr], [150, 200 yr], [200, 500 yr), and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000 
99 yr), respectively. 

100 b Scenario probability calculated with A,..O over the time interval [100, 10,000 yr). 
101 c Scenario probability calculated with A,..O over the time interval [ 100, 2000 yr] and A= 0 over the time 
102 interval [2000, 10,000 yr). 
103 d Probability of indicated number of intrusions. 
104 e Cumulative probability for all scenarios. 
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Chapter 2: Structure of WIPP Performance Assessment 

Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 1 a,aaa yr for the Time-

2 Dependent >.. Shown in Figure 2.5-1, 1 aa yr Administrative Control, and the Time Intervals 

3 [a, 15a yr), [15a, 2aa yr], (2aa, 5aa yr], (5aa, 15aa yr), (15aa, 45aa yr) and (45aa, 1a,aaa 

4 yr). The scenarios shown in this table are contained in the set R2 defined in Eq. 2.5-8. 

5 (concluded) 

B 

9 Prob with Prob with 55 Prob with Prob with 

10 Scenarioa >..tab >..-+ac 56 Scenarioa >..tab >..-+ac 

11 611 

15 5(a, 1 ,a,2,a,a) 2.1a4E-a8 2.385E-Q8 61 5(a,a,a,O, 1 ,3) 4.31aE-Q6 a.aaaE+aa 
16 S(a, 1 ,a, 1,1 ,a) 2.813E-Q7 4.1a8E-a8 62 5(a,a,a,o,a,4) 2.962E-a6 a.aaaE+aa 
17 5(a, 1 ,a, 1 ,a, 1) 7.733E-a7 a.aaaE+aa 63 Prob 4 intr 1.352E-a5 1.478E-D9 
18 5(a, 1 ,a,a,2,a) 9.4aaE-a7 1.769E-D8 

Cum Prob 1.aaaE+aa 1.aaaE+aa 19 s (a, 1 ,o,a, 1 '1) 5.168E-a6 o.aaoE+aa 64 

20 S(a, 1 ,a,a,a,2) 7.1a4E-Q6 a.aaaE+aa 65 

21 5(a,a,3,a,a,a) 2.144E-11 2.43aE-11 66 5 intrusions 
22 5(a,a,2, 1 ,a,a) 6.293E-1a 7.133E-1a 67 ( # Scenarios = 252) 
23 5(a,a,2,a, 1 ,0) 4.2a6E-Q9 6.143E-10 68 Prob 5 intr 3.758E-a7 4.a72E-12 
24 5(a,a,2,a,a,1) 1.156E-a8 a.aaaE+aa 69 Cum Prob 1.aaaE +aa 1.aaaE+aa 
25 5(a,a, 1 ,2,a,a) 6.158E-a9 6.98aE-o9 70 
26 5(a,a, 1,1, 1 ,a) 8.232E-08 1.2a2E-a8 71 6 intrusions 
27 5(a,a, 1,1 ,a, 1) 2.263E-a7 a.aaaE+aa 

(# Scenarios = 462) 
28 5(a,a, 1 ,a,2,a) 2.751 E-a7 5.178E-a9 72 

29 5(a,a, 1 ,a, 1,1) 1.513E-06 a.aaaE+aa 73 Prob 6 intr 8.7a4E-a9 9.346E-15 

30 5(a,a, 1 ,a,a,2) 2.a79E-a6 a.aaaE+aa 74 Cum Prob 1.aaaE+aa 1.aaaE+aa 
31 5(a,a,a,3,a,a) 2.aa9E-a8 2.277E-a8 75 

32 5(a,a,a,2, 1 ,a) 4.a28E-a7 5.883E-a8 76 7 intrusions 

33 S(O,a,a,2,0, 1) 1.1a7E-06 O.aOOE+OO 77 (#Scenarios = 792) 
34 5(a,a,a, 1 ,2,a) 2.692E-a6 5.a67E-08 78 Prob 7 intr 1.728E-1a 1.839E-17 
35 5(a,a,a,1,1,1) 1.48aE-a5 a.aaaE+aa 79 Cum Prob 1.aaaE+aa 1.aaaE+aa 
36 S(O,O,O, 1 ,0,2) 2.035E-05 O.OOOE+OO 80 
37 5(a,a,a.a,3,a) 5.998E-Q6 1.455E-a8 81 8 intrusions 
38 5(a,a,a,a,2, 1) 4.947E-a5 a.aaaE+aa 82 ( # Scenarios = 1287) 
39 5(a,a,a.a, 1 ,2) 1.36aE-a4 a.aaaE+aa 

Prob 8 intr 3.aa2E-12 3.165E-2a 40 5(a,a,a,a,a,3) 1.246E-a4 a.aaaE+aa 83 

41 Prob 3 intrd 3.892E-a4 4.294E-a7 84 Cum Prob 1.aaaE+aa 1.aaaE+aa 

42 Cum Probe 1.aaaE+aa 1.aaaE+aa 85 

43 86 9 intrusions 

44 4 intrusions 87 (#Scenarios = 2aa2) 

45 ( # Scenarios = 126) 88 Prob 9 intr 4.635E-14 4.844E-23 

46 S(4,a,a,a,a,a) 3.861 E-13 4.376E-13 89 Cum Prob 1.aaaE+aa 1.aaaE+aa 

47 S(3, 1 ,a,a,a,a) 1.545E-12 1.751E-12 90 

48 91 1 a intrusions 

49 92 (#Scenarios = 3aa3) 
50 93 Prob 1a intr 6.441E-16 6.671 E-26 
51 5(1 '1 '1 '1 ,a,a) 7.769E-12 8.8a5E-12 94 Cum Prob 1.aaaE+aa 1.aaaE+aa 
52 95 
53 
54 
9il 
98 a 5(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 
99 intervals [0, 15a yr], [150, 200 yr), [200, 500 yr), and [500, 1500 yr), [1500, 4500 yr), and [45ao, 10,000 

100 yr), respectively. 
101 b Scenario probability calculated with >.. .. a over the time interval [1aa, 1a.aaa yr). 
102 c Scenario probability calculated with >.. .. a over the time interval ( 1 aa, 2aaa yr) and >..=a over the time 
103 interval [2aaa, 1a,aaa yr). 
104 d Probability of indicated number of intrusions. 
105 e Cumulative probability for all scenarios. 
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2.5 Performance Assessment Representations Used in 1992 

Table 2.5-4. Probabilities for Scenarios Involving Multiple· Intrusions over 10,000 years for >. = 3. 78 x 
2 10-4 yr-1, 100 yr Administrative Control, and the Time Intervals (0, 150 yr], (150, 200 yr], 
3 (200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and (4500, 10,000 yr]. The scenarios shown 
4 in this table are contained in the set R2 defined in Eq. 2.5-8, and >. = 3. 78 x 10-4 yr 1 is 
5 the largest drilling rate considered in the 1992 WIPP PA. 
15 

9 Prob with Prob with 53 Prob with Prob with 
10 Scenarioa >.fOb ).-+0C 54 Scenarioa >.iOb >.-+Oc 

11 511 

15 0 intrusions 59 5(0,0,0,0, 1 '1) 5.597E-02 O.OOOE+OO 
16 (# Scenarios = 1) 60 5(0,0,0,0,0,2) 5.130E-02 O.OOOE+OO 

17 5(0,0,0,0,0,0) 2.378E-02 4.879E-01 61 Prob 2 intr 1.662E-01 1.256E-01 

18 Prob 0 intrd 2.378E-02 4.879E-01 62 Cum Prob 2.789E-01 9.637E-01 

19 Cum Probe 2.378E-02 4.879E-01 63 

20 64 3 intrusions 
21 1 intrusion 65 (# Scenarios = 56) 
22 (#Scenarios = 6) 66 5(3,0,0,0,0,0) 2.669E-08 5.475E-07 
23 5(1 ,0,0,0,0,0) 4.491 E-04 9.214E-03 67 5(2, 1 ,0,0,0,0) 8.006E-08 1.643E-06 
24 5(0,1,0,0,0,0) 4.491E-04 9.214E-03 68 5(2,0, 1 ,0,0,0) 4.804E-07 9.856E-06 
25 5(0,0, 1 ,0,0,0) 2.695E-03 5.528E-02 69 5(2,0,0, 1 ,0,0) 1.601 E-06 3.285E-05 
26 5(0,0,0, 1 ,0,0) 8.982E-03 1.843E-01 70 5(2,0,0,0, 1 ,0) 4.804E-06 1.643E-05 
27 5(0,0,0,0, 1 ,0) 2.695E-02 9.214E-02 71 5(2,0,0,0,0, 1) 8.807E-06 O.OOOE+OO 
28 5(0,0,0,0,0, 1) 4.940E-02 O.OOOE+OO 72 5(1 ,2,0,0,0,0) 8.006E-08 1.643E-06 
29 Prob 1 intr 8.892E-02 3.501 E-01 73 5(1 '1 '1 ,0,0,0) 9.608E-07 1.971 E-05 
30 Cum Prob 1.127E-01 8.381 E-01 74 5(1 '1 ,0, 1 ,0,0) 3.203E-06 6.571E-05 
31 75 5(1 '1 ,0,0, 1 ,0) 9.608E-06 3.285E-05 

32 2 intrusions 76 5(1 '1 ,0,0,0, 1) 1. 761 E-05 O.OOOE+OO 

(#Scenarios= 21) 
77 5(1 ,0,2,0,0,0) 2.882E-06 5.913E-05 

33 78 5(1 ,0, 1 '1 ,0,0) 1.922E-05 3.942E-04 
34 5(2,0,0,0,0,0) 4.240E-06 8.699E-05 79 5(1 ,0, 1 ,0, 1 ,0) 5.765E-05 1.971 E-04 
35 5(1 '1 ,0,0,0,0) 8.480E-06 1.740E-04 80 5(1 ,0, 1 ,0,0, 1) 1.057E-04 O.OOOE+OO 
36 5(1 ,0, 1 ,0,0,0) 5.088E-05 1.044E-03 81 5(1 ,0,0,2,0,0) 3.203E-05 6.571E-04 
37 5(1 ,0,0, 1 ,0,0) 1.696E-04 3.480E-03 82 5(1 ,0,0, 1 '1 ,0) 1.922E-04 6.571E-04 
38 5(1 ,0,0,0, 1 ,0) 5.088E-04 1.740E-03 83 5(1 ,0,0, 1 ,0, 1) 3.523E-04 O.OOOE+OO 
39 5(1 ,0,0,0,0, 1) 9.328E-04 O.OOOE+OO 84 5(1 ,0,0,0,2,0) 2.882E-04 1.643E-04 
40 5(0,2,0,0,0,0) 4.240E-06 8.699E-05 85 5(1 ,0,0,0, 1 '1) 1.057E-03 O.OOOE+OO 
41 5(0, 1 '1 ,0,0,0) 5.088E-05 1.044E-03 86 5(1 ,0,0,0,0,2) 9.688E-04 O.OOOE+OO 
42 5(0, 1 ,0, 1 ,0,0) 1.696E-04 3.480E-03 87 5(0,3,0,0,0,0) 2.669E-08 5.475E-07 
43 5(0, 1 ,0,0, 1 ,0) 5.088E-04 1.740E-03 88 5(0,2, 1 ,0,0,0) 4.804E-07 9.856E-06 
44 5(0, 1 ,0,0,0, 1) 9.328E-04 O.OOOE+OO 89 5(0,2,0, 1 ,0,0) 1.601 E-06 3.285E-05 
45 5(0,0,2,0,0,0) 1.526E-04 3.132E-03 90 5(0,2,0,0, 1 ,0) 4.804E-06 1.643E-05 
46 5(0,0, 1 '1 ,0,0) 1.018E-03 2.088E-02 91 5(0,2,0,0,0,1) 8.807E-06 O.OOOE+OO 
47 5(0,0, 1 ,0, 1 ,0) 3.053E-03 1.044E-02 92 5(0, 1 ,2,0,0,0) 2.882E-06 5.913E-05 
48 5(0,0, 1 ,0,0, 1) 5.597E-03 O.OOOE+OO 93 5(0, 1 '1 '1 ,0,0) 1.922E-05 3.942E-04 
49 5(0,0,0,2,0,0) 1.696E-03 3.480E-02 94 5(0, 1' 1 ,0, 1 ,0) 5.765E-05 1.971 E-04 
50 5(0,0,0, 1 '1 ,0) 1.018E-02 3.480E-02 95 5(0, 1 '1 ,0,0, 1) 1.057E-04 O.OOOE+OO 
51 5(0,0,0, 1 ,0, 1) 1.866E-02 O.OOOE+OO 96 5(0, 1 ,0,2,0,0) 3.203E-05 6.571E-04 
52 5(0,0,0,0,2,0) 1.526E-02 8.699E-03 
98 
99 a 5(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 

100 intervals (0, 150 yr], (150, 200 yr). [200, 500 yr). and (500, 1500 yr], (1500, 4500 yr], and (4500, 10,000 
101 yr], respectively. 
102 b Scenario probability calculated with >. = 3. 78 x 1 o-4 yr-1 over the time interval [ 100, 10,000 yr). 
103 c Scenario probability calculated with >. = 3. 78 x 1 o-4 yr-1 over the time interval [ 1 00, 2000 yr} and >. = 0 
104 over the time interval (2000, 10,000 yr). 
105 d ProiJability of indicated number of intrusions. 
106 e Cumulative probability for all scenarios. 
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Chapter 2: Structure of WIPP Performance Assessment 

Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for>. = 3.78 x 

2 10-4 yr1, 100 yr Administrative Control, and the Time Intervals (0, 150 yr), [150, 200 yr], 

3 [200, 500 yr), [500, 1500 yr), [1500, 4500 yr] and (4500, 10,000 yr). The scenarios shown 
4 in this table are contained in the set R2 defined in Eq. 2.5-8, and >. = 3. 78 x 1 o-4 yr 1 is 

5 the largest drilling rate considered in the 1992 WIPP PA. {concluded) 

15 

9 Prob with Prob with 55 Prob with Prob with 

10 Scenarioa >.fOb ).-+0C 56 Scenarioa >.iOb ).-+QC 

11 69 

15 S(O, 1 ,0, 1,1 ,0) 1.922E-04 6.571E-04 61 S(O,O,O,O, 1 ,3) 4.024E-02 O.OOOE+OO 
16 S(O, 1 ,0, 1 ,0, 1) 3.523E-04 O.OOOE+OO 62 S(0,0,0,0,0,4) 1.845E-02 O.OOOE+OO 
17 S(0,1,0,0,2,0) 2.882E-04 1.643E-04 63 Prob 4 intr 1.936E-01 5.390E-03 
18 S(O, 1 ,0,0, 1,1) 1.057E-03 O.OOOE+OO 64 Cum Prob 6.797E-01 9.991E-01 
19 S(O, 1 ,0,0,0,2) 9.688E-04 O.OOOE+OO 65 
20 5(0,0,3,0,0,0) 5.765E-06 1.183E-04 66 5 intrusions 
21 5(0,0,2, 1 ,0,0) 5.765E-05 1.183E-03 67 ( # Scenarios = 252) 
22 S(0,0,2,0, 1 ,0) 1.729E-04 5.913E-04 68 Prob 5 intr 1.448E-01 7.735E-04 
23 S(0,0,2,0,0, 1) 3.170E-04 O.OOOE+OO 69 Cum Prob 8.245E-01 9.999E-01 
24 S(O,O, 1 ,2,0,0) 1.922E-04 3.942E-03 70 
25 5(0,0, 1 '1 '1 ,0) 1.153E-03 3.942E-03 71 6 intrusions 
26 S(O,O, 1,1 ,0, 1) 2.114E-03 O.OOOE+OO 

( # Scenarios = 462) 27 S(O,O, 1 ,0,2,0) 1.729E-03 9.856E-04 72 

28 S(O,O, 1 ,0, 1,1) 6.341E-03 O.OOOE+OO 73 Prob 6 intr 9.022E-02 9.250E-05 
29 S(O,O, 1 ,0,0,2) 5.813E-03 O.OOOE+OO 74 Cum Prob 9.147E-01 1.000E+OO 

30 S(0,0,0,3,0,0) 2.135E-04 4.380E-03 75 

31 S(0,0,0,2,1,0) 1.922E-03 6.571 E-03 76 7 intrusions 

32 S(0,0,0,2,0, 1) 3.523E-03 O.OOOE+OO 77 ( # Scenarios = 792) 
33 S(O,O,O, 1 ,2,0) 5.765E-03 3.285E-03 78 Prob 7 intr 4.819E-02 9.482E-06 
34 S(O,O,O, 1,1, 1) 2.114E-02 O.OOOE+OO 79 Cum Prob 9.629E-01 1.000E+OO 
35 S(O,O,O, 1 ,0,2) 1.938E-02 O.OOOE+OO 80 
36 S(0,0,0,0,3,0) 5.765E-03 5.475E-04 81 8 intrusions 
37 5(0,0,0,0,2, 1) 3.170E-02 O.OOOE+OO 82 (#Scenarios = 1287) 
38 S(O,O,O,O, 1 ,2) 5.813E-02 O.OOOE+OO 

Prob 8 intr 2.252E-02 8.504E-07 39 S(0,0,0,0,0,3) 3.552E-02 O.OOOE+OO 83 

40 Prob_3 intr 2.072E-01 3.004E-02 84 Cum Prob 9.854E-01 1.000E+OO 

41 Cum Prob 4.861 E-01 9.937E-01 85 

42 86 9 intrusions 

43 4 intrusions 87 (#Scenarios = 2002) 

44 ( # Scenarios = 126) 88 Prob 9 intr 9.356E-03 6.780E-08 

45 5(4,0,0,0,0,0) 1.260E-10 2.585E-09 89 Cum Prob 9.948E-01 1.000E+OO 

46 S(3,1,0,0,0,0) 5.039E-10 1.034E-08 90 

47 91 10 intrusions 

48 92 (#Scenarios = 3003) 

49 93 Prob 10 intr 3.498E-03 4.865E-09 
50 S(1, 1,1, 1 ,0,0) 3.628E-07 7.444E-06 94 Cum Prob 9.983E-01 1.000E+OO 
51 95 
52 
53 
54 
915 
98 a 5(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 
99 intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and (500, 1500 yr], [1500, 4500 yr), and (4500, 10,000 

100 yr], respectively. 
101 b Scenario probability calculated with >. = 3. 78 x 1 o-4 yr 1 over the time interval [ 1 00, 10,000 yr). 
102 c Scenario probability calculated with >. = 3. 78 x 1Q-4 yr-1 over the time interval [ 100, 2000 yr) and >. = 0 
103 over the time interval [2000, 1 0,000 yr). 
104 d Probability of indicated number of intrusions. 
105 e Cumulative probability for all scenarios. 

2-30 



2.5 Performance Assessment Representations Used in 1992 

The sets R1 and R2 in Eqs. 2. 5 -l and 2. 5-8 provide two different 

2 summaries of the results of the WIPP performance assessment based on 

3 different partitioning of the sample space S shown in Eq. 2.2-l. These sets 

4 actually depend on both the partitioning of S into the scenarios Si and the 

5 determination of the scenario probabilities pSi and the scenario consequences 

6 cSi. Thus, a full specification of R1 and R2 would also contain subscripts 

7 indicating the manner in which the probabilities pSi and the consequences CSi 
a are determined. To avoid the use of unnecessarily cumbersome notation, such 

9 subscripting is not employed in this presentation. However, the manner in 

10 which the pSi and cSi are defined for use with the risk representations R1 

11 and R2 is indicated in Chapter 8 when analysis results are presented. 

2-31 



2 

3 

3. UNCERTAIN VARIABLES SELECTED FOR SAMPLING 

4 The 1992 WIPP performance assessment selected 49 imprecisely known 

5 variables for consideration. These variables are listed in Table 3-l and 

6 correspond to the elements Xj, j=l, 2, ... , nV 49, of the vector X shown in 

7 Eq. 2.1 2. The distributions indicated in Table 3-1 and shown more 

8 explicitly in Figure 3-1 correspond to the distributions appearing in Eq. 

9 2.1 4 and characterize subjective, or type B, uncertainty. The variables in 

10 Table 3-1 and the rationale for their distributions are discussed extensively 

11 in Volume 3 of this report, which can be consulted for more detailed 

12 information than is presented here. 

13 

14 

15 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 

16 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) 

~~----------------------------------------------------------------------
19 Variable Definition 

2~---------------------------------------------------------------------------
22 BCBRSAT 
23 

24 

25 

26 

27 BCEXP 
28 

29 

30 

31 

32 BCFLG 
33 

34 

35 

36 

37 BCGSSAT 
38 

39 

40 

41 

42 BHPERM 
43 

44 

45 

46 
47 BPPRES 
48 

49 

50 

Residual brine saturation for Salado Formation (Sir) (dimensionless). Used in 
BRAGFLO. Range: 0.0 to 0.4. Median 0.2. Distribution: Uniform. Additional 
information: Section 2.3.1, Volume 3. Variable 13 in Latin hypercube sample 
(LHS). 

Brooks and Corey pore-size distribution parameter for Salado Formation (>..) 
(dimensionless). Used in BRAGFLO. Range: 0.2 to 10. Median 0. 7. 
Distribution: Piecewise uniform. Additional information: Same as BCBRSAT. 
Variable 11 in LHS. 

Pointer variable (flag) for selection of characteristic curve for capillary behavior. 
Used in BRAGFLO. Range: {0, 1 }. Distribution: 33% 0, 67% 1. Value of 0 
selects van Genuchten-Parker model; value of 1 selects Brooks-Corey model. 
Additional information: Section 2.3.1, Volume 3. Variable 12 in LHS. 

Brooks and Corey residual gas saturation for Salado Formation (Sgr) 
(dimensionless). Used in BRAGFLO. Range: 0.0 to 0.4. Median: 0.2. 
Distribution: Uniform. Additional information: Same as BCBRSAT. Variable 14 in 
LHS. 

Borehole permeability (k) (m2). Used in BRAGFLO. Range: 1 x 10-14 to 1 x 
1 o-11. Median: 3.16 x 1 o-12. Distribution: Lognormal. Additional information: 
Freeze and Cherry, 1979, Table 2-2 (silty sand); Section 4.2.1 Volume 3. Variable 
21 in LHS. 

Initial pressure (p) of pressurized brine pocket in Castile Formation (Pa). Used in 
BRAGFLO. Range: 1.3 x 107 to 2.1 x 107. Median: 1.7 x 107. Distribution: 
Piecewise linear. Additional information: Popielak et al., 1983, p. H-52; Lappin et 
al., 1989, Table 3-19; Section 4.3.1, Volume 3. Variable 19 in LHS. 

51 ---------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 

9-------------------------------------------------------------------------
5 Variable Definition 

~-------------------------------------------------------------------------
8 BPSTOR 
9 

10 

11 

12 BPAREAFR 
13 

14 

15 

16 

17 BRSAT 
18 

19 

20 

21 CULCLIM 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 CULFRPOR 
32 

33 

34 

35 

36 CULFRSP 
37 

38 

39 

40 CULCLYF 
41 

42 

43 

44 

45 

46 CULCLYP 
47 

48 

49 

Bulk storativity (Sb) of pressurized brine pocket in Castile Formation (m3 jPa). 
Used in BRAGFLO. Range: 0.02 to 2. Median: 0.2. Distribution: Lognormal. 
Additional information: Section 4.3.1, Volume 3. Variable 20 in LHS. 

Fraction of waste panel area underlain by a pressurized brine pocket 
(dimensionless). Used in CCDFPERM in calculation of probability of E1 E2-type 
scenarios. Range: 0.24 to 0.568. Median: 0.40. Distribution: Piecewise Linear. 
Additional information: Section 5.1, Volume 3. Variable 24 in LHS. 

Initial fluid (brine) saturation of waste (dimensionless). Used in BRAGFLO. 
Range: 0 to 0.14. Median: 0.07. Distribution: Uniform. Additional information: 
Section 3.4.3, Volume 3. Variable 1 in LHS. 

Recharge amplitude factor (Am) for Culebra (dimensionless). Used in SECO­
FLOW. Range: 1 to 1.07. Median: 1.035. Distribution: Uniform. Used in 
definition of time dependent boundary heads in Culebra, with the maximum head 
increasing from the estimated present-day head in the Culebra in the northern 
most element of the regional model domain for CULCLIM 1 to the elevation of 
the Clayton Basin spill point (1007m) for CULCLIM = 1.07. Additional 
information: Section 6.4, of this Volume. Variable 32 in LHS is uniformly 
distributed on [0, 1] and used to select value for CULCLIM by preprocessor to 
SECO-FLOW. 

Fracture porosity (8f) in Culebra (dimensionless). Used in SECO-FLOW and 
SECO-TRANSPORT. Range: 1 x 1o-4 to 1 x 10-2. Median: 1 x 10-3. 
Distribution: Lognormal. Additional information: Tables 1-2 and E-6, Lappin et 
al., 1989; Section 2.6.2, Volume 3. Variable 33 in LHS. 

Fracture spacing (2B) in Culebra (m). Used in SECO-TRANSPORT. Range: 6 x 
10-2 to 8. Median: 4 x 10-1. Distribution: Piecewise uniform. Additional 
information: Beauheim et al., 1991 b. Variable 34 in LHS. 

Clay filling fraction (be/b) in Culebra (dimensionless), where 2b is the fracture 
aperture and 2bc is the total thickness of the clay lining in the fracture. Used in 
SECO-TRANSPORT. Range: 0 to 0.5. Median: 0. Distribution: bc/b 0 has 
probability 0.5 and bc/b;eO is uniformly distributed between 0 and 0.5. Additional 
information: Section 2.6.1, Volume 3. Variable 35 in LHS. 

Porosity of clay lining fractures in Culebra (dimensionless). Used in SECOTP. 
Range: 0.05 to 0.5. Median: 0.275. Distribution: Uniform. Additional 
information: Section 2.6.2, Volume 3. Variable 36 in LHS. 

so-------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 

'---------------------------------------------------------------------------
s Variable Definition 

B---------------------------------------------------------------------------
8 CULPOR 
9 

10 

11 

12 

13 

14 CULTRFLD 
15 

16 

17 

18 

19 

20 
21 

22 DBDIAM 
23 

24 

25 

26 FKDAM 
27 

28 

29 

30 

31 FKDNP 
32 

33 

34 

35 FKDPU 
36 

37 

38 

39 

40 FKDRA 
41 

42 

43 
44 

45 FKDTH 
46 

47 

48 

49 

Matrix porosity (8m) in Culebra (dimensionless). Used in BRAGFLO and SECO­
TRANSPORT. Range: 5.8 x 10-2 to 2.53 x 10-1. Median: 1.39 x 10-1. 
Distribution: Piecewise uniform. Additional information: Table 4.4, Kelley and 
Saulnier, 1990; Table E-8, Lappin et al., 1989; Section 2.6.2, Volume 3. Variable 
43 in LHS. 

Transmissivity field for Culebra. Seventy transmissivity fields consistent with 
available field data were constructed and ranked with respect to travel time to the 
accessible environment. CUL TRFLD is a pointer variable used to select from 
these 70 fields, with travel time increasing monotonically with CULTRFLD. Used 
in STAFF2D and SECO-TRANSPORT. Range: 0 to 1. Median: 0.5. Distribution: 
Uniform. Additional information: Section 7.5, Volume 2; Section 2.6.3, Volume 3. 
Variable 31 in LHS. 

Drill bit diameter (m). Used in CUTIINGS and BRAGFLO. Range: 0.267 to 
0.444. Median: 0.355. Distribution: Uniform. Additional information: Section 
4.2.2, Volume 3. Variable 22 in LHS. 

Fracture distribution coefficient (~) for Am in Culebra (m3 1 kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 1 o3. Median: 9.33 x 101. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
37 in LHS. 

Fracture distribution coefficient (~) for Np in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 1. Distribution: Piecewise 

loguniform. Additional information: Section 2.6.4, Volume 3. Variable 38 in LHS. 

Fracture distribution coefficient(~) for Pu in Culebra (m3jkg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 2.04 x 102. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
39 in LHS. 

Fracture distribution coefficient(~) for Rain Culebra (m3jkg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 102. Median: 3.31 x 10-2. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
42 in LHS. 

Fracture distribution coefficient (~) forTh in Culebra (m3 jkg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 101. Median: 1 x 10-1. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
40 in LHS. 

so---------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 
& __________________________________________________________________________ _ 

5 Variable Definition 

B---------------------------------------------------------------------------
8 FKDU 
9 

10 

11 

12 

13 GRCORHF 
14 

15 

16 

17 

18 

19 GRCORI 
20 

21 

22 

23 

24 GRMICHF 
25 

26 

27 

28 

29 

30 GRMICI 
31 

32 

33 

34 

35 LAMBDA 
36 

37 

38 

39 

40 MBPERM 
41 

42 

43 

44 

45 MBPOR 
46 

47 

48 

49 

Fracture distribution coefficient (~) for U in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 1Q-4 to 1. Median: 7.94 x 1Q-3. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
41 in LHS. 

Scale factor used in definition of gas generation rate for corrosion of steel under 
humid conditions (dimensionless). Actual gas generation rate is 
GRCORH = GRCORHF • GRCORI. Used in BRAG FLO. Range: 0 to 0.5. Median: 
0.1. Distribution: Piecewise uniform. Additional information: Brush, 1991. 
Variable 3 in LHS. 

Gas generation rate for corrosion of steel under inundated conditions (moljm2 
surface area steel• s). Used in BRAG FLO. Range: 0 to 1.3 x 10-8. Median: 
6.3 x 10-9. Distribution: Piecewise uniform. Additional information: Same as 
GRCORHF. Variable 2 in LHS. 

Scale factor used in definition of gas generation rate due to microbial 
degradation of cellulosics under humid conditions (moljkg cellulosics• s). Actual 
gas generation rate is GRMICH = GRMICHF • GRMICI. Used in BRAG FLO. 
Range: 0 to 0.2. Median: 0.1. Distribution: Uniform. Additional information: 
Same as GRCORHF. Variable 6 in LHS. 

Gas generation rate due to microbial degradation of cellulosics under inundated 
conditions (mol/kg cellulosics· s). Used in BRAG FLO. Range: 0 to 1.6 x 10-8. 
Median: 3.2 x 10-9. Distribution: Piecewise uniform. Additional information: 
Same as GRCORHF. Variable 5 in LHS. 

Pointer variable used to select rate term (~or ~(t), units: yr-1) in Poisson model 
for drilling intrusions. Used in CCDFPERM. Range: 0 to 1. Median: 0.5. 
Distribution: Uniform. Additional information: Section 5.2, Volume 3. Variable 
23 in LHS. 

Permeability (k) in intact anhydrite marker beds in Salado Formation (m2). Used 
in BRAGFLO. Range: 1 x 10-21 to 1 x 10-16. Median: 5.0 x 10-20. Distribution: 
Piecewise loguniform. Correlation: 0.3 rank correlation with SALPERM. 
Additional information: Section 2.4.2, Volume 3. Variable 15 in LHS. 

Porosity (¢>) in intact anhydrite marker beds in Salado Formation 
(dimensionless). Used in BRAGFLO. Range: 1 x 10-3 to 3 x 10-2. Median: 1 x 
10-2. Distribution: Piecewise uniform. Additional information: Section 2.4.4, 
Volume 3. Variable 16 in LHS. 

~---------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 

•---------------------------------------------------------------------------
5 Variable Definition 

B---------------------------------------------------------------------------
8 MBPRES 
9 

10 

11 

12 MKDAM 
13 

14 

15 

16 

17 MKDNP 
18 

19 

20 

21 

22 MKDPU 
23 

24 

25 

26 
27 MKDRA 
28 

29 

30 

31 

32 MKDTH 
33 

34 

35 

36 MKDU 
37 

38 

39 

40 

41 SALPERM 
42 

43 

44 

45 

46 

47 SOLAM 
48 
49 

50 

Far field pressure (p) in Salado Formation at the MB139 elevation. Used in 
BRAGFLO. Range: 1.2 x 107 to 1.3 x 107. Median: 1.25 x 107. Distribution: 
Uniform. Additional information: Section 2.4.3, Volume 3. Variable 18 in LHS. 

Matrix distribu1ion coefficient (Kd) Am in Culebra (m3jkg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 1 o2. Median: 1.86 x 10-1. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
44 in LHS. 

Matrix distribu1ion coefficient (Kd) for Np in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 102. Median: 4.78 x 10-2. Distribulion: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
45 in LHS. 

Matrix distribu1ion coefficient (Kd) for Pu in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 102. Median: 2.61 x 10-1. Distribulion: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
46 in LHS. 

Matrix distribution coefficient (~) for Ra in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1 x 101. Median: 1 x 10-2. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
49 in LHS. 

Matrix distribution coefficient (Kd) for Th in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 1 o-4 to 1. Median: 1 x 1 o-2. Distribu1ion: Piecewise 
loguniform. Additional information: Section 2.6.4, Volume 3. Variable 47 in LHS. 

Matrix distribution coefficient (~) for U in Culebra (m3 /kg). Used in SECO­
TRANSPORT. Range: 1 x 10-4 to 1. Median: 2.88 x 10-2. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
48 in LHS. 

Permeability (k) in intact halite component of Salado Formation (m2). Used in 
BRAGFLO. Range: 1 x 10-24 to 1 x lQ-19. Median: 2 x 10-21. Distribution: 
Piecewise loguniform. Correlation: 0.3 rank correlation with MBPERM. 
Additional information: Gorham et al., 1992; Howarth et al., 1991; Beauheim et 
al., 1991a; Section 2.3.5, Volume 3. Variable 10 in LHS. 

Solubility of Am in brine (mol/.£). Used in PANEL. Range: 5 x 10-14 to 1.4. 
Median: 1 x 1 o-9. Distribution: Piecewise loguniform. Additional information: 
Trauth et al., 1991; Section 3.3.5, Volume 3. Variable 25 in LHS. 

51 ---------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 

~---------------------------------------------------------------------------
5 Variable Definition 
! __________________________________________________________________________ _ 

8 SOLNP 
9 

10 

11 

12 SOLPU 
13 

14 

15 

16 SOLRA 
17 

18 

19 

20 SOLTH 
21 

22 

23 

24 SOLU 
25 

26 

27 

28 STOICCOR 
29 

30 

31 

32 

33 STOICMIC 
34 

35 

36 

37 TZPORF 
38 

39 

40 

41 

42 

43 VMETAL 
44 

45 

46 

47 

Solubility of Np in brine (mol/ i). Used in PANEL. Range: 3 x 10-16 to 1.2 x 
10-2. Median: 1.0 x 10-7. Distribution: Piecewise loguniform. Additional 
information: Same as SOLAM. Variable 26 in LHS. 

Solubility of Pu in brine (mol/ i). Used in PANEL. Range: 2.5 x 10-17 to 5.5 x 
1 o-4. Median: 6 x 1 o-1 0. Distribution: Piecewise log uniform. Additional 
information: Same as SOLAM. Variable 27 in LHS. 

Solubility of Ra in brine (mol/ i). Used in PANEL. Range: 2 to 18.2. Median: 
11. Distribution: Piecewise loguniform. Additional information: Same as 
SOLAM. Variable 28 in LHS. 

Solubility of Thin brine (mol/i). Used in PANEL. Range: 5.5 x 10-16 to 
2.2 x 10-6. Median: 1 x 10-10. Distribution: Piecewise loguniform. Additional 
information: Same as SOLAM. Variable 29 in LHS. 

SolubilityofUinbrine(molji). Used in PANEL. Range: 1 x10-15to1. Median: 
5.4 x 1 o-4. Distribution: Piecewise loguniform. Additional information: Same as 
SOLAM. Variable 30 in LHS. 

Stoichiometric coefficient for corrosion of steel (dimensionless). Defines 
proportion of two different chemical reactions taking place during the corrosion 
process. Used in BRAGFLO. Range: 0 to 1. Median: 0.5. Distribution: 
Uniform. Additional information: Brush and Anderson, 1989. Variable 4 in LHS. 

Stoichiometric coefficient for microbial degradation of cellulosics (mol gasjmol 
CH20). Used in BRAGFLO. Range: 0 to 1.67. Median: 0.835. Distribution: 
Uniform. Additional information: Brush and Anderson, 1989. Variable 7 in LHS. 

Scale factor used in definition of transition zone and disturbed rock zone 
porosity (0z). with the transition zone and disturbed rock zone porosity defined 
by TZPOR = SALPOR + (0.06 - SALPOR) • TZPORF. Used in BRAG FLO. Range: 
0 to 1. Median: 0.5. Distribution: Uniform. Additional information: Section 
2.4.4, Volume 3. Variable 17 in LHS. 

Fraction of total waste volume that is occupied by IDB (Integrated Data Base) 
metals and glass waste category (dimensionless). Used in BRAGFLO. Range: 
0.276 to 0.476. Median: 0.376. Distribution: Normal. Additional information: 
Section 3.4.1, Volume 3. Variable 9 in LHS. 

~---------------------------------------------------------------------------
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Chapter 3: Uncertain Variables Selected for Sampling 

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (concluded) 

'---------------------------------------------------------------------------------
5 Variable Definition 

~------------------------------------------------------------------------------
8 VWOOD Fraction of total waste volume that is occupied by lOB combustible waste 
9 category (dimensionless). Used in BRAGFLO. Range: 0.284 to 0.484. Median: 

10 0.384. Distribution: Normal. Additional information: Section 3.4.1, Volume 3. 
11 Variable 8 in LHS. 

11------------------------------------------------------------------------------
15 

16 As discussed in conjunction with Eq. 2.1-5, a Latin hypercube sample 
17 (McKay et al., 1979; Iman and Shortencarier, 1984) of size nK ~ 70 was 
18 generated from the variables listed in Table 3-1. The restricted 
19 pairing technique developed by Iman and Conover (1982) was used to 
20 induce the correlations between variables indicated in Table 3-1 and 
21 also to assure that the correlations between other variables were close 
22 to zero. The values used for each variable in the Latin hypercube 
23 sample are shown in Figure 3-1. 

24 

25 Once the sample indicated in Eq. 2. 1-5 was generated from the 
26 variables in Table 3-1, the individual sample elements Xk, k=l, ... , 70, 
27 were used in the generation of the risk results shown in Eq. 2.1-6. An 
~ overview of this process is provided in Sections 2.2, 2.3 and 2.4. In 
~ addition to many intermediate results, the final outcome of this process 
~ is a distribution of CCDFs of the form shown in Figure 2.1-2. 

31 

32 The analyses leading to the risk results shown in Eq. 2.1-6 were 

~ actually repeated a number of times with different modeling assumptions. 
34 The specific cases considered are listed in Table 3-2 (following Figure 
35 3-1). Of the cases listed in Table 3-2, number 13, which is a dual­
~ porosity transport model in the Culebra Dolomite with chemical sorption 
37 in both the dolomite matrix and clay-lined fractures, is believed by the 
38 WIPP performance assessment team to be the most credible and is 
39 presented as the best-estimate analysis in the 1992 WIPP performance 
40 assessment (see Section 2.2.4 of Volume 2 of this report). The other 
41 cases listed in Table 3-2 can be viewed as sensitivity studies that 
42 explore various perturbations on this best-estimate analysis. 

43 

44 In addition to the variation between the cases listed in Table 3-2, 
45 the sampling-based approach to the treatment of subjective uncertainty 
46 also produces uncertainty and sensitivity results for the individual 
47 cases. In Chapter 8, box plots and distributions of CCDFs are used to 
48 display the effect of subjective uncertainty on the cases listed in 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 

3-14 



~ 0.8 
::::i 
iD 
< m 
0 0.6 
a: 
a.. 
w 
> 
~ 0.4 

::::> 
~ 
::::> 
(.) 0.2 

CUMULATIVE PROBABILITY 

• Sampled Value 

Variable 15 in LHS 

0.0 ~~~~~~~~~~~~~~~ 
10·21 10·20 10·19 10·18 10·17 10·16 

~ 
..J 

iD 
< m 
0 a: 
a.. 
w 
> 
i= 
:5 
::::> 
~ 
::::> 
(.) 

1.0 

0.8 

0.6 

0.4 

0.2 

MBPERM: MARKER BED PERMEABILITY (m2
) 

TRI-6342·2763.0 

CUMULATIVE PROBABILITY 

• Sampled Value 

Variable 18 in LHS 

0.0 ................... ........J~ .......... .........,.~ .................... ~ .......... """""'........J .......... 
12 12.2 12.4 12.6 12.8 13.0 

SALPRES: SALADO PRESSURE (MPa) 

TRI-6342·2772·0 

Chapter 3: Uncertain Variables Selected for Sampling 

~ 0.8 
::::i 
iD 
ca 
0 0.6 
a: 
a.. 
w 
> 
~ 0.4 

::::> 
~ 
::::> 
(.) 0.2 

CUMULATIVE PROBABILITY 

• Sampled Value 

Variable 16in LHS 

0.0 ....... ~~~ .......... ~~~~ ........... ~~~~ ..... 
0.00 0.01 0.02 0.03 

MBPOR: MARKER BED POROSITY 
TRI-6342·2764.0 

1.0 

CUMULATIVE PROBABILITY 

• Sampled Value 

~ 0.8 Variable 44 in LHS 
..J 

iD 
< m 
0 0.6 
a: 
a.. 
w 
> 
i= 
< 
..J 
::::> 
~ 
::::> 
(.) 

0.4 

0.2 

0.0 ~----===.. ........... ..........JL........ ........... .W........'-'-U.......L.~......il 

1 o·4 10·3 1 o·2 10·1 10° 101 102 

MKDAM: CULEBRA MATRIX DISTRIBUTION 
COEFFICIENT Am (m31kg) 

TRI-6342·2765.() 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Table 3-2. Further, the impact of individual variables are investigated 

2 with sensitivity analysis techniques based on scatterplots, regression 

3 analysis and partial correlation analysis. Scatterplots are also used 

4 to compare results obtained with the different analysis cases listed in 

5 Table 3-2. 

6 

7 Before concluding this chapter, it is perhaps worth emphasizing that 

8 the WIPP performance assessment uses two different experimental designs 

9 in the treatment of uncertainty. The division of the sample space S in 

10 Eq. 2.2-1 into the scenarios Si indicated in Eq. 2.1-1, and more 

11 explicitly in Tables 2.5-1 through 2.5-4, is an experimental design 

12 based on importance sampling and is used to assure that the exceedance 

13 probabilities associated with the EPA release limits (i.e., 0.1 and 

14 0.001) are approximately estimated (Helton and Iuzzolino, 1993). Such 

15 designs are used in analyses where it is important to include the 

16 effects of low probability, but possibly high consequence, occurrences. 

17 The generation of a Latin hypercube sample of size 70 from the 49 

18 variables in Table 3-1 is a type of random design. Such designs, 

19 especially Latin hypercube sampling, are often used in 

20 uncertainty/sensitivity studies because of their efficient 

21 stratification across the range of each variable under consideration. 

22 Thus, the WIPP performance assessment is using an experimental design 

23 based on importance sampling to incorporate the effects of stochastic 

24 uncertainty and an experimental design based on Latin hypercube sampling 

25 to assess the effects of subjective uncertainty. In particular, the use 

26 of a Latin hypercube sample of size 70 to assess the effects of 

27 subjective uncertainty has no effect on the estimation of the 0.1 and 

28 0.001 exceedance probabilities in the individual CCDFs used in 

~ comparison with the EPA release limits. 

30 

31 Additional information on the uncertainty and sensitivity analysis 

32 techniques in use is available elsewhere (Chapter 3 in Volume 2; Helton 

~ et al., 1991). 

34 

35 
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Table 3-2. Alternative Modeling Assumptions Considered in the 1992 WIPP Performance 

Assessment. "CUTTINGS" refers to direct releases at the ground surface during 

drilling. "GW TO ACC ENV" refers to releases at the subsurface boundary of the 

accessible environment due to groundwater transport in the Culebra Dolomite 
Member of the Rustler Formation. 
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2 

3 

4 

5 

4. UNDISTURBED PERFORMANCE (REPOSITORY /SHAFT) 

4.1 Model Geometry 

6 For undisturbed performance of the repository/shaft system, BRAGFLO 

7 simulates two-phase flowl in a geometry very similar to that used in previous 

8 gas and brine migration analyses (Case 3 in WIPP PA Department, 1992) related 

9 to the Resource Conservation and Recovery Act (RCRA) (EPA, 1986). This model 

10 rep resents the three- dimensional repository (Figure 4. l- l) using a two-

11 dimensional rectangular grid oriented vertically north-south through the 

12 disposal system (Figure 4.1-2). This grid preserves the initial excavated 

13 volume of various regions and their original excavated heights. Major 

14 assumptions made in the construction of this grid include: 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

All waste is lumped into one region immediately south of the seals and 

backfill region. The volume of the waste-emplacement block equals the 

excavated volume of all the panels in the WIPP repository. 

The access and ventilation drifts are lumped into one region of high 

permeability immediately south of the shaft system. The volume of 

this region equals that of the original excavated volume of all of the 

drifts south of the Waste Shaft. 

The four shafts are consolidated into a single shaft at the location 

of the Waste Shaft. The volume and cross-sectional area of the 

consolidated shaft equals that of the four shafts. The single modeled 

shaft is divided vertically into two segments with a single seal in 

between. Thickness of the shaft seal is assumed to vary between 10 

and 50 m. 

The experimental rooms are combined into a region directly north of 

the single shaft. The volume of this region equals that of all the 

excavated region north of the shafts. 

37 --------------
38 

39 l. 
40 

41 

42 

The BRAGFLO computational model is described in detail in Appendix A in 
Volume 2 of this report, and in literature cited therein; a discussion of 
multiphase flow through porous media, which BRAGFLO models, is provided in 
Section 7.2 in Volume 2 of this report. 
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Figure 4.1-1. Proposed WIPP repository showing the 10 waste-disposal regions 
(panels) (after Waste Management Technology Department, 1987). 
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Figure 4.1-2. Plan view of the geometry of the two-dimensional vertical 
cross- sect ion model used for mode 1 ing undisturbed performance 
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4-3 



2 

3 

4 

5 

6 

7 

8 

Chapter 4: Undisturbed Performance (Repository/Shaft) 

Stratigraphic layers are assumed to be parallel and horizontal; the 

repository elevation actually follows the marker beds at the WIPP, 

which are slightly undulatory and dip less than 1 degree to the 

southeast. The elevation of the repository, excavated at a constant 

stratigraphic horizon, drops about 7 m between the Waste Shaft and the 

southernmost panel. The model does not include this change in 

elevation. 

9 Figure 4.1-2 shows the model grid in the vertical (z), north-south (x) 

10 plane. The region extends vertically 645 m from the top of the Culebra 

11 Dolomite Member of the Rustler Formation to the bottom of the Salado 

12 Formation. The total north-south length is approximately 47 km. 

13 Stratigraphic units included in the model are the Culebra Dolomite, the 

14 intact halite of the Salado Formation, MB138, anhydrites A and B lumped into 

15 a single anhydrite layer, MB139, a disturbed rock zone (DRZ) surrounding the 

16 waste-emplacement and experimental areas, and a transition zone immediately 

17 above the DRZ that provides a potential pathway to MB138. 

18 

19 The width of the elements (the out-of-plane (y] dimension in 

~ Figure 4.1-2) varies significantly in the x direction, from as little as 9.74 

21 m at the location of the shaft to as much as 62 km in the intact Salado 

~ Formation. The y dimension, however, does not vary vertically. For example, 

23 the /j,y value for cell 20 (49. 53 m), which is comparatively small because of 

24 the small excavated volume, remains the same regardless of the vertical (z) 

25 location specified by the node number. Figures 4.1-3 and 4.1-4 show a scaled 

26 plan view of the grid in the horizontal (x-y) plane containing the 

27 repository. 

28 

29 The out-of-plane grid block y dimension is included in the model only to 

~ allow for variable storage volumes in each block. Flow is not modeled in the 

31 y direction, and occurs only in the x and z directions (in the plane of 

32 Figure 4 .1-2). 

33 

34 The y dimension at the ends of the mesh, south of the waste block and 

35 north of the experimental region backfill, increases in a cylindrical manner 

~ away from the model to simulate some of the three-dimensional behavior using 

37 a two-dimensional model. Close to the repository, flow paths will have 

~ complex orientations determined by the variable geometry of the excavations; 

39 fluid flow will be primarily horizontal and mostly through the anhydrite 

40 layers. Farther away from the repository, at a distance perhaps several 

41 times the maximum horizontal dimension of the repository (about 1.7 km), flow 

42 will be nearly radial. All flow is assumed to result from the disturbances 

43 introduced by the repository; i.e., there is no regional flow field that 

44 predates excavation of the repository. Flow to and from the repository in 
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4.2 Material Properties 

the surrounding region can be approximated with the two-dimensional model if 

2 the y dimension of the grid blocks increases away from the repository by a 

3 factor of approximately 2~r. where r is the distance from the center of the 

4 grid (Voss, 1984). 

5 

6 In a strict sense, the 2~r relationship is valid only if it is applied to 

7 the entire mesh. Such a mesh represents a vertical cylinder that allows a 

8 two-dimensional model to simulate radial flow in a three-dimensional 

9 cylinder. In the mesh used for undisturbed performance of the repository/ 

10 shaft system, only the north and south ends of the modeled regions are 

11 treated in this fashion, and the results are not expected to be precise in 

12 modeling all flow north and south of the repository/shaft system. However, 

13 as a first approximation, this procedure accounts for the radial increase in 

14 pore volume away from the central region. This radial increase in pore 

15 volume is important because brine and gas will not flow in only two 

16 dimensions (x and z) as they flow from (or towards) the repository. Rather, 

17 at a distance of a few kilometers from the repository (approximately the 

18 disposal-unit boundary), flow will be radial into (or from) an increasingly 

19 larger pore volume. 

20 

21 

22 4.2 Material Properties 
23 

24 Material properties for undisturbed performance of the repository/shaft 

25 system are discussed in detail throughout Volume 3 of this report and are 

26 summarized in Chapter 6 of Volume 3. The following material properties that 

27 apply specifically to undisturbed performance of the repository/shaft system 

28 are discussed below in the indicated sections: 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

permeability (Sections 4.1.2.1 and 4.1.2.4), 

porosity (Section 4.1.2.2), 

specific storage (Section 4.1.2.3), 

brine and gas saturations (Sections 4.1.2.4), 

capillary pressure (Section 4.1.2.4). 

40 Radionuc l ide transport is not mode led for the undisturbed case because 

41 releases into the Culebra Dolomite Member of the Rustler Formation do not 

42 occur (see Section 4.4), and therefore, parameter values for radionuclide 

43 inventory and solubilities are not input for the undisturbed performance 

44 calculations. 

45 

46 
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4.2.1 Permeability 
2 

3 4.2.1.1 PERMEABILITY RANGES 

4 

5 Permeability values used for the undisturbed repository/shaft model are 
6 shown in Figure 4.2-l and listed below in order of increasing permeability: 
7 

8 

9 

10 

Halite is assigned a range of permeability values from 1.0 x l0-24 to 
1.0 X l0-19 m2. 

11 The shaft seal is assigned a range from 3.3 x lo-21 to 3.3 x 10-20 m2. 
12 

13 Anhydrite interbeds (MBl38, MBl39, and anhydrite A and B) and the 
14 transition zone above the DRZ are assigned a range from 1.0 x lo-21 to 
15 l. 0 x 10- 16 m2. 

16 

17 The DRZ, the upper and lower shaft, the seals and backfill for the 
18 waste storage rooms, and the backfill for the experimental region are 
19 assigned a value of 1.0 x lo-15 m2. 

20 

21 The Culebra is assigned a value of 2.1 x l0-14 m2. 
22 

23 The waste is assigned a value of 1.0 x lo-13 m2. 
24 

25 The permeability range for the anhydrite interbeds (1.0 x lo-21 to 1.0 x 
26 lo-16 m2) is larger than that estimated for undisturbed anhydrite, but does 
27 not explicitly take into account pressure dependent fracturing of these 
28 interbeds. Interbed fracturing as a result of gas pressurization is not 
29 modeled in the 1992 calculations. Implications of not modeling interbed 
30 fracturing are uncertain. The phenomenon will be modeled in future PAs. 
31 

32 

33 4.2.1.2 CULEBRA PERMEABILITY 
34 

35 Culebra permeability above the repository /shaft system, which is an 
36 important material property primarily for the disturbed calculations, is 
37 e x p l a i n e d i n S e c t i o n 5 . l . 2 . 2 . C u l e b r a p e r me a b i 1 i t y a b o v e the 
~ repository/shaft system for undisturbed conditions is determined in the same 
39 manner as for disturbed conditions. 

40 

41 

42 4.2.2 Porosity 
43 

44 4.2.2.1 FIXED (TIME-INVARIANT) POROSITY 
45 

~ Assumed porosity values for materials in the undisturbed repository/shaft 
47 simulation that do not change with respect to time are listed below and shown 
~ in Figure 4.2-2: 
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4.2 Material Properties 

Halite, the anhydrite interbeds, and the transition zone are 

assigned a range of porosity values from 0.001 to 0.03. 

The shaft seal is assigned a value of 0.01. 

A slightly higher range of porosity values is assigned to the DRZ. 

As is explained in Section 2.4.4 of Volume 3 of this report, the DRZ 

range is determined by the relationship 

~disturbed= ~undisturbed+ U(0.06-~undisturbed), (4.2-1) 

where U is a number uniformly distributed between 0 and 1, and 

~undisturbed is the porosity range of the undisturbed halite (0.001 

to 0.03). This relationship forces the DRZ porosity, ~disturbed, to 

fall within a range bounded by ~undisturbed and 0.06, which is the 

maximum DRZ porosity considered (see WIPP PA Division 199lc, Section 

2. 3. 7) . 

A porosity value of 0.075 is assigned to the entire shaft (except 

the shaft seal) and the seals for the waste storage area, and the 

backfill for both the waste storage and experimental areas. 

The Culebra is assigned a range from 0.058 to 0.253. 

The waste prior to closure modeling is assigned a value of 0.660. 

28 4.2.2.2 TIME-VARYING POROSITY 
29 

30 Background 

31 

32 In the 1991 and previous BRAGFLO simulations of the repository/shaft 

33 system (WIPP PA Division, 199lb; WIPP PA Department, 1992), porosity in the 

34 waste-emplacement panels was assumed to be constant in time. The effect of 

35 halite creep on waste-panel porosity was not accounted for. The porosities 

~ assigned to the waste panel for each of the 1991 realizations were determined 

37 in an external calculation (WIPP PA Division, 199lc). These porosities were 

38 calculated as the post-compaction pore volume required to store all of the 

39 waste- generated gas at li thos tatic pressure in a brine- free repository. 

40 These "lithostatic equilibrium" porosities varied with sampled values for 

41 waste composition, gas-generation rates, and stoichiometry. Although these 

42 externally calculated porosities did not limit panel pressure to lithostatic, 

43 they may have overestimated the void volume available for gas for cases where 

44 the panel does not re-expand significantly beyond the closed state. 

45 
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Another shortcoming of the 1991 approach was that the external 

calculation of porosities correlated porosity only to the theoretical gas­

generation potential, which is the amount of gas that would be generated if 

all ferrous metal and cellulosic material was completely consumed (see 

Sections 1.4.1 and 3.3 of Volume 3 of this report for additional information 

about the gas-generation model). In some realizations, brine availability 

limits the amount of gas generated to less than the theoretical potential and 

not all ferrous metal or cellulose is consumed. Modeling studies using the 

finite element program SANCH02 for simulating quasistatic, large-deformation, 

inelastic response of two-dimensional solids indicate that low gas-generation 

rates result in more rapid closure and lower porosities at full compaction. 

1992 Approach for Accounting for Time-Dependent Panel Porosity 

The 1992 BRAGFLO calculations include a simple first attempt at 

accounting for time-dependent panel porosity. This time dependence is 

indirect in the sense that results from this application of SANCHO indicate 

that panel porosity varies with the amount of gas generated and the pore 

pressure in the waste area, each of which in turn varies with time. 

The discussion that follows describes the implementation of the SANCHO 

halite deformation results in BRAGFLO for the 1992 PA calculations. The 

SANCHO results and data of importance for use in BRAGFLO, discussed in detail 

below, are 

moles of gas generated, 

time after sealing of repository, 

panel pressure, and 

panel porosity. 

The porosity contours appearing in Figure 7-2 in Volume 2 of this report 

result from interpolation of the SANCHO results that describe the dependence 

of panel porosity on cumulative moles of gas produced and time after sealing. 

The direct (not interpolated) SANCHO porosity results are presented in Figure 

4.2-3. "Noise" visible in the solutions are an artifact of the approach used 

The SANCHO computational model is described by Stone et al., 1985, and 
summarized in Appendix B in Volume 2 of this report; a discussion of room 
closure, which SANCHO models, is provided in Section 7.3 in Volume 2 of 
this report. SANCHO is also discussed in Sections 1.4.1 and 1.4.7 of 
Volume 3 of this report. 
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Figure 4.2-3. SANCHO results: porosity as a function of time for f=l.O, 0.6, 
0.4 and 0.2; piecewise constant gas-generation rates; porosity 
based on SANCHO definition of porosity (ratio of void volume to 
instantaneous room volume); f is the fraction of the piecewise 
constant gas-generation rate and potential, where f=l.O is 
defined as the sum of the corrosion rate (l mole/drum-yr for 
1050 yr) and the biodegradation rate (l mole/drum-yr for 550 
yr) (Brush, 1991; memorandum by Beraun and Davies in Appendix A 
of Volume 3 of this report). 

12 to model separation at the surface between the waste/backfill and the 

13 overlying halite as pressure in the room exceeds lithostatic, and are not 

14 attributed to a physical process. This "noise" has been filtered out of the 

15 SANCHO solution prior to its use in BRAGFLO. Smoothed SANCHO results form 

16 the basis of accounting for the effect of halite creep on waste room porosity 

17 and are used within BRAGFLO. 

18 

19 The difference in definition of porosity by SANCHO and BRAGFLO requires 

20 further manipulation of the data presented in Figure 4.2-3. In SANCHO, as 

21 the halite creeps, the numerical mesh deforms; in BRAGFLO, the mesh 

22 dimensions are fixed with time. In the SANCHO room model, the porosity (t/J' 

23 of Figure 4.2-3) is therefore defined as the ratio of the void volume to the 

24 current total volume of the panel. In BRAGFLO, the porosity (t/J, Eq. 4.2-2) 

25 is therefore defined as the ratio of the void volume to the initial volume of 

26 the panel. If the mass and volume of the solids contained within the 

27 deforming panel does not change with time, the two differently defined 

28 porosities can be related by 
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, [1 - ¢> , ( t 0) l 
¢> (t)=~ (t) 1-¢>' (t) . (4.2-2) 

11 A derivation of Eq. 4.2-2 is provided in Appendix B. The porosities as 

12 defined by SANCHO (Figure 4. 2-3) are converted to porosity as defined by 

13 BRAGFLO by using Equation 4.2-2 and are presented in Figure 4.2-4. 

14 

15 Conceptual Modeling Differences Between SANCHO Room Model and BRAGFLO Panel/Repository 

16 Model 

17 

18 Because SANCHO and BRAGFLO simulate fundamentally different processes 

19 (large-scale quasistatic deformation of solids versus multi-phase fluid flow 

20 in nondeforming porous media), some differences have arisen in the conceptual 

21 models for the disposal system used in applications of the two codes. 

22 Differences between the SANCHO and BRAGFLO conceptualizations used in the 

23 1992 PA that have important implications for the representation of time-

24 varying porosity are as follows: 

0. 7 .---,--...,---,--,--,.----,--...,---,-.,.--.., 

0.6 

0.5 

~ 
>- 0.4 
1-

~ 
a: 0.3 
0 
0... 

0.2 

0.1 

f-1.0-
fa0.6-·­
f= 0.4 --­
f = 0.2 -----· 

0.0 L..-_.__..____.__....____...._....___. _ _.____...____.__. 
0 2 3 4 5 6 7 8 9 10 

TIME (1 02 yr) 
TRI-6342·2579.() 

Figure 4.2-4. SANCHO results: porosity as a function of time for f=l.O, 0.6, 
0.4, 0.2 and 0.1; piecewise constant gas-generation rates and 
potentials; porosity based on BRAGFLO definition of porosity 
(ratio of void volume to initial room volume); f is defined in 
Figure 4.2-3. 
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4.2 Material Properties 

This application of SANCHO models the behavior of a single room in an 

infinite array of rooms, simulating behavior of the middle rooms in a 

panel; BRAGFLO models the behavior of the entire repository for 

undisturbed conditions and an axisymmetric cylindrical- equivalent 

single panel for disturbed conditions. 

In the SANCHO room model, pressure and gas generation rates within the 

waste storage area are spatially uniform; in BRAGFLO, they vary 

spatially. 

In the SANCHO room model, the void space is completely occupied by 

waste-generated gas; in BRAGFLO, this space is occupied by two fluid 

phases, brine and gas. 

In the SANCHO room model, gas was not allowed to flow into or out of 

the waste area; in BRAGFLO, gas and brine flow into or out of the 

waste area. 

In the SANCHO room model, gas is generated at a constant rate for each 

reaction (corrosion and biodegradation) for fixed periods of time; in 

BRAGFLO, gas generation is not constant: it varies with degree of 

brine saturation in the waste area and continues until all of the 

corrodible metal and cellulose or brine are consumed. 

This application of the SANCHO room model simulates undisturbed 

repository performance for 2000 yr; these BRAGFLO simulations describe 

both undisturbed and disturbed performance for 10,000 yr. 

29 Modeling Assumptions 

30 

31 The differences discussed above between the conceptual models used in the 

32 applications of the two codes led to difficulties in using the SANCHO 

33 porosity results in BRAG FLO. Specifically, the implementation of time-

34 varying porosity in BRAGFLO for the 1992 PA required the following 

35 assumptions: 

36 

37 

38 

39 

40 

41 

42 

Halite creep is assumed to affect the porosity of the waste storage 

area until the time of maximum repository pressure. Results were 

produced for cases in which pressure in the room increases from its 

initial level at various rates, dependent on gas- generation rates. 

Stress gradients between the host halite and the waste-filled room 

were not determined when waste-room pressure fell as gas escaped. 
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Rather than speculate on the halite response during decreasing waste­

panel pore pressure, porosity in BRAGFLO is held constant at the value 

it has when pressure begins to fall. Porosity is maintained at this 

value unless and until pressure rises above its previous temporary 

maximwn. This treatment of porosity may somewhat underestimate the 

degree of closure (overestimate porosity) by neglecting continuing 

creep closure. However, errors introduced by this treatment are 

believed to be small because reexpansion of the room is a relatively 

slow process compared to room closure/ consolidation, which is largely 

complete before pressures rise sufficiently to cause increases in 

porosity. Figure 4.2-4 indicates rather modest rates of increases in 

porosity after maximwn consolidation, particularly at the lower gas­

generation rates, compared to the dramatic decrease in porosity prior 

to maximum closure. As discussed in the following section, 

significant increases in waste-area porosity resulting from the 

reversal of creep closure require pressures in excess of lithostatic. 

As long as repository pore pressure is close to or below lithostatic, 

porosity in the waste panel is close to its fully compacted value. 

Limiting waste-panel porosity at this value somewhat limits the void 

volume available to store inflowing brine and generated gas. 

The effect of halite deformation on the porosity of material in a 

disposal room is asswned to be representative of the effect on the 

porosity of material in an excavated panel or the entire disposal 

region. It is recognized that the stress fields surrounding a single 

room do differ depending on where in the panel the room is located. 

The gross response of the halite resulting from the spatially varying 

deviatoric and room stress on porosity is assumed to be independent of 

the size or geometry of the WIPP excavation when implemented in 

BRAGFLO. 

In this application of SANCHO, pore pressure and gas-generation rate 

do not vary spatially within the waste-filled room. In BRAGFLO, pore 

pressure and gas-generation rate vary spatially throughout the waste-

disposal region. Porosity in the panels is asswned to be spatially 

invariant in BRAGFLO despite 

generation rate because the 

correlated to the effective 

rate. This correlation is 

spatial variations in pressure and gas­

effective (representative) porosity is 

panel pore pressure and gas- generation 

implemented by volwne-averaging BRAGFLO 

pore pressures and gas-generation rates within the disposal region and 

using the average values to determine the porosity within the waste at 

any point in time. 

It is asswned that interpolation of the data in Figure 4. 2-3 yields 

valid porosity results. The porosity surface (Figure 7-1 in Volwne 2 
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4.2 Material Properties 

of this report) and the data of Figure 4. 2-3 were generated under 
specific constant rates of gas generation by corrosion and 
biodegradation and resulting pressure histories. It is assumed that 
all pressure and gas-generation histories that can be constructed 
within the bounds of the SANCHO results will yield valid predictions 
of the effect of halite deformation on waste-storage area porosity. 

Results of the SANCHO simulations indicate that room porosity varies 
with the gas- generation rate and the time. This is reasonable, 
because in this application of SANCHO, brine is assumed not to be 
present and gas cannot escape from the room. However, in BRAGFLO, 
where both brine and gas occupy void space and can flow into or out of 
the waste-storage area, the specification of time and gas-generation 
rate will not in general result in a unique porosity. The difficulty 
in using the porosity dependency from the no-flow, single-phase fluid 

system of SANCHO in the multiphase system of BRAGFLO is that Figure 
4.2-4 fails to account for the change in pressure due to the flow of 

brine and gas into or out of the waste room. In addition, because 
this application of SANCHO did not include a brine phase, any effect 
the presence of brine in the waste area might have had on halite creep 

is not captured explicitly. If it is reasonable to assume that the 
halite responds in part to the degree of back pressure in the waste­
storage area as well as the waste-storage area pore-pressure history, 

then it follows that the porosity associated with the no-flow single­
phase system of SANCHO will differ from the porosity in the flowing 
two-phase system of BRAGFLO, at the same time following sealing and 

given the same gas-generation rate. 

29 The results from the SANCHO room model strictly apply only to the case 
~ where the pore space in the waste-disposal room is occupied by gas and the 
31 gas remains in this volume. Additional SANCHO simulations are required to 
32 describe more adequately the deformation of the halite when the pore space in 
~ the waste area is occupied by both brine and gas and each phase is capable of 
34 flowing into or out of the waste. An improved way of dealing with these 
35 inconsistencies is planned for future performance assessments. As 
~ implemented for 1992, the use of SANCHO results in BRAGFLO are based on the 
37 following assumptions about the SANCHO modeling. 

38 

39 

40 

41 

42 

43 

44 

Halite deformation can be correlated in part to pore-pressure history 

and is independent of the fluid that occupies the pore space. 

Halite deformation is independent of the amount of brine present in 
the pore space within the room. 
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Porosity is parameterized in terms of the rate of gas generation and 

pore pressure, but not in terms of the amount of gas present in the 

pore space of the waste panel as calculated by BRAGFLO because gas may 

flow out of panel in BRAGFLO but is confined to the room in these 

SANCHO simulations. 

7 The validity of these assumptions and their impact on repository 

8 performance are uncertain and still under evaluation. As a result, this 

9 extension of the SANCHO-calculated porosities into BRAGFLO should be viewed 

10 as an initial attempt to describe the effect of halite deformation on waste-

11 storage area porosity for two-phase flow modeling. 

12 

13 The SANCHO results described in this section represent only a small 

14 portion of the types of calculations that have been addressed with this code. 

15 Although the closure inputs for the BRAGFLO calculations were derived 

16 assuming a single disposal room in an infinite array of rooms, calculations 

17 for a full panel of empty rooms are being completed by the Waste Isolation 

18 Pilot Plant (WIPP) Disposal Room Systems Department at Sandia National 

19 Laboratories (SNL). These calculations will be a first step in examination 

20 of the error introduced by using single room closure to approximate the 

21 response of larger portions of the repository. The results will be used to 

~ examine both porosity variations within a given room and porosity variations 

23 from room to room. Calculations for other two-dimensional representations of 

24 the repository or its components are equally feasible, depending on the 

25 required computer time. Computer time for WIPP closure solutions over 

26 hundreds of years is a pressing constraint on mechanical closure analyses 

27 because of the complex finite-element mesh that must be constructed to 

28 represent disposal room components. 

29 

~ A number of calculations with SANCHO also are being completed by the WIPP 

31 Disposal Room Systems Department at SNL to examine the consequences of a 

32 human intrusion on post-intrusion closure. Other studies wi 11 examine 

~ various features of the room model, including the effect of existing cracks 

~ in halite and interbeds on gas pressurization. The effect on closure caused 

35 by different waste forms will be examined. Although the current SANCHO 

36 calculations did not include any fluid flow, calculations are also being 

37 completed coupling the mechanical response of the room with single-phase 

38 brine flow, and this coupling will be further extended to two-phase fluid 

39 flow. 

40 

41 How SANCHO Pore Pressure Data Are Used 

42 

43 In SANCHO a unique pore-pressure history exists for each gas-generation 

44 rate. These pressure histories are presented in Figure 4.2-5. This 
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2 Figure 402-50 SANCHO results: pressure as a function of time for f=loO, 006, 
3 Oo4 and 002; constant gas-generation rates for corrosion and 
4 biodegradation; f is defined in Figure 402-30 
5 

6 relationship permits the unique determination of porosity given the gas-

7 generation rate and the pore pressure instead of time, as is shown in Figure 

8 4 0 2-6 0 In light of the assumptions mentioned above, the data presented in 

9 Figure 4 0 2-6 are used directly in BRAG FLO 0 The discussion that follows 

10 describes how the data in Figure 402-6 are used in the 1992 version of 

11 BRAGFLO. 

12 

13 First, the current fraction of gas potential is calculated by swruning 

14 across all waste the cumulative moles of gas generated and normalizing this 

15 sum to the moles of gas that would have been generated under the baseline 

16 gas- gene rat ion conditions assumed in the SANCHO calculations. These 

17 conditions are 

18 

19 

20 

21 

22 

for corrosion: 1 mole gas/(drum•yr) for 1050 yr, and 

for biodegradation: 1 mole gas/(drum•yr) for 550 yr. 

23 To avoid extrapolation of data, this fraction is constrained to fall between 

24 a value of 1.0 and 001. 
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2 Figure 4.2-7. Limiting porosity, pressure, and gas generation in BRAGFLO 
3 implementation; f is as defined in Figure 4.2-3. Point A 
4 indicates maximum expanded porosity of waste (0.34), occurring 
5 at a pressure of 21.43 MPa. 
6 

7 

8 

9 

10 

11 

14 

15 

16 

17 

i~ 
~~ 
2~ 

~9 
28 

The maximum expanded porosity of the waste is limited to a value of 

0. 34, which occurs at a pore pressure of 21.4 MPa, at Point A in 

Figure 4.2-7. 

A bounding curve of porosity versus pore pressure, P (Pa), is con­

structed by connecting the points of maximum pressure for each of the 

gas-generation rate curves. The equation for this bounding curve is 

~ =0.04991601 + 0.2562233 
max J 

22.2-(P)(l.Oxlo-6) 
(4.2-4) 

where 0.1 < ~ < 0.34, 0 < P < 22 MPa, and using the positive root. 

29 If the pore pressure during a BRAGFLO simulation exceeds the maximum 

30 pressure associated with the current gas-generation fraction, then the 

31 dependence of porosity on pressure is restricted to this bounding curve. 
32 
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The curves are followed along the direction of low to high pressure 

only. The porosity results of SANCHO are generated only as waste pore 

pressure increases. The response of the halite to decreases in pore 

pressure is not simulated. This is not due to a limitation in SANCHO, 

but rather to scheduling constraints. Rather than speculate on a 

possible hysteresis effect, porosity is assumed to remain constant if 

waste pore pressure decreases and does not vary again until pressure 

exceeds the level at which it first began to decrease (Figure 4.2-8). 

If the direction path in which the data were generated is not 

preserved, physically unreal situations can result. For instance, 

consider the 10% base gas-generation curve at a pressure of 1 MPa 

(f = 0.1 on Figure 4.2-7). If the pressure were to decrease and the 

curve were followed, the porosity would actually increase even though 

pressure was well below lithostatic. 

well above lithostatic and began to 

Similarly, if the pressure were 

fall but still remained above 

lithostatic, the porosity from Figure 4.2-6 would decrease when in 

fact it would be expected still to increase but perhaps at a 

decreasing rate. 

~ 
U5 
0 a: 
0 
0.. 

FINAL 
PRESSURE.,_____,~ 

PRESSURE 
TRI-6342-21 51·0 

Figure 4.2-8. Hypothetical porosity/pressure path showing porosity treatment 
when pressure has a maximum. 
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Time-Step Considerations 

2 

3 Porosity is determined using the values of gas generation and pressure as 

4 outlined above at the beginning of a time step. In BRAGFLO, the initial 

5 values at a time step are converged values at the end of the previous time 

6 step. The porosity so determined is assumed to remain fixed across the 

7 current time step even though pressure and gas generation (via saturation) 

8 change during the intra-time iterations. The porosity is then updated at the 

9 start of the next time step. This explicit treatment of porosity is 

10 necessary because the more desirable implicit dating of porosity currently 

11 produces convergence difficulties for some of the input sets. In implicit 

12 dating, porosity would change with pressure and saturation during the intra-

13 time-step iterations, and thus would change continuously across the time step 

14 rather than in step changes at the beginning of each time step, as in the 

15 explicit treatment. The more accurate implicit treatment is expected to be 

16 included in the 1993 PA BRAGFLO calculations. 

17 

18 

19 4.2.3 Specific Storage 
20 

21 The mathematical relationship defining specific storage is 

22 

s 
s 

pg(a + ¢>{3), (4.2-5) 

32 

33 

34 

where Ss is specific storage (m-1), ¢>is porosity, f3 is fluid compressibility 

(Pa-l), and a is rock compressibility (Pa-l). It is assumed that a is 

related to porosity change according to 

I 
42 

43 

8¢> 
ap , 

where p is the fluid pressure in Pa. 

44 BRAGFLO actually uses a modified rock compressibility, a', 

45 

46 
47 

i~ 
52 

a' 
1 
¢> a. 

(4.2-6) 

(4.2-7) 

53 Therefore, given the values for Ss, p, g, ¢>, and {3, then a and a' can be 

54 computed. In the 1992 PA calculations, the following parameter values were 

55 used: 

56 
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Ss l.Oxlo-6 m-1 (anhydrite) 

Ss 1.4xlo-6 m-1 (halite) 

p 1230 kg/m3 

g 9.79 m/s2 

~ [0.001-0.03]. 

4.2.4 Relative Permeability 3 and Capillary Pressure4 

In modeling two-phase phenomena, characteristic curves for surrogate 

materials using either the modified Brooks-Corey formulae (Equations 4.2-8 to 
4.2-11) (Brooks and Corey, 1964) or the van Genuchten-Parker formulae 
(Equations 4.2-12 and 4.2-15) (van Genuchten, 1978; Parker et al., 1987) are 
used (see Section 2. 3.1 of Volume 3 of this report). The Brooks- Corey 
relative permeability model is used for two-thirds of the calculations and 
the van Genuchten-Parker model is used for the remaining one-third of the 
calculations. An index parameter (0 or 1) is sampled with these 
probabilities, so that either one model or the other is used in any one 
realization. The rationale for treating model uncertainty (Brooks-Corey vs. 
van Genuchten-Parker) in this manner is discussed in the memorandum by Webb 
dated April 30, 1992, in Appendix A of Volume 3 of this report. 

The modified Brooks-Corey relationships used are as follows: 

Capillary pressure, Pc, is given by 

p (4.2-8) 
c 

Threshold capillary pressure, Pt, is correlated to permeability (see Section 
2. 3.1 of Volume 3 of this report). Se is the effective saturation in the 

modified Brooks-Corey model: 

Relative permeability is a function of saturation of the phase of interest. 
It is a value between 0 and 1 that is multiplied by the absolute 
permeability to yield the effective permeability for that phase. Relative 
permeabilities are empirical fits of pressure drop and flow data to 
extensions of Darcy's law, and measurements taken at different degrees of 
saturation result in differing relative permeabilities (see Section 7.2 of 
Volume 2 and Section 2.3.1 of Volume 3 of this report). 

Capillary pressure differences arise when immiscible phases exist 
simultaneously in a porous network (see Section 7.2 of Volume 2 and Section 
2.3.1 of Volume 3 of this report). 
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5
e= l - S - S ' 

gr lr 
(4.2-9) 

where S1 is the liquid saturation, Sgr and Slr are the residual gas 

saturation and residual liquid (brine) saturation, respectively, and A is the 

pore size distribution parameter. 

13 Relative permeability to liquid, kr,l• and to gas, kr,g• are given by 

14 

l~ 

~~ 
i; 
~ 
30 

31 

32 

33 

34 

k 5 (2+3A)/A 
r, l e 

and 

The capillary pressure relationship, Equation 4. 2-8, is 

entire saturation region (0. ~ S1 ~ l.) even though, as 

(1986), this relationship may not be appropriate at 

saturations when Se > 1.0. 

(4.2-10) 

(4.2-ll) 

used throughout the 

discussed by Corey 

the higher liquid 

35 The relationship for the van Genuchten-Parker (van Genuchten, 1978; Parker et 

~ al., 1987) characteristic curves are as follows: 

37 

~ Capillary pressure is 

39 

:~ 
~j 

p 
c 

p o ( S e- l/m - l ) l - m , (4.2-12) 

:~ 
47 

where m = A/(l+A), and P0 is a capillary pressure constant discussed later. 

:B 
~~ 
~~ 
~i 
~7 

fi 
I 
71 
72 
73 
74 
75 
~9 

i§ 
Hj 
83 

Relative permeability is 

and 

k 
r,l 

where the effective saturation, Se, is now defined as 

s 
e 

(4.2-13) 

(4.2-14) 

(4.2-15) 
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where Sls is the maximum wetting phase saturation; a value of Sls 

2 used. 

3 

1 is 

4 The same sampled values of relative permeability parameters are used for 

5 halite, anhydrite, the transition zone, and the DRZ. The waste, seals and 

6 backfill, experimental region, and all shaft sections use a fixed set of 

7 values and the Brooks-Corey model only. Residual brine and gas saturations 

8 range from 0.0 to 0.4. The Brooks-Corey pore-size distribution parameter, A, 

9 ranges from 0.2 to 10.0. The van Genuchten-Parker parameter m is calculated 

10 from m~A/(l+A) and ranges from 0.167 to 0.909. These parameter ranges are 

11 based on parameter values for surrogate materials, as discussed in Section 

12 2. 3.1 of Volume 3 of this report. These parameters have not yet been 

13 measured for WIPP materials. 

14 

15 The choice of the characteristic curve model has important implications 

16 on the expected behavior of multiphase flow in porous media. The most 

17 obvious effect stems from differences in the capillary pressure curve at high 

18 values of brine saturation. The Brooks-Corey model assumes an irreducible 

19 gas saturation, Sgr· When the gas saturation is below this residual value, 

20 the capillary pressure is assumed to remain at some fixed, non-zero value, 

21 known as the threshold capillary pressure. According to this model, in order 

22 for gas to penetrate a brine-filled pore, the gas pressure must first exceed 

23 this threshold value. This constraint effectively prohibits gas from flowing 

24 into a liquid-saturated medium until it overcomes this "barrier" to flow. 

25 

26 In the van Genuchten-Parker model, there is no residual gas saturation, 

27 and the capillary pressure is zero when the medium is fully brine saturated. 

28 Thus, there is no resistance to gas flow under fully brine-saturated 

~ conditions, and there is no "barrier" pressure to overcome. One incentive to 

~ using the van Genuchten-Parker model is to account in a simplistic way for 

31 the effects of fingering, which is the unstable displacement interface that 

32 occurs when a lower-viscosity fluid (gas) displaces a higher-viscosity fluid 

33 (brine). While this complex phenomenon cannot currently be modeled 

34 accurately by any method, its gross effects, such as unexpectedly rapid 

35 movement of gas, can be more closely approximated using a characteristic 

~ curve model such as the van Genuchten-Parker model that imposes no barrier to 

37 gas penetration into a brine-saturated medium. Conceptually, the van 

~ Genuchten-Parker model allows gas to migrate farther from the source (i.e., 

39 the waste) at a lower pressure than would occur under otherwise identical 

40 conditions using the Brooks-Corey model. 

41 

42 The characteristic curve model also affects brine flow, especially with 

43 the van Genuchten-Parker model when m is small (see Figure 4.2-9). Capillary 

44 pressures then rise steeply as the gas saturation increases from zero, and 
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Figure 4.2-9. Capillary pressure and relative permeability functions (from 
memo from Webb to Anderson, 1992; in Appendix A of Volume 3). 
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the relative permeability curves are very steep at high brine saturations. 

2 Sampled values of m that are small effectively prevent brine from flowing 

3 when even a small amount of gas is present. With the Brooks-Corey model, 

4 even the smallest sampled values of A have no inhibitory effect on brine flow 

5 until the gas saturation is below the residual value. 

6 

7 Threshold capillary pressures are determined from the correlation with 

8 permeability in all regions. The van Genuchten-Parker capillary pressure 

9 constant, p 0 , is calculated by equating the capillary pressure from each of 

10 the two models at an effective saturation of 0.5, and solving the expression 

11 for Po. In the waste, in the DRZ, and in all excavated regions, capillary 

12 pressure is assumed to be zero. Zero capillary pressure for these regions is 

13 necessary because the capillary pressure curves are not defined for 

14 imbibition into a medium that has less than residual brine saturation. Any 

15 regions where the brine saturation starts out or may become less than 

16 residual (e.g., as a result of brine-consuming reactions that occur due to 

17 reactions in the waste region) were modeled with zero capillary pressure. 

18 

19 

20 

21 

However, if 

saturations 

necessary. 

assessment 

a maximum 

less than 

Though this 

it may be 

capillary pressure is specified and used at brine 

residual, assuming zero capillary pressure is not 

latter approach was not taken in the 1992 performance 

adopted for future calculations so that non-zero 

~ capillary pressure can be used without causing numerical problems when brine 

23 saturations below residual are encountered. 

24 

25 

26 

27 

4.3 Initial and Boundary Conditions 

28 A major difference between the 1992 and 1991 PA calculations for 

29 undisturbed conditions is in the treatment of initial conditions. The 

~ primary objective of taking a new approach in modeling initial conditions has 

31 been to establish a more realistic pressure distribution in the formations 

32 surrounding the waste at the time the repository will be sealed. This time 

33 is referred to here as time zero. The 1992 undisturbed calculations achieve 

~ more realistic time-zero conditions by varying the initial conditions in the 

35 repository over a 50-yr period immediately preceding time zero. 

36 

37 Before the 1992 calculations, it was always assumed that excavated 

~ regions were initially at atmospheric pressure with some arbitrary degree of 

39 brine saturation (various combinations of saturations were considered), while 

40 all other regions were fully brine saturated at hydrostatic pressure 

41 (relative to a sampled pressure at the level of MB139). These assumptions 

42 were unrealistic and produced results that may have been unrealistic for the 

43 following reasons: 

44 
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4.3 Initial and Boundary Conditions 

Brine in the DRZ above the waste could immediately drain down into the 

waste, presumably having been suspended there while the repository was 

excavated and filled. In many cases, brine from the DRZ was 

sufficient to corrode all ferrous metal in the waste, without any 

brine from the far field reaching the waste. 

The assumed pressure distribution imposed a large pressure gradient 

from the Salado halite to the shaft, which at time zero resulted in 

improbably large quantities of brine flowing from the halite into the 

shaft, despite the low permeability of the halite. 

The unrealistically high initial pressures surrounding the repository 

retarded migration of brine or gas from waste for much longer periods 

of time than could reasonably be expected, although the exact effect 

is unpredictable. 

Higher external pressures could raise the pressure in the waste more 

quickly, in part because of the higher pressure gradient near the 

waste, and in part because a faster influx of brine would cause gas 

generation by corrosion to occur more rapidly. 

22 In reality, brine will seep in continually from the surrounding 

23 formations during the disposal phase of the WIPP. Water in the brine will 

24 evaporate into the well-ventilated atmosphere of the excavations or will be 

25 pumped out as standard mining practice if it accumulates anywhere. Thus, 

26 formations surrounding the excavations will be dewatered and depressurized 

27 while the panels are in use. Therefore, the initial conditions used in 

28 BRAGFLO now reflect the impact that the time between excavation and sealing 

29 of the panels will have on fluid saturations and pressures in the surrounding 

30 formations. 

31 

32 In 1992, the time between excavation and decommissioning is modeled 

33 explicitly, as detailed in Table 4.3-l. For the full repository, this phase 

~ is assumed to last 50 yr. The important features of conditions during this 

35 time are as follows: 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

Except for the waste, the excavated regions, 

pressure distribution at 50 yr before time 

relative to the pore pressure of MBl39, which is 

of 12 to l3 MPa. 

and the Culebra, the 

zero is hydrostatic 

sampled from a range 

Pressure at 50 yr before time zero in the waste and excavated regions 

is atmospheric, and the waste pressure is reset to this value at the 

end of the 50-yr period. 

4-29 



Chapter 4: Undisturbed Performance (Repository /Shaft) 

Table 4.3-1. Startup Procedure for Undisturbed Calculations 

3 

4 I. Don't allow brine inflow from 1) Set Culebra permeability to zero 
5 the Culebra during 
6 initialization 
7 II. Simulate the panels, seals, 1) Set initial porosity to 1.0 

8 backfill, shaft, and 2) Set initial brine saturation to 0.0 
9 experimental region as empty, 3) Set initial pressure to 1 atm 

10 newly excavated, gas-filled 4) Set residual brine and gas saturation to 0.0 
11 cavities 5) Set permeability to 1.0x10-1 0 m2 
12 Ill. Simulate DRZ as initially 1) Set initial pressure to hydrostatic relative to sampled 
13 pressurized, but partially value of MB139 pore pressure 
14 fractured 2) Set permeability to 1.0x1 o-17 m2 

15 3) Set initial porosity to volume average of sampled value of 
16 intact far field anhydrite and intact halite porosities (since DRZ) 
17 has both) 
18 4) Set initial brine saturation to 1.0 

19 5) Set capillary pressure to 0.0 (so gas and brine pressures are 
20 same) 
21 IV. Let the system equilibrate for 1) 'Brine pressure in the excavation will increase slightly ( -0.5%) 
22 50 yr, the approximate time 2) Brine will drain down from DRZ, approaching residual saturation 
23 span between excavation and 3) DRZ pressure will drop precipitously, approaching equal waste 
24 sealing of the repository pressure 

25 4) Let no creep closure occur 
26 V. Instantly add the waste at 50 yr 1) Reset waste pressure to 1 atm 
27 2) Set brine saturation of waste to sampled "initial" brine 
28 saturation 
29 3) Set waste residual brine and gas saturations to their sampled 

30 values 
31 4) Set waste permeability to 1.0x1 o-13 m2 

32 5) Set waste porosity to "initial" value calculated from sampled 

33 values of volume fractions of metal and combustibles 

34 6) Set reactant concentrations to "initial" values 

35 VI. Adjust parameters for the DRZ 1) Change porosity to final sampled values (except for creep 

36 and excavated regions closure and rock compressibility, simulating time-dependent 
37 porosity is beyond current modeling capability) 

38 2) Adjust brine saturation so brine content of DRZ is unchanged; 
39 add gas to fill added pore volume 
40 3) Reset DRZ and excavated region pressure to 1 atm 
41 4) Reset brine saturation in excavated regions 
42 5) Set DRZ permeability to 1.0x1 o-15 m2 to account for fracturing 
43 6) Set Culebra permeability to 2.1 x1 o-14 m2 
44 VIII. Resume calculation at 50 yr; 1) Begin creep closure of repository 
45 this is the time normally called 2) Allow gas generation to begin in waste 
46 t=O 3) Pressures outside waste, DRZ, and excavated regions start from 
47 50-yr values (t = 0) 
48 VIII. Continue out to 1 0,050 yr, 
49 i.e., 10,000 yr past the time 
50 normally called t = 0 
5~ 
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4.3 Initial and Boundary Conditions 

Pressure in the Culebra at 50 yr before time zero is 1.053 MPa, and 

the far-field pressure is held at that value over the 10,050-yr 

calculation. (The Culebra has a fixed-pressure boundary condition, 

whereas the rest of the mesh uses a no-flow boundary condition.) 

The starting brine saturation is 1. 0 everywhere except in the waste 

and other excavated regions, where the brine saturation starts at 0.0. 

At the end of the 50-yr period, the waste is assigned its sampled 

value of initial brine saturation, which ranges from 0.0 to 0.14. 

12 The initial condition calculations themselves begin with initial 

13 conditions similar to those used in 1991; perhaps the greatest difference is 

14 simply in interpretation. What was called time zero in 1991 is now called 

15 -50 yr; this is the time of initial excavation. The performance calculations 

16 begin at time zero (50 yr after the initial condition calculation as 

17 started); this corresponds to the time of sealing of the repository. 

18 

19 During the initial conditions calculation, the permeability of the 

20 excavated regions is assumed to be very high (1 x 10-10 m2), to simulate 

21 cavities. At the end of the 50-yr period, any brine that has flowed into the 

~ excavated regions is ignored, since it will have evaporated or will have been 

23 pumped out of the repository. The sampled initial brine saturation in the 

24 waste is introduced. Pressures in all the excavated regions are reset to 

25 atmospheric. Pressures there are generally barely above atmospheric (by a 

26 few hundred pascals) after the 50-yr emplacement period; they are reset to 

27 atmospheric to reestablish realistic conditions at time zero, since at the 

28 time of sealing, the excavated regions should be at atmospheric pressure. 

29 Except in the DRZ, pressures in all the surrounding formations, including the 

~ transition zone and the intact ahydrite interbeds, remain as they are at the 

31 end of the 50-yr period. 

32 

33 In the DRZ, at least the residual saturation of brine, and possibly more, 

34 will remain, the rest having drained into the excavated region that will 

35 later be filled with waste. At time zero, the brine remaining in the DRZ is 

36 left there; however, the porosity is assumed to change from the initial 

37 intact halite value to the final sampled DRZ porosity. This porosity change 

~ increases the void volume. In order to conserve the volume of brine in the 

39 DRZ, the additional void volume is assumed to be filled with gas. The 

40 pressures in the DRZ will typically be slightly above atmospheric at time 

41 zero. If the pressures were left at those values when additional gas is 

42 introduced at time zero, it could result in a gas-drive condition that would 

43 cause brine to be expelled suddenly from the DRZ into the waste at time zero. 

44 To prevent this unrealistic behavior, the pressure in the DRZ is also reset 

45 to atmospheric at time zero. 

46 
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The previously excavated regions will contain no brine except for the 

2 initial brine brought in with the waste. The surrounding formations will be 

3 depressurized and dewatered to the extent expected after being exposed to 

4 ventilated air at atmospheric pressure for 50 yr. All surrounding formations 

5 are fully saturated with brine at time -50 yr. Generally, at time zero, they 

6 will still be fully brine-saturated (except for the DRZ). Except for the 

7 DRZ, brine saturation in surrounding formations is not modified to reflect a 

8 change in porosity at time zero. 

9 

10 The calculations proceed from this calculated initial condition for the 

11 10, 000-yr performance period. The most important effect of these more 

12 realistic initial condition is that less brine will flow into the excavated 

13 regions (including the waste), since the initial "surge" of brine that occurs 

14 upon excavation has been eliminated, and the pressure gradients in the 

15 immediate vicinity of excavations have been greatly reduced. 

16 

17 

18 

19 

20 

4.4 Results and Discussion (Undisturbed Performance) 

21 General observations are described in this section that pertain to all 

22 of the calculations. Detailed statistical analyses that specific results 

23 relate to specific parameter values will be discussed in a later section. 

24 

25 The plots presented in this section show results as a function of time 

26 for all 70 realizations (vectors) on a single plot. These results enable 

27 trends to be easily observed if present. Although the plots are sometimes 

28 cluttered, they are useful for illuminating general behavior and allowing 

~ comparisons to be made among all of the realizations. 

30 

31 

32 4.4.1 Repository Behavior 
33 

34 Pressures in the repository (Figure 4 .4-1) invariably rise from the 

35 initial value of one atmosphere, primarily because of gas generation. The 

36 rise is not always monotonic. In many of the vee tors, the pressure in the 

37 waste peaks relatively early, in 1000 to 2000 yr, then levels off at a 

~ slightly lower value. This leveling off may be the result of gas breaking 

39 through a lower-permeability barrier, such as the shaft seal, or it may occur 

~ simply as gas generation ceases. Either the reactants are fully consumed or 

41 no more brine can make its way into the waste to allow gas generation to 

42 continue. The peak pressure among all vectors was about 22 MPa. In the 

43 vectors in which the pressure peaked early, the peak was almost always 

44 greater than the far- field pore pressure, so even if gas did not break 

45 through any kind of barrier, the pressure would always tend to decrease. In a 
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2 3 4 5 6 7 8 

TIME (1 03 yr) 

9 10 

T R 1·6342· 250().() 

Figure 4.4-l. Volume average gas pressure in waste. 

5 few vectors, the pressure rose continually over the 10, 000-yr performance 

6 period, in some cases to pressures in excess of lithostatic (14.8 MPa), 

7 without ever peaking. This behavior is expected when the gas-generation rate 

8 is low, but the initial brine content of the waste is high enough to sustain 

9 reactions continuously without additional brine influx from outside the 

10 repository. At 10,000 yr, the range of pressures in the waste is very large, 

11 from 4 MPa to 19 MPa. For those realizations in which final pressures are at 

12 the lower end of the range, little gas has been generated and all of the 

13 surrounding formations have extremely low permeability, thereby preventing 

14 brine inflow from equalizing pressure with the far field. For those 

15 realizations in which pressures are at the upper end of the range, gas 

16 generation has been vigorous, resulting in pressures well above lithostatic. 

17 

18 Because of the implementation of the porosity surface (see Section 7. 3 

19 in Volume 2, of this report), pore volume (Figure 4.4-2) or porosity in the 

20 waste behaves similarly among all realizations. In all cases, the porosity 

21 drops from the initial value of 66% during the first few hundred years, as 

22 the repository creeps shut. The porosity reaches a minimum between 12% and 

23 21%, depending on the rate at which the pressure in the repository increases, 

24 primarily as a result of gas generation. In the extreme case, in which the 
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Figure 4.4-2. Pore volume in waste. 

5 pressure rises rapidly to about 21 MPa, the repository reopens to a porosity 
6 of 34%, which is the maximum porosity resulting from reopening that is 
7 allowed in the current implementation of the porosity surface. Most vectors 
8 show much less expansion, generally to porosities of 15% to 21%. In the 
9 other extreme, pressures in the repository remain so low that almost no 

10 inflation occurs, and the porosity at 10,000 yr is still only 12.6%. Note 
11 that in the current model, porosity cannot decrease when pressure decreases. 
12 This explains why, after the initial expansion that typically occurs between 
13 500 and 1500 yr, there is no decrease in pore volume, despite the fact that 
14 

15 

16 

in many realizations pressures in the repository decrease after that. 
Section 4.4.3 for further discussions of the effects of creep closure. 

See 

17 Although the average brine saturation in the waste varies greatly from 
18 vector to vector (Figure 4.4-3), the variations with time show nearly the 
19 same trends in all of the realizations. There is an initial period when the 
20 brine saturation increases rapidly, peaking in 500 to 1500 yr. This rise in 
21 brine saturation is a direct result of the rapid drop in porosity. As the 
22 pore volume decreases, gas, but not brine, is compressed, and as a result the 
23 brine saturation increases. During this same period, brine volume (or mass) 
24 gene r a 11 y de c rea s e s , as a r e s u 1 t o f c on sump t i on by co r r o s i o n ( S e e 
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Figure 4.4-3. Waste average brine saturation. 

Brine saturation increases initially in large part because 

6 porosity reduction resulting from creep closure occurs at a faster rate than 

7 brine consumption by corrosion. Once creep closure effectively ceases, in 

8 most cases within 500 yr, brine saturation is no longer influenced by 

9 porosity changes, although brine inflow causes brine saturation to continue 

10 to rise for as much as 1000 more years. Thereafter, the brine saturation 

11 generally decreases- -rapidly at first, at a slower rate later- -as brine is 

12 consumed by corrosion. Corrosion consumes as much as 29,000 m3 of brine, as 

13 shown in Figure 4. 4-5. Some brine may flow out of the waste; the maximum 

14 among the 70 realizations was 11,000 m3 (Figure 4.4-6), but in 87% of the 

15 vectors, less than 2000 m3 flows from the waste. Only in one vector is less 

16 than 2000 m3 of brine consumed (Figure 4.4-5). Thus, in a general sense, most 

17 of the brine that disappears from the waste is consumed by reaction, rather 

18 than by outflow. 

19 

20 The rate and amount of gas generation varies greatly, as shown in Figure 

21 4.4-7. Among the 70 realizations, the quantity of gas generated varies over 

22 more than an order magnitude, from 2 x 106 m3 to 32 x 106 m3 of hydrogen, at 

23 reference conditions oo·c, 1.01325 X 105 Pa). In almost all cases, gas 

24 generation ceases in less than 10,000 yr. (The curves in Figure 4.4-7 become 

25 flat at that point.) Apparently, gas generation as modeled ceases because 
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Figure 4.4-4. Brine volume in waste. 
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Figure 4.4-6. Cumulative net brine flow from waste. 

'N 35 I 
(") 

E 

~ 30 
.,.... 

{.!) 
w 25 0 
0 
iD 
ii 20 0 
(.) 

z 
w 15 {.!) 
(/) 
<( 
{.!) 

10 _J 

:::> 
~ 
:::> 

5 (.) 
_J 

~ 
2 2 3 4 5 6 7 8 9 10 

TIME (1 03 yr) 
TRI-6342·2506.() 

Figure 4.4-7. Total cumulative gas generated from corrosion and 
biodegradation. 
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Figure 4.4-8. Iron content remaining in waste. 

5 brine is no longer available for corrosion or biodegradation in those cells 

6 where iron and cellulosics remain. As shown in Figure 4.4-8, iron is still 

7 present in the waste in 53 of the 70 realizations after 10,000 yr, yet the 

8 rate of gas generation by corrosion (Figure 4.4-9) has decreased greatly from 

9 the rate at earlier times. Similarly, cellulose is still available in 17 

10 realizations after 10,000 yr (see Figure 4.4-10) even though the 

11 biodegradation gas-generation rate has dropped nearly to zero for all 

12 realizations, as shown in Figure 4.4-11. 

13 

14 

1s 4.4.2 Conditions Outside of the Waste 
16 

17 As discussed in Volume 2, Section 4. 2. 3.1, the dominant pathways for 

18 contaminated brine flow from the waste to the accessible environment are: (1) 
19 along MB139 to the shaft and up the shaft to the Culebra; (2) through 

20 degraded drift and shaft seals to the shaft and up the shaft to the Culebra; 

21 and (3) along MB139 laterally outward toward the accessible environment. In 

22 addition, the anhydrite layers above the repository could provide a pathway 

23 for brine flow in the same manner as MB139. 

24 

25 Because BRAG FLO models only flow and does not simulate transport, it is 

26 difficult to state with certainty where contaminated brine has flowed. 
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Figure 4.4-9. Rate of gas generation by corrosion. 
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Figure 4.4-10. Biological content remaining in waste. 
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Figure 4.4-ll. Rate of gas generation from biodegradation. 

5 However, Figures 4.4-12 to 4.4-17 strongly suggest that no contaminated brine 

6 has flowed up the shaft. Figures 4.4-18 to 4.4-20 suggest that no 

7 contaminated brine has reached the accessible environment by way of lateral 

8 outward flow through the anhydrite layers or marker beds. 

9 

10 For contaminated brine to flow up the shaft, it must first flow either 

11 through the drift seals and backfill and into the shaft, or through the DRZ 

12 above and below the waste (see Figure 4.1-2). As Figure 4.4-12 shows, 

13 although some brine (less than 300 m3) has flowed from the waste into the 

14 seals and backfill (in only four realizations), none has flowed from the 

15 seals and backfill into the shaft (Figure 4.4-13). In fact, as shown in 

16 Figure 4.4-13, for the assumptions used inthe 1992 PA, there was flow between 

17 these two regions in only two realizations, and it was from the shaft, rather 

18 than into the shaft. In more than 60 realizations, there was no flow between 

19 these two regions. 

20 

21 These results do not preclude the flow of contaminated brine from the 

22 waste through the DRZ and into the shaft. However, Figure 4.4-14 shows only 

23 a momentary (from the perspective of the 10,000-yr regulatory period) flow of 

24 brine from the DRZ into the shaft and in only two of the realizations. Brine 
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Figure 4.4-12. Cumulative brine flow from waste to seals. 
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Figure 4.4-13. Cumulative brine flow from seals and backfill into shaft. 
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Figure 4.4-18. Cumulative brine flow from intact halite into the shaft. 
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Figure 4.4-19. Cumulative brine flow upward through the shaft seal. 
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Figure 4.4-20. Cumulative brine flow south out of anhydrite layers A and B. 

5 flow from the transition zone and MB138 into the shaft does occur in a few 

6 realizations (Figures 4.4-15 and 4.4-16), but it is unlikely that that brine 

7 has come from the waste, since these beds are several meters above the waste, 

8 and the waste is never fully saturated with brine (Figure 4.4-3). Figure 

9 4.4-17 shows that there is a large net flow of brine from the Culebra into 

10 the shaft in all but one realization, and in that one realization, the brine 

11 flow comes from the halite, and not from the shaft seal (Figure 4.4-18). 

12 Finally, Figure 4.4-19 shows upward flow of brine through the shaft seal. In 

13 only one realization was there any pi ti ve upward flow, and it amounted to 

14 only 0. 26 m3 of brine. In all other cases, there was either no flow through 

15 the seal, or there was flow downward. Thus, it appears highly unlikely that 

16 any brine originating in the waste could have flowed up and out of the shaft 

17 and into the Culebra. 

18 

19 In Figures 4.4-12 to 4.4-16, two realizations display behavior that is 

20 markedly different from all the rest. In these two realizations, the 

21 

22 

anhydrite permeability, a sampled parameter, is higher 

others, having values of 9.5 x l0-17 m2 and 4.1 x lo-17 m2. 

than in all the 

Apparently, this 

23 permeability is just high enough to allow sufficient influx of brine from the 

24 far field to flood the portion of the shaft below the shaft seal. Brine 
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flows into the shaft from MB138 and the transition zone and from the shaft 

2 into the seals, backfill region, and the DRZ. This occurs only in these two 

3 realizations. It does not occur in the realization having the next highest 

4 anhydrite permeability, 1.0 x lo-17 m2, even though none of the other sampled 

5 parameters in this realization differs radically from the other two 

6 realizations. Evidently, the model is quite sensitive to anhydrite 

7 permeability when the permeability is greater than 1.0 x lo-17 m2. 

8 

9 It is more difficult to establish that contaminated brine has not flowed 

10 laterally out the anhydrite layers beyond the WIPP boundaries without more 

11 detailed examination of the results, but an indirect argument can be made. 

12 First, note that since the likelihood of contaminated brine flowing into the 

13 shaft is negligible, it is even less likely that it could have flowed beyond 

14 the shaft to the north. (As Figure 4. 1-2 shows, the shaft intersects all of 

15 the anhydrite layers, which are the only significant lateral flow paths.) As 

16 for the southern direction, Figure 4.4-20 shows that there was no brine flow 

17 south laterally out the anhydrite A and B layer. While there was some flow 

18 to the south out MB138 in some realizations (Figure 4.4-21), it is unlikely 

19 that this brine came from the waste. In order for contaminated brine to flow 

20 out the top of the waste, the repository must be saturated with brine, with 

21 the remaining gas at the residual gas saturation of 0.07. As Figure 4.4-3 

22 showed, brine saturation never exceeded 60%, and was generally less than 40%. 

23 Therefore, contaminated brine flow out the top of the repository and 

24 laterally out MB138 is highly unlikely. In most realizations, there was a 

25 large flow of brine toward the repository through MB138. The only remaining 

26 possibility for lateral migration of contaminated brine is south out MB139. 

27 Among the nine realizations having a positive southward brine flow (Figure 

28 4. 4-22), the maximum cumulative southward flow was less than 1800 m3. 

29 Assuming radial plug flow and a minimum porosity of 0.001, the farthest this 

30 amount of brine could have flowed south out MB139 is 626 m. In Figure 

31 4.4-22, some of the curves (especially the bottom two) increase after passing 

32 through a minimum typically within the first 1000 yr. This indicates that 

~ even though the cumulative net brine flow is inward (toward the waste), there 

~ can still be a large outward flow of contaminated brine. In the worst case -

35 the bottom curve 6600 m3 of brine flows out of the waste into MB139. 

~ However, in this particular realization, the porosity of MB139 is 0.0041 and 

37 the maximum gas saturation of MB139 is only 0.065, so the 6600 m3 still flows 

38 out no farther than 626 m. (The distance of 626 m is the distance to the far 

39 end of the farthest grid block into which contaminated brine could have 

40 flowed.) In fact, this quantity of brine would not have flowed past the WIPP 

41 site boundary even with the minimum MB139 porosity of 0.001 and an improbable 

42 gas saturation throughout MB139 of 50%. Thus, it is unlikely that any 

43 contaminated brine could have flowed laterally beyond the WIPP site 
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Figure 4.4-21. Cumulative brine flow south out of MB138. 
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boundaries (approximately 2400 m beyond the repository) in the undisturbed 

2 scenario. 

3 

4 

5 4.4.3 Creep Closure Effects 
6 

7 The same set of 70 calculations that was described above was repeated 

8 with the only change being that creep closure of the waste was not allowed to 

9 take place dynamically. Instead, the porosity of the waste was held constant 

10 at a partially closed state (except for very small pressure-dependent 

11 compressibility effects). These calculations were done to determine what 

12 effect creep closure dynamics, as currently implemented, have on the results. 

13 These calculations will be referred to as "fixed-porosity" calculations to 

14 indicate that dynamic closure was not modeled, even though the repository is 

15 actually assumed to have crept to a final-state porosity. 

16 

17 The overall effect of modeling creep closure dynamically was minor. 

18 Pressures in the waste are generally higher without dynamic closure, but only 

19 because the fixed value of porosity is lower than the porosity calculated 

20 dynamically. Higher pressures result in gas flowing farther out the 

21 anhydrite layers. However, potentially contaminated brine still does not 

~ reach the disposal-unit boundary when a fixed porosity is used. 

23 

24 With creep closure modeled dynamically, the panel porosity was initially 

25 66% and dropped as creep progressed, leveling off at 12% to 21%. In the 

26 fixed-porosity calculations, the waste panel porosity was initially 19%, 

27 which is the median final-state porosity of the waste. (See Table 3.4-1 in 

28 Volume 3 of this report.) The porosity was allowed to vary only as a result 

29 of the non-zero compressibility of the waste; because the value used for 

30 compressibility of the waste is very small (1.6 x lo-9 Pa-l), the porosity 

31 increased only 1.1 percentage points even under the maximum pressures (Figure 

32 4.4-23). This analysis helps to illustrate the significance of creep closure 

33 in assessing the performance of the WIPP. Although only the early time 

34 dynamics are accounted for in the current implementation, that is the period 

35 during which the greatest changes occur and during which transient effects of 

~ closure should have the greatest impact on the performance of the WIPP. 

37 

38 

39 

40 

41 

Pressure profiles from the fixed-porosity runs (Figure 4.4-24) are very 

similar to the calculations that include closure. The most apparent 

differences are in the peak pressures, 

compared with 22 MPa with creep closure. 

which now are as high as 34 MPa, 

Pressures are generally higher when 

42 the creep closure process is not modeled. This occurs because, as mentioned 

43 above, the porosity used in the fixed-porosity calculations is lower 

~ initially but the brine volume is the same, so with less pore volume in which 
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Figure 4.4-23. Waste porosity without creep closure. 
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Figure 4.4-24. Panel pressure without creep closure. 
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to store the gas, pressures increase much more rapidly and go much higher, 

2 even though the amount of gas generated is roughly the same. Note that the 

3 pressure profiles and the pore volume profiles are identical in shape. The 

4 porosity is calculated as an exponential function of pressure, but because 

5 the compressibility is so low the function is essentially linear in pressure. 

6 

7 Most of the results from the BRAGFLO fixed-porosity calculations are 

8 nearly identical to the results that included creep closure dynamics. 

9 Compared with the 10, 000-yr regulatory period, creep closure transients are 

10 brief; a nearly constant final closed state is reached in only a few hundred 

11 yr (as currently modeled). Most flow phenomena in the vicinity of the 

12 repository take place at very low rates because of the low permeabilities of 

13 the surrounding strata. Only the chemical reactions (corrosion and 

14 biodegradation) occur rapidly. The initial brine volume was the same (for a 

15 given realization) in both calculations, and the low inflow and outflow rates 

16 changed that volume little over the first few hundred years, so the extent of 

17 the reactions was largely unaffected by the different porosities in the two 

18 sets of calculations. Thus, profiles of the remaining iron and cellulose 

19 content of the waste (Figures 4.4-25 and 4.4-26), and the total cumulative 

20 gas generated (Figure 4.4-27), look very similar in both the closure and 

21 fixed-porosity calculations (Figures 4.4-8, 4.4-10, and 4.4-7, respectively). 

~ After a few hundred years, conditions in the fixed-porosity calculations are 

~ very close to those in the closure runs, because by then porosities in the 

24 creep closure calculations have reached stable values that range from about 

25 13% to 25%, similar to those in the fixed-porosity calculations (19%). The 
26 exceptions are those few realizations in which the pressure rose rapidly and 

27 sufficiently high in the closure calculations to result in significant 

28 reinflation. In these, the stable final-state porosities are much higher 

29 (26% to 34%) than the porosities used in the fixed-porosity calculations, so 

~ pressures and other responses differed more substantially in the two sets of 

31 calculations. 

32 

33 Where the two calculations differed most was in the pressure-sensitive 

34 fluid- flow behavior, including gas flow out the Culebra, MBl38, and the 

35 anhydrite A and B layer, and brine flow out MB139. Differences resulted from 

~ the lower average porosity in the fixed-porosity calculations, which produced 

37 higher pressures in the waste. The higher pressures forced gas farther out 

~ the gas flow paths, and pushed brine farther out MB139. However, the maximum 

39 volume of brine that flowed laterally out MB139 (3540 m3) was still not 

~ enough to reach the accessible environment boundary, even if the porosity of 

41 MB139 had been 0.001 (the low end of the sampled range) in the realization 

42 producing the highest brine flow. 

43 

44 
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Figure 4.4-25. Iron content remaining in the waste without creep closure. 
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Figure 4.4-26. Cellulosic content remaining in the waste without creep 
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Figure 4.4-27. Total cumulative gas generated from corrosion and 
biodegradation, without creep closure. 

6 4.4.4 Comparisons with 1991 Results 
7 

8 The 1992 undisturbed performance calculations can be compared with two 

9 earlier sets of calculations (WIPP PA Department, 1992), the first done on a 

10 single panel scale (similar to the 1992 disturbed performance calculations), 

11 and the second done on a full repository scale (similar to the 1992 

12 undisturbed performance calculations). 
13 

14 The implementation of creep closure in the 1992 performance assessment 

15 resulted in significant differences in repository behavior, particularly in 

16 the pressure histories. Whereas peak pressures in the 1992 calculations are 

17 around 22 MPa, in the previous analyses they peaked at 17 MPa in the panel-

18 scale calculations and 16 MPa in the full-repository (undisturbed) 

19 calculations. This resulted from the lower porosities obtained from creep 

20 closure. With creep closure, final waste porosities ranged from 13% to 34%. 

21 In the previous analyses without creep, closure porosities ranged from 33% to 

22 60%. Waste pore volumes were nearly constant through time in all previous 

23 calculations, the only variation resulting from compressibility of the waste. 
24 
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There was, however, no net effect on performance. Neither in previous 

2 analyses nor in the 1992 PA was there any release of contaminated brine to 

3 the accessible environment in the undisturbed scenario. This result could 

4 change when pressure-dependent fracturing of anhydrite interbeds is 

5 implemented in the model in 1993, because pressures exceeding lithostatic 

6 could cause greater migration through fractured marker beds. However, 

7 because of the high degree of nonlinearity in the model, it is impossible to 

8 predict with any certainty what effect fracturing will have until the 

9 calculations are performed. 

10 
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5. DISTURBED PERFORMANCE 

5.1 Repository /Shaft 

1 5.1.1 Model Geometry 
8 

9 The model geometry for disturbed performance (i.e., scenarios in which 

10 the waste-disposal region is intruded by an exploratory borehole) of the 

11 repository/shaft system modeled by BRAGFLol differs from that used for 

12 undisturbed performance (Section 4.1), and is based on a radial-panel 

13 approximation scaled to match the initial excavated volume of a single 

14 equivalent panel. The model uses axisymmetric geometry with the intruding 

15 borehole as the axis of symmetry (Figure 5. 1-1) to represent one of the ten 

16 waste-disposal panels (labeled 1 through 10 in Figure 4 .1-1) and the 

17 surrounding stratigraphy (also shown in Figure 4. 1-1) . Differences be tween 

18 this model geometry and the rectangular geometry used to simulate undisturbed 

19 performance reflect the different purposes of the two sets of analyses, and 

~ result in performance estimates from the two geometries that are not in all 

21 regards directly comparable. 

22 

23 Several assumptions are implicit in the axisymmetric model: 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

As Figure 4 .1-l shows, the intruding borehole is located along the 

axis of symmetry of the cylindrically shaped equivalent panel. Strata 

directly above and below the panel are also represented by cylindrical 

elements. Strata adjacent to the panel are ring-shaped cylindrical 

elements surrounding the panel cylinder. 

The volume of the equivalent panel equals approximately one-tenth of 

the total storage volume of the repository. This smaller volume is 

based on the assumption that the panel seals will prevent fluid flow 

between each of the ten panels; therefore only one of the repository's 

ten panels is compromised by a borehole intrusion. The volume of this 

equivalent panel is assumed to equal the volume of one of the eight 

full-size waste-emplacement panels. The impact of allowing no flow 

between panels following human intrusion will be examined in future 

PAs. 

40 --------------
41 

42 1. The BRAGFLO computational model is described in 
43 this report and in the literature cited therein. 
44 flow through porous media, which BRAGFLO models, 
45 in Volume 2 of this report. 

Appendix A of Volume 2 of 
A discussion of multiphase 
is provided in Section 7.2 
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Figure 5.1-1. Schematic representation of the axisymmetric cylindrical model 

used for calculating disturbed performance of the 
repository/shaft system. 
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5.1 Repository /Shaft 

Because flow of radionuclides up the exploratory borehole is the 
dominant radionuclide transport mechanism, radionuclide transport 
through the panel seals towards the existing shafts can be ignored. 
Therefore, the drift and shaft systems are omitted entirely from the 
model, and the mesh resolution is coarse in the strata surrounding the 
repository. 

8 Figure 5.1-2 shows a vertical slice of the axisymmetric model. The 
9 region extends vertically 695 m from the top of the Culebra Dolomite Member 

10 of the Rustler Formation down to a hypothetical brine reservoir in the 
11 Castile Formation underlying the repository. The total radius is 
12 approximately 26 km. Stratigraphic units included in the model are the 
13 Culebra Dolomite, the intact halite of the Salado Formation, MB138, 
14 anhydrites A and B lumped into a single anhydrite layer, MBl39, a disturbed 
15 rock zone (DRZ) surrounding the waste-storage area, and a transition zone 
16 above the DRZ overlying the waste-storage area. 
17 

18 

19 5.1.2 Material Properties 
20 

21 Material properties for disturbed performance of the repository/shaft 
22 system are discussed in detail in Volume 3 of this report. The following 
23 material properties, which apply specifically to disturbed performance of the 
24 repository/shaft system, are discussed below in the following order: 
25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

permeability, 

porosity, 

specific storage, 

relative permeability, 

brine and gas saturations, 

capillary pressure, 

Castile Formation brine reservoir pressure and storativity, 

radionuclide inventory, and 

radionuclide solubility. 

44 All of the above material properties except radionuclide inventory and 
4~ radionuclide solubility are used by BRAGFLO. These two material properties 
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are input to the PANEL computational model, which is used to model 

2 radionuclide dissolution and mixing with brine flow up the intrusion 

3 borehole. PANEL is discussed further in Section 7.4 in Volume 2 of this 

4 report. 

5 

6 5.1.2.1 PERMEABILITY 
7 

8 Permeability Ranges 

9 

10 Assumed permeability values for the disturbed repository/shaft, shown in 

11 Figure 5.1-3, are listed below in order of increasing permeability 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Halite is assigned a range of permeability values from 1.0 x l0-24 to 
1. 0 x 10-19 m2. 

The anhydrite interbeds (MB138, MB139, and anhydrite A and B) and the 

transition zone above the DRZ overlying the waste-disposal panel are 

assigned a range from 1.0 x lo-21 to 1.0 x 1o-l6 m2. 

1.0 X lQ-15 m2 is assigned to the DRZ. 

2.1 X lQ-14 m2 is assigned to the Gulebra. 

1.0 X l0-13 m2 is assigned to the waste. 

1.0 X 10-ll m2 is assigned to the Castile brine reservoir. 

28 The Castile Formation (except for the brine reservoir) is assigned a 

29 permeability of zero. This is necessary to prevent the pressure in the brine 

30 reservoir from decaying before an intrusion occurs. 

31 

32 As discussed in Section 4.2.1, the permeability range for the anhydrite 

33 interbeds (1.0 x lo-21 to 1.0 x lo-16 m2) is extended to reflect some 

~ increase in permeability associated with fracturing. The interbed fracturing 

35 process, however, is not modeled in the 1992 calculations. 

36 

37 Culebra Permeability 

38 

39 For each of the 70 transmissivity fields used in the 1992 PA analysis, an 

40 area-weighted hydraulic conductivity was computed for the repository/shaft 

41 calculations. The conductivity was estimated for a circular region 5 km in 

42 radius centered at the intrusion borehole location.2 

43 --------------
411 2. For undisturbed calculations, this region is a 5- km- radius region centered 
46 about the waste storage area. 
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Figure 5.1-3. Permeability values for the disturbed repository/shaft system. 
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5. 1 Repository /Shaft 

BRAG FLO uses intrinsic permeability (a property of the medium alone; 

2 usually referred to in this report simply as permeability) rather than 

3 hydraulic conductivity (which includes properties of the fluid) for the 

4 Culebra Dolomite above the repository. The relationship is given by 

5 

6 
7 
8 
9 

10 
11 

k (5.1-1) 
pg 

12 where k is intrinsic permeability (m2), K is hydraulic conductivity (m/s), ~ 
13 is fluid viscosity (Pa•s), p is fluid mass density (kg/m3), and g is the 

14 gravitational constant (mjs2). The median value of hydraulic conductivity 

15 was used and fluid properties for Culebra brine were obtained from the 

16 property data base. The following values were used: 

17 

18 

19 

20 

21 

22 

23 

24 

25 

K 

JJ 

p 

g 

2.24 x lo-7 mjs, 

0.001 Pa•s, 

1090 kgjm3, and 

9.79 mjs2. 

26 resulting in an intrinsic permeability, k, of 2.1 x lo-14 m2. 

27 

28 5.1.2.2 POROSITY 

29 

30 Fixed (Time-Invariant) Porosity 

31 

32 Assumed porosity values for the disturbed repository/shaft that do not 

33 change in time, shown in Figure 5.1-4, are listed below: 

34 

~ Halite, the anhydrite interbeds, and the transition zone are assigned 

~ a range of porosity values from 0.001 to 0.03. 

37 

38 

39 

40 

41 

42 

43 

A slightly larger range of porosity values is assigned to the DRZ. As 

is explained in Section 2. 4. 4 of Volume 3 of this report, the DRZ 

range is determined by Equation 4.2-l (Section 4.2.2.1) 

The waste prior to closure modeling is assigned a value of 0.660. 
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Figure 5.1-4. Porosity values for the disturbed repository/shaft system. 
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5.1 Repository /Shaft 

Variable (Time-Varying) Porosity 

2 

3 The 1992 calculations for the first time take into account time-varying 

4 changes in panel porosity caused by creep closure of the panel. Input is 

5 from the computer code SANCHO. The reader is referred to Section 4.2.2.2 for 

6 a complete discussion of how the SANCHO porosity results are incorporated 

7 into BRAGFLO. Observations applying specifically to the disturbed 

8 repository/shaft environment appear as footnotes to the text in Section 

9 4. 2. 2. 

10 

11 

12 5.1.2.3 SPECIFIC STORAGE 
13 

14 Specific storage values for the disturbed repository/shaft system are 

15 calculated based on the relations presented by Equations 4.2-5, 4.2-6, and 

16 4.2-7 (Section 4.2.3). 

17 

18 

19 5.1.2.4 RELATIVE PERMEABIUTY3 AND CAPILLARY PRESSURE4 

20 

21 In mode 1 ing two-phase phenomena, characteristic curves using either the 

22 Brooks-Corey formulae (Brooks and Corey, 1964) or the van Genuchten-Parker 

23 formulae (van Genuchten, 1978; Parker et al., 1987) are used (see Section 

24 2.3.1 of Volume 3 of this report). The Brooks-Corey relative permeability 

25 model is used for two-thirds of the calculations and the van Genuchten-Parker 

26 model is used for the remaining one- third of the calculations. An index 

27 parameter (0 or 1) is sampled with these probabilities, so that either one 

28 model or the other is used in any one calculation. 

29 

30 Relative permeability parameters are varied and are the same for all 

31 materials except the waste and DRZ, which use a fixed set of values and the 

32 Brooks-Corey model. Residual brine and gas saturations range from 0.0 to 

33 34 _____ _ 

35 
36 3.Relative permeability is a function of the saturation. It is a value between 
37 0 and l that is multiplied by the absolute permeability to yield the 
38 effective permeability. Relative permeabilities are empirical fits of 
39 pressure drop and flow data to extensions of Darcy's law, and measurements 
40 taken at different degrees of saturation result in differing relative 
41 permeabilities (see Chapter 7 of Volume 2 and Section 2. 3.1 of Volume 3 of 
42 this report). 
43 
44 4. Capillary pressure differences arise when the gas and brine phases flow 
45 simultaneously through a porous network (see Chapter 7 of Volume 2 and 
% Section 2.3.1 of Volume 3 of this report). 
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0. 4. The Brooks -Corey parameter, >., ranges from 0. 2 

Genuchten-Parker parameter m is calculated from m=>./1+>.. 

characteristic curve model has important implications 

to 10.0. The van 

The choice of the 

for the expected 

4 behavior of multiphase flow in porous media (see discussion in Section 

5 4.2.4). 

6 

7 Threshold capillary pressures are determined from the correlation with 

8 permeability in all regions, as described in Section 2. 3.1 of Volume 3 of 

9 this report. The van Genuchten- Parker capillary pressure constant, P0 , is 

10 calculated by equating the capillary pressure from each of the two models at 

11 an effective saturation of 0. 5, and solving the expression for P0 . In the 

12 waste, in the DRZ, and in all excavated regions, the capillary pressure is 

13 assumed to be zero. In the 1992 performance assessment, zero capillary 

14 pressure for these regions is assumed because the capillary pressure curves 

15 are not defined for imbibition into a medium that has less than residual 

16 brine saturation. Any regions where the brine saturation starts out or may 

17 become less than residual (e.g., as a result of brine-consuming reactions) 

18 were modeled with zero capillary pressure. However, assuming zero capillary 

19 pressure may not be necessary in future calculations (see Section 4.2.4). 

20 

21 

22 5.1.2.5 CASTILE BRINE RESERVOIR PRESSURE AND STORATIVITY 

23 

24 In disturbed performance of the repository/shaft system, an exploratory 

25 borehole can penetrate a pressurized brine pocket in the Castile Formation 

~ underlying the repository (see Section 4.3.3.2 in Volume 2 of this report). 

27 In order to calculate the effects of Castile brine flow through the waste 

28 following intrusion, brine pressure and storativity are required inputs. 

~ Initial pressure is assumed to range between 12.6 and 21.0 MPa; storativity 

~ is assumed to range between 0.2 and 2.0 m3/Pa. 

31 

32 

33 5.1.2.6 RADIONUCLIDE INVENTORY 
34 

35 

36 

37 

38 

39 

Radionuclide inventory ranges 

(CH) waste vary by radioisotope. 

provided in Table 3.3-1 of Volume 

40 5.1.2.7 RADIONUCLIDE SOLUBILITY 
41 

for remote-handled (RH) and contact-handled 

A complete list of ranges by isotope is 

3 of this report. 

42 Radionuclide solubility varies by element. The lowest value is -16.5 

43 log(molar) for plutonium and the highest value is 1.26 log(molar) for radium. 
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5.1 Repository/Shaft 

Complete information on radionuclide solubilities is provided in Section 

2 3.3.5 of Volume 3 of this report. 

3 

4 

5 5.1.3 Initial and Boundary Conditions 
6 

7 As with the calculations for undisturbed conditions, a major difference 

8 between the 1992 and 1991 PA calculations for disturbed conditions of the 

9 repository/shaft system is in the treatment of initial conditions (Section 

10 4.3). The primary objective of taking a new approach in modeling the initial 

11 conditions has been to establish a more realistic pressure distribution in 

12 the formations surrounding the waste at the time the repository will be 

13 sealed. This time is referred to here as time zero. The 1992 calculations 

14 achieve more realistic time-zero initial conditions by varying the initial 

15 conditions in the repository over a 20-yr period immediately preceding time 

16 zero. 

17 

18 As explained in Section 4. 3, it was previously assumed that excavated 

19 regions were initially at atmospheric pressure with some arbitrary degree of 

20 brine-saturation, while all other regions were fully brine-saturated at 

21 hydrostatic pressure. In reality, brine will seep in continually from the 

22 surrounding formations during the operational phase of the WIPP. Water in 

23 the brine will evaporate into the well-ventilated atmosphere of the 

24 excavations, or will be pumped out as a standard mining practice if it 

25 accumulates anywhere. Thus, formations surrounding the excavations will be 

26 partially dewatered and depressurized during the operation. 

27 

28 The operational phase for disturbed conditions is now modeled more 

29 explicitly, as detailed in Table 5.1-l. The important features of conditions 

~ during the operational phase are as follows: 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

Because the disturbed-performance calculations are performed on a 

panel scale (Section 5.1.1), the operational phase is assumed to last 

20 yr rather than the 50-yr period used for the repository-scale 

undisturbed calculations (Section 4. 3). The 20-yr time period was 

chosen to incorporate some of the effects of other panels. While a 

single panel will not be likely to be open for 20 yr (except for the 

North and South Equivalent Panels), adjacent panels will be undergoing 

excavation or completing operations while each panel is being filled, 

and the formations surrounding a panel will be disturbed during 

operation. 

Except for the waste, 

pressure distribution 

the 

at 

excavated regions, 

20 yr before time 

and the Culebra, the 

zero is hydrostatic 
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Table 5.1-1. Startup Procedure for Disturbed Calculations 

:a 

4 I. Simulate the panel as an empty, 1) Set initial waste porosity to 1.0 
5 newly excavated, gas-filled cavity 2) Set initial waste brine saturation to 0.0 

6 3) Set initial waste pressure to 1 atm 
7 4) Set initial waste residual brine and gas saturation to 0.0 

8 5) Set initial permeability to 1.0x1 o-1 0 m2 

9 
II. Simulate DRZ as initially 1) Set initial pressure to hydrostatic relative to sampled value of 10 

11 pressurized, but partially fractured MB139 pore pressure 

12 2) Set initial permeability to 1.0x1 o-17 m2 
13 3) Set initial porosity to volume average of sampled value of 
14 intact far field anhydrite and intact halite porosities (since 
15 DRZ has both) 
16 4) Set initial brine saturation to 1.0 
17 5) Set capillary pressure to 0.0 (so gas and brine pressures are 
18 same) 
19 

Ill. Let the system equilibrate for 20 1) Waste pressure will increase slightly ( --0.5%) 20 

21 yr, the approximate time span 2) Brine will drain down from DRZ, leaving residual saturation 
22 between excavation and sealing of 3) DRZ pressure will drop precipitously, to equal waste pressure 
23 the repository 4) Let no creep closure occur 
24 

IV. Instantly add the waste at 20 yr 1) Reset waste pressure to 1 atm 25 

26 2) Set brine saturation of waste to sampled "initial" brine 
27 saturation 
28 3) Set waste residual brine and gas saturations to their sampled 

29 values 
30 4) Set waste permeability to 1 .Ox 1 o-13 m2 

31 5) Set waste porosity to "initial" value calculated from sampled 

32 values of volume fractions of metal and combustibles 

33 6) Set reactant concentrations to "initial" values 

34 
V. Adjust parameters for the DRZ 1) Change porosity to final sampled values (except for the creep 35 

36 and Culebra closure and rock compressibility, simulating time-dependent 

37 porosity is beyond current modeling capability) 

38 2) Adjust brine saturation so brine content of DRZ is unchanged; 

39 add gas to fill added pore volume 
40 3) Reset DRZ pressure to 1 atm 
41 4) Set DRZ permeability to 1.0 x 1 o-15 m2 to account for 
42 fracturing 
43 

VI. Resume calculation at 20 yr, 1) Begin creep closure 44 

45 this is the time normally called 2) Allow gas generation to begin 

46 t=O 3) Pressures outside waste and DRZ start from 20- yr values 
47 

VII. Continue out to 10,020 yr, 48 

49 i.e., 10,000 yr past the time 
50 normally called t = 0 
51 
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4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

5.1 Repository /Shaft 

relative to the pore pressure of MB139, for which a sampled range of 

12 to 13 MPa is used. 

Pressure at 20 yr before time zero in the waste and excavated regions 

is atmospheric, and the waste pressure is reset to this value at the 

end of the 20-yr period. 

Pressure in the Culebra at 20 yr before time zero is 1.053 MPa, and 

the far-field pressure is held at that value over the 10,020-yr 

calculation. (The Culebra has a fixed-pressure boundary condition, 

whereas the rest of the mesh uses a no-flow boundary condition.) 

The starting brine saturation will be 1. 0 everywhere except in the 

waste panel (there are no other excavated regions in disturbed 

scenarios except maybe the borehole, but it doesn't exist until 1000 

yr have elapsed), where the brine saturation starts at 0.0. 

At the end of the 20-yr operational period, the waste is emplaced 

instantaneously and assigned its sampled value of initial brine 

saturation, which will range from 0.0 to 0.14. 

22 The initial-condition calculations themselves begin with initial 

23 conditions similar to those used in 1991; perhaps the greatest difference is 

24 simply in interpretation. What was called time zero last year is now called 

25 -20 yr; this is the time of initial excavation. The performance calculations 

26 begin at time zero (20 yr after the initial-condition calculation has 

27 started); this corresponds to the time of sealing of the repository. 

28 

29 For the initial-conditions calculation, the permeability of the excavated 

~ regions is assumed to be very high (1 x lo-10 m2) to simulate cavities. At 

31 the end of the 20-yr operational period, any brine that has flowed into the 

32 excavated regions is ignored, since it will have evaporated or will have been 

~ pumped out of the repository. The sampled initial liquid saturation in the 

34 waste is introduced. Pressures in all the excavated regions are reset to 

35 atmospheric. Pressures there will generally be barely above atmospheric (by 

36 a few hundred pascals); they are reset to atmospheric to reestablish 

37 realistic conditions at time zero, since at the time of sealing, the 

38 excavated regions should really be at atmospheric pressure. With the 

39 exception of the DRZ pressures in all the surrounding formations, including 

40 the transition zone and the anhydrite interbeds, remain as they are at the 

41 end of the 20 yr. 

42 

43 In the DRZ, at least the residual saturation of brine, and possibly more, 

44 will remain, the rest having drained into the excavated region that will 

45 later be filled with waste. At time zero, porosity is assumed to change from 
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the initial intact halite value to the final sampled DRZ porosity. This 

porosity change increases the void volume. In order to conserve the volume 

of brine in the DRZ, the additional void volume is assumed to be filled with 

gas. The pressures in the DRZ will typically be slightly above atmospheric 

at time zero. If the pressures were left at those values when additional gas 

is introduced at time zero, it could result in a gas-drive condition that 

would cause brine to be expelled suddenly from the DRZ into the waste at time 

zero. To prevent this unrealistic behavior, the pressure in the DRZ is also 

reset to atmospheric at time zero. 

The previously excavated regions will contain no brine except for the 

initial liquid brought in with the waste. The surrounding formations will be 

depressurized and dewatered to the extent expected after being exposed to 

ventilated air at atmospheric pressure for 20 yr. All surrounding formations 

are fully saturated with brine at time -20 yr. Generally, at time zero, they 

will still be fully brine-saturated (except for the DRZ). Except for the 

DRZ, the brine saturation in surrounding formations is not modified due to a 

change in porosity at time zero. 

The calculations proceed from this calculated initial condition for the 

10,000-yr performance period. The most important effect of these more 

realistic initial conditions is that less brine will flow into the excavated 

regions (including the waste), since the initial "surge" of brine that occurs 

upon excavation has been eliminated, and the pressure gradients in the 

immediate vicinity of excavations have been greatly reduced. 

5.2 Results and Discussion (Disturbed Performance) 

As with the results of the undisturbed performance calculations, some 

general descriptions of the results for disturbed performance calculations 

are provided here. Plots showing the time dependence of various results 

include all 70 realizations (vectors), which allows trends to be observed and 

gross behavior comparisons to be made among all the vectors. Scenarios 

analyzed (E2 and ElE2) are defined in Section 2. 2 of this volume and 

described in more detail in Section 4.2.3.2 of Volume 2 of this report. 

5.2.1 E2 Scenario 

5.2.1.1 WASTE PANEL BEHAVIOR 

The time dependence of pressures in the waste panel is shown in Figure 

5.2-1 for all 70 realizations. In only two of the vectors does the peak 
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5.2 Results and Discussion 

2 3 4 5 6 7 8 9 10 

TIME (1 03 yr) 
TRI-ll:l-12·248().0 

Figure 5.2-1. E2 scenario, intrusion at 1000 yr: volume average gas pressure 
in waste. 

8 pressure exceed lithostatic (-14.8 MPa), probably as a result of rapid gas-

9 generation rates and high initial brine content in the waste. 

10 

11 At the time of human intrusion, 1000 yr, the waste panel pressure in all 

12 of the vectors drops precipitously (except for two cases in which the 

13 pressure was so low that intrusion had no immediate effect). After 

14 intrusion, two general types of behavior can be seen. The more common 

15 response is for the pressure to continue to decrease after the intrusion. 

16 The other response is for the pressure to rise again relatively rapidly 

17 following a period of low or slowly decreasing pressure. The time lag 

18 between intrusion and repressurization lasts from 500 to over 8000 yr. 

19 During this time, gas that has filled the panel is driven up the intrusion 

20 borehole as brine flows into the waste through the anhydrite layers 

21 (principally MB139). Once the panel is filled with brine (except for 

~ residual gas and, in some cases, large trapped bubbles), brine begins to flow 

23 up the borehole, eventually filling the borehole to the Culebra. Once the 

~ borehole is filled with brine, the pressure in the waste reaches hydrostatic 

25 relative to the Culebra pressure, and then levels off. Pressure fluctuations 

26 can be seen in the pressure profiles in Figure 5.2-1 with a rapid buildup in 

27 pressure as the borehole fills with brine followed by the pressure leveling 

28 off at hydrostatic, approximately 7 MPa. There are two realizations in which 
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the pressure levels off at much higher values. It is not clear why in these 

2 two realizations, the pressures level off at such high values. The only 

3 parameter that distinguishes these two from the other 68 is that they have 

4 the highest sampled anhydrite permeabilities, which would have provided good 

5 communication to the higher far-field pressures. In these two vectors, there 

6 are no other extreme values among all other parameters that were sampled. 

7 However, vee tors having similarly high anhydrite permeabi li ties did not 

8 result in final pressures intermediate between the two high ones (>11.1 MPa) 

9 and all the rest (<7.8 MPa). This may be a case where the model is extremely 

10 sensitive to certain combinations of sampled parameters, and the sampling was 

11 not sufficiently detailed in the range of parameters over which the model is 

12 most sensitive. 

13 

14 Panel porosities follow the same trends as seen in the undisturbed 

15 performance calculations. From the initial waste porosity of 66%, the 

16 porosity drops rapidly, bottoming out at 12% to 21% in 300 to 1000 yr. All 

17 vectors behave quite similarly, since the creep closure process, as currently 

18 modeled, does not allow much deviation from a median closure rate. Only 

19 vector 59 shows a different response; in this case, very high pressures were 

20 obtained as a result of high gas-generation rates before the human intrusion 

21 occurred, and the panel inflated to the maximum allowed porosity, 34%. None 

22 of the other vectors indicated sufficient pressure before the intrusion to 

23 cause inflation. As Figure 4.2-7 shows, the pressure in the waste must reach 

24 at least 6 MPa at low gas-generation rates and as high as 18 MPa at high gas-

25 generation rates before expansion of the panel is noticeable. After 

26 intrusion occurs, creep closure is no longer allowed; only compressibility of 

27 the waste affects the porosity, and that effect can barely be detected in the 

28 plots of waste pore volume (Figure 5.2-2). Thus, the porosity is nearly 

29 constant after intrusion. 

30 

31 

32 5.2.1.2 BOREHOLE INTRUSION EFFECTS 

33 

34 In 14 of the 70 realizations, brine from the waste flowed up the 

~ borehole into the Culebra. The maximum cumulative brine flow from the waste 

36 was 16,300 m3. As Figure 5.2-3 shows, a group of five vectors has 

37 substantial flows up the borehole over the 10, 000-yr performance period 

~ (ranging from 7200 m3 to 16,300 m3); another group of nine vectors had much 

39 lower flows (from 800 m3 to 2600 m3). Judging from the pressure profiles 

~ (Figure 5.2-1) there were two more vectors in which brine flow occurred into 

41 the borehole, but which had no release to the Culebra within 10,000 yr. In 

Q all of the other vectors, the panel did not fill with brine, and therefore 

43 there was no release up the borehole. In most of these cases, the 

44 permeability of the surrounding formations was simply too low to allow enough 

45 brine to flow in to fill the panel. 
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Figure 5.2-2. E2 scenario, intrusion at 1000 yr: pore volume in waste. 
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5.2.1.3 FLOW IN ANHYDRITE LAYERS 

2 

3 It is hypothetically possible for contaminated brine to flow out one of 

4 the anhydrite layers to beyond the WIPP boundaries. This possibility cannot 
5 be ruled out completely based upon these BRAGFLO simulations alone, since 

6 specific particles within the brine have not been tracked. However, it can 
7 be shown to be highly unlikely given the asswnptions of these calculations 
8 using information on the amount of brine flow from the panel. Figures 5. 2-4 
9 and 5.2-5 show cwnulative brine flow from and toward the panel, respectively, 

10 in MB138. The greatest outflow was only 120 m3, which is not enough to fill 
11 the pore space in MB138 between the panel and the WIPP boundary. The 

12 quantity of brine that flowed toward the panel in MB138 varied from zero to 
13 8000 m3. Given the low probability of contaminated brine even reaching 

14 MB138, which lies nearly 12 m above the panel, it appears to be unlikely that 
15 contaminated brine can flow out as far as the WIPP boundary. Similarly, 
16 Figure 5.2~6 shows that almost no brine flows out the anhydrite A and B 

17 layer, while as much as 12,000 m3 may flow in (Figure 5. 2 -7). The most 

18 likely conduit for contaminated brine flow from the waste is MB139. Figure 
19 5.2-8 shows that in one case 2500 m3 of brine flowed out MB139 from the waste 
20 panel. Without tracking particles, it cannot be stated with complete 

21 certainty that contaminated brine has not flowed out MB139 to the WIPP 
22 boundary. However, if the porosity is as low as can be expected, 0.001, this 

23 brine would travel only 935 m radially from the panel, well short of the WIPP 
24 boundaries. Note that MB139 is the major conduit for brine inflow; as much 

25 as 38,000 m3 of brine flowed into the waste via MB139 in these calculations 
26 (Figure 5. 2-9). Based on these calculations, the only probable release 
27 conduit from the waste is up the borehole. Some contaminated brine may 

28 migrate outward along the marker beds, but not enough to constitute a release 
~ to the accessible environment. This asswnes that the anhydrite layers do not 

~ fracture as the pressure in the waste increases and radial flow occurs along 
31 a uniform front. The effects of fracturing will be accounted for in the 1993 

32 PA calculations. 

33 

34 

35 5.2.1.4 EFFECTS OF CREEP CLOSURE 

36 

~ The same set of 70 realizations described above was repeated with the 

~ only change being that creep closure of the waste was not allowed to take 
39 place. The objective was to determine what effect creep closure, as 

40 currently implemented, has on the results. With creep closure, the panel 
41 porosity was initially 66% and dropped to 12% to 21%. In the calculations 
42 without dynamic creep closure, the waste-panel porosity was initially 19%, 
43 which is the median final-state porosity of the waste. (See Table 3.4-1 in 
« Volwne 3 of this report.) The porosity was allowed to vary only as a result 
45 of the non-zero compressibility of the waste; because the value used for 
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Figure 5.2-4. E2 scenario, intrusion at 1000 yr: cumulative brine flow out 
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compressibility of the waste is very small (1.6 x lo-9 Pa-l), the porosity 

2 varied less than 1. 2% even under high pressures (Figure 5. 2-10). These 

3 simulations are therefore referred to as the "fixed-porosity" case. This 

4 analysis illustrates the significance of creep closure, to the limit of 

5 current mode 1 ing assumptions, in assessing the performance of the WIPP. 

6 Although only the early time dynamics are accounted for in the current 

7 implementation, it is during that time period when the greatest changes 

8 occur, so it should be the period during which closure should have a major 

9 impact on the performance of the WIPP. 

10 

11 Overall, dynamically modeling creep closure results in only minor 

12 differences compared with using a fixed porosity. Transient behavior prior 

13 to the intrusion, such as pressure in the repository, may be very different. 

14 However, after 10,000 yr, total gas production is nearly identical, and the 

15 release of contaminated brine to the Culebra averages about 1% less with 

16 dynamic creep closure. Comparisons of results are complicated because the 

17 two sets of calculations must start with different initial conditions. The 

18 closure calculations start with 66% porosity and a sampled initial brine 

19 saturation in the waste, which translates into a certain initial brine 

ro volume. Because the rate and volume of gas production is strongly dependent 

21 on the initial brine volume, the fixed-porosity calculations were initialized 

~ with this same brine volume, rather than the same brine saturation. However, 

23 because the pore volume in the fixed-porosity calculations is initially much 

24 lower, the pressure in the waste rises more rapidly and much higher, even to 

25 unrealistic values. The alternative would be to start with the same initial 
26 brine saturation, but then the initial brine volume would be less, so 

27 pressures would rise much more slowly, and much less gas would be produced. 

28 

29 As expected, pressure profiles from the fixed-porosity runs (Figure 

30 5.2-11) show some major differences prior to human intrusion. The most 

31 obvious differences are in the peak pressures, which now are as high as 38 

32 MPa, compared with 22 MPa with creep closure. Pressures are generally higher 

33 without dynamic closure until the intrusion occurs. This results, as 

~ mentioned above, because the porosity used in the fixed-porosity calculations 

35 is lower initially while the brine volume is the same. With less pore volume 

36 in which to store the gas, pressures increase more rapidly and go higher, 

37 even though the amount generated is roughly the same. 

38 

39 Following intrusion, the waste pressures are very similar in both the 

~ dynamic closure and fixed-porosity results, since by then the porosities are 

41 of similar magnitude, much of the brine that is initially present has been 

42 consumed, and the gas has been vented to the same low-pressure sink (the 
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Culebra). Comparison of plots of the remaining iron and cellulose content 

2 for the fixed-porosity runs with those for the runs that include dynamic 

3 creep closure reveals a greater extent of reaction early on in the fixed 

4 porosity set that seemed to affect about a third of the realizations (Figure 

5 5. 2-12). However, except for lowering those particular curves, the general 

6 shape of most of the plots is quite similar. This further illustrates that 

7 the behavior in the two sets of runs differs little after intrusion. 

8 

9 Plots of the total cumulative gas generated show some distinct 

10 differences (Figure 5.2-13), especially in the rate of gas generation (i.e., 

11 the slopes of the curves). However, after 10,000 yr, the amount of gas that 

12 has been produced is approximately the same in both the dynamic closure and 

13 fixed-porosity calculations. The fixed-porosity calculations started with 

14 higher brine saturation. Since the gas generation rate is dependent on the 

15 brine saturation, the rate is higher initially in the fixed-porosity runs. 

16 The initial reactant concentrations are the same in both calculations, as is 

17 the initial brine volume in the waste. Thus, the total gas produced is 

18 nearly the same with and without dynamic closure. 

19 

20 The maximum amount of brine that flowed up the borehole is slightly less 

21 with dynamic closure (Figure 5.2-14). The largest cumulative brine flow up 

22 the borehole in the calculations with closure was 16,300 m3; in the fixed-

23 porosity calculations, it was 17,800 m3. Among the nonzero flows, the 

24 average cumulative flow was 5490 m3 in the dynamic closure calculations and 

25 4850 m3 in the fixed-porosity runs. In the dynamic closure calculations, 14 

26 of the 70 vectors showed some positive flow of brine to the Culebra; in the 

27 fixed-porosity calculations, 16 vectors had some positive cumulative flow, 

28 although two of those amounted to less than 20m3. Among the other 14 fixed-

29 porosity nonzero-flow vectors, the average cumulative flow was 5540 m3, 

~ slightly more than the closure average. The net effect of including dynamic 

31 creep closure as it is currently implemented, therefore, is to decrease 

32 slightly the estimated release of contaminated brine to the Culebra, although 

~ the difference is very small, averaging less than 1%. 

34 

35 

36 5.2.1.5 COMPARISONS WITH THE 1991 PA RESULTS 

37 

~ It is useful to compare the 1992 disturbed performance calculations with 

39 those from the 1991 performance assessment. Significant changes since 1991 

40 include some parameter value changes (in most cases, only the range of 

41 sampled values changed; there was still some overlap in the parameter 

42 ranges), and the inclusion of creep closure in 1992. In the 1991 performance 
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Figure 5. 2 -13. 
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assessment, in the E2 scenario with an intrusion at 1000 years, there were 17 

2 instances of brine release up the borehole among the 60 vectors, or 28%. In 

3 the 1992 performance assessment, 14 of 70 vectors resulted in borehole 

4 releases, or 20%. The more detailed analyses described later in this report 

5 indicate what parameter changes or conceptual model changes produced this 

6 small difference in the number of releases. In 1991, the maximum release in 

7 an E2 scenario was about 45,000 m3; in 1992 it is 16,300 m3. Both volumes 

8 are small relative to brine releases from the ElE2 scenario (Section 5.2.2). 

9 

10 The maximum pressure observed in the 1992 performance assessment, 22 

11 MPa, is higher than that obtained in 1991, when the maximum was less than 17 

12 MPa. However, peak pressures in excess of lithostatic were seen in only two 

13 vectors in 1992; except for those two, the highest pressures seen were about 

14 13 MPa. And except for the two vectors in which the pressure remained at 11 

15 to 12 MPa for most of the 10,000 yr, the pressures in the waste settled into 

16 a range from 1 to 7 MPa. In the 1991 performance assessment, more than 10% 

17 of the vee tors maintained pressures higher than 7 MPa. Under "normal" 

18 circumstances, if the borehole fills with brine, the waste pressure should 

19 level off at around 7 MPa, which is hydrostatic relative to the Culebra, 

~ where the pressure is modeled as constant at 1.05 MPa. When pressures remain 

21 in excess of 7 MPa, the waste is either over-pressured with gas, or it is in 

~ excellent communication with the far field, where fluid pressures may exceed 

23 hydrostatic. 

24 

25 

2s 5.2.2 E1 E2 Scenario 
27 

28 

29 5.2.2.1 WASTE PANEL BEHAVIOR 

30 

31 The time dependence of pressures in the waste panel is shown in Figure 

32 5.2-15. Up to the time of intrusion, 1000 yr, the behavior is identical to 

33 that in the E2 scenario. In only two vectors does the pressure rise above 

~ lithostatic. In most cases, the pressure rises steadily, at widely varying 

35 rates, until the intrusion occurs. From that point on, the behavior differs 

36 greatly from the E2 scenario. In the majority of vectors, the pressure 

37 undergoes some rapid transients immediately following the intrusion. In some 

38 cases, there is a sudden depressurization when the intrusion borehole 

39 connects the pressurized panel with the lower-pressure Culebra. In other 

~ instances, the pressure in the waste is still low at the time of intrusion, 

41 and it increases suddenly when the borehole connects the panel with the 

42 pressurized Castile brine reservoir. In most of the runs, a relatively 

43 steady pressure is attained fairly quickly at a value intermediate between 

« the pressure in the Castile and in the Culebra. These pressures range from 

45 about 7. 5 MPa to 13.7 MPa. In about one- third of the vectors, 
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4 Figure 5.2-15. ElE2 scenario, intrusion at 1000 yr: panel pressure. 

5 

6 

7 there is a time lag between the intrusion and attainment of this steady 

8 pressure. During this period, panel pressure is not yet strongly influenced 

9 by the Castile pressure because of low borehole permeability, small borehole 

10 diameter, or sufficient gas generation in the waste to retard flow of brine 

11 up the borehole. Whatever the cause, it takes anywhere from a few hundred to 

12 several thousand years for good communication to be established between the 

13 Castile and the Culebra, which will occur once the borehole becomes 

14 completely filled with brine from the Castile to the Culebra. A few vectors 

15 show erratic pressure behavior over the full 10,000 yr. This behavior 

16 results from borehole permeabilities that are too low to keep the waste panel 

17 filled with Castile brine. Pressures in the waste in these realizations 

18 fluctuate as some brine starts to flow up the borehole from the waste, but 

19 then is displaced as gas generation consumes brine and newly generated gas 

20 refills the borehole. Given sufficient time (perhaps tens of thousands to 

21 hundreds of thousands of years), these pressures would eventually level out 

22 at hydrostatic pressure relative to the Culebra, after all gas generation 

23 ceases and brine from the far field refills the panel. 

24 

25 Because creep closure is not modeled after the intrusion occurs, the 

26 waste porosities in the ElE2 scenario are nearly identical to those in the E2 

27 scenario. The only differences result from different pressure histories 

28 after the intrusion, which affects porosity because the waste is still 
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assumed to be compressible. 

2 insignificant. 

3 

4 

5 5.2.2.2 BOREHOLE INTRUSION EFFECTS 

6 

However, the effects on porosity are 

7 In all but two realizations, brine flows up the intrusion borehole from 

8 the waste (Figure 5.2-16). Cumulative nonzero brine flows at 10,000 yr 

9 range from 156 to 9. 8 x 105 m3. There is a strong correlation between 

10 borehole permeability and cumulative brine flow up the borehole. The three 

11 vectors with the highest brine flows also have the highest sampled borehole 

12 permeabilities. It is assumed that all of this brine is contaminated with 

13 radionuclides from the waste. As currently modeled, most of this brine would 

14 flow directly from the Castile to the Culebra with little mixing with the 

15 waste unless mixing was assumed. However, the ElE2 scenario involves lateral 

16 flow through the waste, rather than simply vertical flow through the waste, 

17 so all of the brine flowing up the borehole is assumed to flow through the 

18 waste. (Calculation of radionuclide releases, using PANEL [see Table 2.4-l], 

19 involves elemental solubility and radionuclide inventory, in addition to 

20 brine flow rate.) 

21 

22 The amount of brine that flows through the waste is large compared to 

23 the E2 scenario; the maximum cumulative flow is a factor of 60 higher. This 
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has a major effect on corrosion and biodegradation. The ready availability 

2 of brine results in all of the iron content in the waste being consumed in 

3 all but five realizations, and all of the cellulose being consumed in all but 

4 two realizations (Figures 5.2-17 and 5.2-18). Compare this with the E2 

5 scenario, in which the only brine available had to flow in from the far field 

6 through the relatively impermeable (compared to the intrusion borehole) 

7 anhydrite layers. In the E2 scenario, iron remained in the waste after 

8 10,000 yr in 55 of the vectors (Figure 5.2-17) and cellulose was unreacted in 

9 30 vectors (Figure 5.2-18). 

10 

11 The effect of this greater consumption of degradable materials in the 

12 waste is to generate more gas. Whereas the maximum cumulative gas generated 

13 in the ElE2 scenario is nearly identical to that in the E2 scenario ( 3. 60 x 

14 106m3 H2 at reference conditions vs. 3.64 x 106m3), the average cumulative 

15 gas generated was 2. 6 x 106 m3, compared with 2. 0 x 106 m3 in the E2 

16 scenario. Most vectors in the ElE2 scenario resulted in 1.4 x 106 m3 to 3.3 

17 x 106m3 H2 (Figure 5.2-19), compared to a lower and broader range of 0.6 x 

18 106 m3 to 3.1 x 106 m3 for the E2 scenario (Figure 5. 2-19b). However, 

19 because of the much higher brine flow rates in the ElE2 scenario, the higher 

20 gas-generation rates and volumes affected the release of brine up the 

21 borehole less than in the E2 scenario, in which the presence of gas tended 

~ more to interfere with the flow of brine. 

23 

24 5.2.2.3 BRINE FLOW IN ANHYDRITE LAYERS 

25 

26 The behavior of the anhydrite layers in the ElE2 scenario is essentially 

27 identical to the E2 scenario. Only in four vectors was there any net outward 

28 flow of brine from the waste panel, and the maximum amounted to only 68 m3. 

29 In all other vectors, the net cumulative flows were inward (Figures 5.2-20), 

30 and ranged up to 36,000 m3. The bulk of the flow (typically 65%), came in 

31 from MB139; about 20% came in through anhydrite A and B, and the remainder 

32 (about 15%) came through MB138. In considering possible lateral flow of 

33 contaminated brine to the accessible environment, it may be more useful to 

~ look at absolute outward flows, rather than net flows, since brine that has 

35 flowed outward may leave adsorbed contaminants even after the flow has been 

36 reversed. In this case, there were four vectors in which there was no 

37 outward flow at all. The maximum cumulative outward flow in any of the 

38 anhydrite layers was 2500 m3 in MB139 (Figure 5. 2-21). Even at the minimum 

39 porosity of 0. 001, under the present modeling assumptions this brine could 

~ have traveled out MB139 no more than 500 m. So, as with the E2 scenario, it 

41 is improbable that contaminated brine can reach the accessible environment 

42 (2500 m from the panel) by means of lateral flow through the anhydrite 

43 layers, assuming again that these layers do not fracture as the pressure in 
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Figure 5. 2-19. ElE2 scenario, intrusion at 1000 yr: total cumulative gas 
generated by corrosion and microbial biodegradation. 

8 the waste increases. (However, note that the pressure in the waste exceeded 

9 lithostatic in only two of the vectors, so it is difficult to determine how 

10 much impact fracturing may have on radionuclide releases resulting from the 

11 ElE2 scenario. Fracturing of anhydrite layers will be included in next year's 

12 PA calculations.) 

13 

14 5.2.2.4 EFFECTS OF CREEP CLOSURE 

15 

16 The comments made above on the results of the E2 scenario calculations 

17 apply to ElE2 scenario almost without change. In the fixed-porosity 

18 calculations, the pressures reach similarly unrealistically high values, up 

19 to 38 MPa (Figure 5.2-22). The reasons are the same: The initial pore 

20 volume has been decreased as the initial porosity was reduced from 66% in the 

21 closure calculations to 19% in the fixed porosity calculations, while initial 

22 brine volume, rather than brine saturation, was conserved. Gas was produced 

23 at roughly the same rate, but with less storage volume in the panel, the 

24 pressure rose more rapidly. As a result of this pressure increase, the 

25 porosity increased, but only slightly (to a maximum of 20.2% at the maximum 

26 peak pressure). Unlike the E2 scenario, however, most of the reactants (iron 

27 and cellulose) are consumed within 10,000 yr in the ElE2 scenario, regardless 

28 of how the waste porosity is modeled, so the cumulative gas volume 
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without dynamic creep closure. 
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generated differs very little in the fixed-porosity calculations from the 

2 calculations with dynamic creep closure. 

3 

4 The fixed-porosity calculations resulted in cumulative brine flows up 

5 the borehole that were nearly identical to those from the closure 

6 calculations (Figures S.2-l6 and S.2-23). Whereas the maximum cumulative 

1 flow in the closure calculations was 9.79 x lOS m3, it was 9.77 x lOS m3 in 

8 the fixed porosity calculations. The average flow in the closure 

9 calculations was 9. 71 x 104 m3 and 9. 70 x 104 m3 in the fixed porosity 

10 calculations. In both sets of runs there were only two vectors that produced 

11 zero brine flow to the Culebra. Despite some major effects on transient 

12 behavior (such as waste pressures), the current dynamic creep closure model 

13 has no net effect on the performance assessment compared with the fixed-

14 porosity model . 

15 

16 5.2.2.5 COMPARISON WITH THE 1991 PA RESULTS 

17 

18 The maximum cumulative release of contaminated brine to the Culebra is 

19 higher than in the 1991 performance assessment: 1.24 x 106 m3, compared with 

20 6. 7S x lOS m3 in the 1991 performance assessment. This can be attributed 

21 almost entirely to the borehole permeabilities used in those particular 

22 vectors. As long as pressure in the Castile is high enough to drive brine 

23 all the way to the Culebra, and borehole permeability is high, then 

24 cumulative flows to the Culebra are proportional to borehole permeability. 

25 This observation reflects the dominant role that borehole permeability plays 

26 in controlling flows in an ElE2 intrusion. Confirmation of that observation 

27 is provided by the following results: The ratio of the maximum flow in the 

28 1992 performance assessment to the maximum flow in the 1991 performance 

29 assessment is 1.84; the ratio of the borehole permeability in the 1992 vector 

30 with maximum flow (l.O x lo-ll m2) to the borehole permeability in the 1991 

31 vector with maximum flow (5.5 x lo-12 m2) is 1.82. Under these conditions 

32 (high borehole permeability and sufficiently high Castile pressure), none of 

33 the other sampled parameters has much impact on releases to the Culebra. 

~ However, when the borehole permeability is not high, other parameters come 

35 into play. This is apparent when one considers that the average cumulative 

~ flow to the Culebra calculated in the 1992 performance assessment is 126,000 

37 m3, whereas the average obtained last year was 70,400 m3, even though the 

38 ranges of borehole permeabilities and diameters and Castile pressures that 

39 were sampled were the same in 1992 as in 1991. 

40 

41 In the 1992 performance assessment, only two of the 70 realizations 

42 resulted in zero flow to the Culebra. In the 1991 performance assessment, 

43 there were also only two realizations (out of 60) with zero flow. In both 

44 the 1991 and 1992 calculations, ElE2 intrusions almost always result in 

45 releases to the Culebra. 
46 
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Figure 5.2-23. ElE2 scenario, intrusion at 1000 yr: cumulative brine flow 
up borehole without dynamic creep closure. 
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6. DISTURBED PERFORMANCE: 
CULEBRA GROUNDWATER FLOW AND TRANSPORT 

6 This chapter describes the implementation of the 1992 PA model for 

7 groundwater flow and radionuclide transport in the Culebra Dolomite Member 

8 of the Rustler Formation. The computer codes used are SECO-FLOW for 

9 groundwater flow and SECO-TRANSPORT for radionuclide transport. Both codes 

10 are described in Chapter 7 and Appendix C of Volume 2 of this report. Flow 

11 is calculated in seventy different transmissivity fields that are described 

12 in Chapter 7 and Appendix D of Volume 2 of this report and by LaVenue and 

13 RamaRao ( 1992). 

14 

15 

16 

17 

6.1 Conceptual Model 

18 The conceptual model for flow in the Culebra Dolomite Member of the 

19 Rustler Formation is essentially unchanged from that used in the 1990 and 

20 1991 PA (Bertram-Howery et al., 1990; WIPP PA Division, 199lb, Section 

21 6 .1). As discussed in Chapter 7 of Volume 2 of this report, conceptual 

22 models for transport have been modified to allow a more complete 

23 representation of the possible affect of clay linings in fractures on both 

24 physical and chemical retardation. Geologic and hydrologic information 

25 supporting the flow and transport models are described in Chapter 2 of 

26 Volume 2 of this report. Major aspects of the models are as follows. 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

• Single-porosity Dare ian flow. Results of hydrologic tests on wells 

completed in the Culebra are consistent with the response of a 

heterogeneous medium obeying Darcy's law (Jones et al., 1992). Results 

of some well tests indicate dual-porosity response during the early 

part of the tests (Beauheim, 1987; Jones et al., 1992). This is 

interpreted to be caused by disequilibrium between pressure in 

coextensive fracture and matrix porosity sets. Because the time of 

pressure equilibration between the porosity sets is much smaller than 

the time scale of processes considered in the human-intrusion scenario, 

the Culebra is modeled as a heterogeneous single-porosity medium for 

the purpose of fluid-flow calculations. (Dual-porosity effects on 

transport are considered, however, as discussed below.) 

• Two-dimensional flow. Most hydrologic test wells in the Culebra are 

completed across the entire vertical extent of the unit. Parameters 

derived from tests on these wells are therefore composite or average 

values over the vertical extent of the member. Although flow is known 

to be localized to particular elevations within the Culebra at several 

wells (Mercer and Orr, 1979), there is insufficient information to 
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characterize vertical variability of hydrologic properties within the 

Culebra. A vertically integrated two-dimensional model has therefore 

been adopted. 

5 • No flow through upper and lower boundaries. Potentiometric differences 

6 between the Culebra and other members of the Rustler Formation suggest 

7 that vertical flow between the members is extremely slow over the WIPP 

8 and in much of the surrounding study area (Beauheim, 1987; Brinster, 

9 1991). The present conceptual model includes impermeable upper and 

10 lower boundaries on the Culebra. The validity of the assumption that 

11 leakage between the Culebra and the over- and underlying units can be 

12 neglected is uncertain, and the importance of possible vertical flux 

13 will be examined when information is available from regional three-

14 dimensional hydrologic modeling being conducted by the SNL Fluid Flow 

15 and Transport Department. 

16 

17 

18 

19 

20 

21 

• Flow in Nash Draw parallel to the axis of the draw. Nash Draw is 

believed to be a major sub-surface drain for the Rustler Formation west 

of the WIPP (Davies, 1989; Brinster, 1991). Groundwater flow in the 

draw is therefore assumed to parallel the topographic axis of the draw. 

22 • Pressure equilibrium and flow prior to WIPP construction. Time 

23 constants of pressure changes due to compression of the fluid and 

24 

25 

26 

27 

28 

29 

30 

matrix are small compared to time constants of fluid density changes, 

transmissivity changes, or other transient processes affecting 
pressure. For any subdomain of the Culebra, and in the absence of 

fluid sources or sinks within the subdomain, the Culebra pressure is 

assumed to be currently in equilibrium with pressures around the 

boundary of the subdomain. 

31 • Future flow-field transients induced by external changes. The future 

32 state of the Culebra flow field is assumed to differ from the present 

33 state through regional climate change. Climate change is assumed to 

~ affect recharge and discharge rates external to the model domain, and 

35 therefore to influence flow within the model domain through a change in 

36 boundary pressures (memorandum by Swift in WIPP PA Division, l99lc; 

37 WIPP PA Division, 199lb; Swift, 1993). 

38 

39 

40 

41 

42 

43 

44 

6.-2 

Transport decoupled from flow. In the human intrusion scenario, one or 

more boreholes create a long-term connection between the repository and 

the Culebra. Hydrologic properties of the borehole limit potential 

fluid discharge to the Culebra to approximately 80 m3/yr. This rate of 

fluid injection is assumed to have no impact on the prevailing Culebra 

flow field (Reeves et al., 1991). Fluid injected from the repository 
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Conceptual Model 

is also assumed to have no effect on Culebra fluid density. Estimation 

of the Culebra flow field and estimation of radionuclide transport 

through this flow field are, therefore, considered as separate 

problems. 

6 • Dual-porosity transport. Matrix and fracture porosities that are 

7 coextensive and communicating can result in local disequilibrium 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

between radionuclide concentrations between the fracture and matrix 

(Jones et al., 1992). The time constant associated with this 

disequilibrium is determined by the rate of exchange of radionuclides 

between the porosity sets and the radionuclide storage capacity of the 

fracture and matrix. Because this equilibration time may be 

significant in comparison to the time scale of source-term 

concentration change, a dual-porosity transport model has been adopted. 

The 1992 conceptual model for dual-porosity transport differs from that 

used in 1991 in that porosity of the clay linings within fracture is 

modeled explicitly, and diffusion may occur in both the clay linings 

and the dolomite matrix (see Section 7.6 of Volume 2 of this report). 

Alternative conceptual models are examined with and without clay 

linings and dolomite matrix porosity (see Section 5.1 of Volume 1 of 

this report and Chapter 8 of this volume). Available information is 

insufficient to confirm or refute these alternative conceptual models 

at this time. Proposed tracer tests may provide additional information 

to support a choice of transport model (Beauheim and Davies, 1992). 

• Linear equilibrium sorption of radionuclides. In addition to 

in Culebra hydrodynamic p rocesses, rad ionuc 1 ide concentrations 

groundwater are assumed to be affected by geochemical interactions with 

the host rock. Reversible sorption is assumed to be the only mechanism 

on interaction of the radionuclides with the rock (Trauth et al., 

1992). 

isotherm, 

dolomite 

Sorption is further assumed to follow a linear Freundlich 

with different coefficients describing sorption on the 

matrix and the clay linings in fractures. Chemical 

retardation of radionuclides by sorption is believed realistic, but, by 

agreement be tween the DOE and the State of New Mexico, cannot be 

cons ide red in a fi na 1 compliance evaluation unless supported by 

experimental data (US DOE and the State of New Mexico, 1981, as 

modified). Experimental programs are in progress or planned to reduce 

these uncertainties, including laboratory-scale radioactive tracer 

tests in core samples (US DOE, 1992, and references cited therein) and 

nonradioactive tracer tests between well locations in the Culebra 

(Beauheim and Davies, 1992). 
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6.2 Model Geometry 

6.2.1 Regional Domain 

The regional domain (Figure 6.2-l) is 25 x 30 km, with the long axis 

oriented 38 degrees east of north. The grid (Figure 6.2-2) consists of 50 x 

57 x l (x,y,z) blocks and has varying spacing in the x-y plane, reflecting 

the spatial distribution of transmissivity data from wells. Grid spacing 

is finer in the central portion of the model in the vicinity of H-3, H-11, 

WIPP-13, and the shafts. Grid-block dimensions range from 50 m near the 

center of the site to approximately 2800 m at the model boundary. The 

vertical dimension of the grid is 7.7 m, and is the mean thickness of the 

Culebra Dolomite Member of the Rustler Formation in the WIPP area (LaVenue 

et al., 1988). 

The rotated orientation of the grid and the location of a model boundary 

along the axis of Nash Draw were chosen to take advantage of the draw as a 

natural no-flow symmetry boundary. Locations and orientations of the 

regional model boundaries are the same as those used in the 1991 PA (WIPP PA 

Division, l99lb). 

6.2.2 Local Domain 

The 5.75 x 6.625 km local domain (Figure 6.2-l) is oriented with its long 

dimension north-south, and the grid (Figure 6.2-2) consists of 46 x 53 x l 

(x,y,z) blocks, each of which is 125 x 125 m. The vertical thickness of the 

blocks is 7.7 m, and is the same as the thickness of the regional grid. The 

intrusion borehole is assumed to intersect the Culehra directly over the 

center of the disposal region (see the following Section 6. 2. 3 for a 

discussion of the location of this point). The local grid is positioned to 

place the intrusion borehole at a grid-block center. Fluid flow and mass 

transport in the local domain are solved using regional head solutions as 

input boundary conditions. 

6.2.3 Location of the Intrusion Borehole 

The location of the intrusion borehole in the local domain is held 

constant in all 70 realizations at a point directly above the center of the 

waste-disposal region. Specifically, the intersection of the intrusion 

borehole and the Culebra is located above the center of the central pillar 

separating the southern and northern equivalent panels (panels 9 and 10 on 

Figure 4.1-l). See Figure 3.1.2 in Volume 3 of this volume for a scale 

drawing providing coordinates for this point. 
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Figure 6. 2-1. Regional and local domains for groundwater flow and transport 
calculations. 
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Figure 6.2-2. Grids for regional and local domains for groundwater flow and 
transport calculations. 
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Model Geometry 

The choice of a fixed location for the intrusion borehole is an 

2 assumption made for convenience in defining computational scenarios and 

3 determining scenario probabilities (WIPP PA Division, 199lb, Chapter 2). 

4 Spatial variability of future drilling events is assumed to be uniform, and 

5 the straight-line distance between the center of the waste-disposal region 

6 and the subsurface boundary of the accessible environment is therefore the 

7 mean distance between an intrusion and a regulatory release point. As 

8 discussed in the following paragraphs, this distance is approximately 2.4 

9 km. Based on the planned dimensions of the waste-disposal region (Figure 

10 3.1.2 in Volume 3 of this report), the actual straight-line distance from a 

11 randomly-located intrusion borehole to the accessible environment boundary 

12 may be as much as approximately 315 m more or less than this mean distance. 

13 As shown in Section 6.8.3 of this report, modeled flow does not occur along 

14 straight lines, and transport distances are therefore somewhat greater than 

15 the minimum distance. 

16 

17 The shortest horizontal distance from waste to the accessible environment 

18 is a straight line south from any of the southern panels to the WIPP land-

19 withdrawal boundary at the southern edge of either sections 32 or 33, T22S, 

ro R31E (Figure 6.2-3). Based on the surveyed location of the southern end of 

21 the South Drift (WEC, 1988) and the north-south dimensions of sections 29 

~ and 32, T22S, R31E, as scaled from the Los Medanos 7.5 minute topographic 

23 quadrangle (USGS, 1985a), this distance is estimated to be 2414 m (7916 ft). 

24 Possible sources of error in this estimate are as follows: 

25 

26 • Gonzales (1989) noted that the WIPP survey coordinates for the 

27 northeast corner of section 29, T22S, R31E give a location about 12 m 

28 south of that indicated by the USGS coordinates for the same point. 

~ Gonzales (1989) concluded that the WIPP survey was more reliable, and 

~ the distance reported here is based on WIPP survey coordinates. 

31 

32 • Accuracy in scaling from the topographic map is estimated to be ± 10 m. 

33 

~ • No estimate is made here of the accuracy of either the WIPP survey or 

35 the topographic map. 

36 

37 

38 

39 

No estimate is made of the precision with which future excavations will 

match present design. 

~ • Possible horizontal emplacement of remote-handled transuranic (RH-TRU 

41 waste) in the southern walls of the southern panels is not included in 

42 this estimate. 

43 

44 
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Figure 6.2-3. Position of the waste-emplacement panels relative to the WIPP 
boundaries and surveyed section lines (US DOE, 1989). 
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Boundary and Initial Conditions 

6.3. Material Properties 
2 

3 The most important hydrologic property used in modeling the flow and 

4 transport pathways is the transmissivity of the Culebra. In the 1992 PA, 70 
5 groundwater transmissivity fields (presented in Appendix C of Volume 3 of 

6 this report) were generated using a multiple- realization technique to 

7 account for spatial variability of the transmissivity field within the 

8 Culebra (LaVenue and RamaRao, 1992; see also Section 6.8 of this volume and 

9 Section 7.5 of Volume 2 of this report). Each of the 70 realizations in the 

10 1992 PA used a different transmissivity field and a corresponding different 

11 flow solution. All other hydrologic parameters were held constant, at 

12 values described in Volume 3 of this report. The only sampled parameter 

13 affecting flow within the transmissivity fields was the climate factor, 

14 discussed in the following section. Sampled parameters affecting 

15 radionuclide transport are described in Chapter 3 of this volume, and 

16 include distribution coefficients for each radionuclide, fracture porosity 

17 and spacing, matrix porosity, the fraction of fracture openings lined with 

18 clay, and the porosity of the clay linings. 

19 

20 

21 

22 

6.4 Boundary and Initial Conditions 

23 Three different types of boundary conditions were used for the regional 

24 domain: no-flow, time-dependent head, and fixed head. Locations in which 

25 these boundary conditions were applied are shown in Figure 6.4-l. As 

26 previously noted (Section 6.2.1), a no-flow boundary was used along a 

27 portion of the northwest side of the domain, coinciding with the axis of 

28 Nash Draw beginning 4.0 km NE of the origin of the domain at its western 

29 corner and continuing to 18.595 km NE. No-flow boundaries were also 

30 assigned to the NE portion of the domain, from 30 km NE, 17.3 km SE to 

31 27.240 km NE, 25 km SE. These northeastern no-flow boundary segments 

32 correspond to a region of low permeability in the Culebra (see Chapter 2 of 

~ Volume 2 of this report). 

34 

35 Time-dependent heads were used to simulate possible effects of 

~ climatically varying recharge (see Sections 6.4.1 and 6.4.2, following), and 

37 were assigned to a 21.505 km "recharge strip" surrounding the northern apex 

38 of the regional domain. Specifically, time-dependent heads were used along 

39 the northwestern boundary between 18.595 km NE, 0 km SE and 30 km NE, 0 km 

~ SE, and along the northeastern boundary from 30 km NE, 0 km SE to 30 km NE, 

41 10 km SE. Heads within this strip were prescribed as a function of a 

42 sinusoidal climate function applied to the initial calibrated heads derived 

~ from the steady-state solution for each transmissivity field (see Sections 

44 6.4.1 and 6.4.2). 
45 
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Figure 6.4-l. Boundary conditions for regional domain. 
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All other boundary conditions were fixed (time-invariant) heads based on 

2 the steady-state solution for each transmissivity field (see Section 6.8.2), 

3 and therefore were different for each realization. 

4 

5 As with the fixed boundary heads, initial heads within the regional 

6 domain were determined from the steady-state solution for each 

7 transmissivity field. No vertical flow (i.e., leakage) was allowed within 

8 the model domain. Possible effects of leakage into or out of the Culebra 

9 will be examined in future PAs when a three-dimensional model for regional 

10 groundwater flow is available. 

11 

12 As previously noted, boundary and initial conditions for the local domain 

13 were determined by the solution of flow in the regional domain. Because the 

14 the local grid elements do not exactly overlay the regional grid elements, 

15 SECO-FLOW interpolates boundary conditions for the local grid. 

16 

17 

1a 6.4.1 Climatic Variability 
2(J 

22 As discussed in more detail in Swift (1993) and Section 2.2.3.2 of Volume 

23 2 of this report, climate in southeastern New Mexico is likely to be wetter 

24 than that of the present at some times during the next 10,000 yr. The 

25 timing of future climatic changes is unknown, but the wettest plausible 

26 climate during the next 10,000 yr is expected to be no wetter than that of 

27 the late Pleistocene (20,000 yr ago), which was approximately twice as wet 

28 as that of the present (Swift, 1993). 

29 

30 The effect of climatic changes on regional boundary conditions cannot be 

31 modeled directly because of uncertainty in the location of present and 

32 future recharge and uncertainty in the hydrologic properties affecting the 

33 flow path from the recharge area to the regional domain boundary. Climatic 

34 effects are instead approximated indirectly using information about 

35 hydrologic conditions during past climatic conditions. Geologic evidence 

36 (Bachman, 1985, p. 20-21) indicates that at some time or times during the 

37 Pleistocene the water table was sufficiently high to sustain springs along 

38 the east margin of Nash Draw and a lake in Clayton Basin north of Nash Draw 

39 (see Figure 6. 2 -l). Rustler Formation outcrops in Clayton Basin have been 

40 identified as a possible recharge area for groundwater in the Culebra at the 

41 WIPP (Mercer, 1983), and the 1992 PA therefore uses the highest possible 

~ lake elevation in Clayton Basin as a maximum boundary head condition that 

43 could result from climatic change. The present elevation of the Clayton 

44 Basin spill point (1007 m, in section ll, T20S,R29E (USGS, l885b]) is 

45 assumed to be the maximum possible lake elevation. This elevation is used 

46 as the maximum head elevation at the northern apex of the regional model 

47 domain, reached during future wet climates. Heads elsewhere along the 
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"recharge strip" are scaled upward during wet climates proportional to the 

2 amount head at the apex is raised. 

3 

4 The choice of the elevation of the Clayton Basin spill point as the 

5 maximum head value represents a change from the 1991 PA, in which maximum 

6 heads were allowed to rise to the ground surface (1030 m), scaled according 

7 to the same climate function. The change was made to improve consistency 

8 with the confined-aquifer conceptual model. 

9 

10 Sealing of heads along the recharge strip is based on the calibrated 

11 initial heads for each transmissivity field, a "climate factor" (CULCLIM in 

12 Chapter 3 of this volume) derived from a sampled index parameter, and the 

13 following sinusoidal function (Swift, 1991, memorandum in Appendix A of WIPP 

14 PA Division, 199lc). 

15 

19 
l~ 
~~ 
~~ 
25 

h 
p 

3A + 1 A 

4 

- 1 

2 
1 

(cos 8t + 
2 

cos ~t - sin 
1 
- ~t) 
2 

(6.4-1) 

26 defines time-dependent heads in the Culebra, where 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

hf ( t) 

e 

37 and 

38 

39 

40 

41 

t 

head (m) in Culebra at timet (s), 

estimate of present-day boundary head in Culebra (e.g., 880 m), 

recharge amplitude factor (dimensionless) for Culebra (i.e., 

CULCLIM), 

frequency (Hz) for Pleistocene glaciations: 1.7 x lo-12 Hz (5.4 x 

10-S yr-1), 

frequency (Hz) for second-order climatic fluctuations: 1.0 x lo-10 

Hz (3.2 x lo-3 yr-1), 

time (s), with t=O corresponding to decommissioning of the WIPP. 

42 This function is not used to predict future climates, but rather is 

43 designed to provide a simple way to examine the influence of possible 

44 climatic changes during the next 10,000 yr. The periodicity of the function 

45 is based on approximately 30,000 yr of paleoclimatic data from southeastern 

46 New Mexico and the surrounding region and the global record of Pleistocene 

47 glaciations (Swift, 1993). The glacial frequency term e produces a maximum 

48 value of the function hf(t) at 60,000 yr, and has little effect during the 

49 regulatory period. Most of the introduced variability results from second-
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Figure 6.4-2. 10,000-yr history of climate function, evaluated at 1000-yr time 
steps for the maximum value of CULCLIM. 
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2 order fluctuations controlled by the higher-frequency term 4>. This 

3 variability corresponds to the frequency of nonglacial climatic fluctuations 

4 observed in both late Pleistocene and Holocene paleoclimatic data. The 

5 chosen value for 4> results in a sinusoidal curve with three peaks in 10,000 

6 years. Figure 6.4-2 illustrates the function as applied in the 1992 SEC0-

7 FLOW calculations, with values calculated only at the 1000 yr time steps. 

8 

9 

10 6.4.2 Time-Dependant Boundary Heads 
11 

12 The recharge amplitude factor CULCLIM used in Equation 6.4-1 is a 

13 dimensionless scaling factor that varies uniformly between 1.07 and 1.00, 

14 and is derived from a sampled climate index variable that varies uniformly 

15 between 0 and 1 (see Section 4.4 of Volume 3 of this report). At 1500 yr 

16 (not simulated by the 1000 yr time steps), a maximum value of 1. 07 for 

17 CULCLIM results in the maximum head in the grid block at the northern apex 

18 of the regional domain to rise from its initial elevation of 942.5 m 

19 (LaVenue and RamaRao, 1992) to the elevation of the spill point of Clayton 

ro Basin, 1007 m. Heads in other grid blocks within the "recharge strip" are 

21 scaled using the same value for CULCLIM, and may therefore reach a maximum 

~ elevation somewhat higher or lower than the head in the northernmost block, 

23 depending on their initial elevations. At its minimum value (1.00), CULCLIM 

24 results in no change in boundary heads throughout the 10,000 years. 

25 Intermediate values of CULCLIM result in intermediate increases in boundary 

26 heads. For all values of CULCLIM greater than 1.00, the maximum head 

27 elevation occurs at the final, 10,000 yr climatic peak. Heads in earlier 

28 peaks are slightly less, because of the effect of the glacial term in the 

~ climate function. 

30 

31 

32 

33 

6.5 Effect of Climatic Change on Groundwater Flow 

M The effects of climatically varying heads along the "recharge strip" is 

35 different in each of the 70 realizations, because each realization uses a 

36 different transmissivity field (Section 6. 8). Changes in groundwater flow 

37 are discussed here for two realizations that contained the largest sampled 

38 value for the climate index factor and an intermediate value. The largest 

39 sampled value for the climate index factor, 0.9966, occurred in realization 

~ 11 and resulted in a value for CULCLIM of 1.068. The calculated head field 

41 for this realization is displayed for time zero (initial conditions) 

42 (Figure 6.5-la) and for 10,000 yr (Figure 6.5-lb). Vector representations 

43 of the specific discharge (i.e., volume of fluid moving through a unit area 

44 in a unit time) are shown for the corresponding velocity fields in Figures 

45 6.5-lc and 6.5-ld. Similar plots are shown in Figure 6.5-2 for realization 

46 20, which contained a sampled value for the climate index factor of 0.4519, 
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Figure 6.5-1. Head (Figures 6.5-la,b) and specific discharge (Figures 
6.5-lc,d) plots for the SECO-FLOW regional domain for 
realization 11 at time zero and 10,000 yr. This realization 
contains the largest value for CULCLIM. 
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2Figure 6.5-l. Head (Figures 6.5-la,b) and specific discharge (Figures 

3 6.5-lc,d) plots for the SECO-FLOW regional domain for 

4 realization 11 at time zero and 10,000 yr. This realization 

5 contains the largest value for CULCLIM. (continued) 
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Figure 6.5-2. Head (Figures 6.5-2a,b) and specific discharge (Figures 
6.5-2c,d) plots for the SECO-FLOW regional domain for 
realization 20 at time zero and 10,000 yr. This realization 
contains an intermediate value for CULCLIM. 
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Figure 6.5-2. Head (Figures 6.5-2a,b) and specific discharge (Figures 
6.5-2c,d) plots for the SECO-FLOW regional domain for 
realization 20 at time zero and 10,000 yr. This realization 
contains an intermediate value for CULCLIM. (continued) 
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2 

resulting in a value for CULCLIM of l. 031. 

shows that the largest increases in head 

Flow and Transport Model Coupling 

Examination of these figures 

occur in the northern and 

3 northwestern portion of the regional domain, and that most of the increase 

4 in groundwater flow occurs in and near Nash Draw. Some increase in 

5 groundwater flow is observed within the land-withdrawal boundary. CULCLIM 

6 does not, however, appear as an important parameter in stepwise linear 

7 regression analyses (see Chapter 8), and subsurface releases of 

8 radionuclides are not sensitive to climatic variation of heads along the 

9 modeled "recharge strip." 

10 

11 

12 

13 

6.6 Flow and Transport Model Coupling 

14 Radionuclide transport was modeled on the same computational grid used 

15 for the local flow calculations. Flow fields generated from the first time 

16 step by SECO-FLOW were used as the initial and boundary conditions by SEC0-

17 TRANSPORT. The transient SECO-FLOW flow fields from subsequent time steps, 

18 starting at 1000 yr, were used for solute transport modeling. Radionuclide 

19 release from the repository to the Culebra was from a single, time-dependent 

20 source term located above the center of the waste-disposal region. Density 

21 and volume of liquid injected into the Culebra was assumed to be negligible 

22 relative to the total flow within the aquifer. Source-term flux was 

23 therefore disregarded, and did not affect flux in the flow fields. Volume 

24 and density affects of injecting brine into the Culebra will be examined in 

25 future PAs. 

26 

27 SECO-FLOW solves the time-dependent partial differential equation for 

28 hydraulic head for a heterogeneous, isotropic aquifer, and provides the 

29 specific discharge (volume of fluid moving through a unit area in a unit 

30 time) for each grid element. Heterogeneity is introduced through each 

31 spatially-varying transmissivity field. SECO-TRANSPORT models radionuclide 

32 transport in a fractured medium under a variety of assumptions (see Section 

33 7. 6 of Volume 2 of this report). The fluid is transported in fracture 

34 porosity only, and not in the matrix porosity of the dolomite or clay 

35 fracture linings. Matrix porosity affects diffusion into and storage in the 

36 matrix. Therefore, dividing the specific discharge by fracture porosity to 

37 obtain pore-water velocity within the fractures can result in relatively 

~ fast travel times to the accessible environment boundary if other processes 

39 (e.g., matrix diffusion and sorption) are not effective in retarding 

40 radionuclide transport. However, if matrix diffusion and/or sorption are 

41 effective in retarding radionuclide transport, travel times may be orders of 

42 magnitude longer. 

43 

44 
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6.1 Coupling the Repository /Shaft and Culebra Models 
2 

3 Radionuclide releases into the Culebra were modeled for E2- and ElE2-type 

4 intrusions (see Section 4. 4. 2. 4 of Volume 2 of this report). Solute 

5 concentration and rate of discharge was dependent on parametrically 

6 described geochemical and physical processes and interactions. The code 

7 PANEL (see Section 7.4 of Volume 2 of this report) calculated the solute 

8 concentration and pulse length. Sampled parameters affecting these 

9 processes were used in both PANEL and BRAGFLO, and each realization 

10 therefore had a specific suite of source files which consisted of a source 

11 term having varying pulse lengths and concentrations for each radionuclide. 

12 The source files, from PANEL and located on a separate CAMDAT data base, 

13 were imported and attached to the local velocity flow fields by the SEC0-

14 TRANSPORT preprocessor for the transport calculations. 

15 

16 

17 

18 

6.8 Transmissivity Fields 

19 The synthetic transmissivity fields generated by LaVenue and RamaRao 

20 (1992) represent an improvement over the fields used in 1991 (WIPP PA 

21 Division, 199lb), in that they more accurately characterize the uncertainty 

22 due to spatial variability in aquifer properties, and, therefore, result in 

23 better characterization of uncertainty in groundwater flow. A discussion of 

24 the 1992 transmissivity field results, extracted from LaVenue and RamaRao 

25 (1992), follows. 

26 

27 

28 6.8.1 Ensemble Mean Transmissivities 
29 

~ Each of the 70 fields were calibrated to steady-state and transient head 

31 data using conditionally simulated (CS) fields (presented in Appendix C of 

32 Volume 3 of this report) composed of an underlying kriged field to which 

33 different conditional random error fields were added. Thus, each of the 

34 calibrated CS transmissivity fields has a different spatial distribution of 

35 transmissivities. For example, in some cases there is a broad zone of 

~ higher transmissivity that extends from the DOE-1 borehole west to H-14 (see 

37 Figure 6.2-1 for borehole locations). In other cases, the high-

38 transmissivity zone has a narrow, tortuous and in some instances, 

39 discontinuous nature. 

40 

41 An ensemble mean calculation was performed across the realizations to 

42 determine the average transmissivity value at each grid block. The 

43 resulting ensemble transmissivity field (Figure 6.8-1) has features which 

44 are very similar to the 1990 kriged transmissivity field that was used as 
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Figure 6.8-1. Ensemble transmissivity field resulting from a mean calculation 
performed across the realizations. 
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the basis for generating the transmissivity fields for the 1991 PA 

2 calculations. Outs ide the land-withdrawal area, the re-entry of high 

3 transmissivities from the Nash Draw area occurs south of the WIPP near the 

4 H-7 borehole in both the 1990 results and in the ensemble mean field. The 

5 high-transmissivity zone within the land-withdrawal boundary, as represented 

6 in the ensemble mean field (Figure 6.8-2), extends northward from the P-17 

7 borehole where it narrowly lies between the P-17 and H-17 boreholes. Once 

8 crossing the southern land-withdrawal boundary, the high-transmissivity zone 

9 widens significantly extending westward to the H- 3 borehole. The eastern 

10 extent terminates approximately 100 m east of the H-11 and DOE-1 boreholes. 

11 The nature of the high-transmissivity zone as determined in the 1990 study 

12 (Figure 6.8-3) is quite similar to the ensemble mean field with a narrow 

13 width toward the southern land-withdrawal boundary, which widens in both the 

14 east and west directions as it extends northward toward the H-15 borehole. 

15 

16 

11 6.8.2 Ensemble Steady-State Head Differences 
18 

19 A root-mean squared error (RMSE) between calculated and observed steady-

20 state heads was calculated in order to summarize the fit of each realization 

21 to the steady-state data. The RMSE values at each of the boreholes that had 

~ steady-state observed head data were then summed within each simulation to 

23 obtain an average RMSE. A histogram of the average RMSE value for each of 

24 the 70 simulations (Figure 6.8-4) depicts a mean RMSE value within the 

25 simulations between 2.0 and 5.0 m. Uncertainty in the steady-state heads is 

26 approximately 1.5 m. The simulation with the worst steady-state head fit is 

27 shown to have an average RMSE value between 6.5 and 7.5 m. This particular 

28 realization illustrates a situation in which the difference field (added to 

~ the kriged field during the CS process) significantly reduced the ability of 

30 the code to calibrate the field to steady-state conditions within 50 

31 calibration steps. This situation occurs when the initial CS field 

32 generated has features that produce significantly high initial-head 

~ differences. The code then has to add more pilot points to modify the CS 

M field to bring the head field into agreement with the observed data than may 

35 be necessary for an initial CS field which produces initial head differences 

36 that are low. Because a fixed number of pilot points were specified for 

37 calibrating to the steady-state data, some fields had smaller RMSE values 

38 than others. 

39 

40 RMSE values were also calculated to determine average head differences 

41 over the ensemble of realizations at each borehole location. Figure 6. 8-5 
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Figure 6. 8-2. Ensemble transmissivity field in the vicinity of the southern 
land-withdrawal boundary. 
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Figure 6.8-3. Calibrated transmissivities in the vicinity of southern land­

withdrawal boundary. 
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Figure 6.8-4. Histogram of the average RMSE value for each of the 70 
simulations. 
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contains a contour surface of the RMSE values over the model domain. The 

2 maximum average difference between the calculated and observed data occurs 

3 at the H-7 borehole where the RMSE value is -4.3 m. (Note: The sign of the 

4 RMSE was assigned after evaluating the ensemble differences.) The head 

5 differences in the southern portion of the regional domain and the central 

6 portion of the land-withdrawal area also have negative signs with average 

7 values ranging between -0.7 m and -2.8 m. The regions that have positive 

8 head differences occur in the area immediately adjacent to the H-11 borehole 

9 and in the area between the P-14 and WIPP-26 boreholes. The average head 

10 differences in these regions are less than 2.0 m. The difference at the H-

11 17 borehole is the highest with a positive value of 3.4 m. 

12 

13 The average head differences illustrated in Figure 6.8-5 indicate that 

14 the boundary conditions specified along the southern and western boundaries 

15 are not consistent with the observed heads. Several iterations were made to 

16 the boundary conditions prior to beginning the calibration exercise. The 

17 iterations were necessary due to the difficulty in matching the H-7, USGS-1, 

18 and H-9 observed heads while properly fitting the heads in the rest of the 

19 model domain. The difficulty arises from the existence of the no- flow 

ro region along the Nash Draw axis and the extremely flat hydraulic gradients 

21 in the southern area. If the specified heads are increased along the 

22 southern boundary to fit H-7 and USGS-1, the southern boundary converts from 

23 a discharge boundary to a recharge boundary. However, the Pecos River, and 

24 the Malaga Bend region in particular, has been determined to behave as a 

25 discharge region for regional flux from the Rustler (Mercer, 1983). While 

26 no absolute conclusions may be made yet concerning the direction of 

27 groundwater flow in the southern portion of the regional domain, the results 

28 determined in this study have indicated that there is an inconsistency 

29 between the observed heads in- this area if regional groundwater flow is to 

30 the south. This may indicate a groundwater divide occurs between the H-9 

31 borehole and the H-8 borehole south of the model domain. 

32 

33 

34 6.8.3 Ensemble Groundwater Travel Times 
35 

~ The groundwater travel time from a point above the center of the waste-

37 disposal region (Section 6.2.3) to the land-withdrawal boundary was 

38 calculated for each of the calibrated CS fields. This groundwater travel 

39 time is not the same as the radionuclide transport travel times calculated 

40 by SECO-TRANSPORT, which are used as input to the· CCDF calculations. The 

41 purpose of the groundwater-travel-time calculations described here is to 

42 characterize the transmissivity fields, not to predict transport of 

43 radionuclides. These travel times were calculated assuming advection of 

44 groundwater through a single-porosity medium without fracture flow--i.e., 
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Figure 6.8-5. Contour surface of the RMSE values over the model domain. 
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total porosity was equal to a matrix porosity of 0.16. Travel times are 

2 therefore substantially longer than those calculated assuming transport in 

3 fractures, with an average fracture porosity of 0.001. 

4 

5 Matrix travel-time distributions are displayed as a cumulative 

6 distribution function (CDF) that represents the probability of various 

7 travel times occurring (Figure 6.8-6). This CDF shows, for example, that 

8 90% of the travel times were longer than 12,000 yr, 50% of the travel times 

9 were longer than 18,000 yr, and 10% of the trave 1 times were longer than 

10 27,000 yr. The histogram shown in Figure 6.8-7 also conveys the narrow 

11 distribution of groundwater travel times. 

12 

13 The travel paths that correspond to the travel times contained in the CDF 

14 are illustrated in Figure 6.8-8. Most of the travel paths follow a 

15 southeasterly direction until reaching the DOE-1 vicinity at which point the 

16 paths travel directly south to the land-withdrawal boundary. A few paths 

17 travel directly south from the starting point while several others have an 

18 east-southeasterly direction prior to moving south toward the land-

19 withdrawal boundary. The travel paths are indicative of the southerly 

~ groundwater-flow direction observed today. Should significant changes occur 

21 in the future in the direction of the hydraulic gradient, travel paths would 

22 also change. 

23 

24 Assuming the numerical model used to simulate a system properly accounts 

25 for the physics and scale of the problem of interest, the uncertainty of 

26 mode 1 results should decrease as the data set to which the model is 

27 conditioned increases. Conditioning a transmissivity field used in a model 

28 to observed steady-state pressure data reduces uncertainty in the 

~ transmissivity estimates away from the observed locations. Conditioning to 

30 transient-pressure data further reduces uncertainty in the transmissivity 

31 estimates between pressure-measurement locations due to the increase in 

32 information regarding the transmissivity between these two locations. The 

~ reduction in the uncertainty of the travel time due to the conditioning of 

34 the Culebra model to the transient pressure data base is illustrated in 

35 Figure 6.8-9 where the CDF of travel times determined from the transient-

36 calibrated model (referred to herein as the TCDF) and the CDF determined 

37 from the steady-state calibrated model (referred to herein as the SCDF) are 

38 shown. The CDF of the steady-state model was calculated by removing all the 

39 pilot points added during transient calibration from the input data sets of 

40 each of the realizations. 

41 

42 As illustrated in Figure 6. 8-9, the SCDF has a much broader range of 

43 travel times than the TCDF. The minimum values between the two are 

44 approximately the same; however, the median and maximum travel times are 
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quite different. As mentioned above, 50% of the travel times in the TCDF 

2 were greater than 18,000 yr and 10% were greater than 27,000 yr. In the 

3 SCDF, 50% of the travel times are greater than 25,000 yr and 10% are greater 

4 than 37,500 yr. The maximum travel times for the steady-state and 

5 transient-calibrated fields are 57,000 yr and 33,000 yr, respectively. The 

6 histogram of travel times using only the steady-state calculated models also 

7 illustrates this point (Figure 6.8-10). 

8 

9 Thus, the calibration to the transient-pressure data has significantly 

10 reduced the magnitude and range of observed travel times. The extension of 

11 the high-transmissivity zone toward the H-15 borehole and the subsequent 

12 effect the extension has upon the reduction in travel distance from the 

13 starting point (above the center of the waste-disposal region) to a region 

14 of higher transmissivities has reduced the uncertainty in the travel times. 

15 The reduction in uncertainty occurs, as stated above, because of the 

16 modifications to the CS transmissivity fields in the southeastern region of 

17 the land-withdrawal area, which are necessary to match the observed 

18 transient pressures in this region. 

19 

~ For comparison purposes, the travel paths that correspond to the travel 

21 times contained in the SCDF are illustrated in Figure 6.8-11. Like the 

22 travel paths shown in Figure 6.8-8, most of the travel paths follow a 

23 southeasterly direction until reaching the DOE-1 vicinity at which time the 

24 paths travel directly south to the land-withdrawal boundary. A few more 

25 paths traveldirectly south from the starting point while several others have 

26 an east-southeasterly direction prior to moving south toward the land-

27 withdrawal boundary. In general though, the distribution of paths seems 

28 very similar to those illustrated in Figure 6.8-8. 
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Figure 6. 8-10. Histogram of travel times from ensemble of fields calibrated 
only to steady-state head data. 
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2 

3 

4 

5 

7. DISTURBED PERFORMANCE: 
DIRECT RELEASES TO THE GROUND SURFACE DURING DRILLING 

6 This chapter describes the implementation of the 1992 PA model CUTTINGS 

7 for calculating the quantity of radionuclides removed directly to the 

8 surface due to an intrusion event. Only exploratory drilling for 

9 hydrocarbons is considered. Present-day rotary drilling methods are assumed 

10 to persist throughout the regulatory period. Cuttings are estimated based 

11 on the drill-bit diameter which is a sampled variable with a CDF constructed 

12 from past drilling history in the Delaware Basin (Section 4.4.2 of Volume 3 

13 of this report). Cavings, comprised of waste material eroded from the 

14 borehole wall by drilling fluid, are also removed to the surface with the 

15 cuttings. The amount of cavings removed depends on the assumption that 

16 erosion occurs when the calculated drilling fluid shear stress exceeds the 

17 effective shear strength of the consolidated waste, as estimated from 

18 analogue data (Table 3. 4. 1 of Volume 3 of this report) . The quantity of 

19 waste material spalled from the borehole wall when the drill bit penetrates 

20 a gas-pressurized waste panel has not been included because this mechanism 

21 is not yet sufficiently understood. Modeling and laboratory work are 

22 presently investigating this phenomenon. When constant >.s are used, the 

23 assumption that present-day drilling technology and practice persists for 

24 10,000 yr is consistent with the philosophy that the risk to future 

25 generations should be equally weighted with that to the present generation. 

26 The assumptions concerning future levels of technology made by the Futures 

27 Panel (memorandum by Hora in Appendix A of Volume 3 of this report) and used 

28 for constructing time-varying >.s, however, indicate a lower risk to future 

29 generations that is not wholly consistent with this philosophy. The volume 

30 of waste brought to the ground surface will depend upon the physical 

31 properties of the compacted, decomposed wastes, the drilling procedures 

32 used, and the pore pressures encountered. Because of radioactive decay, the 

33 radioactivity of the removed waste (in curies) will also depend upon the 

~ time of intrusion. 

35 

36 

37 7.1 Current Drilling Practices 
38 

39 In standard rotary drilling, a cutting bit attached to a series of hollow 

~ drill collars and drill pipes is rotated at a fixed angular velocity and is 

41 directed to cut downward through the underlying strata. To remove the drill 

42 cuttings, a fluid is pumped down the drill pipe, through and around the 

43 drill bit, and up to the surface within the annulus formed by the drillpipe 

44 and the borehole wall (Figure 7.1-1). In addition to the removal of 

45 cuttings, the drilling fluid (mud) serves to cool and clean the bit, reduce 

46 drilling friction, maintain borehole stability, prevent the inflow of 
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Figure 7.1-1. Rotary drilling. 
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Mechanisms for Waste Removal 

unwanted fluids from permeable formations, and form a thin, low-permeability 

2 barrier on the surface of penetrated formations. When drilling through 

3 salt, a saturated brine is often used as the drilling fluid to prevent 

4 excessive erosion of the borehole wall through dissolution (Berglund, 1990; 

5 Pace, 1990). For a gauge borehole, the volume of cuttings removed and 

6 transported to the surface is equal to the product of the drill-bit area and 

7 the drill depth. Thus, to estimate the total volume of waste removed due to 

8 the cutting action of the drill-bit, it is only necessary to know the 

9 compacted repository height and the drill-bit area. The cuttings volume 

10 calculated in this manner is a lower bound to the total quantity of waste 

11 removed by drilling. 

12 

13 After passing through the drill bit, the drilling fluid flows up the 

14 annulus formed by the borehole wall and the drill collar (or drill pipe). 

15 In the annulus, the motion of the drilling fluid has both a vertical and 

16 rotational component, the latter caused by the rotating drill string. 

17 Depending on fluid properties, annulus geometry, and flow rates, the fluid 

18 flow within the annulus may be smooth and laminar or turbulent. 

19 

20 

21 

22 

7.2 Mechanisms for Waste Removal 

23 There are at least two mechanisms that can be identified as contributing 

24 to the removal of waste to the accessible environment over and above that 

25 transported by the direct cutting of a gauge borehole. The first is the 

26 erosion of the borehole wall caused by the action of the upward- flowing 

27 drilling fluid within the annulus. This eroded material is referred to as 

28 cavings. The second arises from the effect on the waste of waste-generated 

29 gas escaping to the lower-pressure borehole. Material released by this 

30 mechanism is referred to as spallings. Both of these phenomena and models 

31 for them are discussed in detail by Berglund (1992). In the case of 

32 erosion, Berglund (1992) has developed a quantitative model that is based on 

~ an effective shear strength for erosion of the compacted, decomposed waste. 

34 In the absence of specific experimental data, waste removal from the 

35 borehole wall into the drilling fluid due to gas flow is much more difficult 

~ to address. For this latter mechanism, Berglund (1992) discusses the general 

37 phenomenology, but no quantitative model is available. 

38 

39 

40 7.2.1 Mechanism 1: Erosion within the Borehole Annulus 
41 

42 Although a number of factors exist that may influence borehole erosion, 

43 Berglund (1992) identifies the effects of fluid shear acting on the borehole 

44 wall and the character of the fluid flow (laminar or turbulent) as the most 

45. important. To consider these effects, it is necessary to know the threshold 
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fluid shear stress acting on the borehole wall that will initiate erosion. 

This "effective" borehole shear strength for erosion must be determined by 

experiment and may be different for laminar and turbulent flow. In 

Berglund's (1992) analysis, it is assumed that borehole erosion is caused 

primarily by the magnitude of the fluid shear stress acting on the borehole 

wall. Other effects are generally ignored, except insofar as they may 

influence the experimentally determined effective shear strength for erosion 

of the repository material. 

In the annulus formed by the collars or drill pipe and the borehole wall, 

the flow of the drilling fluid has both a vertical and rotational component. 

Within this helical flow pattern, shear stresses are generated by the 

relative motion of adjacent fluid regions and by the action of the fluid on 

the borehole wall. It is assumed that if the fluid shear stress at the wall 

exceeds the effective shear strength for erosion of the wall material (caked 

drilling fluid or compacted repository wastes), erosion of the wall material 

will occur, increasing the diameter of the bored hole. The eroded material 

will then be passed to the surface in the flowing drilling fluid. 

Flow in the annulus between the drill pipe and borehole wall is usually 

laminar (Darley and Gray, 1988). Adjacent to the collars (Figure 1-1), 

however, the flow may be either laminar or turbulent as a consequence of the 

larger collar diameter and resulting higher mud velocities (Berglund, 1990; 

Pace, 1990). For laminar flow, the analysis lends itself to classical 

solution methods. Turbulent flow, where the flow is assumed to be axial 
with no rotational component, requires a more approximate approach. For 

both cases, erosion is assumed to be axisymmetric. The following discussion 

of these two cases is taken from Berglund (1992). 

7.2.1.1 LAMINAR FLOW 

Below Reynolds numbersl of about 2100 for Newtonian fluids and 2400 for 

some non-Newtonian fluids (Walker, 1976), experiments have shown that the 

flow of a fluid in a circular pipe or annulus is well behaved and can be 

The Reynolds number (Re) is defined as 

Re = 

pVD 
e 

(7.2-1) 

where De is the equivalent hydraulic diameter, p is the drill fluid 

density, V is the average fluid velocity, and fj is the average fluid 

viscosity. 
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described using a well-defined relationship between the velocity field and 

2 the fluid shear stress. This type of flow is called laminar. 

3 

4 Some of the early work on laminar helical flow of a non-Newtonian fluid 

5 in an annulus was performed by Coleman and Noll (1959), and Fredrickson 

6 (1960). The laminar helical flow solution procedure used in the CUTTINGS 

7 code is, for the most part, an adaptation of methods described in a paper by 

8 Savins and Wallick (1966). 

9 

10 One of the principal difficulties in solving for the shear stresses 

11 within a helically flowing drilling fluid is the shear-rate dependence of 

12 the fluid viscosity. This non-Newtonian fluid behavior necessitates 

13 choosing a functional form for the variation of viscosity with shear rate 

14 for the fluid. There are several functional forms for the viscosity of 

15 drilling fluids that can be assumed. For example, in the oil and gas 

16 industry, the Bingham and power law models are often used to approximate the 

17 shear rate dependence of the fluid viscosity. An alternative form is that 

18 chosen by Oldroyd (1958) and used in the analysis by Savins and Wallick 

19 (1966). Oldroyd assumed that the viscosity varied according to the 

20 functional relation 

21 

22 

~~ 
25 
~9 

H 
33 

34 

35 

110 ll +o 
2 r: l , 

l+o
1
r 

(7.2-2) 

where 01 and 02 are constants, 'lo is the limiting viscosity at zero rate of 

shear and r is the shear rate. The viscous shear stress is described by T = 

'lr. 

36 Using the Oldroyd viscosity, Eq. 7.2-2, the viscous shear stress can be 

37 illustrated graphically as in Figure 7. 2-2. This is a rate softening 

~ (pseudoplastic) model that has an initial slope of 'lo and a limiting slope 

39 of 'loo for large shear rates, where 'loo (defined as 'lo<o2/o1)) is the limiting 

40 viscosity at infinite rate of shear. 

41 

42 The Oldroyd model cannot account for drilling fluids that exhibit a yield 

43 stress. However, above a shear rate of zero, parameters can be chosen so 

44 that the model can be made to approximate the pseudoplastic rate response of 

45 many drilling fluids (see Figure 7.2-1). 

46 

47 Savins and Wallick (1966), expanding on the work of Coleman and Noll 

~ (1959) and Fredrickson (1960), showed that the solution for laminar helical 
49 flow of a non-Newtonian fluid in an annulus could be written in terms of 

~ three nonlinear integral equations. 
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Figure 7.2-1. Viscous shear stress for Oldroyd and real drilling fluids. 

5 These three nonlinear integral equations must be solved numerically 

6 (Berglund, 1992). A Fortran computer CUTTINGS code was written to perform 

7 the necessary computations for a solution to the problem of laminar helical 

8 flow in an annulus. This code was partially verified by comparing its 

9 results against those published by Savins and Wallick (1966). 

10 

11 For the specific case of borehole erosion, once a solution to the three 

12 integral equations is found, the shear stress in the fluid at the wall can 

13 be calculated. By changing the outer radius of the hole, the fluid shear 

14 stress can be forced to equal the repository effective shear strength for 

15 erosion. The required outer hole radius is determined by iteration as shown 

16 in Figure 7. 2-2. 

17 

18 The effective shear strength for erosion equals the threshold value of 

19 fluid shear stress required to sustain general erosion at the borehole wall. 

20 Partheniades and Paaswell (1970), in discussing investigations on the 

21 erosion of seabed sediments and in channels, have noted that this effective 

22 soil shear strength is not related to the soil shear strength as normally 
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Material Eroded -~~ 

Initial Drillhole 
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2nd 

Final Hole 
Radius 

Effective Shear Strength 
for Erosion of 
Repository Wastes= t fail 

/ 

Outer Radius R 

Figure 7.2-2. Iteration procedure for finding the final hole radius. 

determined from conventional soil tests. The effective shear strength for 

6 erosion based on seabed data, as determined by Partheniades and Paaswell 

7 (1970), is on the order of 1 t-o 5 Pa and is thus smaller by several orders 

8 of magnitude than the macroscopic soil shear strength. 

9 

10 

11 7.2.1.2 TURBULENT FLOW 

12 

13 For Newtonian fluids with Reynolds numbers greater than about 2100, flow 

14 in a circular pipe or annulus starts to become more or less random in 

15 character, which makes orderly mathematical analysis of the flow difficult, 

16 if not impossible. With increasing Reynolds numbers, this random behavior 

17 increases until, at a Reynolds number of about 3000, the flow becomes fully 

18 turbulent. In fully turbulent flow, momentum effects dominate and the fluid 

19 viscosity is no longer important in characterizing pressure losses. 

20 

21 For Newtonian fluids, the value to use for the viscosity is clear because 

22 the viscosity is constant for all rates of shear. Non-Newtonian fluids 

23 exhibit a changing viscosity with shear rate and present a special problem 

24 in calculating Re. For fluids that exhibit a limiting viscosity at high 

25 rates of shear (such as the Bingham model and in our case the Oldroyd 
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model), it has been suggested (Brae, 1982) that the limiting viscosity (~ 

2 ~ 00 ) be used in calculating the Reynolds number. 

3 

4 The Reynolds number for an Oldroyd fluid in an annulus can then be 

5 written as (Brae, 1982) 

6 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

R 
e 

0.8165DVp 

~ 

(7.2-3) 

where the hydraulic diameter is expressed as D = 2(r-ri), where r is the 

radius of the drill bit and ri is the radius of the drill collar (see Figure 

7.1-l). 

The most important influence viscosity has on the calculation of pressure 

losses in fully turbulent flow of non-Newtonian fluids appears to be in the 

calculation of the Reynolds number. A far more important parameter is the 

surface roughness past which the fluid must flow. As previously noted, the 

Reynolds number, however, does have a role in determining the onset of 

turbulence; for Newtonian fluids this critical number Rec is about 2100. 

For non-Newtonian, rate-thinning fluids, Rec tends to be greater than 2100 

but less than 2400 (Walker, 1976). For our purposes, a value of 2100 will 

be used to represent Rec for the Oldroyd fluid model. Because turbulent 

flow is more effective in generating fluid shear stresses at the borehole 

~ wall, this assumption is conservative. 

31 

32 A transition region exists beyond Rec before the development of fully 

~ turbulent flow. In this regime, the flow has the character of both laminar 

34 and turbulent flow. However, because pressure losses increase rapidly in 

~ turbulent flow and affect borehole shear stresses more severely, it will be 

36 assumed that beyond Rec the flow is fully turbulent. 

37 

~ Turbulent flow is very complex and, thus, to characterize the turbulent 

39 flow regime, the great bulk of analysis has concentrated on empirical 

~ procedures. For axial flow in an annulus, the pressure loss under turbulent 

41 conditions can be approximated by (Brae, 1982) 

42 

50 

51 

2fLpv2 
6 p = (0.8165)0 I 

(7.2-4) 

where f is the coefficient of pressure head loss (Fanning friction factor) 

and L is the borehole length. 

52 If the shear stress due to the flowing fluid is assumed to be uniformly 

~ distributed on the inner and outer surfaces of the annulus, it can be easily 
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shown using Eq. 7.2-4 that the shear stress is related to the average fluid 

2 velocity through the relation 

3 

23 

24 

25 

26 

27 

28 

T = 
fpV2 

(7.2-5) 
2(0.8165) ' 

The Fanning friction factor is empirically related to the Reynolds number 

and relative roughness by the equation (Whittaker, 1985) 

1 ( t: 1. 2 55) 
- = -4loglo 3 72D + -- , 
J7 · ReJ7 

(7.2-6) 

where t:/D is the relative roughness. For circular pipes, D in this equation 

represents the inside diameter and t: is the absolute roughness or the 

average depth of pipe wall irregularities. In the absence of a similar 

equation for flow in an annulus, it will be assumed that this equation also 

applies here, where D is the hydraulic diameter as defined earlier and t: is 

the absolute roughness of the waste-borehole interface. 

29 Using a relative roughness and a calculated Reynolds number, a Fanning 

30 friction factor can be determined by iteratively solving Eq. 7.2-5. The 

31 value of the shear stress acting on the borehole wall can then be determined 

32 from Eq. 7.2-4. Using an iterative procedure similar to that for the 

33 laminar flow problem (Figure 7.2-2), the fluid shear stress can be forced to 

34 equal the repository shear strength for erosion (1fail) to obtain the final 

35 eroded borehole radius. 

36 

37 In the actual solution sequence employed in CUTTINGS, the Reynolds number 

38 is calculated first to determine which solution regime (laminar or 

39 turbulent) should be initiated. For Reynolds numbers initially less than 

40 Rec• the code calculates the flow as laminar. Any increase in diameter of 

41 the borehole calculated during the laminar calculation will cause the 

42 Reynolds number to decrease as a result of a velocity decrease, ensuring 

43 that the calculation remains laminar. If the initial Reynolds number is 

44 greater than Rec, the turbulent formulation is used to calculate borehole 

45 erosion. When the turbulent calculation is complete, a check is again made 

46 to determine whether the Reynolds number still exceeds Rec· If it does not, 

47 the laminar calculation is performed starting with a "critical" borehole 

48 radius. The critical borehole radius corresponds to a Reynolds number of 

49 Rec and is given by 

50 

R . 
crtt 

pQ 

128611"'700 
- R.' 

1 
(7.2-7) 
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7.2.1.3 EROSION CALCULATIONS 
2 

3 The equations governing erosion based on laminar and turbulent flow were 

4 combined into a single Fortran computer code called CUTTINGS. Using 

5 appropriately selected input based on the physical properties of the waste 

6 and other drilling parameters, this code calculates the final eroded 

7 diameter of the borehole that passes through the waste. The drilling 

8 parameters chosen must reflect data typical of that valid near the WIPP 

9 repository. Berglund (1992) provides a discussion of suitable parameter 

10 values and model sensitivity to uncertainty in those parameters. Drill bit 

11 diameter (DBDIAM) is the most important parameter, and is the only parameter 

12 used with the CUTTINGS code that is sampled in the 1992 PA. Values for 

13 other model parameters are given in Berglund (1992) and Chapter 4 of Volume 

14 3 of this report. 

15 

16 

11 7 .2.2 Mechanism II: Waste-Gas-Induced Borehole Spall 
18 

19 The storage, compact ion, and brine- induced corrosive degradation of 

~ transuranic waste is not directly analogous to any known phenomenon that has 

21 occurred in nature. However, considerable information exists in the 

22 literature on the exploration for and production of fossil fuels and the 

23 problems encountered during these activities. The failure, sloughing, or 

24 spalling of borehole walls is a common occurrence in oil and gas drilling 

25 and can be caused by a number of different mechanisms, including an 

26 encounter with a geopressurized formation. Available literature, summarized 

27 by Berglund (1992), supports the need to study the potential for gas-induced 

28 spall in waste. The problem is complex, involving the flow of gas in a 

29 moving waste matrix, changing stress states, changing porosity and 

~ permeability of the waste, waste failure, and, when the waste interacts with 

31 the drill bit, turbulent mixing of the three phases - solid waste, drilling 

32 fluid, and gas. Berglund (1992) describes simplifying assumptions and 

~ modeling approaches that could be used for the WIPP PA. Spalling has not 

~ been included in the 1992 PA, and implementation of any of the available 

35 models will require additional information about the material properties of 

36 decomposed and compacted wastes. Tests are planned to provide this 

37 information (US DOE, 1990, in revision). Until such information is 

~ available, estimates of releases due to spalling are speculative. Berglund 

39 (1992) concludes, however, that "it does not appear unreasonable that 

~ volumes of waste several times greater than the lower bound volume [bit area 

41 times waste thickness] could eventually reach the ground surface" as a 

42 result of spalling. The volumes of waste removed as cavings in the 1991 and 

43 1992 PAs are also several times greater than cuttings volumes. As shown in 
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Radionuclide Inventory Available for Removal 

Section 5.1 of Volume 1 and Section 8. 5 of this volume, the cuttings 

2 releases (including cavings but not yet including spallings) control the 

3 location of the CCDF (and therefore regulatory compliance) if retardation by 

4 either matrix diffusion or sorption occurs in the Culebra Dolomite Member of 

5 the Rustler Formation. 

6 

7 

8 

9 

7.3 Radionuclide Inventory Available for Removal 

10 Figure 7.3-1 shows the EPA-normalized inventory of the repository, 

11 radionuclide by radionuclide, as a function of time (based on the most 

12 recent Integrated Data Base [IDB; US DOE, 1991] as reported in the 

13 memorandum by Peterson in Appendix A of Volume 3). Time-dependent 

14 inventories are shown to 104 yr, which is the end of the regulatory period 

15 specified by 40 CFR 191B. All radionuclides shown in Figure 7.3-1 are 

16 included in the estimation for cuttings release in the 1992 PA. 

17 Radionuclides whose normalized inventories never exceed 10-2 during 104 yr 

18 cannot result in releases greater than lo-2, and are not considered in 

19 analyses of subsurface transport for 40 CFR 191B. 

20 

21 Figure 7.3-la shows that the normalized inventories of Pu-239, Pu-240, 

22 Am-241, U-233, U-234, Np-237, Th-229, Th-230, and Ra-226 all exceed 10-2 

23 during the 104-yr period. Figure 7. 3-lb shows an additional radionuclide 

24 with normalized inventory exceeding 10-2, Pu-238, which is significant only 

25 early in the regulatory period. PA modeling for 1991 examined subsurface 

26 transport to the accessible environment of 7 of these radionuclides (Pu-239, 

27 Pu-240, Am-241, U-233, U-234, Np-237, and Th-230) (WIPP PA Division, 199lc, 

28 Section 6. 5. 2 .10). Subsurface transport of two of the remaining 

29 radionuclides is modeled in 1992, Th-229 and Ra-226. Transport of Pu-238 in 

~ the Culebra will not be modeled because of its short half-life (87.7 yr). 

31 Pb-210, which reaches an EPA-normalized inventory of 10-2 at late times 

32 approaching 105 yr, may be considered for subsurface transport in future 

33 dose calculations as a daughter product created in the Culebra. Groundwater 

~ transport of Pb-210 is not modeled here because of its low inventory at 104 

35 yr and short half-life (22.3 yr), and consequent low impact on 40 CFR 191B 

~ compliance. Transport of both Pu-238 and Pb-210 in brine brought directly 

~ to the ground surface following intrusion (not yet included in performance 

M assessments) also has the potential to contribute to doses. 

39 

40 Table 7. 3-1 lists the initial inventory of waste used in the 1992 

41 calculations, Table 7. 3-2 lists the decay chains used for transport 

42 calculations in the Culebra Dolomite, and Table 7.3-3 lists the activity 

43 levels considered in the estimation of cuttings releases. 

44 
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Figure 7.3-1. Decay histories expressed in EPA units (i.e., the normalized 
units used in showing compliance with 40 CFR 191) for the 
present IDB inventory for a single waste panel. The total 
WIPP inventory used in the 1992 PA is ten times the values 
shown in this figure. Figure 7. 3-la shows radionuclides 
included in groundwater transport calculations. Figure 
7. 3-lb shows radionuclides not included in groundwater 
transport because of low inventory or short half -1 ife. All 
radionuclides shown are included in estimates of cuttings 
releases. 
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Radionuclide Inventory Available lor Removal 

The cuttings releases used in the 1992 WIPP performance assessment were 

2 calculated with the program CUTTINGS for waste of average activity level. 

3 Then, the releases for activity levels 1 through 5 shown in Table 7.3-3 were 

4 obtained by multiplying the average activity level releases by scale factors 

5 of the form 

6 

7 

8 

9 where 

10 

11 

12 

13 

14 

15 and 

16 

17 

18 

19 

SFU = ALi.£/ALi, (7.3-1) 

ALii = projected radioactivity (Ci/m2) contained in waste of activity 

level i at time i, where 1- 125 yr, 2 - 175 yr, 3 - 350 yr, 4-

1000 yr, 5 - 3000 yr, and 6 - 7250 yr, 

projected radioactivity (Cijm2) contained in waste of average 

activity at time i. 

ro For example, the scale factor 

21 

22 

23 

184.01/7.9658 = 23.100 (7.3-2) 

24 is used to convert from a release of average activity at 3000 yr to a release 

25 of activity level 4 at 3000 yr. 

26 

27 
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37 

38 (2) 
39 

40 {3) 
41 

42 (4) 
43 

Pu-240 

Potentially Important Radionuclides Associated with Initial Contact-Handled Waste 
Inventory Used in Calculations for Cuttings Removal and Release to Culebra Dolomite 
(from memorandum by Peterson in Appendix A of Volume 3) 

Radionuclide t 1 /2(yr) Curies 

Pu-238 8.77x1o1 3.06X106 
Pu-239 2.41x104 3.35x105 
Pu-240 6.53x1o3 1.oox1o5 
Pu-242 3.76x1o5 2.35x101 
U-233 1.59x105 1.53x1o3 
U-234 2.44x105 0 
U-236 2.34x1o7 0 
Am-241 4.32x1o2 7.14x1o5 
Np-237 2.14x1o6 2.08x1o1 
Th-229 7.43x1o3 0 
Th-230 7.70x1o4 0 
Ra-226 1.60x1o3 0 

Simplified Radionuclide Decay Chains Used for Transport Calculations in the Culebra 
Dolomite (from Figure 3.3.1 of Volume 3 of this report) 

Am-241 -+ Np-237 -+ U-233 -+ Th-229 

U-234 -+ Th-230 -+ Ra-226 

Pu-239 

~-------------------------------------------------------------------------
47 
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2 Table 7.3-3. 
3 

4 

5 

Radionuclide Inventory Available for Removal 

Projected Activity Levels (Cijm2) in the WIPP Due to Waste that is Currently Stored 
and May Be Shipped to the WIPP (based on Memorandum by Peterson in Appendix A 
of Volume 3 of this report) 

B------------------------------------------------------------------------------
8 

10 

12------------------------------------------------------------------------------
13 

14 

15 

16 

17 

18 

19 

2() 

22 a CH designates contact-handled waste; RH designates remotely-handled waste 
23 b Probability that a randomly placed borehole through the waste panels will intersect waste of activity 
24 level i., i. = 1 ,2,3,4,5. 
25 c CH activity levels based on 111 ,520 m2 total surface area 
26 d RH activity levels based on 14,360 m2 total surface area 
27 

as------------------------------------------------------------------------------

7-15 



2 

3 

4 

5 

6 

8. UNCERTAINTY AND SENSITIVITY ANALYSIS RESULTS 

8.1 Scenario Probability 

B As indicated in Section 2.3, drilling intrusions into the repository are 

9 assumed to follow a Poisson process in the 1992 WIPP performance assessment. 

10 Both stationary (i.e., constant A) and nonstationary (i.e., time-dependent A) 

11 processes are considered. The rate term in these processes is treated as 

12 being uncertain; the sampled variable LAMBDA in Table 3-1 is used to identify 

13 the A used for each sample element. For the stationary case, the actual A 

14 used in the analysis is assumed to be uniformly distributed on the interval 

15 [0, 3.78 x lo-4 yr-1]. For the nonstationary case, the A(t)'s used in the 

16 analysis were developed in an expert review process (memorandum by Hora, 

17 Appendix A, pp. A-69 to A-99, of Volume 3) and are listed in Appendix D of 

18 Volume 3. 
19 

20 This section contains two illustrations of the uncertainty in scenario 

21 probability. Probabilities for the scenarios 

22 

23 

24 

S(O,O), S(l,O), ... , S(6,0) (8.1-1) 

25 used in conjunction with the risk representation R1 defined in Eq. 2.5-1 are 

26 shown in Figure 8.1-1. Figure 8.1-1 shows scenario probabilities determined 

27 with both constant A'S and time-dependent A's. As a reminder, the risk 

28 representation R1 uses time intervals of [0, 2000 yr] and [2000, 10,000 yr] 

29 as indicated in Eq. 2.5-2. For both the constant and time-dependent cases, 

30 the individual A's are assumed to equal 0 yr-1 after 2000 yr. The actual 

31 formulas used to calculate the probabilities are given in Eqs. 2.5-4 and 

32 2.5-6. As examination of Figure 8.1-1 shows, scenario probability decreases 

33 rapidly with increasing number of drilling intrusions. Further, the use of 

34 the time-dependent A's results in considerably lower scenario probabilities 

35 for scenarios involving drilling intrusions than the use of constant A's. 

36 

37 Probabilities for the scenarios 

38 

39 

40 

S(O,O,O,O,O,O),S(l,O,O,O,O,O),S(O,l,O,O,O,O), ... ,S(O,O,O,O,O,l) (8.1-2) 

41 used in conjunction with the risk representation R2 defined in Eq. 2.5-8 are 

42 shown in Figure 8.1-2. Figure 8.1-2 shows scenario probabilities determined 

43 with both constant A's and time-dependent A's. As a reminder, the risk 

44 representation R2 uses time intervals of [0, 150 yr}, [ 150, 200 yr}, 
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SCENARIO 

s (0,0) 

s (1 ,0) 

s (2,0) 

s (3,0) 

s (4,0) 

s (5,0) 

s (6,0) 

s (0,0) 

s (1 ,0) 

s (2,0) 

s (3,0) 

s (4,0) 

s (5,0) 

s (6,0) 

CONSTANT A.'s 

~)¢( 

f-----er=~ XX 

>MM: X X 

PROBABILITY 

Min {1.5x Box, Largest Obs} 

Key: 1-l --j_l -~-J.----4.k----l.l--l ----------ll X X /X 

25th / 7 ' ' 75th Extreme Obs 
Percentile Median Mean Percentile 

TRI-6342·2583.0 

Figure 8.1-1. Uncertainty in probability of scenarios S(O,O), S(l,O), ... , 
S ( 6, 0) used in conjunct ion with the risk representation R1 
defined in Eq. 2. 5-1 with an assumed 100 yr period of 
administrative control in which drilling intrusions cannot 
occur. 
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8.1 Scenario Probability 

SCENARIO 
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Figure 8. l- 2. U n c e r t a i n t y i n p r o b a b i l i t y o f s c e n a r i o s 
5(0,0,0,0,0,0) ,5(1,0,0,0,0,0) ,5(0, 1,0,0,0,0), 
5(0,0,0,0,0,1) used in conjunction with the risk 
representation R2 defined in Eq. 2.5-8 with an assumed 100 yr 
period of administrative control in which drilling intrusions 
cannot occur. 
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Chapter 8: Uncertainty and Sensitivity Analysis Results 

[200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr] as 

2 indicated in Eq. 2.5-9. The formula used to calculate the probabilities is 

3 given in Eq. 2.3-1 and specializes to 

4 

pS(n) - { 
nT 
II 

i=l 

for the constant A case. 

(8.1-3) 

The differences in probability between scenarios in 

15 Figure 8 .1-2 result from the use of unequal time intervals in scenario 

16 definition. 

17 

18 The probabilities in Figure 8.1-2 are for exactly 1 intrusion over 10,000 

19 yr, with that intrusion occurring in a specified time interval. As indicated 

20 in Tables 2.5-3 and 2.5-4, many different combinations of drilling intrusion 

21 times are used in the definition of the risk representation R2 given in Eq. 

22 2. 5~8. Because of the large number of scenarios involved, box plots of the 

23 form shown in Figure 8.1-2 cannot be presented for all scenarios contained in 

24 R2. However, due to the effects of radioactive decay, the cuttings releases 

25 for a scenario are often dominated by the time at which the first drilling 

26 intrusion occurs. For this reason, it is useful to examine the probability 

27 of drilling intrusions in specified time intervals regardless of the drilling 

28 intrusions that may occur in subsequent time intervals. Specifically, Figure 

29 8.1-3 presents probabilities for the scenarios 

30 

31 5(~1.~0.~0,~0.~0.~0), 5(0,~1.~0.~0.~0.~0), 5(0,0,~1.~0.~0,~0), 

32 5(0,0,0,~1.~0.~0), 5(0,0,0,0,~1.~0), 5(0,0,0,0,0,~1), (8.1-4) 

33 

~ where the notation ~n(i) in expressions of the form 

35 

36 

37 

S(~n(l), ~n(2), ~n(3), ~n(4), ~n(5), ~n(6)) (8.1-5) 

38 indicates that the number of drilling intrusions in the ith time interval 

39 (i.e., [ti-l• til) equals or exceeds n(i). For example, the scenario 

40 5(0.~1.~0.~0.~0.~0) appearing in Eq. 8.1-4 consists of all time histories 

41 contained in the sample space 5 defined in Eq. 2. 2-1 in which 0 drilling 

42 intrusions occur in the time interval [0, 150 yr], 1 or more drilling 

43 intrusions occur in the time interval [150, 200 yr], and 0 or more drilling 

44 intrusions occur in each of the time intervals [200, 500 yr], [500, 1500 yr], 

45 [1500, 4500 yr], and [4500, 10,000 yr]. The defining formulas for the 

46 scenario probabilities in Figure 8.1-3 are given in Table 8.1-1. The box 

47 plots in Figure 8.1-3 are displaying the uncertainty in the probability that 

48 the first drilling intrusion occurs in each of the time intervals used in the 

49 definition of the risk representation R2. As shown in Section 8.2, the size 

50 of the cuttings removal release decreases with time. 
51 
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8.1 Scenario Probability 

SCENARIO 

s (~1 .~o.~o.~o.~o.~o.) 
s (0.~1 .~o.~o.~o.~o.) 
s (o,o.~1 .~o.~o.~o.) 
s (0,0,0,~1 .~0.~0) 
s (0,0,0,0,~1 .~0) 
s (0,0,0,0,0, ~1) 

s (o,o.~1 .~o.~o.~o.) 
s (O,o,o.~1 .~o.~o) 
s (0,0,0,0,~1 .~0) 

s (0,0,0,0,0,~1) 

CONSTANT A.'s 

PROBABILITY 

Min {1.5x Box, Largest Obs} 

Key: ~1 ---;_I -~~-·~1--' ------11 X X / 

25 th / 7 \ ' 75th Extreme Obs 
Percentile Median Mean Percentile 

TRI·6342·2585-0 

Figure 8. 1-3. U n c e r t a i n t y i n p r o b a b i 1 i t i e s o f s c e n a r i o s 
S(2::l,2::0,2::0,2::0,2::0,2::0), S(0,2::l ,2::0,2::0,2::0,2::0), 
S(0,0,0,0,0,2::l) associated with risk representation R2 defined 
in Eq. 2.5-8 with an assumed 100 yr period of administrative 
control in which drilling intrusions cannot occur. 
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Chapter 8: Uncertainty and Sensitivity Analysis Results 

2 Table8.1-1. Probability of Scenarios S(~1.~0.~0.~0.~0.~0), S(0.~1.~0.~0.~0.~0), ... , S(0,0,0,0,0,~1) 
3 Associated with the Risk Representation R2 Defined in Eq. 2.5-8. 

·---------------------------------------------------------------------------
(! ps (~1 .~o .~o .~o .~o .~o) 
8 
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31 
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38 
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2 

3 

8.2 Cuttings Removal 

8.2 Cuttings Removal 

8 The risk representation R2 defined in Eq. 2.5-8 is used to display the 

6 effects of cuttings removal. The releases associated with single intrusions 

7 into waste of average activity at different times are summarized in Figure 

8 8.2-1. As discussed in Section 7.3, the releases shown in Figure 8.2-1 are 

9 then scaled to determine the releases associated with intrusions into waste 

10 of different activity levels. Further, as discussed in Section 2. 4, the 

11 releases in Figure 8.2-1 are also used in the construction of the cuttings 

12 releases assigned to scenarios that involve more than one drilling intrusion. 

13 

14 The cuttings releases shown in Figure 8.2-1 are initially (i.e., at 100 

15 yr) centered around approximately 3.2 x 10-2 EPA release units. The size of 

16 the release then decreases due to radioactive decay, with release being 

17 reduced to values centered around 5.5 x lo-3 EPA release units by 3000 yr. 

18 An additional reduction to about 4 x lo-3 EPA release units occurs by 10,000 

19 yr. 

20 

21 The isotopes associated with the releases at 100 yr and 1000 yr are shown 

22 in Figure 8.2-2. The release at 100 yr is dominated by Pu-238, with 

23 additional contributions from Am-241, Pu-239 and Pu-240. Due to the short 

24 half-life of Pu-238 (i.e., 88 yr), the dominant contributor to the cuttings 

25 release at 1000 yr is Pu-239, with additional contributions from Am-241 and 

26 Pu-240. Due to the 432 yr half-life of Am-241, the cuttings releases at 

27 later times are dominated by Pu-239, with a small contribution from Pu-240. 

28 

29 The only sampled variable that affects cuttings removal is DBDIAM 

30 (drillbit diameter). As shown in Figure 4.3-1 of Helton et al. (1992), an 

31 almost linear relationship exists between DBDIAM and the cuttings release to 

32 the accessible environment. The relationship is actually quadratic. 

33 However, due to the range of values for drillbit diameter under consideration 

~ (i.e., 0.267-0.444 m), the relationship is close to being linear. 

35 

~ For a given set of analysis input, the risk representation R2 defined in 

37 Eq. 2. 5-8 leads to a single CCDF for cuttings removal to the accessible 

38 environment. The 1992 WIPP performance assessment considered two imprecisely 

39 known variables that affected the CCDF for cuttings removal: drillbit 

40 diameter (DBDIAM) and the rate term in the Poisson model for drilling 

41 intrusions (LAMBDA). As discussed in Section 2. 1, the uncertainty in these 

42 variables leads to a distribution of CCDFs. Actually, two cases were 

43 considered: constant rate terms and time- dependent rate terms. The 
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Chapter 8: Uncertainty and Sensitivity Analysis Results 

ASSUMED 
INTRUSION CUTIINGS 

SCENARIO TIME (yrs) I 

100 1- hJJ-1 -

s {1 ,0,0,0,0,0) 125 hJJ-1 -

s {0, 1 ,0,0,0,0) 175 hJJ-1 -

s {0,0, 1 ,0,0,0) 550 hJJ-1 -

s {0,0,0, 1 ,0,0) 1000 1- hJJ-1 -

s {0,0,0,0, 1 ,0) 3000 1- hJJ-1 -

s {0,0,0,0,0, 1) 7250 I- hJJ-1 -

10000 I- hJJ-1 -

I 

10-3 10-2 10-1 

RELEASE TO ACCESSIBLE ENVIRONMENT 

Min {1.5x Box, Largest Obs} 

~75th Key: I I ) • lx x / 
25th/ ' Extreme Obs 

Percentile Median Mean Percentile 
TRI-6342-2586-{) 

Figure 8.2-1. Total normalized release to the accessible environment due to 
cuttings removal from waste of average activity level. 
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8.2 Cuttings Removal 

Figure 8.2-2. Normalized releases to the accessible environment for 
individual isotopes for cuttings removal resulting from a 
single borehole intersecting waste of average activity level 
at 100 yr and 1000 yr. 
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Chapter 8: Uncertainty and Sensitivity Analysis Results 

distributions of CCDFs that result for these two cases are shown in the two 

2 left frames of Figure 8. 2-3; summaries based on mean and percentile curves 

3 are shown in the two right frames. Due to the use of a sample of size 70 in 

4 the 1992 WIPP performance assessment, the individual plots in Figure 8.2-3 

5 are based on 70 CCDFs. 

6 

7 As examination of Figure 8.2-3 shows, the CCDFs for cuttings removal fall 

8 substantially below the EPA release limits. Further, the CCDFs constructed 

9 with the time-dependent rate terms obtained through an expert-review process 

10 fall below the CCDFs constructed with constant rate terms. As a reminder, 

11 the constant rate terms were obtained by generating a uniformly-distributed 

12 sample from the interval [0, 3.75xl0-4 yr-1], where 3.75xlo-4 yr-1 

13 corresponds to the maximum drilling rate of 30 boreholes/km2jl0,000 yr 

14 specified by the EPA. 

15 

16 The variability in the CCDFs shown in Figure 8.2-3 is due primarily to 

17 uncertainty in the rate term in the Poisson model for drilling intrusions 

18 (i.e., in the function A(t) appearing in Eq. 2.3-1), with a small additional 

19 contribution from drillbit diameter (DBDIAM). Sensitivity analyses based on 

20 partial correlation analysis or regression analysis produce results similar 

21 to those shown in Figures 4.6-1 and 4.6-2 of Helton et al. (1992). In 

22 particular, there is a strong positive correlation between exceedance 

23 probability and the rate term in the Poisson model for drilling intrusions 

24 (LAMBDA), and a positive but less strong correlation between exceedance 

25 probability and drillbit diameter. 

26 

27 The steps appearing in the individual CCDFs in Figure 8.2-3 result from 

28 the discretization of the waste into five activity levels for the calculation 

29 of cuttings removal. The use of more activity levels would cause these steps 

~ to be eliminated but would not significantly alter the distributions of CCDFs 

31 for cuttings removal. Additional discussion of this pattern is provided in 

32 conjunction with Figure 4.6-3 of Helton et al. (1992). 

33 

34 

35 

36 

37 

8.3 Release to Culebra 

38 Due to constraints imposed by computational cost, the 1992 WIPP 

~ performance assessment performed groundwater transport calculations only for 

41 intrusions occurring at 1000 yr. As discussed in Section 2. 4 and in more 

42 detail in Chapters 4 and 5, the first step in these calculations is the use 

43 of the BRAGFLO model to determine time-dependent releases into the Culebra 

« Dolomite. The integrated (i.e., total) values for these releases over 10,000 

45 yr are summarized in Figure 8. 3-1 for scenarios S( 1, 0) and s+- (2, 0), which 
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Figure 8.2-3. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr for cuttings removal constructed 
for the risk representation R2 defined in Eq. 2.5-8 with 
constant (upper two frames) and time-dependent (lower two 
frames) rate terms in the Poisson model for drilling 
intrusions. 
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Figure 8.3-1. Normalized releases to the Culebra Dolomite over 10,000 yr due 
to groundwater transport for scenarios S(l,O) and s+-(2,0) 
used in conjunction with the risk representation R1 defined in 
Eq. 2.5-1 with intrusion occurring at 1000 yr. 
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8.3 Release to Culebra 

are used in conjunction with the risk representation R1 defined in Eq. 2.5-1 

2 to develop CCDFs for normalized release to the accessible environment due to 

3 groundwater transport. 

4 

5 Only 14 of the 70 sample elements used in the analysis resulted in 

6 nonzero releases to the Culebra for scenario 5(1,0). Thus, the individual 

7 box plots in Figure 8.3-1 for scenario S(l,O) are based on a maximwn of 14 

8 nonzero normalized releases. The total normalized release to the Culebra for 

9 scenario S(l,O) is always less than 1, with the total release being dominated 

10 by U-233, U-234 and Arn-241. As shown by the scatterplot in Figure 8.3-2, 

11 zero releases to the Culebra tend to be associated with the smaller values 

12 for Salado halite permeability (SALPERM). This pattern occurs because the 

13 repository fails to fill with brine for small values of SALPERM, with the 

14 result that there is no brine flow, and hence no radionuclide transport, up 

15 an intruding borehole. 

16 

17 In contrast to scenario 5(1,0), only two sample elements resulted in no 

18 release to the Culebra for scenario s+-(2,0). As examination of Figure 8.3-1 

19 shows, half the sample elements have total normalized releases to the Culebra 

20 that exceed 0. 6 EPA release units. Further, 9 sample elements have total 

21 normalized releases that exceed 10. As for scenario S(l, 0), the total 

22 release tends to be dominated by Arn-241, U-233 and U-234, with Pu-239 also 

23 making a large contribution to the total release for some sample elements. 

24 The larger brine flows associated with scenario s+-(2,0) permit radionuclides 

25 with short half-lives to be transported out of the repository before they are 

26 lost due to radioactive decay. Because of this, Am-241 is a larger 

27 contributor to the total release for scenario s+-(2,0) than it is for 

28 scenario S(l,O). 

29 

30 As shown in Table 8. 3-1, stepwise regression analysis can be used to 

31 investigate which of the sampled variables listed in Table 3.1 dominate the 

32 uncertainty in the releases to the Culebra summarized in Figure 8. 3-1 for 

33 scenario s+-(2,0). The results contained in Table 8.3-1 and other similar 

~ presentations in this report were calculated with the STEPWISE program (Iman 

35 et al., 1980) with rank-transformed data (Iman and Conover, 1979). The 

~ rationale for using rank-transformed data is that this transform enables the 

37 analysis to identify the extent to which variables tend to increase and 

38 decrease together, which is typically the question of interest in a 

39 sensitivity analysis. Further, use of the rank transform avoids some of the 

40 technical problems associated with other transforms (e.g., appropriately 

41 weighting outliers and the treatment of zeros). 

42 

43 For Arn-241, the uncertainty in the integrated release to the Culebra is 

44 dominated by BHPERM (borehole permeability) and SOl.AM (solubility for Am), 
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Figure 8. 3-2. Scat terplot for total normalized release to the Culebra 
Dolomite over 10,000 yr versus Salado Permeability (SALPERM) 
for scenario S(l,O) with intrusion occurring at 1000 yr. 
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8.3 Release to Culebra 

Table 8.3-1. Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the 

2 Culebra Dolomite over 10,000 yr for Scenario s + -(2,0) with Intrusion Occurring 1000 yr 

3 after Repository Closure. 

4 

5 

11 
111 

2~ 

21 
27 

28 

29 

3~ 

3a 

31 

39 

40 

42 

48 

48 

50 

52 

53 

Stepc 

1 
2 
3 

Step 

1 
2 

Step 

1 
2 

Variablea R2b 

Am-241 

BHPERM 0.42( +) 
SO LAM 0.81(+) 
DBDIAM 0.83( +) 

Ra-226 

BHPERM 0.21 ( +) 
SOLTH 0.33(-) 

U-234 

BHPERM 0.41 ( +) 
SOLU 0.60( +) 

Variable R2 

Np-237 

SOLNP 0.75( +) 
BHPERM 0.90( +) 

Th-229 

SOLTH 0.77( +) 
BHPERM 0.89( +) 

Total 

BHPERM 0.48( +) 
SO LAM 0.60( +) 

54 a variables listed in order of selection in regression analysis 

Variable R2 Variable R2 

Pu-239 Pu-240 

SOLPU 0.86( +) SOLPU 0.86( +) 
BHPERM 0.94( +) BHPERM 0.94( +) 
DBDIAM 0.95( +) DBDIAM 0.95( +) 

Th-230 U-233 

SOLTH 0.77( +) BHPERM 0.41 ( +) 
BHPERM 0.88( +) SOLU 0.60( +) 

55 bcumulative R2 value with entry of each variable into regression model, with "+" and "-" indicating 
56 positive and negative regression coefficients, respectively 
57 csteps in stepwise regression analysis 
58 

8~---------------------------------------------------------------------------
62 

63 with the release tending to increase as each of these variables increases. 

64 These positive effects result because increasing BHPERM reduces resistance to 

65 flow up the boreholes and increasing SOLAM increases the amount of Am-241 

66 that can be dissolved in brine. The regression model with BHPERM and SOLAM 

67 can account for 81% (i.e., R2 = 0.81) of the variability in the Am-241 

~ release to the Culebra. The release patterns that result in the selection of 

69 BHPERM and SOLAM in the regression analysis for Am-241 swrunarized in Table 

70 8.3-1 are shown in Figure 8.3-3 for both log-transformed and rank-transformed 

71 data. The flattening associated with large values of SOLAM is due to 

72 inventory limits; as shown in Figure 7.3-1, the amount of Am-241 in one waste 

73 panel at 1000 yr is approximately 40 EPA release units. The regression 

74 analysis for Am-241 in Table 8.3-1 also indicates a small positive effect for 

75 DBDIAM (drillbit diameter), which results because increasing DBDIAM increases 

76 the diameter of the intruding boreholes and thus produces a larger area 

77 through which brine flow can take place. 
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Figure 8.3-3. Scatterplots with log-transformed and rank-transformed data 
for normalized release of Am-241 to the Culebra Dolomite over 
10,000 yr for variables BHPERM (borehole permeability) and 
SOLAM (solubility of Am) and scenario s+-(2,0) with intrusion 
occurring 1000 yr after repository closure. 
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8.3 Release to Culebra 

The radionuclides Np-237, Pu-239, Pu-240, Th-229 and Th-230 show release 

2 patterns similar to those shown by Am-241, although the solubility limits 

3 (i.e., SOLNP, SOLPU, SOLTH) tend to be more important than borehole 

4 permeability (BHPERM). In the analysis for Am-241, solubility and borehole 

5 permeability were of approximately equal importance. This difference in 

6 importance for BHPERM results from the relatively short half-life of Am-241 

7 (i.e., 432 yr), which makes reduced flow rates up an intruding borehole more 

8 important for Am-241 than for Np-237, Pu-239, Pu-240, Th-229 and Th-230 due 

9 to loss resulting from radioactive decay. As an example, the scatterplot for 

10 Pu-239 release to the Culebra versus SOLPU in Figure 8.3-4 shows less spread 

11 than the corresponding scatterplot for Am-241 in Figure 8.3-3. Also, the 

12 scatterplot for Pu-239 in Figure 8. 3-4 does not suggest the presence of any 

13 effects due to inventory limitations as is the case for Am-241 in Figure 

14 8. 3-3. 

15 

16 The regression analysis for Ra-226 summarized in Table 8.3-l is not very 

17 successful, with two variables selected and an R2 value of only 0. 33. In 

18 particular, the analysis indicates that the release of Ra-226 to the Culebra 

19 tends to increase as BHPERM (borehole permeability) increases and tends to 

20 decrease as SOLTH (solubility of Th) increases. The patterns that give rise 

21 to these selections are shown in the scatterplots in Figure 8.3-5 with both 

22 log-transformed and rank-transformed data. The positive effect indicated for 

23 BHPERM in Table 8.3-l and Figure 8.3-5 results because increasing BHPERM 

24 increases brine flow out the intruding boreholes, and the negative effect 

25 indicated for SOLTH results because increasing SOLTH increases the amount of 

26 Th-230 removed from the waste panel and thus decreases the amount of Ra-226 

27 that will be produced within the panel by radioactive decay. The solubility 

28 limit for radium (SOLRA) is assigned a high range of values (i.e., 2 to 18.2 

29 mol/L). As a result, all available Ra-226 goes into solution, and thus SOLRA 

~ does not show up as an important variable in the regression analysis for Ra-

31 226 release to the Culebra. As examination of the box plots for Ra-226 in 

~ Figure 8.3-l and the range of Ra-226 releases on the coordinates in Figure 

33 8.3-5 shows, the high values for SOLRA result in a smaller range of release 

~ values for Ra-226 than is the case for the other isotopes considered in this 

35 study due to a complete removal of the available Ra-226. 

36 

37 The scatterplots in Figure 8.3-5 suggest that a regression analysis with 

38 log-transformed data may indicate a stronger relationship between Ra-226 

39 release to the Culebra and the variables BHPERM (borehole permeability) and 

40 SOLTH (solubility of Th) than was observed with rank-transformed data. The 

41 two sample elements with zero release to the Culebra were dropped from the 

42 analysis and the remaining 68 sample elements were used in a regression 

43 analysis with log-transformed data. This produced the regression model 
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logy= 0.762 + 0.289 log BHPERM- 0.052 log SOLTH, R2 = 0.24 (8.3-1) 

2 

3 where y is the normalized release of Ra-226 to the Culebra. Thus, the use of 

4 log- transformed data does not improve the regression results for Ra-226 

5 (i.e., R2 = 0.33 with rank-transformed data and R2 = 0.24 with log-

6 transformed data). 

7 

8 The regression analyses for U-233 and U-234 swnmarized in Table 8.3-1 

9 produce similar results, with release tending to increase as BHPERM (borehole 

10 permeability) and SOLU (solubility for U) increase. However, the regressions 

11 with these two variables have R2 values of only 0.60. Scatterplots for U-233 

12 release to the Culebra versus BHPERM and SOLU are shown in Figure 8.3-6. The 

13 lines of approximately equal releases across the tops of these scatterplots 

14 correspond to the U-233 inventory in a single waste panel (i.e., 

15 approximately 0.4 EPA release units as shown in Figure 7. 3-1). A similar 

16 pattern also occurs in the corresponding scatterplots for U-234. Thus, the 

17 larger values for both BHPERM and SOLU result in a complete removal of U-233 

18 and U-234 from the waste panel, which creates a pattern that is not well-

19 captured by the regression techniques in use. Similar behavior was also 

20 observed for U-233 and U-234 in the 1991 WIPP performance assessment (e.g., 

21 see Helton et al., 1992, Figures 4.5-2 and 5.1-6). 

22 

23 The last regression analysis summarized in Table 8.3-1 is for the total 

24 normalized release to the Culebra. This analysis indicates that the total 

25 release tends to increase as each of BHPERM (borehole permeability) and SOLAM 

26 (solubility for Am) increases. The regression model with these two variables 

27 has an R2 value of 0.60, which is not particularly good. As shown in Figure 

28 8.3-1, U-233 and U-234 are important contributors to total release. Thus, 

~ the low R2 value in the regression analysis for total release is due in part 

~ to the inventory-related patterns shown in Figure 8.3-6 for U-233 and similar 

31 patterns for U-234. 

32 

~ The radionuclide releases to the Culebra analyzed in Table 8.3-1 result 

34 from brine flow up the two intruding boreholes associated with scenario 

35 s+- (2,0). These flows are summarized in Figure 5.2-16. The uncertainty in 

~ the cumulative brine flow to the Culebra shown in Figure 5.2-16 results from 

37 the uncertainty in the following 21 variables contained in Table 3-1: 

38 BHPERM, BPPRES, BPS TOR, BRSAT, BCBRSAT, BCEXP, BCFLG, BCGSSAT, DBDIAM, 

39 GRCORHF, GRCORI, GRMICHF, GRMICI, MBPERM, MBPOR, SALPERM, SALPRES, STOICCOR, 

40 STOICMIC, VMETAL AND VWOOD. The PCCSRC program (!man et al., 1985) can be 

41 used to determine which of the sampled variables dominates the uncertainty in 

42 the cumulative brine flows shown in Figure 5.2-16. In particular, PCCSRC can 

43 be used to calculate the partial rank correlation coefficients (PRCCs) 

44 between the cumulative brine flow appearing above fixed times on the abcissa 
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and the previously indicated variables in Table 3-1. The values for these 

2 PRCCs can be plotted above the corresponding times and then connected to form 

3 continuous curves. As shown in Figure 8. 3-7, the most important variables 

4 identified in this analysis are BHPERM (borehole permeability), DBDIAM 

5 (drillbit diameter) and BPPRES (brine pocket pressure), with cumulative brine 

6 flow tending to increase as each of these variables increases. These 

7 positive effects result because increasing BHPERM reduces the resistance to 

8 brine flow in the intruding boreholes, increasing DBDIAM increases the 

9 diameter of the intruding boreholes, and increasing BPPRES increases brine 

10 pressure within the waste panel. A small negative effect is also indicated 

11 for GRCORI (gas-generation rate for corrosion of steel under inundated 

12 conditions) between 1500 and 3000 yr, although GRCORI appears to have little 

13 or no effect on cumulative brine flow at later times. This pattern probably 

14 results from the effect of GRCORI in reducing the amount of brine in the 

15 waste at the assumed intrusion time of 1000 yr, with the result that more 

16 brine is required to enter the repository before flow up the boreholes can 

17 commence than might be the case otherwise. As indicated by PRCCs of 

18 approximately one, BHPERM is the most important variable with respect to the 

19 uncertainty in brine flow. 

20 

21 Stepwise regression analysis can also be used to investigate brine flow 

22 out of a waste panel through the intruding boreholes associated with scenario 

23 s+-(2,0). In particular, a stepwise regression analysis for cumulative brine 

24 flow over 10,000 yr (i.e., for the cumulative brine flows appearing above 

25 10,000 yr in Figure 5.2-16 is presented in Table 8.3-2. As previously 

26 indicated by the PRCCs in Figure 8. 3-7, BHPERM (borehole permeability) is the 

27 dominant variable with an R2 value of 0.94. Further, the addition of DBDIAM 

28 (drillbit diameter), BPPRES (brine pocket pressure) and BPSTOR (brine pocket 

29 storativity) results in a regression model with an R2 value of 0.99. These 

30 results indicate that brine flow is dominated by variables affecting borehole 

31 properties (BHPERM, DBDIAM), with small additional effects coming from 

32 variables that define brine pocket properties (BPPRES, BPSTOR). The 

33 relationship between BHPERM and cumulative brine flow is shown in the 

~ scatterplot in Figure 8.3-8. 

35 

36 For a given set of analysis input, the risk representation R1 defined in 

37 Eq. 2.5-1 leads to a single CCDF for release to the Culebra. The 1992 WIPP 

38 performance assessment considered the following 29 imprecisely known 

39 variables defined in Table 3-l that affect the CCDF for release to the 

40 Culebra: BHPERM, BPPRES, BPSTOR, BPAREAFR, BRSAT, BCBRSAT, BCEXP, BCFLG, 

41 BCGSSAT, DBDIAM, GRCORHF, GRCORI, GRMICHF, GRMICI, LAMBDA, MBPERM, MBPOR, 

42 SALPERM, SALPRES, SOLAM, SOLNP, SOLPU, SOLRA, SOLTH, SOLU, STOICCOR, 

43 STOICMIC, VMETAL and VWOOD. As discussed in Section 2.1, the uncertainty in 
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2 

3 

Table 8.3-2 

8.3 Release to Culebra 

Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Flow of Brine 

into a Borehole Over 10,000 yr for Scenario s + -(2,0) with Intrusion at 1,000 years. 

'---------------------------------------------------------------------------------
6 Stepsa Variableb 

8 -------------------------------------------------------------------------------------
9 

10 

11 

12 

13 

14 

15 

16 

2 

3 

4 

17 asteps in stepwise regression analysis 

BHPERM 

DBDIAM 

BPPRES 

BPSTOR 

18 bvariables listed in order of selection in regression analysis 

0.94 ( +) 

0.97 ( +) 

0.99 ( +) 

0.99 ( +) 

19 ccumulative R2 value with entry of each variable into regression model, with "+" and "-" indicating 
20 positive and negative regression coefficients, respectively 
21 

Bl------------------------------------------------------------------------
25 

26 these variables leads to a distribution of CCDFs. As previously noted in the 

27 discussion of cuttings releases, two cases were considered in the analysis 

28 for the rate term (i.e., >.) in the Poisson model for drilling intrusions: 

~ constant rate terms and time-dependent rate terms. The distribution of CCDFs 

30 that result for these two cases are shown in the two left frames of Figure 

31 8. 3- g; further, sununaries based on mean and percentile curves are shown in 

32 the two right frames. Because a sample size of 70 is used in the 1gg2 WIPP 

~ performance assessment, the individual plots in Figure 8.3-g are based on 70 

34 CCDFs. 

35 

36 As examination of the upper two frames in Figure 8.3-g shows, the use of 

37 constant-valued rate terms in the Poisson model for drilling intrusions 

38 results in most CCDFs falling below the EPA release limits. Further, the 

39 mean and percentile curves also fall beneath the EPA release limits, although 

40 both the mean and goth percentile curves come close to intercepting the 

41 release limit at the (10, 0.001) point. As shown in the two lower frames in 

42 Figure 8. 3-g, the use of time-dependent rate terms in the Poisson model for 

43 drilling intrusions produces CCDFs that are shifted down from those obtained 

44 with constant-valued rate terms. In particular, the mean and goth percentile 

45 curves obtained with time-dependent rate terms fall approximately two orders 

46 of magnitude below the corresponding curves obtained with constant-valued 

47 rate terms. Due to the skewed nature of the distributions shown in Figure 

48 8.3-g and other similar figures, it is possible for parts of the mean curve 

49 to be located above the goth percentile curve. Such behavior occurs when a 

so distribution has a few very large values and many small values. 

8-25 



Chapter 8: Uncertainty and Sensitivity Analysis Results 

~ 10"1 

w 
(/) 

i1i 1o·2 
_J 

w 
a: 

a: 
II 
w 
(/) 

~ 
_J 

w 
a: 
u.. 
0 

~ 
:J 
iD 
< m 
0 
a: n. 

10° 

10-1 

10"2 

10"3 

10"4 

10"5 

10-6 

0 

PANEL 

191.13 (a) 

10"4 10"3 10"2 10"1 10° 101 102 103 

RELEASE TO CULEBRA, R 

PANEL 

TIME-DEPENDENT A.'s -] 191.13 (a) 

L_l 
I 
L ___ 

II IIIII I 
10"4 10"3 10"2 10"1 10° 101 102 103 

RELEASE TO CULEBRA, R 
TRI-8342·2603-0 

u.. 10-3 
0 

~ 
:J 
iD 
ca 
0 
a: n. 

a: 
II 

w 
(/) 

~ 
_J 

w 
a: 
u.. 
0 

~ 
:J 
iD 
< m 
0 
a: 
0... 

100 

10"1 

10"2 

10"3 

10"4 

10"5 

MEAN 

MEDIAN 

10th 
PERCENTILE 

CONSTANT A.'s 

PANEL 

191.13 (a) 

L_l 
I 
L_ 

0 10"4 10"3 10"2 10"1 10° 101 102 103 

RELEASE TO CULEBRA, R 

PANEL 

TIME-DEPENDENT A.'s I 191.13 (a) L_ 
90th l 

PEL_ENTILE 
I L ___ 

r--, 

MEAN 

~ 
I 

rl 
10-4 10"3 10"2 10"1 10° 101 102 103 

RELEASE TO CULEBRA, R 
TRI-6302·26'2.0 
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representation R1 defined in Eq. 2. 5-1 with constant (upper 
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As discussed in conjunction with Figure 8.3-7, the PCCSRC program (Iman 

2 et al., 1985) can be used to determine which of the sampled variables 

3 dominates the uncertainty in the CCDFs shown in the upper left frame of 

4 Figure 8. 3-9. In particular, PCCSRC can be used to calculate PRCCs between 

5 the exceedance probabilities appearing above fixed release values on the 

6 abcissa and the variables in Table 3.1. The values for these PRCCs can be 

7 plotted above the corresponding release values and then connected to form 

8 continuous curves. As shown in Figure 8.3-10, the three most important 

9 variables identified in this analysis were LAMBDA (rate constant in Poisson 

10 model for drilling intrusions), BHPERM (borehole permeability), and SOLAM 

11 (solubility for Am). No other variables were identified as having a 

12 substantial effect on the indicated distribution of CCDFs. The variable 

13 LAMBDA defines the probability of having one or more drilling intrusions and 

14 hence controls the initial horizontal section of the CCDFs. The variables 

15 BHPERM and SOLAM control the size of releases and hence determine how far the 

16 individual CCDFs extend to the right before they drop to the abcissa. 

17 

18 The two lower plots in Figure 8.3-9 were generated with the same releases 

19 to the Culebra as the upper two plots but with time -dependent rather than 

ro constant rate terms in the Poisson model for drilling intrusions. Thus, the 

21 downward shift of the CCDFs associated with the two lower frames is 

22 indicative of the impact of the time-dependent rate terms developed in an 

23 expert review process as part of the WIPP performance assessment (Hora et 

24 al., 1991; memorandum by Hora in Appendix A, pp. A-69 to A-99, in Volume 3 of 

25 this report). 

26 

27 

28 

30 

31 

8.4 Groundwater Transport to Accessible Environment 

~ As indicated in Table 8.4-1, seven alternative modeling assumptions for 

34 radionuc 1 ide transport in the Culebra were evaluated. Transport results 

35 without chemical retardation are presented in Sections 8.4.1 and 8.4.5 and 

~ transport results with chemical retardation are presented in Sections 8.4.2, 

37 8.4.3 and 8.4.4. The results in Section 8.4.1 are for no chemical 

38 retardation, no clay lining in fractures and no matrix diffusion, with the 

39 result that releases to the Culebra are transported unimpeded to the 

40 accessible environment. This is believed to be the most conservative set of 

41 assumptions for modeling radionuclide transport in the Culebra. Several 

42 variants on the assumption of no chemical retardation are presented in 

43 Section 8. 4. 5. The most important of these variants assumes diffusion into 

« the Dolomite matrix and thus illustrates the effect of physical retardation 

45 (i.e. , re ta rda tion in the Dolomite rna trix) in the absence of chemical 

46 retardation. The analyses in Sections 8.4.2, 8.4.3 and 8.4.4 with chemical 

47 retardation illustrate the effects of assuming fracture only (i.e., no matrix 
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Figure 8.3-10. Partial rank correlation coefficients for exceedance 
probabilites associated with individual CCDFs in Figure 8.3-9 
for release to the Culebra Dolomite with constant rate terms 
in the Poisson model for drilling intrusions. 
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Table 8.4-1. Alternative Modeling Assumptions for Radionuclide Transport in the Culebra Dolomite. 

8.4.1 

8.4.2 + + 
8.4.3 + 
8.4.4 + + 
8.4.5 + 
8.4.5 

8.4.5 + 

+ 
+ 

+ 
+ 

No chemical sorption an no movement to do omrte matrix. llustrates most 
conservative modeling assumptions. 
Chemical sorption in fractures only and no movement of dolomite matrix. 
Illustrates trans ort in fractures on 

Chemical sorption in dolomite matrix only. 

Chemical sorption in fractures and dolomite matrix. Believed to be most 
realistic case. 

No chemical sorption and no movement to dolomite matrix. 

No chemical sorption with movement to dolomite matrix. Illustrates physical 
retardation in dolomite matrix. 

No chemical sorption with movement to dolomite matrix. 
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diffusion) and dual porosity (i.e., diffusion into the dolomite matrix) 

2 transport. The case in Section 8. 4. 4 with chemical retardation in both the 

3 fractures and the dolomite matrix is be 1 ieved by the WIPP performance 

4 assessment project to be the most appropriate model for radionuclide 

5 transport in the Culebra. 

6 

7 

e 8.4.1 No Chemical Retardation, No Clay in Fractures, No Matrix Diffusion 
1(1 

12 This section presents results calculated with the assumptions that all 

13 fluid flow within the Culebra takes place in fractures, no clay is present in 

14 the fractures, and no chemical retardation occurs within the fractures. 

15 Thus, radionucl ides released into the Culebra are transported unimpeded to 

16 the accessible environment. As shown by the scatterplot in Figure 8. 4-1, 

17 these assumptions result in the releases to the accessible environment being 

18 essentially identical to the releases to the Culebra. Thus, the discussions 

19 in Sect ion 8. 3 for release to the Culebra also apply to release to the 

~ accessible environment for no chemical retardation and no matrix diffusion. 

21 In particular, the distribution of CCDFs for release to the accessible 

22 environment due to groundwater transport with no chemical retardation, no 

23 clay and no matrix diffusion are visually indistinguishable from those 

24 appearing in Figure 8.3-9 for release to the Culebra. 

25 

26 

2s 8.4.2 Chemical Retardation, Clay-Lined Fractures, No Matrix Diffusion 
:ag 

31 This section presents results calculated with the assumptions that all 

32 fluid flow within the Culebra takes place in fractures and that these 

33 fractures are lined with clay that can sorb radionuclides. The variable 

~ CULCLYF (clay-filling fraction in Culebra) determines the total thickness of 

35 the clay lining in fractures in the Culebra Dolomite. As indicated in Table 

36 3-1 and Figure 3-1, this variable was assigned a distribution in the 1992 

37 WIPP performance assessment that implies with a certain degree of belief 

38 (i.e., 0.5) that no fractures in the Culebra have a clay lining. As the 

~ purpose of this section is specifically to investigate the effects of clay­

~ lined fractures, only calculations performed for the 35 sample elements that 

41 have a non-zero value for CULCLYF will be considered. The calculations 

42 performed for the 35 sample elements in which CULCLYF = 0 produce results 

43 ident ica 1 to the results obtained for these sample elements in the 

44 calculations for Section 8.4.1. 

45 

46 The scatterplot in Figure 8.4-2 provides a comparison of releases to the 

47 accessible environment calculated with and without a clay lining in the 

48 fractures. The significance of the presence of a clay lining is that 
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Figure 8. 4-1. Scat terplot for total normalized release to Culebra over 
10,000 yr versus total normalized release to the accessible 
environment due to groundwater transport with no chemical 
retardation and no matrix diffusion for scenario s+-(2,0) used 
in conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring at 1000 yr after repository 
closure. 
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Figure 8.4-2. Scatterplot for total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
no chemical retardation and no matrix diffusion versus total 
normalized release to the accessible environment over 10,000 
yr due to groundwater transport with chemical retardation, 
clay-lined fractures and no matrix diffusion for scenario 
s+-(2,0) used in conjunction with the risk representation R1 
defined in Eq. 2. 5-1 with intrusion occurring 1000 yr after 
repository closure. 
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chemical retardation takes place in the presence of clay-lined fractures but 

2 is assumed not to take place in the absence of a clay lining in the 

3 fractures. As indicated in the preceding paragraph, this scatterplot is 

4 based on the 35 sample elements for which CULCLYF ~ 0. The large number of 

5 points falling below the diagonal line in Figure 8. 4-2 indicate that the 

6 presence of a clay lining in fractures has the potential to reduce releases 

7 from those that would be obtained without a clay lining. This reduction is 

8 due to radionuclide sorption. 

9 

10 As shown by the box plots in Figure 8.4-3, the releases to the accessible 

11 environment for this case are dominated by U-234 and U-233, with additional 

12 contributions from Np-237, Th-230 and Th-229. In contrast, the corresponding 

13 release to the accessible environment in the absence of clay-lined fractures 

14 is dominated by Am-241, with lesser contributions from Pu-239, U-233 and U-

15 234 (i.e., see Figure 8.3-1 and discussion in Section 8.4.1). 

16 

17 As indicated by the scatterplot in Figure 8. 4-4 for U-233, the entire 

18 uranium release to the Culebra is transported to the accessible environment 

19 over the 10, 000-yr period under consideration for most sample elements. A 

20 more extensive reduction between release to the Culebra and release to the 

21 accessible environment is shown by the scatterplot for Np-237. This 

22 difference in behavior results from the fracture distribution coefficients 

23 (FKDU and FKDNP) assigned to uranium and neptunium, which have median values 

24 of 0.001 and 1 m3/kg, respectively. The points in Figure 8.4-4 that indicate 

25 that the Np-237 release to the accessible environment exceeds the Np-237 

26 release to the Culebra result from the decay of Am-241 to Np-237 within the 

27 Culebra. As shown by the scatterplot in Figure 8.4-5, the releases of Np-237 

28 to the accessible environment are zero for values of FKDNP above 0. 1 m3 /kg. 

29 The higher fracture distribution coefficients assigned to americium and 

30 plutonium result in essentially no Am-241, Pu-239 and Pu-240 being 

31 transported to the accessible environment. Radium and thorium display 

32 patterns intermediate to those displayed by uranium and neptunium. 

33 

34 As shown in Figure 8. 4-6, the CCDFs for release to the accessible 

35 environment generated for groundwater transport with chemical retardation, 

36 clay-lined fractures, no matrix diffusion and constant rate terms in the 

37 Poisson model for drilling intrusions fall below the EPA release limits. 

38 Further, these CCDFs are shifted down and to the left when time-dependent 

39 rate terms are used. 

40 
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yr due to groundwater transport with chemical retardation, 
clay lining in fractures and no matrix diffusion for scenario 
s+-(2,0) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with intrusion occurring 1000 yr after 
repository closure. 
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a 8.4.3 Chemical Retardation, No Clay Lining in Fractures, Matrix Diffusion 
I 

6 This sect ion presents results calculated with the assumptions that 

7 diffusion occurs into the dolomite matrix, chemical retardation occurs in the 

8 dolomite matrix, and no clay lining is present in the fractures. Due to the 

9 absence of a clay lining, no chemical retardation occurs in the fractures. 

10 As shown by the scatterplot in Figure 8. 4-7 for scenario s+- (2, 0) , these 

11 assumptions result in releases to the accessible environment that are 

12 substantially less than the releases to the Culebra. Specifically, only 21 

13 sample elements result in releases to the accessible environment that exceed 

14 l x 10-10 EPA release units and the largest release is approximately 0.1 EPA 

15 release units. As shown by the box plots in Figure 8.4-8, the nonzero 

16 releases to the accessible environment tend to be dominated by U-233, U-234, 

17 Th-229, Th-230 and Ra-226, although all the releases tend to be small (i.e., 

18 less than 0. l EPA release units) . 

19 

20 As indicated by the two scatterplots in Figure 8.4-9 for U-233, release 

21 to the accessible environment is controlled primarily by processes associated 

~ with the dolomite matrix. In particular, the left scatterplot indicates that 

23 U-233 releases occur only for values of MKDU (matrix distribution coefficient 

24 for U) that are less than approximately lo-3 m3/kg, and the right scatterplot 

25 indicates that releases occur only for values of CULFRSP (Culebra fracture 

26 spacing) that exceed l m. Increasing CULFRSP decreases the number of 

27 fractures and thus also decreases the total surface area through which 

28 diffusion can take place from the fractures to the dolomite matrix. As a 

29 result, the nonzero releases associated with the larger values of CULFRSP 

30 result from decreased diffusion into the dolomite matrix. The effect of 

31 distribution coefficients is element specific but increasing surface area for 

32 diffusion affects all elements. As shown in Figure 8.4-10, the occurrence of 

33 nonzero releases to the accessible environment is strongly associated with 

M the larger values for CULFRSP. 

35 

36 The CCDFs for release to the accessible environment due to groundwater 

37 transport with diffusion into the dolomite matrix, chemical retardation in 

38 the dolomite matrix, and no clay lining in the fractures are presented in 

39 F i g u r e 8 . 4 - ll . As e x am in at i on o f t h i s f i g u r e shows , the indicated 

40 assumptions lead to CCDFs that are significantly below the EPA release 

41 limits. Indeed, only 8 out a possible 70 CCDFs appear in the upper left 

42 frame when constant rate terms are used, and only l out of a possible 70 

43 CCDFs appear in the lower right frame when time-dependent rate terms are 
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used. As a reminder, only 21 sample elements produce releases to the 

2 accessible environment that exceed 1 x lo-10 EPA release units for scenario 

3 s+-(2,0), and only 14 sample elements produce nonzero releases to the Culebra 

4 for scenario S(l,O), with these releases being smaller than the corresponding 

5 releases for scenario s+-(2,0). 

6 

7 

8 8.4.4 Chemical Retardation, Clay Lining in Fractures, Matrix Diffusion 
9 

10 This section presents results calculated with the assumptions that 

11 diffusion occurs into the dolomite matrix, clay-lined fractures are present, 

12 and sorption takes place in both the dolomite matrix and the clay lining of 

13 the fractures. As discussed in Section 8.4.2, only half the sample elements 

14 used in the 1992 WIPP performance assessment have clay-lined fractures. 

15 Therefore, the results presented in this section involve only the 35 sample 

16 elements that have clay-lined fractures (i.e., those sample elements for 

17 which CULCLYF;oo!O). At present, the WIPP performance assessment project 

18 believes this is the most appropriate set of assumptions to use for 

19 radionuclide transport in the Culebra. 

20 

21 As a reminder, only 21 out of 70 sample elements result in releases to 

22 the accessible environment that exceed 1 x 10-10 EPA release units for 

23 chemical retardation, no clay lining in fractures and matrix diffusion. 

~ Thus, approximately two-thirds of the sample elements produce no release to 

25 the accessible environment in the absence of clay-lined fractures. As shown 

26 by the scatterplot in Figure 8.4-12, the releases calculated with clay-lined 

27 fractures tend to equal or exceed the releases calculated without clay-lined 

28 fractures. This pattern probably results because the clay lining of the 

29 fractures slows diffusion into the dolomite matrix. However, it should be 

~ recognized that this comparison is based on only 9 nonzero releases to the 

31 accessible environment out of a total of 35 sample elements that have clay-

32 lined fractures. 

33 

34 As 26 of the 35 sample elements with clay-lined fractures result in no 

35 releases to the accessible environment for scenario s+- (2, 0), most of the 

36 resultant CCDFs for comparison with the EPA release limits are degenerate. 

37 The few nonzero CCDFs that do result are shown in Figure 8. 4-13. As 

38 comparison of Figures 8.4-11 and 8.4-13 shows, the presence of matrix 

39 diffusion in conjunction with chemical retardation results in releases that 

~ fall substantially below the EPA release limits regardless of whether or not 

41 a clay lining is present in the fractures. 

42 

43 
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8.4.5 No Chemical Retardation 
2 

3 Calculations without chemical retardation were performed for three 

4 additional sets of assumptions: (1) clay-lined fractures and no matrix 

5 diffusion, (2) no clay lining in fractures and matrix diffusion, and (3) 

6 clay-lined fractures and matrix diffusion. The releases to the accessible 

7 environment for Assumption (1) were essentially identical to the results 

8 obtained for release to the Culebra (Section 8. 3) and for release to the 

9 accessible environment with no chemical retardation, no clay lining in 

10 fractures and no matrix diffusion (Section 8.4.1). The releases to the 

11 accessible environment for Assumptions (2) and (3) were similar to each 

12 other. Further, as shown in Figure 8.4-14, the releases for Assumptions (2) 

13 and (3) were larger than the corresponding releases obtained with chemical 

14 retardation and matrix diffusion (Sections 8.4.3 and 8.4.4) and, as shown in 

15 Figure 8. 4-15, often smaller than the releases obtained with chemical 

16 retardation and no matrix diffusion (Section 8.4.2). 

17 

18 The releases of the individual radionuclides to the accessible 

19 environment due to groundwater transport with no chemical retardation, no 

20 clay lining in fractures and matrix diffusion are summarized in Figure 

21 8.4-16. As examination of this figure shows, the total release is dominated 

22 by Pu-239, with additional contributions from Am-241 and U-233. The 

23 corresponding results for chemical retardation, no clay-lining in fractures 

24 and matrix diffusion appear in Figure 8.4-8, while the results for chemical 

25 retardation, clay-lined fractures and no matrix diffusion appear in Figure 

26 8.4-3. As comparison with Figures 8.4-3 and 8.4-8 shows, the removal of 

27 chemical retardation increases the importance of Pu-239 in the release to the 

28 accessible environment. 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

Because 

sensitivity 

of the large number of zero 

analyses were presented for 

releases, no 

groundwater 

regression-based 

transport to the 

accessible environment with chemical retardation. However, such analyses 

have the potential to be more revealing for the transport results in the 

absence of chemical retardation due to the occurrence of a larger number of 

nonzero releases. The results of such analyses for no chemical retardation, 

no clay lining in fractures and matrix diffusion are presented in Table 

8.4-1. As examination of Table 8.4-1 shows, the variable with the largest 

influence on release to the accessible environment is CULFRSP (Culebra 

fracture spacing), with release tending to increase as CULFRSP increases. 

This positive effect results because increasing CULFRSP reduces the surface 

area over which diffusion into the dolomite matrix can take place. Positive 

effects are also indicated for BHPERM (borehole permeability) and the 

solubilities of individual elements (i.e., SOLAM, SOLNP, SOLPU, SOLTH, SOLU). 

44 Increasing BHPERM decreases resistance to brine flow up an intruding 
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diffusion for scenario s+-(2,0) used in conjunction with the 
risk representation R1 defined in Eq. 2.5-l with intrusion 
occurring 1000 yr after repository closure. 
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8.4 Groundwater Transport to Accessible Environment 

Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the 
Accessible Environment over 10,000 yr due to Groundwater Transport with No Chemical 
Retardation, No Clay Lining in Fractures and Matrix Diffusion for Scenario s + -(2,0) with 
Intrusion Occurring 1000 yr after Repository Closure. 

Variablea R2b Variable R2 Variable R2 Variable R2 

Am-241 Np-237 Pu-239 Pu-240 

CULFRSP 0.54( +) CULFRSP 0.56( +) CULFRSP 0.42( +) CULFRSP 0.42( +) 
BHPERM 0.64( +) BHPERM 0.64( +) SOLPU 0.64( +) SOLPU 0.64( +) 
SO LAM 0.70( +) SOLNP 0.68( +) BHPERM 0.71 ( +) BHPERM 0.71 ( +) 

CULPOR 0.74 (-) CULTRFLD 0.74 (-) CULTRFLD 0.74 (-) 

Ra-226 Th-229 Th-230 U-233 

CULFRSP 0.60( +) CULFRSP 0.53( +) CULFRSP 0.54( +) CULFRSP 0.57( +) 
BHPERM 0.69( +) BHPERM 0.63( +) BHPERM 0.64( +) BHPERM 0.67( +) 

CULPOR 0.72 (-) SOLTH 0.68( +) SOLTH 0.69( +) SOLU 0.70( +) 
CULTRFLD 0.74 (-) 

U-234 Total 

CULFRSP 0.58( +) CULFRSP 0.58( +) 
BHPERM 0.68( +) BHPERM 0.68( +) 

CULTRFLD 0.72 (-) 
SOLPU 0.74( +) 

so avariables listed in order of selection in regression analysis 
61 bcumulative R2 value with entry of each variable into regression model, with "+" and "-" indicating 

62 positive and negative regression coefficients, respectively 

63 CSteps in stepwise regression analysis 
64 

88-------------------------------------------------------------------------
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borehole, and increasing the solubilities increases the amount of dissolved 

2 radionuclides that can be transported by a given volume of brine. Small 

3 negative effects are indicated for CULPOR (matrix porosity in Culebra) and 

4 CULTRFLD (transmissivity field for Culebra). Increasing CULPOR increases the 

5 amount of radionuclide that can be held in the dolomite matrix and thus tends 

6 to decrease release. The variable CULTRFLD is actually the travel time to 

7 the accessible environment for the individual transmissivity fields used in 

8 the analysis. Thus, increasing CULTRFLD increases the amount of time 

9 required to transport a radionuclide from its release point into the Culebra 

10 to the accessible environment, which in turn tends to decrease the amount of 

11 a radionuclide that can be transported to the accessible environment over 

12 10, 000 yr. 

13 

14 Examination of scatterplots often provides an additional perspective on 

15 regression-based sensitivity analysis results of the form presented in Table 

16 8.4-1. The regression analyses in Table 8.4-1 consistently identify CULFRSP 

17 (Culebra fracture spacing) and BHPERM (borehole permeability) as being 

18 important variables, with CULFRSP being the first variable selected in every 

19 analysis. As an example, scatterplots for CULFRSP and BHPERM for the release 

20 of Am-241 to the accessible environment are presented in Figure 8.4-17. 

21 Consistent with the regression results in Table 8. 4-1, a stronger positive 

~ relationship between release to the accessible environment and CULFRSP can be 

23 seen in Figure 8.4-17 than between release to the accessible environment and 

24 BHPERM. 

25 

26 The analyses for Pu-239 and Pu-240 in Table 8.4-1 differ from the 

27 analyses for the other radionuclides in that solubility of plutonium (SOLPU) 

28 is indicated as being more important for release to the accessible 

29 environment than is solubility for the other elements (i.e., SOLAM, SOLNP, 

30 SOLRA, SOLTH, SOLU). To a great extent, this importance results from the 

31 very large range of values (i.e., 2.5 x lo-17 to 5.5 x l0-4 mol/.£) assigned 

32 to SOLPU. As shown in Figure 8.4-18, there is an interplay between the 

~ effects of CULFRSP (Culebra fracture spacing) and SOLPU. In particular, the 

~ value assigned to CULFRSP is a major determinant of whether or not a release 

35 to the accessible environment will occur. However, given that there is a 

~ release, the size of this release tends to increase as SOLPU increases. 

37 

38 Distributions of CCDFs for release to the accessible environment 

39 generated for groundwater transport with no chemical retardation, no clay 

40 lining in fractures and matrix diffusion are shown in Figure 8.4-19. The 

41 upper two frames show results for constant rate terms in the Poisson model 

42 for drilling intrusion, and the lower two frames show results for time-

43 dependent rate terms. As already suggested by the comparison in Figure 

« 8.4-14, the assumptions of no chemical retardation and matrix diffusion lead 

8-52 



8.4 Groundwater Transport to Accessible Environment 

SECOTP: NO CHEM RETRD, NO CLAY, MATRIX DIF SECOTP: NO CHEM RETRD, NO CLAY, MATRIX DIF 

0 
101 

0 101 

c-J . . ~ r I 
. 

~ 
C/) 

1o·1 C/) 10"1 
> .. > z z w - w . . 
u 

10"3 . ·. u 
10"3 u u < .. < 

0 0 
1- 1-
w 

10"5 w 
10"5 en .. en < ~ w 

...J ...J w .. w a: 
10"7 a: 

1o·7 
~ ~ 
C\1 C\1 
E= E < 

10"9 -·--- .. < 10"9 . ····-~-·-··-··--· 
10"2 10"1 10"0 101 10·14 10·13 1o-12 10"11 

CULEBRA FRACTURE SPACING (CULFRSP) BOREHOLE PERMEABILITY (BHPERM, m2) 

HU-63ot2·2eH~·O TRI-63ot2·2e~ 

Figure 8.4-17. Scatterplots for normalized release of Am-241 to the 
accessible environment over 10,000 yr due to groundwater 
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to CCDFs that are closer to the EPA release limits than the CCDFs in Figure 

2 8.4-11 obtained with chemical retardation and matrix diffusion. Further, as 

3 suggested by the comparison in Figure 8.4-15, the assumptions of no chemical 

4 retardation and matrix diffusion leads to a distribution that is similar to 

5 the one obtained with chemical retardation, clay-lined fractures and no 

6 matrix diffusion, although the assumption of matrix diffusion produces more 

7 small releases. 

8 

9 

10 

11 

12 

8.5 Total Release to Accessible Environment 

13 As shown in Eqs. 2. 4-10 through 2. 4 -14, the tot a 1 release to the 

14 accessible environment is obtained by combining a release due to cuttings 

15 removal and a release due to groundwater transport. Summaries of this total 

16 release, and the cuttings removal and groundwater transport components from 

17 which it is constructed, are given in Figures 8.5-1 and 8.5-2 for scenarios 

18 S(l,O) and s+-(2,0) used in conjunction with the risk representation R1 

19 defined in Eq. 2.5-1 and the various alternative modeling assumptions 

~ considered in the 1992 WIPP performance assessment. 

21 

22 For scenario S( 1, 0), only 14 out of the 70 sample elements result in a 

23 release to the Culebra. Further, most of these releases (i.e., 11 out of 14) 

24 fall between 0.1 and 1 EPA release units. This narrow range of nonzero 

25 releases results from an almost complete removal of U-233 and U-234 from the 

26 waste (i.e., see Figures 8.3-1 and 7-4). As a result, the releases for the 

27 alternative modeling assumptions shown in Figure 8.5-1 for scenario S(l,O) 

28 tend to be dominated by the cuttings release component, although in a few 

29 sample elements the groundwater transport release does exceed the cuttings 

30 release. 

31 

32 

33 

34 

35 

For scenario s+-(2,0), 68 out of 

releases to the Culebra. Further, most 

release units. As a result, scenario 

comparison of releases than scenario 

the 70 sample elements result in 

(i.e., 58 out of 68) exceed 0.1 EPA 

s+-(2,0) provides a more revealing 

S(l,O). Each of the alternative 

36 modeling assumptions without matrix diffusion produces releases that are 

37 dominated by the groundwater transport component. In contrast, the release 

38 is almost completely dominated by the cuttings component when chemical 

39 retardation and matrix diffusion are assumed. For no chemical retardation 

40 and matrix diffusion, both the groundwater component and the cuttings 

41 component are important contributors to the total release. 

42 

43 Due to the large number of nonzero releases to the Culebra that result 

44 for scenario s+-(2,0), Figure 8.5-2 also provides a convenient 
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Figure 8.5-1. Summary of total normalized releases to the accessible 
environment over 10,000 yr for scenario S(l,O) used in 
conjunction with the risk representation R1 defined in Eq. 
2. 5-l with intrusion occurring 1000 yr after repository 
closure. Box plots for results without a clay lining in 
fractures in the Culebra Dolomite are generated with 70 
observations; box plots for results with a clay lining are 
generated with 35 observations (i.e., the observations in 
which CULCLYF=O have been dropped). 
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Figure 8.5-2. Summary of total normalized releases to the accessible 
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conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring 1000 yr after repository 
closure. Box plots for results without a clay lining in 
fractures in the Culebra Dolomite are generated with 70 
observations; box plots for results with a clay lining are 
generated with 35 observations (i.e., the observations in 
which CULCLYF=O have been dropped). 



8.5 Total Release to Accessible Environment 

comparison of the effects of the alternative modeling assumptions. In 

2 particular, no chemical retardation and no matrix diffusion produce releases 

3 to the accessible environment that are essentially identical to the release 

4 to the Culebra. The assumption of chemical retardation and no matrix 

5 diffusion lowers the releases to the accessible environment somewhat and has 

6 a not iceab 1 e effect on reducing the largest releases. Further, the 

7 assumption of chemical retardation and matrix diffusion leads to very small 

8 releases, with most releases being less than 1 X lo-8 EPA release units. The 

9 assumption of matrix diffusion in conjunction with no chemical retardation 

10 produces releases that are generally larger than those obtained with chemical 

11 retardation and matrix diffusion and smaller than those obtained with 

12 chemical retardation and no matrix diffusion, although the largest releases 

13 for matrix diffusion in conjunction with no chemical retardation exceed the 

14 largest releases for chemical retardation and no matrix diffusion. 

15 

16 The CCDFs constructed in the 1992 WIPP performance assessment for 

17 comparison with the EPA release limits are based on releases for each 

18 scenario that include both groundwater transport and cuttings removal 

19 components. As suggested by the results in Figures 8.5-1 and 8.5-2, the 

20 CCDFs for a particular set of modeling assumptions are often dominated by 

21 either the cuttings release or the groundwater release. 

22 

23 Before presenting CCDFs for total releases due to both cuttings removal 

24 and groundwater transport, it is useful to review the cuttings removal 

25 results presented in Section 8. 2. In particular, the CCDFs for cuttings 

26 removal presented in Figure 8. 2-3 were constructed for the risk 

27 representation R2 defined in Eq. 2. 5-8. This representation uses the six 

28 time intervals in Eq. 2.5-9 in the definition of scenarios. Due to 

29 computational constraints, the CCDFs presented in Sections 8. 4 and 8. 5 for 

30 releases due to groundwater transport are constructed for the risk 

31 representation R1 defined in Eq. 2.5-1, which uses the two time intervals in 

32 Eq. 2.5-2. Further, the rate term >. in the Poisson model for drilling 

33 intrusion is assumed to equal 0 yr-1 after 2000 yr in the calculation of 

34 scenario probabilities for R1. In contrast, no such constraint is placed on 

35 the >.'s in the determination of scenario probabilities for R2, although some 

36 of the time-dependent >.'s obtained in the expert review process do go to zero 

37 before 10,000 yr (see Appendix Din Volume 3). 

38 

39 The CCDFs for total release (i.e., cuttings removal and groundwater 

~ transport) presented in this section use the risk representation R1 defined 

41 in Eq. 2.5-1. To facilitate comparisons between groundwater releases, 

42 cuttings releases and total releases, CCDFs are presented in Figure 8.5-3 for 

43 the cuttings release to the accessible environment constructed for R1 with 
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the rate term A in the Poisson model for drilling intrusions equal to 0 yr-1 
2 after 2000 yr. The corresponding results for the risk representation R2 
3 defined in Eq. 2.5-8 with no restrictions on A are presented in Figure 8.2-3. 
4 As the more explicit comparison in Figure 8.5-4 shows, use of the risk 
5 representation R1 with constant A's produces mean and 90th percentile curves 
6 for cuttings removal that are shifted down and to the left by factors of 
7 approximately 3 or less from the corresponding curves obtained with the risk 
8 representation R2; similar shifts also occur for time-dependent A's. 

9 

10 The CCDFs for total release to the accessible environment with no 
11 chemical retardation, no clay lining in fractures and no matrix diffusion are 
12 presented in Figure 8. 5-5. For comparison, the associated releases due to 
13 cuttings removal only and groundwater transport only appear in Figures 8.5-3 
14 and 8.3-9, respectively. As a reminder, the CCDFs for release to the Culebra 
15 shown in Figure 8. 3-9 are essentially identical to the CCDFs for release to 
16 the accessible environment for groundwater transport with no chemical 
17 retardation, no clay lining in fractures and no matrix diffusion (see Section 
18 8.4.1). As comparison with Figure 8.5-3 shows, the larger releases to the 
19 accessible environment associated with the CCDFs in Figure 8.5-5 are due to 
~ groundwater transport. However, because of the zero releases associated with 

21 scenarios of the form S(l,O), 5(2,0), for many sample elements, large 
~ parts of many CCDFs are still dominated by the cuttings release. This effect 

23 can be seen in the similarity of parts of the CCDF plots on the left side of 
24 Figure 8.5-5 to the corresponding plots in Figure 8.5-3. Although the 
~ inclusion of groundwater transport releases does cause a shift to the right 
26 of the cuttings removal only CCDFs in Figure 8.5-3, most GGDFs still fall 
27 below the EPA release limits for constant rate terms in the Poisson model for 
28 drilling intrusion, and all CCDFs fall considerably below the EPA release 
29 limits for time-dependent rate terms. 

30 

31 The removal of the assumption that the rate term in the Poisson model for 
32 drilling intrusions is equal to 0 yr-1 after 2000 yr would cause the CCDFs in 
~ Figure 8.5-5 and other similar figures in this section to be shifted up and 
~ to the right. However, as the comparisons in Figure 8.5-4 show, these shifts 
35 would probably not move the CCDFs up or to the right by more than a factor of 
~ 3. The shifts in the CCDFs for groundwater transport are anticipated to be 
37 similar to those for cuttings removal because the scenario probabilities are 
38 undergoing the same change. Thus, although the use of the risk 
39 representation R1, defined in Eq. 2.5-1, does produce lower risk results than 
40 the representation R2, defined in Eq. 2.5-8, results obtained with R1 do 
41 provide insights in comparisons with the EPA release limits. 
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2 Figure 8. 5-4. Comparison of mean and 90th percentile curves for cuttings 
3 removal over 10,000 yr obtained for risk representations R1 
4 (Eq. 2.5-1) and R2 (Eq. 2.5-8) with constant(>.) and time-
s dependent (>.(t)) rate terms in the Poisson model for drilling 
6 intrusion. 
7 

8 

9 

10 The CCDFs for total release to the accessible envirorunent with chemical 

11 retardation, clay-lined fractures and no matrix diffusion are presented in 

12 Figure 8.5-6. As discussed in Section 8.4.2, these CCDFs are based on 35 

13 sample elements. As shown by the box plots in Figures 8.5-1 and 8.5-2, this 

14 analysis alternative produces releases to the accessible environment that are 

15 

16 

somewhat smaller than the corresponding releases to the Culebra. 

when releases to the Culebra occur, they are often larger 

Further, 

than the 

17 corresponding cuttings release for waste of average activity level. However, 

18 as is the case for all of the alternative analyses, most sample elements 

19 (i.e., 56 out of 70) result in no release to the Culebra for scenarios of the 

20 form S(l,O), 5(2,0), The overall result is that the CCDFs in Figure 

21 8.5-6 tend to fall somewhat farther to the right than the CCDFs for cuttings 

22 removal only in Figure 8.5-3 and yet display much of the structure present in 

23 Figure 8. 5-3 for CCDFs based on cuttings removal only. The mean and 90th 

24 perc en t i 1 e curve s in F i g u r e 8 . 5 - 6 c on s t r u c t e d w i t h c on s tan t v a 1 u e s 
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for the rate constant .A in the Poisson model for drilling intrusions fall 

2 substantially below the EPA release limits. Further, as is the case 

3 throughout this analysis, the use of the time -dependent .A's produces CCDFs 

4 that are farther from the EPA release limits than those obtained with the 

5 constant .A's. As comparison with the results in Figure 8.5-5 for groundwater 

6 transport with no chemical retardation, no clay lining in fractures and no 

7 matrix diffusion shows, the addition of chemical retardation causes a 

8 noticeable shift of the CCDFs away from the EPA release limits. 

9 

10 The CCDFs for total release to the accessible envirorunent with chemical 

11 retardation, no clay lining in fractures and matrix diffusion are presented 

12 in Figure 8. 5-7. As suggested by the very small releases shown in Figures 

13 8.5-1 and 8.5-2 for this analysis alternative, the CCDFs in Figure 8.5-7 for 

14 total release are essentially identical to the CCDFs in Figure 8. 5-3 for 

15 cuttings removal only. Although not shown, the CCDFs for total release to 

16 the accessible envirorunent with chemical retardation, clay-lined fractures 

17 and matrix diffusion are also essentially identical to the CCDFs for cuttings 

18 removal only in Figure 8. 5-3. 

19 

20 The CCDFs for total release to the accessible envirorunent with no 

21 chemical retardation, no clay lining in fractures and matrix diffusion are 

22 presented in Figure 8.5-8. As shown in Figures 8.5-1 and 8.5-2, most 

23 releases due to groundwater transport for this analysis alternative are less 

24 than the corresponding releases due to cuttings removal, although there are 

25 some sample elements for which the groundwater release exceeds the cuttings 

26 removal release. The result is that the CCDFs in Figure 8. 5-8 for total 

27 release are similar to the CCDFs in Figure 8.5-3 for cuttings removal only, 

28 with a few CCDFs for total release being shifted closer to the EPA release 

29 limits than the corresponding CCDFs for cuttings removal only. 

30 

31 As shown in Figures 8.5-1 and 8.5-2, releases to the accessible 

32 envirorunent due to groundwater transport calculated with and without a clay 

33 lining in fractures in conjunction with no chemical retardation and matrix 

34 diffusion are similar. The box plot in Figure 8.5-2 for groundwater 

35 transport with no chemical retardation, no clay lining in fractures and 

~ matrix diffusion appears to have more extreme values than the corresponding 

37 plot for results obtained with clay-lined fractures. This difference is due 

~ to the use of 35 and 70 sample elements, respectively, to generate the box 

39 plots for the cases with and without clay-lined fractures. As comparison of 

40 the box plots shows, similar mean, median and 75th percentile values are 

41 obtained for releases calculated with and without clay-lined fractures. As a 

42 result, the CCDFs for total release to the accessible envirorunent with no 

43 chemical retardation, clay-lined fractures and matrix diffusion are 

44 essentially the same as the CCDFs in Figure 8. 5-8 for total release to the 

45 accessible environment with no chemical retardation, no clay lining in 

~ fractures and matrix diffusion, and thus are not shown. 

47 
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Figure 8.5-8. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to cuttings removal and 
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5 

9. DISCUSSION 

6 As described in Volumes 1 and 2 of this report, major modeling 

7 improvements have been made since the 1991 preliminary comparison with 40 CFR 

8 191 (WIPP PA Division, 199la, 199lb, 199lc). These improvements include the 

9 following: coupling creep closure of the repository to gas generation and 

10 two-phase flow; accounting for spatial variability in the transmissivity 

11 fields of the Culebra Dolomite Member of the Rustler Formation in a way that 

12 each field reproduces exactly measured transmissivity data at well locations 

13 and is also calibrated to steady-state and transient-pump data; more 

14 accurately simulating radionuclide transport in the Culebra; and accounting 

15 for the effects of passive marker systems through time-varying drilling 

16 intensities within the Poisson model for calculating intrusion probabilities. 

17 As described in Volumes 2 and 3 of this report, other improvements have been 

18 made throughout the modeling system and data base. Improvements remain to be 

19 made in many areas, including the following: modeling of possible pressure-

20 dependent fracturing of anhydrite interbeds in the Salado Formation; modeling 

21 of three-dimensional groundwater flow in the Rustler Formation including the 

22 effects of subsidence of potash mine excavations; incorporating effects of 

23 plug degradation in intrusion boreholes; understanding and modeling spalling 

24 phenomena; modeling of gas-generation processes; acquiring experimental data 

25 for actinide solubilities and retardations; and determining the most 

26 appropriate conceptual model for radionuclide transport in the Culebra. 

27 

28 Consideration of alternative models for the probability of human 

29 intrusion and radionuclide transport in the Culebra provides insights into 

~ the relative impacts on performance of specific components of the natural and 

31 engineered barrier system and institutional controls at the Waste Isolation 

32 Pilot Plant (WIPP). Resulting CCDFs, grouped into major barrier effects, are 

~ presented in Figure 9-1. 

34 

35 The uppermost CCDF in Figure 9-1, labeled (1) and calculated without any 

36 transport in the Culebra and with constant rate term .>.., represents an 

37 estimate of the performance of the disposal system with no contribution from 

38 the natural barrier provided by retardation in the Culebra and no 

39 contribution from the potential institutional barrier that could be provided 

40 by passive markers, as required by the Assurance Requirements ( § 191.14c). 

41 For the modeling system and data base used in 1992, the mean CCDF for this 

42 case lies below the EPA limits. 

43 

44 The CCDF in Figure 9-1 labeled (2) represents an estimate of the 

45 performance of the disposal system if physical retardation by diffusion into 
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the pore volume of the Culebra is included as a part of the natural barrier 

2 system. The area between the first and second CCDFs is a measure of the 

3 potential regulatory impact of including physical retardation. Similarly, 

4 the next CCDF in Figure 9-1, labeled (3), represents an estimate of 

5 performance of the disposal system if both physical and chemical retardation 

6 in the Culebra are included in the natural barrier system. Because the 

7 location of this CCDF is determined entirely by cuttings releases, it 

8 represents the largest possible shift to the left because of including the 

9 barrier effect of non-Salado units. 

10 

11 The CCDF in Figure 9-1 labeled (5) represents an estimate of the 

12 performance of the disposal system only considering subsurface releases to 

13 the accessible environment, i.e., cuttings are not included. These 

14 subsurface releases plus cuttings releases result in the previous CCDF, 

15 labeled (3). Comparison of these two CCDFs shows the importance of cuttings 

16 releases in the CCDF labeled with (3) representing the combined barrier 

17 effect of sorption and physical retardation. 

18 

19 The CCDF in Figure 9-1 labeled (4) shows the effect of including expert 

20 judgment on the efficacy of passive markers in reducing the probability of 

21 human intrusion. This final CCDF (number 4) in Figure 9-1, also determined 

22 entirely by cuttings releases, was calculated using what the WIPP PA 

23 Department believes at this time to be the most realistic conceptual model 

24 for the disposal system, based on models and data available in 1992. As 

25 indicated previously, results are preliminary, and none of the curves shown 

26 in Figure 9-1 are be 1 ieved sufficiently defensible for use in a final 

27 compliance evaluation. 

28 

~ The CCDFs in Figure 9-1 represent a barrier-effect display of the status 

30 of WI PP PA with respect to the Containment Requirements ( § 191. 13) . The 

31 barrier effects are represented by "total" (cuttings plus subsurface) CCDFs 

32 for the repository/shaft barrier labeled (1); the zero-sorption, physical 

~ retardation barrier effect of the Culebra labeled (2); the nonzero sorption, 

34 physical retardation barrier effect of the Culebra labeled (3); and the 

~ passive-marker-barrier effect CCDF labeled (4). Other important displays are 

~ CCDFs for cuttings alone [coincident with (3)] and subsurface releases alone 

37 ( 5) . Important parameters for each of these cases will now be discussed 

38 barrier by barrier in the context of a possible approach to defending a 

39 closure decision for compliance. 

40 

41 Cuttings are a part of each CCDF that represents a viable comparison with 

42 the Containment Requirements. As seen in Figure 8. 2-2, the important 

43 radionuclides contributing to releases in excess of 10-2 that would have any 

« chance of contributing to the CCDF near the limit (l,l0-1) and (10, l0-3) are 

45 Pu-238, Am-241, and Pu-239. The important parameter that dominates virtually 
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all of the variability up to EPA Sums of 10-1 is the drilling intensity. 

2 Clearly, if no intrusion occurs, there are no cuttings releases. 

3 

4 The repository/shaft barrier-effect, mean CCDF (1) lies close to but 

5 below the regulatory criterion of (10, lQ-3). From Figure 8.3-1, it is 

6 evident that the important radionuclides (EPA Sums greater than lQ-2) are, in 

7 descending order, Am-241, Pu-239, Pu-240, U-233, U-234, Th-229, Th-230, Np-

8 237, and Ra-226. Comparison with Figure 7.3-1 shows that this list includes 

9 all radionuclides in the inventory that have not decayed below 10-2 by the 

10 1000 -yr intrusion time except Pu- 238. Regression analyses (Table 8. 3-1) 

11 indicated that the important parameters are intrusion borehole permeability, 

12 radionuclide solubilities, and Salado halite and anhydrite permeabilities 

13 (correlated at 0.8). If intrusion occurs, the permeability of the borehole 

14 fill is the most important parameter affecting releases because it is a 

15 direct determinant of the quantity of brine released. The assumptions about 

16 the range and distribution of this parameter are determined by regulatory 

17 guidance. After assumptions about the intrusion event, the next most 

18 important parameters are related to how much brine flows through the waste 

19 and the solubility of radionuclides in that brine. With the present 

20 conceptual model for the Salado and its interbeds, the permeabilities of 

21 these units determine brine inflow and outflow. In fact, Figure 8.3-2 shows 

22 a threshold of permeability (lo-22 m2) below which brine inflow will not 

23 occur in sufficient amount to result in any release to the Culebra. The 

24 scatterplot emphasizes the importance of this parameter, and is the reason 

25 for placing halite and anhydrite permeabilities equal to solubilities in 

26 importance. If brine flows through the waste and borehole to the Culebra, 

27 then radionuclide solubilities determine the quantity of radionuclides 

28 released. Note that drill-bit diameter is the next most important parameter 

29 in the regression analysis, but only accounts for a very small amount of the 

~ variability in releases. 

31 

32 Table 9-1 shows the important parameters and radionuclides for only the 

33 repository/shaft barrier. These results are based on 68/70 nonzero releases 

34 for ElE2-type scenarios and 14/70 nonzero releases for El- and E2-type 

35 scenarios. The family of CCDFs (Figure 8.3-9) that gave rise to the mean 

~ CCDF as a summary measure contained 6/70 sample elements resulting in CCDFs 

37 above the regulatory limit and resulting in the 90th-percentile curve falling 

38 just below the (lO,lQ-3) limit. Therefore, defending a compliance decision 

39 would be strongly influenced by the list of parameters in Table 9-1. Note 

40 that of the five parameters listed, only one parameter, solubility, can be 

41 changed by action taken within the repository. Only one parameter 

42 (permeabilities of halite and anhydrite) can be reduced in uncertainty with 

43 continued in-situ investigation. Three parameters are determined by 

« regulatory guidance. Further, the list of important radionuclides requiring 
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Chapter 9: Discussion 

Table 9-1. Important Radionuclides and Parameters for the Repository /Shaft Barrier 

Radionuclides Parameters 

Am-241 Drilling Intensity 

Pu-239, Pu-240 Intrusion Borehole Permeability 

U-233, U-234 Salado (Marker Bed) Permeabilities 

Th-229, Th-230 Radionuclide Solubilities 

Np-237, Ra-226 Drill-Bit Diameter 

21 solubility estimates has not changed from last year's guidance (Memorandum by 
22 Marietta and Nowak in Appendix D of this volume) to the solubility/leachate 
23 experimental program. 
24 

25 The next barrier-effect CCDF, labeled (2), represents only physical 
26 retardation or zero sorption in the Culebra as specified in the Consultation 
27 and Cooperation Agreement (US DOE and State of New Mexico, 1981, as modified) 
28 in the absence of in-situ measurements. Inspection of Figure 8.4-16 shows a 
29 change in important radionuclides from the repository/shaft barrier-effect 
30 CCDF. Am-241 and Pu-238 have dropped in importance because of increased 
31 travel times in the Culebra and their subsequent decay. The same 
32 radionuclides, Pu-239, Pu-240, Am-241, U-233, U-234, Th-229, Th-230, and Np-
33 237, are released at amounts greater than EPA Sums of 10-2 for a few sample 
34 elements, but with lower values. All sample elements show Ra-226 below lo-2, 
35 and Pu-239, Pu-240, and Am-241 have exchanged positions. Because physical 
36 retardation in the Culebra now represents the last retardation effect in the 
37 system, parameters related to this effect move to the top of the list 
38 resulting from the regression analysis (see Table 9-2). Thus, Culebra 
39 fracture spacing accounts for most of the variability in releases, followed 
40 closely by intrusion borehole permeability. Radionuclide solubility accounts 
41 for less variability. The effect of Culebra transmissivity fields and 
42 Culebra porosity accounts for a small amount of the variability. 
43 

44 The next barrier-effect CCDF, labeled (3), represents the full Culebra 
45 barrier effect with both physical retardation and sorption. Inspection of 
46 Figure 8.4-8 shows another change in important radionuclides from the 
47 previous two barrier-effect CCDFs. Am and Pu do not appear because they have 
48 been sorbed within the land-withdrawal boundary in the Culebra. Only U-233, 
49 U-234, Th-229, and Th-230 are released for a few sample elements at amounts 
50 greater, but only slightly greater, than EPA Sums of lo-2. Parameters 
51 related to sorption comprise the list resulting from the regression analysis. 
52 Thus, Culebra fracture spacing and matrix Kds are the only parameters 
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Table 9-2. Important Radionuclides and Parameters for the Culebra 

Radionuclides Parameters 

Pu-239, Pu-240 Culebra Fracture Spacing 

Am-241 Intrusion Borehole Permeability 

U-233, U-234 Radionuclide Solubilities 

Th-229, Th-230 Culebra Transmissivity Fields 

Np-237 Culebra Porosity 

22 selected during the regression analysis. Because only a few nonzero releases 
23 occur, very little variability can be accounted for. Further, the list of 
24 important radionuclides requiring retardation estimates has not changed from 
25 the last year's guidance to the tracer-column experimental program 
26 (Memorandum by Marietta and Gelbard in Appendix D of this volume). 
27 

28 Now the problem is how to summarize the results of the above barrier-by-
29 barrier analyses in a list of important parameters. Compiling such a list is 
30 a subjective process that assumes a strategy for building a defensible PA, 
31 and it must rely on setting priorities to reach a closure decision on 
32 compliance. This list of important parameters by barrier effect is assembled 
33 in the following sense. Conditional on the present analysis, the 
34 repository/shaft CCDF falls below the criteria with a level of confidence of 
35 90%. Therefore, increasing the defensibility of the assumptions that were 
36 involved in constructing the repository/shaft barrier-effect CCDF should get 
37 highest priority for building defensibility of the overall PA. Only some of 
38 these assumptions can actually be impacted by additional investigations 
39 and/or programmatic decisions, whereas the others are impacted by regulatory 
40 guidance. 
41 

42 Next, the Culebra barrier effect provides an additional margin of safety. 
43 This margin of safety is important in providing an additional shift of the 
44 CCDF to the compliance side of the criteria. Because the repository/shaft 
45 case is already essentially in compliance, this additional safety margin of 
46 the Culebra should assume a lower priority in compiling the summary list. 
47 However, no matter how well the Culebra and other non-Salado units are 
48 characterized, the resulting CCDFs will never fall to the right of the 
49 repository/shaft case or to the left of the cuttings-only case. This 
50 represents a spread in uncertainty over about two orders of magnitude with 
51 respect to normalized release. Of course, reduction of uncertainty within 
52 the repository, such as that associated with actinide solubilities, will 
53 shrink this spread because cuttings will not be affected by such a reduction. 
54 Cuttings-only CCDFs could, in fact, move to the right slightly with the 
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inclusion of spalled material from the waste. Thus, for defending a closure 
2 decision, a small spread in uncertainty exists that could be affected by 
3 additional characterization of non-Salado units. 
4 

5 The separate issue of assessing long-term· safety of the repository from a 
6 health- effects point of view requires additional consideration. Because the 
7 subsurface-to-stock-well-to-cow-to-human pathway, is the important exposure 
8 pathway (conditional on an assumption that present-day conditions persist), 
9 the shift from zero-sorption to nonzero-sorption cases is important. 

10 Defending this shift between zero-sorption and nonzero-sorption CCDFs is 

11 analogous to defending a shift in overall, long-term safety of the repository 
12 of about four orders of magnitude. Even though the CCDF labeled (3) is the 

13 one that should be compared to the regulatory criteria, the CCDF labeled (5) 
14 can lead to a site-specific measure of long-term safety in terms of human 
15 risk. 
16 

17 Next, the passive -marker barrier effect provides a second additional 
18 margin of safety with respect to both compliance with 40 CFR 191 and site-
19 specific, long-term safety (health effects), representing a shift of another 
20 two orders of magnitude. 
21 

22 Taking the above barrier- by-barrier re as oni ng in to account, the 

23 regression, partial correlation, and scatterplot sensitivity analysis results 
24 are compiled into the list of important parameters in Table 9-3. Parameters 
25 in the first three categories are those for which reductions in uncertainty 
26 have the potential to affect the location of the mean CCDF near the 
27 compliance criteria. Conditional on the present mode 1 ing assumptions and 
28 parameter-value distributions, long-term disposal-system performance with 
~ regard to 40 CFR 191 is not sensitive to uncertainty in parameters included 
30 in the "Less Important" category. Defensibility of a compliance decision 
31 will require, however, that uncertainties assigned to all parameters, 
32 including those identified as less important, adequately capture reality. 
33 Specifically, wherever practical, site-specific information should be 
~ collected to verify with sufficient confidence that reality lies within the 
35 assigned range and distribution for each parameter. 
36 

37 With respect to 40 CFR 191, improvements to be made in either the next or 

38 following PA are expected to have the following effects on these results. 

39 ( l) The addition of pressure- dependent fracturing in anhydrite interbeds of 

40 the Salado Formation: No effect on the shape of the CCDF near the criteria 

41 because brine flow into a borehole for high-consequence sample elements will 

42 not be impacted. (2) Modeling of three-dimensional groundwater flow innon-

43 Salado units: The inclusion of vertical flow and effects on vertical flow 

44 because of climate variability and subsidence events may create changes in 

45 the list of important parameters for the natural-barrier system. However, 
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2 Table 9-3. Importance of Sampled Parameters with Respect to 40 CFR 191 B. Results apply only to 
3 disturbed performance of the repository (human intrusion), and are conditional on modeling 
4 assumptions, the choice of parameters sampled, and the assumed parameter-value 
5 distributions. Comparable results for 40 CFR 268.6 (undisturbed performance) can be found 
6 in Volume 5 of this report. 
7 

9 

10 

13 

Parameter Name Parameter Description 

14 Critically Important Parameters (listed in order of importance) 
15 

16 

17 

18 

lAMBDA 
BHPERM 

Drilling intensity 
Intrusion borehole permeability 

19 Very Important Parameters (listed in order of importance) 
20 

21 

22 

23 

24 

25 

26 

27 

SALPERM 
MBPERM 
SOLx 

CULFRSP 
MKDx 

Salado halite permeability 
Salado anhydrite permeability 
Radionuclide solubilities (6, x AM,NP,PU, 
RA,TH,U) 
Culebra fracture spacing 
Matrix l<ds (6, x = AM,NP,PU,RA,TH,U) 

28 Important Parameters (listed in order of importance) 
29 

30 

31 

32 

CULTRFLD 
CULPOR 

Culebra transmissivity fields 
Culebra matrix porosity 

33 Less Important Parameters (listed in alphabetical order) 
34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

9-8 

BCBRSAT 
BCEXP 

BCFLG 
BCGSSAT 

BPPRES 
BPSTOR 
BPAREAFR 
BRSAT 
CULCLIM 
CULFRPOR 
CULCLYF 
CULCLYP 
FKDx 
GRCORHF 

Residual brine saturation in Salado Fm. 
Brooks-Corey relative permeability model 
exponent 
Brooks-Corey ;van Genuchten-Parker pointer 
Brooks-Corey residual gas saturation for Salado 
Fm. 
Castile brine pressure 
Castile brine reservoir storativity 
Castile brine reservoir area fraction 
Initial brine saturation in waste 
Climatic recharge factor 
Culebra fracture porosity 
Culebra fracture clay filling fraction 
Culebra fracture clay filling porosity 
Fracture l<ds (6, x = AM,NP,PU,RA,TH,U) 
Corrosion gas-generation rate factor, humid 
conditions 
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Table 9-3. Importance of Sampled Parameters with Respect to 40 CFR 191 B. Results apply only to 
2 disturbed performance of the repository (human intrusion), and are conditional on modeling 
3 assumptions, the choice of parameters sampled, and the assumed parameter-value 
4 distributions. Comparable results for 40 CFR 268.6 (undisturbed performance) can be found 
5 in Volume 5 of this report (concluded). 
6 

8 

9 

HI 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

i!(i 

29 

30 

Parameter Name 

GRCORI 

GRMICHF 

GRMICI 

MBPOR 
MBPRES 
STOICCOR 
STOICMIC 
TZPORF 
VMETAL 
VWOOD 

Parameter Description 

Corrosion gas-generation rate, inundated 
conditions 
Biodegradation gas-generation rate factor, humid 
conditions 
Biodegradation gas-generation rate, inundated 
conditions 
Salado anhydrite porosity 
Far-field pressure in Salado Fm. 
Corrosion stoichiometric coefficient 
Biodegradation stoichiometric coefficient 
Transition Zone and DRZ porosity factor 
Volume fraction of metals and glass in waste 
Volume fraction of combustibles in waste 

31 the resulting CCDFs will always lie between the repository/shaft barrier-
32 effect CCDF (number l in Figure 9-l) and the cuttings-only CCDF (number 
~ 3). (3) Modeling of gas-generation processes: This model is primarily a 
34 RCRA issue, and gas-generation model parameters have little importance in 
35 the regression analyses for 40 CFR 191. For the Containment Requirements, 
36 the important issue is whether gas is generated or not because gas 
37 generation diminishes brine and radionuclide releases. Once some gas 
38 generation occurs, the uncertainty associated with the gas-generation 
39 model is relatively unimportant compared to other system parameters listed 
40 in Table 9-3. (4) Actinide source-term modeling: Inspection of Table 9-3 
41 shows that radionuclide solubilities are the parameters affecting the 
42 repository/shaft barrier that are ranked in the first two categories, and 
43 that can most readily be impacted by programmatic decisions and an 
44 experimental program. Based on the present wide range of uncertainty in 
45 the PA data base for solubilities, more project effort here has the 
46 potential for improving the compliance picture by shifting the CCDF 
47 labeled (l) to the left in Figure 9 -l. ( 5) Addition of releases because 
48 of spalling of waste material into an intruding borehole: The mechanism 
~ for this phenomenon is poorly understood. Preliminary estimates indicate 
50 that cuttings releases could be increased significantly (Berglund, 1992). 
51 If the experimental program corroborates this estimate, the CCDF labeled 
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(3) will shift to the right slightly. This shift would not significantly 

2 impact the compliance picture, but as these improvements in the PA system 
3 move CCDFs (1) and (3) closer together, the range of uncertainty that can 

4 be impacted by further work in the Culebra and non-Salado units shrinks. 
5 (6) Addition of plug degradation in the intrusion boreholes: Allowing 

6 plugs to degrade to essentially borehole-fill properties should result in 
7 two effects. The probability of ElE2-type flow paths will diminish, and 
8 flow directly to the surface may occur. The latter effect cannot result 
9 in a shift of the CCDF past the repository/shaft barrier-effect CCDF 

10 because calculating EPA Sums at the discharge point in the Culebra is 
11 equivalent with transporting directly to the surface. (7) The use of 
12 time-varying drilling intensities: The above discussion of uncertainty 
13 and sensitivity analyses relied primarily on the use of time-invariant 
14 drilling intensities, within the Poisson model that have been used for 
15 calculating scenario probabilities. The constant rate term is a sampled 

16 parameter that has a different value, constant for 10,000 yr, for each 
17 sample element, whereas the time-dependant rate term is a different 

18 function of time for each sample element. The time-dependant rate term 
19 incorporates the deterrent effect and estimated efficacy of possible 
20 passive marker systems for future societies of different levels of 
21 technology. The passive-marker barrier effect does not depend on the 
~ Culebra (or non-Salado) barrier effect and can be used equally well with 

23 the repository/shaft, barrier-effect CCDF or the cuttings-only CCDF to 
24 provide additional safety margins. In any case, a shift of about two 
25 orders of magnitude is indicated. Again, defense of the PA and compliance 

26 assessment should be based on defending the repository/shaft barrier-
27 effect CCDF (number 1) and determining the potential contribution of the 
28 natural barrier system (displayed here as the region between CCDFs 1 and 

29 3). In addition, passive marker systems could provide a convincing and 

30 effective margin of safety without requiring extensive reduction of 
31 uncertainty in the natural-barrier system. 

32 
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Appendix A: Verification of the SECO-Transport Code 

1 SECO-TRANSPORT Code 

1.1 Transport Model 

The code predicts solute transport in fractured porous media using the dual-porosity ap­

proach. It allows for radioactive decay and generation of daughter products. In addition, 

the matrix block equation can model both the matrix material and the clay lining. 

For the fracture-with-matrix block system, transport in the fracture is produced by 

the combined effect of convection and hydrodynamic dispersion, while transport in the 

matrix block is dominated by molecular diffusion. Two sets of governing equations are 

used to describe the concentration in the fracture and matrix block. 

The equation for the transport of kth radionuclide component m the fracture ( N 

species) can be written 

k = 1, ... ,N: 

8C~e 
¢R~e8t + ¢Rk>.~eC~e- ¢R~e-I>.k-1Ck-1 

-QC~e- r~e (1) 

where the dependent variables are C~e, the concentration of the kth radionuclide. For 

k = 1, the term involving ck-1 is omitted. Physical parameters include D(x, t), a 2 X 2 

hydrodynamic dispersion tensor (velocity-dependent); V(x, t), the Darcy velocity, ¢(x); 

the fracture porosity; R~e, the retardation coefficient; >.~e, the species decay constant; and 

C~e, the concentration of the kth injected radionuclide. The well injection rate is Q. 

Detailed physical descriptions of these terms can be found in [1, 2]. 

The N fracture equations are linear and sequentially-coupled. A general Robin bound­

ary condition is assumed 

(2) 

on a planar rectangular domain n. For various choice of a:, {3, and 1, one may obtain 

Dirichlet, Neumann, or Cauchy boundary conditions on different portions of the boundary. 

For example, the commonly used flux boundary condition is 

VC~e- D\7C~e = V j(t) (3) 
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where f is a known function. 

The flow-field Vis assumed to be independent of the solute concentration. In practice, 

the flow-field is obtained from the SECO-FLOW code [6]. 

Since the dual-continuum model [3, 4, 5] includes the exchange of mass between the 

matrix block and the fracture, it is necessary to solve a transport equation in the matrix 

block. Assuming that there is no fluid flow, the equation for the concentration of the kth 

species, is given (for a slab block model) by 

_i_(D'BC~) = A.'R' BC~ + A.'R' ..X C'- A.'R' ..X C' ax ax '+' k at '+' k k k '+' k-1 k-1 k-1 (4) 

where x is the coordinate originating from the symmetry line of the matrix block, the 

prime is denoting matrix block, D' is the coefficient of the molecular diffusion, and the 

remaining symbols have the same meaning as those in the equation for fracture transport 

(Eq. 1). 

The equations for the fracture and the matrix block are coupled through the mass 

transfer term rk which is given by 

r = -~(D'ac:., - ) 
k b Bx x-O 

(5) 

where b is the fracture aperture. 

For a typical matrix slab of thickness b', the initial and boundary conditions are given 

by 

c;.(x, t = o) = c;.o 

D'~~~(O,t) = 0 

c;.(b', t) = ck- (D'~~~ 

(6) 

(7) 

(8) 

where ( is a parameter characterizing the resistance of the thin skin adjacent to the 

fracture. This parameter is defined as ( = b~f D~, where b~ and D. are the skin thickness 

and the skin diffusion coefficient, respectively. 
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1.2 Numerical Discretization, Algorithm 

1.2.1 Fracture Equation 

Equation ( 1) has been transformed into stretched Cartesian coordinates 

t T, 

X 

y 

(9) 

(10) 

(11) 

where metric transformations are(, = Jy,./l "ly = Jx{, and J = ez"ly· The transformed 

equation, with further algebraic manipulations, was put into a strong conservation form 

[7, 8]. This is done to ensure mass conservation, which is essential here. The transformed 

equation is given by 

where 

ck 

E 
p 

Evl 

Ev2 

Fvl = 

Fv2 

Q 

A-6 

8 A 8 A 

8e ( Evd + 8e ( Ev2) 

8 A 8 A 

+ 8"1 (Fvi) + 8"1 (Fv2) 

+ <t>Rk>.kck + <t>Rk-l>.k-lck-1 

+ Q+i' 

ck 
]' 

ezuck, 

"lyvCk, 

e;nu 86k ---
J 8e , 

ez"lyD12 8Ck 
J 8., ' 

ez"lyD21 8Ck 
J 8[' 

2 A 

"lyD22 8Ck 
J 8., ' 

Q6k 
--

J ' 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 
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(21) 

Equation (12) is solved using an implicit Approximate Factorization procedure [9]. The 

convective terms are modeled by TVD [10] and the remaining terms by central differencing. 

A general two-level implicit finite volume scheme, in delta form [9], can be written as 

where 

1\ CA n - CA n+ 1 CA n L}.le- k- le 

The 66;: can be thought of as a correction to advance the solution to a new time-level 

(n+1). The time difference equation (22), with appropriate choice of the parameters() and 

c.p, produces many two- and three-level implicit schemes as shown in Table 1. Applying 

equation (22) to equation (12) we have 

-¢R~e>..~e66;] 

+ ()/::,t [(6En-l) (6frn-l) J 
1 + c.p v2 e + vl '1 
6t A A A A A A 

+ -
1
-[-E{- F;: + (E;1 ){ + (E;2 ){ + (F,;;)'1 + (Fv~)'1 
+c.p 

-¢R~e>..~e6; + ¢R1e-1 >..~e-16;_1 + ir + fn] 

+ _c.p_["-R 66n-1] 
1+c.p'f'le le (23) 

The cross derivative terms are time-lagged to facilitate the factorization of the right-hand­

side operator. The error introduced by lagging these terms can be corrected through an 

intra-time step iteration. This procedure has been employed here. 

The convective terms are modeled using the following TVD flux which we have devel­

oped for staggered meshes. The flux is a combination of upwind and centered schemes. 

Ej_~,le = ~(1- <Pi-t.~e)[(C~Ie + Cj_ 1 ,~e)uj_~,le- (C~1e- C.f_ 1 ,~e) I uj_t,le IJ 

+-
2

1 
<P3·_!. ~e(63~~e + 6.f.-1~e)(~;)j_l ~eu3~_!. 1e 

2 I I I 2 I 2 1 

(24) 
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Table 1: Partial list of schemes available 

8 <p Schemes Truncation error 

1 0 Euler, implicit 0( 6t) 

! 0 Trapezoidal, implicit 0( 6t 2 
) 

2 

1 l 3-point-backward, implicit 0( 6t2 
) 2 

where 

([n). 
1 

== 2((,);,k((,)j-l,k 
"' J- 2 .k (e,);.k + (e,);-I,k 

The function <P is called a limiter function. There are a number of limiter functions 

available ranging from very compressive (Roe superbee) to very dissipative (minmod) 

[10]. 

After the explicit portion (RHS) of equation (23) has been evaluated, the solution at 

the new time level is obtained through the following sequence 

(I+ a,L,,)6C;,k - RH S, 

(I+ ayLyy)b.C;,k = t:.C;,k, 

(25) 

(26) 

(27) 

where I is an identity matrix and L,,, Lw are the x and y operators, respectively. The 

first sweep in either the x or y direction produces intermediate results, denoted by C;,k· 

The second sweep uses the intermediate results to complete the cycle. The order of the 

sweep can be symmetrized by alternating the direction. After both sweeps are complete, 

the solution is updated. 

The boundary conditions (Dirichlet, Neumann, and Robin) are all implicitly imple­

mented in the 1-D operator in both directions. This ensures the second-order accuracy of 

the scheme. The implicit construction of boundary conditions requires an intermediate 

boundary condition for the initial sweep. The intermediate boundary condition is subtle, 

and is evaluated by applying either the x or y operator, depending on the boundary, to 
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the equation of the ghost cell. The stencils of these operators will be different near the 

boundaries. 

This algorithm uses a finite-volume mesh where fluxes are evaluated at cell faces and 

concentrations at cell centers. 

1.2.2 Matrix Block Equation 

Using a similar procedure oulined for the fracture equation ( 1), equation ( 4) is first mapped 

to a computational space 

A,l R' [}Cf. = [}F~ - A.' R' .A C' + A.' R' .A 6' 
'f' k &t &e 'f' k k k 'f' k-1 k-1 k-1 (28) 

where 

C
.,- Cf. 
k- J 

(29) 

F' = D't ocr. 
v <,:r ae (30) 

Then, the above equation is discretized using the general implicit finite volume scheme, 

in a delta form given by equation 22. 

<P'R~LC{.n = 1
8~~[(6F~n)e- cp'R~.AkCf.n] 

+ ~[(F'n) -A.' R' A C'n + A-'R' A - C'n ] 
1 + cp e 'f' k k k 'f' k-1 k 1 k-1 

+ _cp_[A-'R' t:,(Jtn-1] 
1+cp'f' k k 

where 

(fr'n). 1 =D'. ~(t-). ~(c~n-c~n 1 ) 
v 3-2 J-j ... ]-2 3 ]-

(Lfr~n)j_l = D
3
'._l((z:)j_l[JjLCt- Jj-16Cj'.:1J 

2 2 2 

(31) 

(32) 

(33) 

Equation (31) is solved using a tridiagonal inversion with implicit boundary conditions. 

1.2.3 Fracture-Matrix Coupling 

The equations for the fracture and the matrix block are coupled through a mass transfer 

term fk. This term is proportional to the gradient of the solute concentration in a matrix 
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block at their interface. A simple approach to couple these equations is to time lag the 

r term or, in other words, treat the coupling term explicitly. Our experience with the 

matrix block equation has shown if the molecular diffusion coefficient is high, if there 

exists a clay lining, or if there is high resolution at the interface, the solution for the 

coupled system would be unstable. To make the coupling more robust, the equations 

must be coupled in a fully implicit manner. A procedure outlined in reference [1] was 

adapted and modified to work with the approximate factorization and delta formulation 

of the transport equation. This new procedure would couple the equations implicitly and 

has shown to be quite robust. 

Even with implicit coupling, a problem can anse if the characteristic time for the 

matrix block, i.e., the time in which the solution in the matrix would approximately reach 

steady state, is much smaller than the time step used to advance the fracture solution. 

In such a case, the coupling term r can exhibit an oscillatory behavior in time which is 

not physical. To avoid such a behavior the fracture time step must resolve or be smaller 

than the characteristic time of the matrix block. 

1.3 Improvements / Issues 

The present code uses a TVD scheme with three-level time differencing and directional 

splitting to improve accuracy and execution time. The code is second-order accurate both 

in time and space. Problems with moderately-high Peclet number would greatly benefit 

from this scheme by avoiding spurious oscillations commonly associated with the central 

differencing schemes. The long time-scales of the problems to which the code is to be 

applied dictate the use of fully-implicit algorithms. 

The flow field is computed by the SECO-flow code. It is important to note that the 

convergence tolerance on the flow must be smaller in magnitude than the source for the 

transport calculation. Lack of proper iterative convergence in the flow calculation can 

show up as a source term in the transport calculation due to its conservation formulation 

and in some cases can lead to instabilities. 

In practice the computational boundaries for transport and the flow are not the same. 
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This difference in the location of the far-field boundaries can pose a difficult problem ( un­

bounded source) for the transport calculation. The SECO-transport code can eliminate 

this difficulty by automatically assigning the boundary conditions using the flow field. 

The code is capable of computing the history of integrated discharge around any 

number of defined closed boundaries within the computational mesh. 

2 Analytic Solutions & Convergence Test 

2.1 Fracture Transport 

The code, which has been developed based on the scheme described in the algorithm 

section (section 1.2), is verified for temporal and spatial accuracy using the following 

unsteady equation and its solution, with V = ui. 

(34) 

where 

g(x,y,t) = (x- ut)2 + y2
, (35) 

and 0 < x < 1, 0 < y < 1. The initial condition is given by 

1 [ x4 y4] C(x,y,O) =- - +- . 
12u O:£ a:r 

(36) 

The exact solution to equation (34) is 

C( ) = _1 [(x- ut)
4 .i_] 

x,y,t 12 + . 
U Ct.£ O:T 

(37) 

Since the computational domain is finite, the Dirichlet boundary conditions are time 

dependent and may be obtained from the exact solution. 

Table 2 presents the computed solution to equation (34) at time=25sec, for four differ­

ent grid sizes and time steps. The magnitude of coefficients are u = 0.1mjs, O:£ = l.Om, 

a.r = 0.1m. By examining the ratio of Root Mean Square (RMS) of errors, it is evident 

that the overall solution is second-order accurate in time and space. 
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Table 2: Convergence results, uniform grid 

Size 6.x 6.t RMS RMS ratio 

20x20 .05 .25 7.697E-3 

40x40 .025 .125 1.954E-3 3.94 

80x80 .0125 .0625 4.921E-4 3.97 

160x160 .00625 .03125 1.234E-4 3.99 

To illustrate the advantages of this algorithm, we have chosen to solve a two-dimensional 

convection-dispersion problem for which we have an exact solution [11]. The medium is 

assumed to be homogeneous and isotropic with unidirectional steady state flow. The 

initial solute concentration is zero. At a certain time, a strip-type source with a finite 

length (2a) along they-axis is introduced. For detailed information regarding this problem 

see Reference [11]. In our test problems, the solute concentration at the source remains 

constant with time. 

The solution is obtained for two cases. A uniform grid 80x80 where 0 < x < 200m, 

-100 < y < lOOm and Van Leer MUSCL limiter [10] are used for both cases. Case 

1: low mesh Peclet number, Pe = 2, u = l.Om/ s, O:£ = 0.5m, aT = 0.1m, A = 0.0, 

and a= 50. Figures 1a and 1b present the numerical solution and the absolute error at 

time=100sec, respectively. The maximum error is 6.1E-2 and is located in the vicinity 

of the discontinuity on the boundary and RMS=6.389E-3. Figures 2a and 2b show the 

same calculation using implicit upwind differencing. The latter computations serve as a 

representative solution computed by the majority of existing codes. The maximum error 

is .184 7 and is located around the front as one would expect and the RMS=5.111E-2. 

The maximum error is about three times and the RMS about 8 times larger than TVD 

solution. Case 2: moderately high mesh Peclet number, Pe = 10, u = 1.0, O:£ = O:T = 0.1, 

and a = 50. Figure 3 shows solute concentration computed using TVD at Time=100. 

Figure 4 presents the same calculation using upwinding. The difference between the two 

solutions is dramatic. As expected, the TVD scheme retained a sharp front as opposed 
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to a very diffused front generated by the implicit upwind differencing. Unfortunately, 

we encountered numerical difficulties in computing the exact solution at Peclet numbers 

higher than 4; hence, we have no comparison to exact solution. However, if Case 1 is any 

indication, the error introduced by implicit upwinding should be much higher than was 

observed in the previous case. 

As we have shown above, the TVD scheme in conjunction with second-order time 

discretization is more accurate in tracking sharp changes in solute concentration even for 

low-Peclet number cases. 

2.2 Dual Porosity Transport 

To verify both fracture and the matrix finite volume discretization as a system and the 

coupling procedure, we have chosen a dual porosity problem in one dimension with the 

analytical solution given by Tang [12]. The fracture equation is 

ac v ac D a2c ()D' ac' 
at + R az - R az 2 + AC - bR ox ,,=b = 0 

where 0 ~ z < oo. The initial and boundary conditions are 

The matrix equation is given by 

c(O,t) = 0 

c( oo, t) = 0 

c(z, 0) = 0 

ac' D' a2c' - - --- + Ac' = 0 at R' ax2 

where b ~ x < oo. The initial and boundary conditions are 

c' ( b, z, t) = c( z, t) 

c' ( oo, z, t) = 0 

c'(x, z, 0) = 0 

(38) 

(39) 

( 40) 

( 41) 

(42) 

( 43) 

(44) 

(45) 

for further explanation of the problem and the definition of parameters and the analytical 

solution see reference [12]. 
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The test problem is set up by defining the required parameters as follows. Fracture 

length, x0 = 10m, fracture spacing 2.4m. Fracture properties: aperture, b = 10-4 m, 

seepage velocity, V = O.Olmld, longitudinal dispersivity, O:L = 0.50m, molecular diffusion 

coefficient, D = 1.382 X 10-4 m 2 ld, and fracture porosity, 4>1 = 0.42 X 10-4 • Matrix 

properties: matrix porosity, 4>' = 0.01, and matrix diffusion coefficient, D' = 1.382 x 

10-7m 2 I d. Radionuclide properties: decay constant, ,\ = 0.154 x 10-3 1 I d, and retardation 

factor, R = R' = 1. Initial condition: c(x, 0) = c'(x, z, 0) = 0. The boundary conditions 

are 

c(O, t) = 1 ( 46) 

8c 
Bx(x,O,t) = c(x,t) (47) 

c' ( x, 0, t) = c( x, t) (48) 

8c' 
Bx (x, zo, t) = 0 (49) 

Fracture length is discretized using 80 stretched cells and 15 stretched cells was used for 

the matrix block. The calculation was stopped at time equal to 100 days to test both 

spatial and temporal accuracy of the computed solution. Figures 5 and 6 present the 

comparison of the fracture and matrix solution to the analytical solution, respectively. 

The computed solution in both regions seems to be quite accurate which also verifies the 

accuray of the coupling procedure. Further mesh refinement in both fracture and the 

matrix block reproduced the same results. 

Unfortunately, proper grid convergence test is not possible since in the above transport 

problem the size of the matrix block is infinite whereas in computation we have a finite 

matrix block length. 

3 Convergence Test on P A Problems 

To verify the code on a realistic problem (excluding extreme cases), we will use one of the 

1992 PA calculations [14]. 
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3.1 Fracture Transport 

For grid convergence test on fracture transport we have chosen vector 2 (E1E2 scenario). 

This vector has moderate parameters, such as, fracture aperture and realistic fracture 

travel time with climate from the source to the far field boundary of 72 years 

Since we do not have an exact solution for vector 2, to check the convergence of the 

solution on different grids we rely on contours of the solution for judging convergence. 

We will use three different grid sizes, 46 x 53, 93 X 107, and 187 X 215. For each grid size 

three different time steps are used, 6t = 10, 5, and 2.5 years, for time convergence. 

Figure 7 shows temporal behavior of the source function over 10,000 years. Figures 

8a,8c, and 8e present the contours of solute concentrations on the first grid at t=10,000 

years for three different time steps, respectively. The time resolution for this mesh is quite 

adequate since there is hardly any change between contour plots. Figures 8b,8d, and Sf 

present breakthrough curves, with each plot presenting integrated discharges through 

three closed boundaries. As is the case for solute concentrations, there are no massJve 

changes in the solution as the time accuracy of the computation is increased. Figures 

9 and 10 show similar plot for grids number 2 and 3. As we refine the grid, the plume 

becomes narrower and the concentration front becomes sharper. This is due to improved 

effectiveness of the TVD algorithm. 

These sequences of grid and time steps clearly show that we have resolved this problem 

adequately. 

3.2 Dual-Porosity Transport 

For a dual-porosity transport calculation vector 52 (E1E2 scenario) is a realistic example, 

which has no extremes in its parameters, for grid convergence test. Some of the parameters 

are calculation time, 10, 000 years; fracture travel time with climate, 219 years; and matrix 

characteristic time, 8076 years. 

We will use the same grid sizes as in the fracture transport case, However, vector 52 

has different time scales for both fracture and the matrix block, and requires different 

time steps, with 6t = 2, 1, and 0.66 years. 
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Figure 11 shows temporal behavior of the source function over 10,000 years. Figures 

12a, 12c, and 12e present the solute concentration on the first grid at t= 10,000 years for 

different time steps, respectively. Similar to the fracture calculation, the time resolution 

is satisfactory. Figures 12b,12d, and 12f present breakthrough curves. Again, there are 

no massive changes in the solution as the time accuracy of the computation is increased. 

Figures 13 and 14 show a similar plot for grids number 2 and 3. As the grid becomes finer 

the concentration front becomes sharper as we have observed in the fracture calculation. 

Figure 12c show some discharge on the side boundary where on the finer meshes there 

are no discharges. This points out that the first grid is not resolving the solution well. 

However, the other grids seem to be adequate. 

3.3 Recommendations for Input Parameters 

As our grid convergence test on fracture and fracture-matrix calculations have shown, the 

coarse grid ( 46 X 53), which has been used for the 1992 PA caculations, is not adequate 

in both cases. This grid was not dense enough to properly resolve the gradients in the 

solution. However, the time-step sizes have all resolved the time scales in both cases 

adequately. 

4 Improvements 

A three-dimensional version of the SECO-TRANSPORT code in stretched cartesian co­

ordinates will be available for the next PA cycle. Other improvements will be general 

coordinate transformation in both two and three dimensions in conjunction with solution 

adaptivity. Also, more benchmark tests; for example, the Sudicky problem [13] for which 

an analytical solution exists for a dual-porosity assumption with a specified finite matrix 

block length. 
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2 APPENDIX B: ASSUMPTIONS AND DERIVATION OF EQUATION 4.2-2 
3 RELATING SANCHO POROSITY TO BRAGFLO POROSITY 
8 

6 Inherent in Equation 4.2-2 is that the compressibility of halite is 

7 small compared to the compressibility of the gas that occupies the voids 

8 within the waste panel. Making this assumption permits the conclusion that 

9 the mass and volume occupied by the solid (waste and backfill) within the 

10 moving boundary defining the time variant dimensions of the waste panel 

11 remains constant. The volume of solids within the waste panel, at any 

12 time, is the same as the volume of solids that are present initially in the 

13 waste panel prior to compaction (Equation B-1). 

14 

where 

21 

22 Vs 

23 

volume of solids within the boundaries defining the waste panel. 

24 Figure B-1 depicts the waste panel in two states, the top figure, a, 

25 depicts the waste panel initially, at t=O, while the bottom figure, b, 

26 depicts the waste-panel after some consolidation, at time t. While the 

27 figure implies compaction of the waste panel by movement of the upper 

28 boundary or roof, this is for convenience only; movement of the other 

~ boundaries may also participate in the compaction process. 

30 

31 The porosity, ~·, of the waste panel is defined, at any time, as the 

(B-1) 

32 ratio of the void volume (Vv) to the total volume, Vt, where Vt is the sum 

~ of the void volume and solid volume, Equations B-2 and B-3, respectively, 

34 

~~ 
:~ 
42 

43 and 

44 

~~ 
47 
48 
49 

~ ( t) 
v ( t) 

v 
v (t) 

t 

v (t) + v (t). 
v s 

(B-2) 

(B-3) 

~ Substitution of Equation B-3 into Equation B-2 allows the solid volume to 

51 be expressed in terms of porosity and total panel volume, Equation B-4, 

v 
s 

(1 - ¢ ) v 0 

t 
(B-4) 
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Figure B-1. 
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Appendix B: Assumptions and Derivation of Equation 4.2-2 
Relating SANCHO Porosity to BRAG FLO Porosity 

2 Applying Equation B-4 at time, t=O, and at an arbitrary time, t, and using 

3 the equality of Equation B-1, after some rearrangement yields Equation B-5, 

4 

~ 
~~ 
~~ 

1 - ~ (t) 

v ( t) 
t 

14 Now, define an alternate porosity, ~. as the ratio of the void volume at 

15 any given time to the total initial volume of the waste panel prior to 

16 compaction, Equation B- 6, 

17 

~(t) 

v ( t) 
v 

V t ( t=O) 

26 It is desired to relate ~ and ~· in a way that conserves void volume. 

27 This can be done by determining the porosity associated with the waste 

28 panel of initial dimensions and volume that is equivalent to the void 

~ volume of the compacted and collapsed representation of the waste panel. 

~ Combining Equations B-2 and B-6 and solving for ~(t) yields the desired 

31 result, Equation B-7, 

32 

~ ( t) 
~ (t) Vt(t) 

V ( t=O) 
t 

(B-5) 

(B-6) 

(B-7) 

41 Equation B-8, reproduced as Equation 4.2-2, is obtained by substituting the 

42 left hand side of B-5 for the ratio, Vt(t)fVt(t=O) in Equation B-7, 

43 

44 

~~ 
47 

~~ 
~? 
52 

~( t) ~ ( t) 
[ 

1 - ~ I ( t=O) l 
1 - ~ (t) 

(B-8) 

53 Equation B-8 relates ~ to only ~· at a given value of time and is used to 

54 transform the porosities resulting from the Segrangian treatment of the 

55 numerical mesh in SANCHO to the Eulerian treatment in BRAGFLO, while 

56 conserving void volume. 

57 

B-5 



APPENDIX C: LHS SAMPLES AND CALCULATED NORMALIZED RELEASES 

C-1 



C-2 



Appendix C: LHS Samples and Calculated Normalized Releases 

Contents For Appendix C 

Tables 

Table Page 

C-1 Numerical ID and Distributions of 49 Sampled Parameters in December 1992 WIPP 

PA Calculations .............................................................................................................................. C-5 

C-2 Seventy Values Sampled by LHS for 49 Parameters that were Varied in December 1992 

WIPP PA Calculations .................................................................................................................... C-6 

C-3 Ranks of70 Values Sampled ........................................................................................................... C-15 

C-4 Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 

Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity, Retardation, 

Clay, Matrix Diffusion, Intrusion at 1000 yr ................................................................................. C-23 

C-5 Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 

Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity, 

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr ............................................................. C-24 

C-6 Vectors with CH Cuttings Discharged to the Ground Surface .......................................................... C-29 

C-7 Vectors with RH Cuttings Discharged to the Ground Surface .......................................................... C-39 

C-3 



Appendix C: LHS Samples and Calculated Normalized Releases 

C-4 



APPENDIX C: LHS SAMPLES AND CALCULATED NORMALIZED RELEASES 

This appendix contains the 70 sample elements for each of the 49 parameters varied and sampled by LHS and 

summaries of EPA-normalized radionuclide releases to the 2.9-km, accessible environment boundary south of the WIPP for 

the E I and E I E2 scenarios with an intrusion at I 000 yr. Releases are given for simulations assuming a dual porosity model 

with chemical retardation for transport in the Culebra Dolomite Member of the Rustler Formation. 

This appendix also contains the summaries of release to the accessible environment from initially drilling into the 

repository and bringing up cuttings from one average activity of CH waste and one average activity of RH waste. (The CH 

waste activity is subsequently multiplied by a factor to account for the four CH activity levels. This modified activity along 

with the probability of actually hitting these various CH activity levels is used when constructing the CCDF). Cuttings were 

calculated for six different intrusion times. Releases are the same for the E I, E2 or E I E2 scenarios, and different scenarios 

are accounted for by the CCDFPERM program. 

The output tables were created by the CCDFCALC computer code from output databases created by SECO­

TRANSPORT and CUTTINGS and are the input to the CCDFPERM program which calculates the final CCDF. 

Table C-1 lists the 49 parameters sampled and the distribution type used. 

Table C-1. NumericaiiD and Distributions of 49 Sampled Parameters In December 1992 WIPP PA 
Calculations 

Parameter 

Initial Brine Saturation of Waste (BRSAT) 0. 
2 Inundated Corrosion Gas Generation Rate (mollm2•s) (GRCORI) 0. 

3 Humid/Inundated Corrosion Gas Generation Rate Ratio (GRCORHF) 0. 
4 Stoichiometric For Corrosion of Steel (STOICCOR) 0. 
5 Inundated Microbial Gas Generation Rate (mollkg•s) (GRMICI) 
6 Humid/Inundated Microbial Gas Generation Rate Ratio (GRMICHF) 
7 Stoichiometric Coef For Biodegradation of Cellulose (STOICMIC) 

0. 
0. 
0. 

8 Wood Volume Fraction f'JWOOD) 
9 Metal Volume Fraction (VMETAL) 
10 Log Salado Permeability (m2) (SALPERM) 
11 Brooks-Corey Exponent (BCEXP) 
12 Brooks-Corey Model Relative Weight (BCFLG) 
13 Brooks-Corey Residual Brine Saturation (BCBRSAT) 
14 Brooks-Corey Residual Gas Saturation (BCGSSA T) 
15 Log Marker Bed Permeability (m2) (MBPERM) 
16 Marker Bed Porosity (MBPOR) 
17 Scale Factor For Disturbed Zone Porosity (TZPORF) 
18 Salado Pressure (Pa) (MBPRES) 
19 Brine Pocket Pressure (Pa) (BPPRES) 

0.284 
0.276 

-24. 
0.2 

0. 
0. 
0. 

-21. 
0.001 

0. 
1.2E+07 
1.3E+07 

Range Distribution 

0.14 Uniform 
1.3E-08 Cumulative 

0.5 Cumulative 
1. Uniform 

1.6E-08 Cumulative 
0.2 Uniform 

1.67 Uniform 
0.484 Normal 
0.476 Normal 

-19. Cumulative 
10. Cumulative 

1. Delta 
0.4 Uniform 
0.4 Uniform 

-16. Cumulative 
0.03 Cumulative 

1. Uniform 
1.3E+07 Uniform 
2.1E+07 Uniform 

C-5 
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Table C-1. NumericaiiD and Distributions of 49 Sampled Parameters In December 1992 WIPP PA 

Calculations (Continued) 

Parameter Range Distribution 

20 Brine Pocket Bulk Storativity (m3/Pa) (BPSTOR) 0.02 2. Lognormal 
21 Borehole Permeability (m2) (BHPERM) 1.0E-14 1.0E-11 Lognormal 

22 Drillbit Diameter (m) (DBDIAM) 0.2667 0.4445 Uniform 
23 Index for Rate in Poisson Drilling Model (LAMBDA) 0. 1. Uniform 

24 Brine Pocket Area Fraction (BPAREAFR) 0.24479 0.56771 Cumulative 

25 Log Solubility Am (mol/1) (SOLAM) -13.3 0.15 Cumulative 

26 Log Solubility Np (mol/1) (SOLNP) -15.52 -1.92 Cumulative 

27 Log Solubility Pu (mol/1) (SOLPU) -16.6 -3.26 Cumulative 
28 Log Solubility Ra (mol/1) (SOLRA) 0.3 1.26 Cumulative 

29 Log Solubility Th (mol/1) (SOL TH) -15.26 -5.66 Cumulative 
30 Log Solubility U (mol/1) (SOLU) -15. 0. Cumulative 

31 Culebra Index for Transmissivity Field (CUL TRFLD) 0. 1. Uniform 

32 Index for Recharge Amplitude Factor (CULCLIM) 0. 1. Uniform 

33 Culebra Fracture Porosity (CULFRPOR) 0.0001 0.01 Lognormal 

34 Culebra Fracture Spacing (m) (CULFRSP) 0.06 8. Cumulative 

35 Culebra Clay Filling Fraction (CULCL YF) 0. 0.5 Cumulative 

36 Culebra Clay Porosity (CULCL YP) 0.05 0.5 Uniform 

37 Log Culebra Fracture Dist Coef Am (m3/kg) (FKDAM) -4. 3. Cumulative 

38 Log Culebra Fracture Dist Coef Np (m3/kg) (FKDNP) -4. 3. Cumulative 

39 Log Culebra Fracture Dist Coef Pu (m3/kg) (FKDPU) -4. 3. Cumulative 

40 Log Culebra Fracture Dist Coef Th (m3/kg) (FKDTH) -4. 1. Cumulative 

41 Log Culebra Fracture Dist Coef U (m3/kg) (FKDU) -4. 0. Cumulative 

42 Log Culebra Fracture Dist Coef Ra (m3/kg) (FKDRA) -4. 2. Cumulative 

43 Culebra Matrix Porosity (CULPOR) .058056 0.2525 Data 
44 Log Culebra Matrix Dist Coef Am (m3/kg) (MKDAM) -4. 2. Cumulative 

45 Log Culebra Matrix Dist Coef Np (m3/kg) (MKDNP) -4. 2. Cumulative 

46 Log Culebra Matrix Dist Coef Pu (m3/kg) (MKDPU) -4. 2. Cumulative 

47 Log Culebra Matrix Dist Coef Th (m3/kg) (MKDTH) -4. 0. Cumulative 

48 Log Culebra Matrix Dist Coef U (m3/kg) (MKDU) -4. 0. Cumulative 

49 Log Culebra Matrix Dist Coef Ra (m3/kg) (MKDRA) -4. 1. Cumulative 

Table C-2 lists the Latin Hypercube sampled (LHS) values for each of the 49 parameters. 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 

Calculations 

Material 
Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM 

RUN NO. X(1) X(2) X(3) X(4) X(S) X(6) X{7) X(B) X(9) X(10) 

1 4.023E-02 1.570E-09 1.238E-01 4.810E-01 1.154E-08 8.629E-02 7.677E-01 3.601E-01 3.741 E-01 -2.044E+01 

2 1.269E-01 3.730E-09 2.775E-01 2.119E-01 1.588E-08 1.696E-01 1.264E-01 4.242E-01 3.910E-01 -2.001E+01 

3 8.612E-02 8.501E-10 7.155E-02 4.965E-02 3.585E-09 1.532E-01 7.179E-04 3.914E-01 3.452E-01 -2.088E+01 

4 3.242E-02 1.013E-08 8.783E-03 4.382E-01 9.379E-09 4.926E-02 2.213E-01 3.425E-01 4.137E-01 -2.082E+01 

5 1.149E-01 3.321 E-10 1.539E-02 6.945E-01 1.195E-08 5.316E-02 4.741 E-01 3.808E-01 3.928E-01 -2.154E+01 

6 1.373E-01 1.176E-08 3.287E-01 6.461E-01 3.979E-09 9.957E-02 1.322E+OO 4.637E-01 4.465E-01 -2.314E+01 
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Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter BRSA T GRCORI GRCORHF STOICCOR GRMICI GRMICHF 

RUN NO. X(1) X(2) X(3) X(4) X(5) X(6} 

STOICMIC VWOOD VMETAL 

X(7) X(8) X(9) 

SALPERM 

X(10) 

7 1.395E-01 1.041 E-08 3.263E-01 6.245E-01 1.421 E-09 1.238E-01 4.816E-01 3.225E-01 3.987E-01 -2.194E+01 

8 8.068E-02 6.341 E-09 4.805E-01 7.551 E-01 7.905E-09 4.721 E-02 5.214E-01 3.502E-01 3.437E-01 -2.131 E+01 

9 5.937E-02 1.715E-09 3.813E-02 3.057E-01 8.037E-09 5.041 E-05 1.425E+OO 4.689E-01 4.191 E-01 -2.332E+01 

10 7.619E-02 8.712E-09 2.143E-01 7.950E-01 6.070E-09 1.297E-02 1.229E+OO 3.587E-01 3.578E-01 -2.040E+01 

11 1.202E-01 9.067E-09 2.269E-01 6.636E-03 2.159E-09 1.064E-01 3.519E-02 3.065E-01 4.027E-01 -2.011 E+01 

12 8.396E-02 1.127E-08 9.043E-02 4.057E-01 3.123E-09 6.075E-02 1.490E+OO 3.632E-01 3.785E-01 -2.004E+01 

13 3.577E-02 4.420E-09 2.111 E-01 9.61 OE-01 6.352E-1 0 1.559E-01 7.945E-01 3.733E-01 4.369E-01 -2.306E+01 

14 1 .272E-02 1.138E-08 3.582E-02 1.254E-01 2.820E-1 0 1. 7 45E-01 3.435E-01 4 060E-01 3.886E-01 -2.215E +01 

15 1.315E-01 2.155E-09 3.880E-01 3.308E-01 8.800E-09 8.200E-02 1.339E+OO 4.120E-01 3.523E-01 -2.352E+01 

16 4.263E-02 5.91 OE-09 4.61 OE-01 3.478E-01 1.216E-08 1.580E-01 1.667E+OO 3.436E-01 3.820E-01 -2.070E+01 

17 5.151 E-02 2.705E-09 1.751 E-01 9.018E-01 7.343E-09 4.462E-02 9.611 E-01 4.016E-01 3.183E-01 -2.189E+01 

18 6.297E-02 5.140E-1 0 3 003E-02 2.212E-01 1.285E-09 1.021 E-01 1.446E+OO 3.556E-01 3.845E-01 -2.117E+01 

19 5.652E-02 8.036E-09 4.058E-03 3.615E-02 1.413E-08 2.054E-02 5.646E-01 4.048E-01 3.375E-01 -2.240E+01 

20 3.744E-02 5.687E-09 2.713E-03 1.508E-01 5.405E-09 4.216E-02 1.606E+OO 3.995E-01 4.760E-01 -1.974E+01 

21 1.046E-02 1.095E-08 3.090E-01 1.887E-01 1.268E-08 6.836E-02 1.108E+OO 3.841 E-01 3.952E-01 -1.954E+01 

22 7.499E-02 1.962E-09 5.486E-02 6.81 OE-01 2.061 E-09 1.300E-01 9.990E-01 4.185E-01 3.697E-01 -2.026E+01 

23 8.469E-02 7.970E-09 4.012E-01 7.260E-01 2.704E-09 1.680E-01 3.339E-01 4 075E-01 4.2nE-01 -2.126E+01 

24 7.128E-02 4.287E-09 2.143E-02 5.270E-01 2.922E-09 1.995E-01 8.854E-01 3.275E-01 3.802E-01 -2.092E+01 

25 7.809E-02 7.428E-09 9.208E-02 5.991 E-01 3.319E-09 1.195E-01 5.792E-01 3.560E-01 2.760E-01 -2.015E+01 

26 1.014E-01 1.164E-08 1.136E-01 5.786E-01 4.518E-1 0 4.783E-03 7.21 OE-01 4.269E-01 3.382E-01 -2.076E+01 

27 2.606E-02 1.061 E-08 1.638E-01 2.359E-01 1.602E-09 1.821 E-01 6.518E-01 4.840E-01 3.869E-01 -2.129E+01 

28 2.351 E-02 6.576E-09 5.147E-02 5.697E-01 5.082E-09 7.677E-02 4.355E-01 3.970E-01 3.748E-01 -2.134E+01 

29 6.911 E-02 1.295E-08 8.140E-02 9.815E-01 2.366E-09 1.852E-01 5.370E-01 3.868E-01 3.236E-01 -2.063E+01 

30 8.819E-02 1.196E-08 4.481 E-01 5.139E-01 1.556E-08 9.290E-02 7.124E-01 4.171 E-01 4.237E-01 -2.110E+01 

31 1.292E-01 6.995E-09 4.523E-02 9.431 E-01 6.670E-09 7.725E-02 3.767E-01 3.943E-01 3.568E-01 -2.147E+01 

32 5.255E-02 1.368E-10 7.907E-02 3.954E-01 7.986E-10 1.859E-01 1.553E+OO 4.151 E-01 4.101 E-01 -2.021 E+01 

33 9.849E-02 3.385E-09 2.919E-01 4.463E-01 1.200E-09 1.427E-01 2.698E-01 4.349E-01 3.1 08E-01 -2.1 OOE+01 

34 9 053E-02 1.081 E-08 7.457E-02 8.960E-01 7.207E-09 9 077E-02 1.079E+OO 3.784E-01 4.395E-01 -2.162E+01 

35 2.035E-02 4.618E-09 6.518E-02 8.269E-01 1.067E-08 1.631 E-01 1.468E+OO 3.823E-01 3.402E-01 -2.051 E +01 

36 7.227E-02 9.288E-09 3.464E-01 6.634E-01 9.881 E-10 1.971 E-02 1.277E+OO 3.922E-01 3.170E-01 -2.180E+01 

37 3.864E-02 7.111 E-09 3.316E-02 6.227E-02 6.134E-09 9.403E-03 4.126E-01 3.894E-01 3.058E-01 -2.1 07E+01 

38 4.888E-02 1.119E-09 9.576E-02 7.598E-01 4.617E-09 6.536E-02 1.049E+OO 4.085E-01 4.099E-01 -2.029E+01 

39 1.031 E-01 3.905E-09 2.661 E-01 8.822E-01 1.884E-09 2.835E-02 1.532E+OO 3.717E-01 4.067E-01 -2.112E+01 

40 4.701 E-02 1.228E-08 7.826E-03 6.342E-01 1.442E-08 1.152E-01 8.155E-01 4.003E-01 3.834E-01 -2.259E+01 

41 1.689E-02 3.028E-09 3.656E-01 8.111 E-01 9.466E-09 2.958E-02 2.491 E-01 3.775E-01 4.046E-01 -2.023E+01 

42 1.994E-02 1.218E-08 3.757E-01 1.081 E-01 2.577E-09 1.627E-01 1.199E+OO 3.388E-01 3.639E-01 -2.120E+01 

43 3.326E-03 5.150E-09 1.927E-01 8.371 E-01 1.101 E-08 1.090E-01 1.782E-01 4.140E-01 3.627E-01 -2.061 E+01 

44 1.359E-01 9.052E-1 0 1.171 E-02 4.237E-01 6.858E-10 3.679E-02 6.056E-01 3.635E-01 3.725E-01 -2.040E+01 

45 1.326E-01 7.140E-1 0 4.905E-01 7.660E-02 2.197E-09 1.121 E-01 7.530E-01 3.748E-01 3.71 OE-01 -2.054E+01 

46 9.242E-03 3.435E-09 3.021 E-01 1.721 E-02 4.856E-09 1.792E-01 1.245E+OO 3.667E-01 3.543E-01 -2.398E+01 

47 1.167E-01 1.019E-08 6.963E-02 2.849E-01 2.386E-09 1.724E-01 9.291 E-01 4.484E-01 3.285E-01 -1.924E+01 

48 1.406E-02 2.606E-09 4.659E-01 8.438E-01 1.769E-09 6.468E-03 8.594E-01 3.471 E-01 3.267E-01 -2.055E+01 

49 9.471 E-02 9.572E-09 6.801 E-02 7.736E-01 2.535E-09 1.91 OE-01 1.588E+OO 3.309E-01 4.285E-01 -2.170E+01 

50 3.147E-02 1.265E-08 6.036E-02 2.953E-01 1.1 06E-09 2.437E-02 2.987E-01 3.884E-01 3.672E-01 -2.173E+01 

51 6.122E-02 5.379E-09 2.432E-01 7.003E-01 1.180E-11 1.356E-01 1.407E+OO 4.295E-01 3.614E-01 -2.006E+01 

52 2.412E-02 3.170E-09 2.522E-01 7.324E-01 3.087E-09 1.577E-02 1.628E-01 2.953E-01 4.004E-01 -2.070E+01 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter 

RUN NO. 

BRSAT 

X(1) 

GRCORI GRCORHF STOICCOR GRMICI GRMICHF 
X(2) X(3) X(4) X(5) X(6) 

STOICMIC VVI/000 VMETAL 
X(7) X(8) X(9) 

SALPERM 

X(10) 

53 1.190E-01 1.257E-08 8.368E-02 4.961 E-01 1.480E-09 3.382E-02 6.351 E-01 3.825E-01 4.589E-01 -2.033E+01 
54 1.048E-01 4.903E-09 8.608E-02 9.416E-01 1.032E-08 1.952E-01 1.009E+OO 4.31 OE-01 2.923E-01 -2.143E+01 
55 6.768E-02 5.538E-09 4.791 E-02 1.81 OE-01 1.717E-09 1.272E-01 9.388E-01 4.399E-01 3.493E-01 -2.185E+01 
56 6.598E-02 6.245E-09 2.555E-02 8.643E-01 2.762E-09 1.049E-01 3.921 E-01 2.840E-01 3.337E-01 -2.378E+01 
57 1.244E-01 8.522E-09 1.496E-01 5.302E-01 1.922E-09 7.123E-02 1.071 E+OO 3.493E-01 3.502E-01 -2.141 E+01 
58 9.213E-02 7.530E-09 1.041 E-01 9.933E-02 1.514E-08 1.209E-01 1.167E+OO 3.654E-01 3.306E-01 -2.266E+01 
59 1.232E-01 8.353E-09 3.593E-01 2.458E-01 1.274E-08 7.395E-02 1.512E+OO 3.961 E-01 3.769E-01 -2.283E+01 
60 1.061 E-01 4.043E-09 5.023E-02 1.658E-01 1.330E-08 1.378E-01 1.171 E+OO 3.709E-01 3.951 E-01 -2.204E+01 
61 1.1 OSE-01 9.816E-09 2.580E-02 5.530E-01 8.393E-09 9.473E-02 1.637E+OO 3.369E-01 3.007E-01 -2.097E+01 
62 1.090E-01 5.998E-09 5.971 E-02 2.666E-01 1.377E-1 0 3.802E-02 1.361 E+OO 3.136E-01 3.665E-01 -2.191 E+01 
63 4.544E-02 6.794E-09 9.919E-02 6.120E-01 2.423E-1 0 1.513E-01 1.073E-01 4.460E-01 3.857E-01 -2.151 E+01 
64 5.499E-02 4.681 E-09 1.980E-02 9.927E-01 1.357E-08 1.455E-01 6.761 E-01 4.375E-01 3.473E-01 -2.177E+01 
65 2.81 OE-02 2.293E-09 1 .413E-01 9.178E-01 9.936E-09 8.331 E-02 5.036E-02 3.535E-01 4.544E-01 -2.081 E+01 
66 9.633E-02 8.857E-09 4.421 E-01 1.287E-01 2.928E-09 5.813E-02 2.075E-01 4.576E-01 4.164E-01 -2.231 E +01 
67 5.864E-03 9.458E-09 1.858E-01 3.687E-01 8.269E-1 0 1.328E-01 1.136E+OO 3.695E-01 3.597E-01 -2.094E+01 
68 1.134E-01 2.460E-09 4.183E-02 4.695E-01 1.067E-09 1.927E-01 7.354E-02 3.347E-01 4.317E-01 -2.165E+01 
69 6.604E-03 7.825E-09 4.264E-01 3.850E-01 1.472E-08 1.471 E-01 8.473E-01 3.170E-01 4.200E-01 -2.159E+01 
70 1.904E-03 1.351 E-09 4.095E-01 3.248E-01 4.814E-1 0 5.544E-02 1.31 OE+OO 4.204E-01 3.972E-01 -2.359E+01 

Material 

Parameter 

RUN NO. 

BCEXP 

X(11) 

BCFLG BCBRSAT 

X(12) X(13) 

BCGSSAT MBPERM MBPOR 

~1~ ~1~ ~1~ 

TZPORF 

X(17) 

MBPRES BPPRES 

X(18) X(19) 

BPSTOR 

X(20) 

9.679E+OO O.OOOE+OO 8.789E-02 2.330E-01 -1.785E+01 2.866E-02 2.165E-02 1.202E +07 1.543E+07 1.947E-01 
2 4.966E-01 1.000E+OO 1.457E-01 1.259E-01 -1.977E+01 6.990E-03 4.764E-01 1.300E+07 1.458E+07 3.996E-01 
3 6.790E-01 1.000E+OO 1.849E-01 2.166E-01 -1.804E+01 2.897E-02 7.123E-01 1.260E+07 1.561 E+07 1.364E-01 
4 5.182E+OO 1.000E+OO 1.726E-01 1.890E-01 -1.930E+01 5.613E-03 9.978E-01 1.201 E+07 1.511 E+07 9.468E-01 
5 4.071 E-01 1.000E+OO 1.988E-01 1.459E-01 -1.994E+01 2.056E-02 6.428E-02 1.233E+07 1.600E+07 1.657E-01 
6 6.142E+OO O.OOOE+OO 3.317E-01 4.793E-02 -1.982E+01 1.375E-02 9.602E-01 1.256E+07 2.082E+07 3.368E-01 
7 1.099E+OO O.OOOE+OO 3.543E-02 1.622E-01 -1.975E+01 2.593E-02 2.709E-01 1.245E+07 1.407E+07 2.578E-01 
8 6.448E+OO 1.000E+OO 3.866E-01 2.852E-02 -1.874E+01 3.185E-03 5.669E-01 1.250E+07 1.874E+07 1.565E-01 
9 4.261 E-01 1.000E+OO 3.408E-01 1.869E-01 -1.991 E+01 2.727E-02 4.401 E-01 1.230E+07 1.306E+07 1.483E-01 

10 1.517E+OO 1.000E+OO 7.900E-02 3.481 E-01 -1.728E +01 9.677E-03 2.896E-01 1.238E +07 1.972E+07 8.469E-02 
11 5.125E-01 O.OOOE+OO 2.717E-01 2.003E-01 -1.988E +01 2.573E-03 6.303E-01 1.227E +07 2.01 OE+07 8.790E-02 
12 7.496E+OO 1.000E+OO 1.410E-01 2.862E-01 -1.865E+01 9.827E-03 5.472E-01 1.236E+07 2.097E+07 8.068E-02 
13 2.249E+OO 1.000E+OO 3.650E-01 2.937E-01 -1.931 E+01 1.661 E-02 7.349E-02 1.277E +07 1.845E+07 7.603E-01 
14 3.062E-01 1.000E+OO 8.366E-03 1.736E-01 -2.000E+01 1.960E-02 4.472E-01 1.272E+07 1.683E+07 4.436E-02 
15 4.462E-01 O.OOOE+OO 2.31 OE-01 3.835E-01 -1.968E+01 1.159E-03 8.622E-01 1.279E +07 1.535E+07 4.805E-02 
16 5.359E-01 1.000E+OO 3.789E-01 2.172E-01 -1.829E+01 5.870E-03 7.594E-01 1.220E+07 1.357E+07 2.458E-01 
17 5.919E+OO O.OOOE+OO 1.113E-01 3.806E-01 -1.924E+01 2.395E-02 8.442E-01 1.297E+07 1.803E+07 1.258E-01 
18 5.873E-01 O.OOOE+OO 2.947E-01 8.612E-03 -1.918E+01 6.137E-03 3.866E-01 1.248E+07 2.042E+07 1.308E-01 
19 2.005E+OO 1.000E+OO 1.164E-01 1.667E-01 -1.934E+01 6.255E-03 7.942E-01 1.286E+07 2.047E+07 3.845E-01 
20 6.709E-01 1.000E+OO 1.294E-01 3.211 E-01 -1.935E+01 1.707E-02 7.418E-01 1.295E+07 1.817E+07 3.349E-01 
21 2.259E-01 O.OOOE+OO 1.977E-02 2.233E-01 -1.894E+01 2.350E-02 2.158E-01 1.207E+07 1.961 E+07 1.515E-01 
22 1.434E+OO 1.000E+OO 2.183E-01 1.871 E-02 -1.913E+01 2.603E-02 7.201 E-01 1.216E+07 1.990E+07 1.931 E+OO 
23 7.099E+OO 1.000E +00 2.388E-01 4.523E-02 -1.945E +01 2.992E-02 8.192E-01 1.21 OE +07 1.929E+07 1.816E-01 
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Appendix c: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter BCEXP BCFLG BCBRSAT 

RUN NO. X(11) X(12) X(13) 

BCGSSAT MBPERM MBPOR 

X(1~ X(1~ ~1~ 

TZPORF 

X(17) 

MBPRES BPPRES 

X(18) X(19) 

BPS TOR 

X(20) 

24 4.327E-01 1.000E+OO 6.127E-02 2.643E-01 -1.921 E+01 1.471 E-02 1.909E-01 1.243E+07 2.006E+07 3.497E-02 

25 2.761 E+OO 1.000E+OO 3.051 E-01 9.990E-02 -1.949E+01 2.472E-02 8.779E-01 1.214E+07 1.379E+07 5.503E-01 

26 5.266E+OO 1.000E+OO 2.470E-01 6.806E-02 -1.962E+01 1.882E-02 8.054E-01 1.252E+07 1.490E+07 3.907E-02 

27 8.333E+OO 1.000E+OO 2.128E-01 7.573E-02 -1.966E+01 2.274E-03 4.993E-01 1.268E+07 1.773E+07 8.291 E-01 

28 7.946E+OO O.OOOE+OO 3.474E-01 1.527E-01 -1.971E+01 2.883E-03 2.091E-01 1.219E+07 1.793E+07 2.722E-01 

29 6.041 E-01 1.000E+OO 3.304E-01 3.578E-01 -1.951 E+01 1.268E-02 1.152E-01 1.277E+07 1.382E+07 1.189E-01 

30 2.004E-01 O.OOOE+OO 1.405E-02 1.553E-01 -1.913E+01 8.791 E-03 9.132E-01 1.221 E+07 1.566E+07 3.610E-01 

31 3.316E-01 1.000E+OO 2.113E-01 2.405E-01 -2.049E+01 1.765E-02 3.827E-01 1.212E+07 1.887E +07 5.362E-02 

32 8.880E+OO 1.000E+OO 3.143E-01 3.755E-01 -1.998E+01 2.093E-02 9.418E-01 1.257E+07 1.428E+07 7.034E-02 

33 5.220E-01 1.000E+OO 1.053E-01 3.419E-01 -1.833E+01 6.664E-03 9.820E-01 1.206E+07 1.853E+07 1.092E-01 

34 8.652E+OO O.OOOE+OO 2.515E-01 3.628E-01 -1.991 E+01 9.1 03E-03 5.828E-01 1.224E+07 1.398E+07 2.319E-01 

35 3.947E-01 1.000E+OO 2.907E-01 1.339E-01 -1.955E+01 2.423E-03 7.825E-01 1.218E+07 1.786E+07 6.246E-02 

36 2.750E-01 1.000E+OO 3.709E-01 3.696E-01 -1.970E+01 2.712E-02 6.279E-01 1.241 E+07 2.056E+07 2.884E-01 

37 6.978E+OO 1.000E+OO 2.265E-01 3.079E-02 -1.959E+01 5.096E-03 5.286E-01 1.270E+07 1.767E+07 9.572E-02 

38 2.964E+OO 1 OOOE+OO 1.781 E-01 3.962E-01 -1.882E+01 1.894E-03 6.447E-01 1.243E+07 1.447E+07 1.412E-01 

39 2.606E-01 1.000E+OO 1.633E-01 3.724E-02 -1.925E+01 1.009E-02 6.724E-01 1.283E+07 1.635E+07 2.122E-01 

40 2.416E-01 1.000E+OO 2.434E-01 1.110E-01 -1.868E+01 2.276E-02 1.097E-01 1.254E+07 1.504E+07 7.721 E-02 

41 5.749E-01 1.000E+OO 1.334E-01 1.065E-01 -1.840E+01 1.802E-02 1.518E-01 1.251E+07 1.475E+07 2.549E-01 

42 5.484E-01 O.OOOE+OO 3.964E-01 3.350E-01 -2 063E+01 2.199E-02 4.115E-01 1.274E+07 1.581 E+07 7.030E-01 

43 4.000E+OO O.OOOE+OO 3.907E-01 1.204E-01 -1.857E+01 5.179E-03 4.205E-01 1.227E+07 1.588E+07 6.006E-02 

44 3.605E-01 O.OOOE+OO 2.598E-01 5.735E-02 -1.927E+01 3.901 E-03 2.482E-01 1.208E+07 1.462E+07 6.582E-01 

45 3.239E-01 1.000E+OO 1.583E-01 9.419E-02 -1.901 E+01 9.387E-03 2.787E-01 1.265E+07 1.361 E+07 1.209E-01 

46 4.606E-01 1.000E+OO 6.517E-02 2.388E-01 -1.978E+01 2.828E-02 8.963E-01 1.232E+07 1.897E+07 4.544E-01 

47 3.476E+OO 1.000E+OO 3.178E-01 2.606E-01 -1.904E+01 6.570E-03 1.412E-01 1.293E +07 1.648E+07 5.341 E-01 

48 7.708E+OO O.OOOE+OO 4.551E-02 2.075E-01 -1.985E+01 2.239E-02 9.268E-01 1.288E+07 1.940E+07 1.113E-01 

49 3.753E-01 1.000E+OO 5.011 E-02 6.990E-02 -1.816E+01 1.682E-03 9.470E-01 1.229E+07 1.415E+07 1.703E-01 

50 3.539E-01 1.000E+OO 1.899E-01 1.985E-01 -1.961 E+01 1.289E-02 6.970E-01 1.266E+07 1.318E+07 2.231 E-01 

51 5.600E-01 1 OOOE+OO 2.318E-02 1.181E-02 -1.639E+01 7.844E-03 3078E-01 1.293E+07 1.631E+07 6.020E-01 

52 3.237E+OO O.OOOE+OO 1.504E-01 3.886E-01 -1.906E+01 4.713E-03 7.463E-01 1.297E+07 1.716E+07 1.251E+OO 

53 6.741 E+OO 1.000E+OO 2.847E-01 1.806E-01 -1.811 E+01 1.590E-02 3.382E-01 1.263E+07 1.731 E+07 2.000E-02 

54 4.720E-01 O.OOOE+OO 1.659E-01 2.729E-01 -1.984E+01 1.450E-02 3.559E-01 1.259E+07 1.982E+07 1.000E-01 

55 6.503E-01 O.OOOE+OO 3.245E-01 3.033E-01 -1.699E+01 2.003E-02 5.037E-01 1.247E+07 1.689E+07 3.050E-01 

56 4.848E+OO O.OOOE+OO 9.277E-02 5.221 E-02 -1.996E+01 1.165E-02 8.402E-01 1.276E+07 1.336E+07 3.112E-01 

57 9.211 E+OO 1.000E+OO 5.116E-03 2.777E-01 -2.028E+01 4.563E-03 4.489E-02 1.210E+07 1.907E+07 4.921 E-01 

58 6.406E-01 1.000E+OO 3.488E-01 3.298E-01 -1.847E+01 8.711 E-03 3.184E-01 1.239E+07 1.937E+07 2.852E-01 

59 8.958E+OO 1.000E+OO 8.512E-02 3.127E-01 -1.910E+01 2.516E-02 9.379E-02 1.269E+07 1.711 E+07 4.277E-01 

60 9.862E+OO 1.000E+OO 7.038E-02 8.194E-02 -1.902E+01 8.260E-03 6.020E-01 1.283E+07 1.526E+07 2.881 E-02 

61 8.049E-01 1.000E+OO 2.791 E-01 1.389E-01 -1.938E+01 7.384E-03 1.695E-01 1.216E+07 1.835E+07 1.518E+OO 

62 2.863E-01 1.000E+OO 3.599E-01 2.512E-01 -1.826E+01 1.225E-02 3.707E-01 1.289E+07 1.748E+07 1.920E-01 

63 3.754E+OO O.OOOE+OO 2.001 E-01 2.836E-01 -1.602E+01 4.109E-03 6.620E-01 1.225E+07 1.616E+07 1.739E-01 

64 2.495E+OO 1.000E+OO 2.932E-02 8.702E-02 -1.957E+01 3.739E-03 4.692E-01 1.285E+07 1.739E+07 4.756E-01 

65 2.541 E-01 1.000E+OO 2.641 E-01 3.510E-01 -1.943E+01 7.470E-03 5.998E-01 1.280E+07 2.072E+07 3.755E-01 

66 6.915E-01 O.OOOE+OO 1.238E-01 3.163E-01 -1.940E+01 3.533E-03 3.140E-03 1.236E+07 1.671 E+07 1.027E +00 

67 5.589E+OO O.OOOE+OO 5.635E-02 2.537E-01 -1.886E+01 8.191 E-03 2.424E-01 1.258E+07 1.326E+07 2.200E-01 

68 4.520E+OO O.OOOE+OO 3.024E-01 2.997E-01 -1.917E+01 1.076E-02 5.214E-01 1.263E+07 2.026E+07 2.027E-01 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF 

X(17) 

MBPRES BPPRES BPSTOR 

X(20) RUN NO. X(11) X(12) X(13) ~1~ ~1~ X(1~ X(18) X(19) 

69 4.327E+OO 1.000E +00 3.715E-01 4.839E-03 -1.948E+01 1.519E-02 1.780E-01 1.291 E+07 1.658E+07 6.938E-02 

70 6.277E-01 1.000E+OO 1.013E-01 1.192E-01 -2.087E+01 1.489E-03 3.635E-02 1.203E +07 1.862E+07 1.034E-01 

Material 

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM SOLNP 

X(26) 

SOLPU 

X(27) 

SOLRA 

X(28) 

SOLTH 

X(29) 

SOLU 

X(30) RUN NO. X(21) X(22) X(23) X(24) X(25) 

2 
3 

4 

5 

6 
7 
8 

9 

10 

11 

12 

13 

14 
15 

16 

17 

18 

19 

20 
21 

22 
23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

C-10 

3.223E-13 4.087E-01 6.459E-01 2.756E-01 -9.664E+OO -9.454E+OO -8.853E+OO 1.256E+OO -5.739E+OO -2.746E-01 

2.683E-13 3.780E-01 

2.054E-13 4.214E-01 

1.000E-11 3.908E-01 

4.051 E-12 2.788E-01 

2.328E-13 3.668E-01 

1.257E-12 4.100E-01 

7.713E-12 2.949E-01 

9.434E-14 2.762E-01 

1.322E-12 3.603E-01 

3.378E-14 3.320E-01 

2016E-12 3.950E-01 

8.206E-14 4.189E-01 

1.646E-12 3.416E-01 
1 .042E-12 3.357E-01 

8.788E-14 2.932E-01 

2.761 E-13 2.847E-01 

2.585E-12 3.234E-01 

2.966E-13 4.262E-01 

2.257E-13 3.390E-01 

2.489E-13 3.090E-01 

8.276E-13 4.158E-01 

1.624E-13 3.058E-01 

3.118E-13 2.804E-01 

1.708E-13 4.326E-01 

4.007E-13 2.697E-01 

6.130E-13 2.689E-01 

8.499E-13 3.707E-01 

3.628E-13 3.340E-01 

1.334E-13 4.280E-01 

5.200E-13 3.932E-01 

3.473E-13 4.428E-01 

7 .358E-14 2.877E-01 

4.264E-13 3.581 E-01 

1.422E-13 3.740E-01 

2.846E-14 3.194E-01 

2.197E-14 3.832E-01 

9.957E-14 2.975E-01 

3.485E-01 3.806E-01 -9.123E+OO -1.513E+01 -1.368E+01 1.094E+OO -6.470E+OO -3.643E+OO 

2.818E-01 3.888E-01 -9.693E+OO -6.185E+OO -1.359E+01 1.248E+OO -1.132E+01 -2.513E+OO 

6.879E-01 3.087E-01 -6.752E+OO -1.192E+01 -8.339E+OO 1.110E+OO -1.138E+01 -5.123E+OO 

2.059E-01 2.964E-01 -8.758E+OO -6.916E+OO -6.509E+OO 9.393E-01 -1.046E+01 -4.858E+OO 

4.707E-01 4.151 E-01 -9.320E+OO -5.71 OE +00 -5.862E+OO 1.251 E+OO -6.704E+OO -4.508E+OO 

3.375E-02 4.445E-01 -9.300E+OO -4.863E +00 -7.801 E+OO 1.132E+OO -1.019E+01 -6.874E+OO 

1.731E-01 4.110E-01 -6.699E+OO -7.652E+OO -1.235E+01 1.043E+OO -9.188E+OO -4.763E+OO 

9.720E-01 4.628E-01 -9.277E+OO -1.019E+01 -1.045E+01 5.121 E-01 -6.572E+OO -3.402E+OO 

4.759E-01 4.793E-01 -9.613E+OO -6.526E+OO -1.172E+01 1.107E+OO -9.756E+OO -2.987E+OO 

7.262E-01 3.501E-01 -1.740E+OO -4.591E+OO -1.193E+01 9.632E-01 -8.166E+OO -2.066E+OO 

6.321 E-01 3.695E-01 -1.012E+01 -9.369E+OO -1.019E+01 1.015E+OO -1.068E+01 -1.081 E+01 

9.091 E-01 2.689E-01 -9.926E+OO -3.360E+OO -8.118E+OO 1.127E+OO -1.212E+01 -1.980E+OO 

7.358E-01 4.108E-01 -4.602E+OO -7.190E+OO -1.475E+01 1.234E+OO -7.740E+OO -2.399E+OO 

5.136E-01 4.016E-01 -6.398E+OO -9.919E+OO -1.062E+01 1.072E+OO -1.095E+01 -2.817E +00 

1.927E-01 3.455E-01 -6.618E-01 -2.674E+OO -6.321 E+OO 1.258E +00 -9.91 OE+OO -2.327E+OO 

6.611E-01 3.468E-01 -1.019E+01 -6.337E+OO -1.081E+01 1.176E+OO -1.523E+01 -1.339E+01 

9.689E-01 4.896E-01 -7.632E +00 -1.428E+01 -8.256E+OO 1.163E+OO -1.444E+01 -4.146E+OO 

7.876E-01 4.204E-01 -4.225E+OO -2.066E+OO -7.325E+OO 1.028E+OO -7.944E+OO -4.375E+OO 

2.651 E-02 3.653E-01 -9.898E+OO -7.503E+OO -8.882E+OO 9.832E-01 -9.571 E+OO -4.058E+OO 

4.326E-01 3.356E-01 -1.027E+01 -5.897E+OO -7.599E+OO 9.884E-01 -1.420E+01 -4.687E+OO 

4.229E-01 4.176E-01 -4.820E+OO -6.835E+OO -1.555E+01 8.333E-01 -1.376E+01 -1.781 E+OO 

5.226E-01 4.589E-01 -9.760E+OO -5.568E+OO -6.234E+OO 6.281 E-01 -7.353E+OO -6.526E+OO 

8.593E-01 3.926E-01 -5.607E+OO -3.709E+OO -9.050E+OO 1.057E+OO -6.334E+OO -6.016E+OO 

5.463E-01 3.837E-01 -1.132E+01 -5.467E+OO -7.503E+OO 8.892E-01 -1.154E+01 -2.181E+OO 

3.01 OE-01 3.538E-01 -8.257E+OO -5.816E+OO -7.11 OE+OO 1.242E+OO -9.030E+OO -2.048E+OO 

7.530E-01 3.966E-01 -9.486E+OO -8.816E+OO -1.518E+01 1.228E+OO -1.120E+01 -3.036E+OO 

2.271 E-01 3.336E-01 -1.403E +00 -7.086E+OO -1.454E+01 8.135E-01 -1.045E+01 -2.485E+OO 

8.769E-01 3.255E-01 -8.532E+OO -1.355E+01 -7.762E+OO 7.736E-01 -7.196E+OO -3.542E+OO 

4.486E-01 4.236E-01 -2.966E+OO -8.271 E+OO -9.508E+OO 9.546E-01 -1.185E+01 -2.299E+OO 

5.816E-02 5.669E-01 -9.447E+OO -9.102E+OO -1.500E+01 9.722E-01 -1.244E+01 -1.965E-01 

4.029E-01 4.427E-01 -3.580E+OO -7.308E+OO -8.633E+OO 6.622E-01 -1.335E+01 -7.758E+OO 

5.914E-01 3.673E-01 -1.004E+01 -6.684E+OO -8.610E+OO 4.520E-01 -6.046E+OO -2.560E+OO 

8.248E-01 4.057E-01 -9.162E+OO -7.894E+OO -1.409E+01 1.201E+OO -8.763E+OO -3.749E+OO 

8.017E-02 4.330E-01 -1.1 07E+01 -7.348E+OO -1.591 E+01 1.156E+OO -5.862E+OO -3.444E+OO 

9.552E-02 3.818E-01 -9.405E+OO -6.590E+OO -1.488E+01 1.1 OOE+OO -1.11 OE+01 -5.092E+OO 

4.946E-01 3.291 E-01 -9.817E+OO -1.154E+01 -4.335E+OO 6.835E-01 -9.880E+OO -2.416E+OO 

3.215E-01 4.661E-01 -1.017E+01 -4.659E+OO -9.720E+OO 1.171E+OO -1.299E+01 -1.695E+OO 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SO LAM SOLNP SOLPU SOLRA SOLTH SOLU 

RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27} X(28) X(29) X(30) 

39 4.797E-12 4.398E-01 2.449E-01 2.877E-01 -9 OSOE+OO -5.345E+OO -9.307E+OO 1.005E+OO -7.002E+OO -6.833E-01 

40 2.160E-12 3.635E-01 7.612E-01 4.456E-01 -7.907E+OO -5.953E+OO -1.108E+01 1.206E+OO -1.209E+01 -5.830E+OO 

41 4.710E-13 2.826E-01 7.731 E-01 4.525E-01 -8.640E-01 -5.218E+OO -1.290E+01 5.719E-01 -7.589E+OO -4.022E+OO 

42 3.221E-12 2.914E-01 6.280E-01 4.486E-01 -1.000E+01 -3.013E+OO -6.828E+OO 3.350E-01 -8.923E+OO -1.357E+OO 

43 6.646E-14 3.968E-01 1.669E-01 3.749E-01 -3.156E+OO -6.788E+OO -6.742E+OO 9.415E-01 -1.455E+01 -5.469E+OO 

44 5.226E-14 3.016E-01 9.254E-01 4.166E-01 -9.232E+OO -2.260E+OO -9.871 E+OO 1.183E+OO -1.163E+01 -5.276E+OO 

45 3.887E-13 4.034E-01 8.107E-01 3.986E-01 -9.006E+OO -8.645E+OO -6.077E+OO 1.139E+OO -1.076E+01 -6.340E+OO 

46 5.483E-13 3.114E-01 3.988E-01 4.273E-01 -5.388E+OO -1.470E+01 -7.027E+OO 1.189E+OO -1.291E+01 -1.213E+OO 

47 1.802E-12 4.134E-01 9.369E-01 4.336E-01 -9.372E +00 -5.527E +00 -9.985E +00 1.221 E +00 -1.023E +01 -2.244E+OO 

48 1.023E-12 3.883E-01 9.918E-01 3.872E-01 -6.016E+OO -8.125E+OO -1.224E+01 1.087E +00 -1.01 OE +01 -1.434E+OO 

49 2.071E-13 3.150E-01 9.525E-01 3.422E-01 -1.204E+01 -7.061 E+OO -1.088E+01 3.447E-01 -1.391 E+01 -2.114E+OO 

50 1.146E-13 4.051 E-01 5.620E-02 3.920E-01 -7.225E+OO -8.524E+OO -9.635E+OO 1.244E+OO -1.345E+01 -6.980E+OO 

51 1.853E-13 3.150E-01 1.018E-01 3.712E-01 -8.886E+OO -1.039E+01 -9.217E+OO 9.675E-01 -8.234E+OO -5.521 E+OO 

52 7.378E-13 3.024E-01 3.290E-01 5.479E-01 -8.310E+OO -5.064E+OO -7.013E+OO 1.027E+OO -7.531 E+OO -2.687E+OO 

53 1.754E-13 3.516E-01 6.830E-01 4.295E-01 -2.568E+OO -1.001 E+01 -5.636E+OO 1.001 E+OO -1.179E+01 -1.011 E+OO 

54 9.068E-13 3.851 E-01 8.436E-01 3.540E-01 -3.924E+OO -5.136E+OO -5.334E+OO 1.147E+OO -1.430E+01 -2.736E+OO 

55 6.937E-13 3.293E-01 2.628E-01 4.032E-01 -2.032E+OO -9.169E+OO -6.906E+OO 9.326E-01 -1.272E +01 -6.019E-01 

56 5.605E-14 3.612E-01 8.309E-01 3.399E-01 -9.552E+OO -7.756E+OO -1.117E+01 1.121 E+OO -9.535E+OO -4.278E+OO 

57 4.087E-14 3.450E-01 5.791E-01 4.975E-01 -6.351 E+OO -1.01 OE+01 -7.276E+OO 8.800E-01 -1.491 E +01 -3.903E +00 

58 1.125E-12 4.304E-01 6.134E-01 4.375E-01 -1.283E +01 -9.544E +00 -6.632E +00 5.178E-01 -7.088E+OO -6.654E+OO 

59 1.049E-13 3.476E-01 5.638E-01 2.559E-01 1.125E-01 -5.750E+OO -1.640E+01 4.217E-01 -9.366E+OO -6.291 E+OO 

60 6.800E-13 3.257E-01 1.180E-01 4.259E-01 -1.181E+01 -3.981E+OO -9.468E+OO 1.061 E+OO -9.261 E+OO -1.105E+OO 

61 1.546E-14 3.212E-01 2.890E-01 4.622E-01 -5.153E+OO -1.252E+01 -8.405E+OO 1.251 E+OO -6.910E+OO -3.247E+OO 

62 1.214E-13 4.239E-01 3.673E-01 3.780E-01 -8.009E+OO -8.928E+OO -1.122E+01 7.132E-01 -8.726E+OO -1.871 E+OO 

63 1.511E-13 4.346E-01 7.078E-01 5.198E-01 -6.916E +00 -6.1 03E +00 -1.306E +01 1.012E+OO -7.818E+OO -6.161E+OO 

64 6.340E-14 3.483E-01 1.539E-01 4.396E-01 -5.982E+OO -6.030E+OO -3.565E+OO 7.319E-01 -8.564E +00 -1.593E +00 

65 4.483E-14 4.005E-01 8.983E-01 4.081 E-01 -7.295E+OO -1.526E+01 -6.406E+OO 1.212E+OO -8.355E+OO -3.795E+OO 

66 6.107E-13 3.543E-01 3.857E-01 3.620E-01 -1.288E +01 -6.225E +00 -1.052E +01 1.037E+OO -1.481 E+01 -1.535E+OO 

67 1.434E-12 3.734E-01 1.422E-01 5.376E-01 -7.557E+OO -8.103E+OO -5.464E+OO 9.945E-01 -8.466E+OO -3.316E+OO 

68 5.128E-13 2.726E-01 9.745E-03 3.596E-01 -9.110E+OO -9.712E+OO -1.028E+01 9.491 E-01 -1.091 E +01 -3.1 OSE +00 

69 1.000E-14 3.795E-01 5.364E-01 4.543E-01 -1.038E+01 -6.366E+OO -1.533E+01 1.050E+OO -1.503E+01 -2.625E+OO 

70 4.531 E-13 4.387E-01 2.411 E-01 3.577E-01 -9.599E+OO -6.020E+OO -7.968E+OO 1.078E+OO -6.183E+OO -5.649E+OO 

Material 

Parameter CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCL YF CULCL YP FKDAM FKDNP FKDPU FKDTH 

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40) 

3.689E-01 1.347E-01 1.307E-03 3.149E+OO O.OOOE+OO 9.844E-02 2.1 OOE +00 -2.194E-01 1.137E+OO -1.263E+OO 

2 4.068E-01 5.823E-01 1.356E-03 1.078E-01 1.848E-01 4.169E-01 2.284E-01 -2.437E+OO 2.874E+OO -3.127E+OO 

3 6.714E-01 8.879E-01 3.436E-03 3.478E-01 O.OOOE+OO 3.011 E-01 -9.079E-01 2.591 E +00 -9.157E-01 9.695E-01 

4 5.721 E-01 3.1 06E-01 2.102E-03 4.629E+OO O.OOOE+OO 2.892E-01 2.045E+OO -2.084E+OO 2.942E+OO -7.889E-01 

5 4.952E-01 5.394E-01 2.416E-03 7.314E+OO 4.601 E-01 4.119E-01 2.249E+OO 2.370E+OO -1.004E-01 -1.208E+OO 

6 9.702E-01 1.115E-01 1.000E-02 6.791E+OO O.OOOE+OO 1.458E-01 3.185E-01 1.058E+OO 2.723E-01 3.758E-01 

7 2.787E-01 2.758E-01 3.077E-04 3.104E-01 O.OOOE+OO 3.002E-01 -2.487E-02 2.917E+OO 2.668E+OO -2.930E+OO 

8 9.213E-01 7.240E-01 2.443E-04 1.133E-01 O.OOOE+OO 2.134E-01 8.402E-01 2.522E+OO 2.572E+OO 2.835E-01 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCL YF CULCL YP FKDAM 

X(37) 

FKDNP 

X(38) 

FKDPU 

X(39) 

FKDTH 

X(40) RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) 

9 6.322E-01 8.636E-01 1.471 E-03 5.667E-01 O.OOOE+OO 1.050E-01 1.631 E-01 -2.822E+OO 2.830E+OO -2.469E+OO 

10 8.899E-01 1.227E-01 3.077E-03 4.288E+OO 2.777E-01 6 018E-02 2.138E+OO -3.622E+OO 8.307E-01 -1.198E+OO 

11 9.365E-01 9.966E-01 4.324E-04 2.807E+OO O.OOOE+OO 8.1 02E-02 9.633E-01 6.463E-02 -1.486E-02 -3.422E+OO 

12 9.128E-03 9.358E-01 3.571 E-03 3.387E-01 8.276E-02 1.836E-01 2.314E+OO 4.235E-01 6.207E-01 -1.693E+OO 

13 8.782E-01 9.174E-01 1.844E-03 9.675E-02 5.057E-02 1.946E-01 5.097E-01 -2.184E+OO 2.114E+OO -1.676E+OO 

14 5.275E-01 7.538E-03 1.275E-03 2.589E+OO O.OOOE+OO 4.739E-01 2.839E+OO 2.420E-01 2.413E+OO 5.278E-01 

15 6.464E-02 4.629E-01 1.944E-03 3.750E+OO O.OOOE+OO 4.237E-01 -1.944E+OO -2.335E+OO 9.381 E-02 3.394E-01 

16 1.002E-01 5.997E-01 1.175E-03 3.312E-01 2.076E-01 2.446E-01 5.779E-01 -2.194E+OO 2.888E+OO -1.085E+OO 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 
30 

31 

32 

33 

34 

35 

36 

6.130E-01 5.713E-01 7.672E-04 2.635E-01 O.OOOE+OO 3.395E-01 

7.468E-02 6.964E-01 9.308E-04 1.853E-01 6.629E-02 2.409E-01 

1.358E-01 6.647E-01 1.098E-03 2.927E-01 O.OOOE+OO 4.047E-01 

2.747E+OO 2.686E+OO 2.362E+OO -3.245E+OO 

2.077E+OO -2.010E+OO 2.601E+OO 8.519E-01 

2.198E-02 -2.068E+OO 8.928E-01 -2.913E+OO 

3.055E-01 4.519E-01 

8.639E-01 6.504E-01 

7.117E-01 5.489E-01 

5.492E-02 3.609E-01 

1.292E-04 8.809E-01 O.OOOE+OO 1.478E-01 1.851 E+OO 1.662E-01 1.407E+OO 7.119E-01 

2.871 E-03 1.981 E-01 3.766E-02 4.654E-01 -3.934E-01 -2.127E+OO 2.931 E+OO 7.650E-01 

2.659E-04 1.685E-01 4.767E-01 4.013E-01 4.069E-01 -3.252E+OO -3.630E+OO -1.514E+OO 

1.427E-03 3.799E-01 1.475E-01 4.972E-01 7.533E-02 -2.254E+OO 2.708E+OO 2.400E-01 

1.891 E-01 6.1 05E-01 1.817E-03 1.61 OE-01 1.991 E-01 2.791 E-01 

3.704E-02 6.827E-01 1.701 E-03 2.060E+OO O.OOOE+OO 3.211 E-01 

8.072E-01 9.053E-01 5.944E-04 6.057E+OO O.OOOE+OO 3.680E-01 

5.662E-01 5.1 OSE-01 2.522E-03 2.364E-01 1 .629E-01 3.630E-01 

3.500E-01 2.168E-02 4.626E-03 6.637E-02 O.OOOE+OO 3.145E-01 

4.453E-01 8.028E-01 3.027E-03 3.953E-01 3.330E-01 3.569E-01 

6.472E-01 6.217E-01 

5.367E-01 9.768E-01 

2.274E-03 1 .219E-01 3.679E-01 1.395E-01 

2.613E-03 5.169E+OO O.OOOE+OO 3.088E-01 

2.266E+OO 5.886E-01 1.633E+OO -1.903E+OO 

2.672E+OO -7.864E-01 3.397E-01 -1.060E+OO 

2.443E+OO -1.975E+OO 9.984E-01 -1.099E+OO 

1.231 E +00 4.460E-01 7.365E-01 -3.938E+OO 

2.718E+OO 1.864E+OO 4.774E-01 -1.348E-01 

2.403E+OO 6.590E-01 1.783E-01 5.844E-01 

2.930E+OO 2.308E+OO 9.142E-01 -1.227E+OO 

2.522E+OO 7.498E-01 2.739E+OO -1.021 E+OO 

9.048E-01 2.698E-01 5.894E-03 3.207E-01 O.OOOE+OO 1.097E-01 2.592E+OO 2.081 E+OO 2.497E+OO -2.254E+OO 

3.218E-01 4.387E-02 1.839E-04 1.555E+OO 2.868E-01 2.228E-01 2.881 E+OO -2.390E+OO 2.392E+OO -1.016E+OO 

1.817E-01 8.466E-01 1.000E-04 2.277E-01 O.OOOE+OO 4.303E-01 2.487E+OO -1.119E+OO 1.944E+OO 1.410E-01 

7.374E-01 2.333E-01 6.994E-04 4.443E+OO O.OOOE+OO 2.647E-01 -3.894E+OO 1.026E+OO 2.295E+OO -1.050E+OO 

1.243E-01 1.795E-01 6.654E-04 7.070E-02 O.OOOE+OO 2.275E-01 1.335E-01 1.244E+OO 2.764E+OO -1.181 E+OO 

37 8.156E-01 3.528E-01 4.016E-03 1.444E-01 4.450E-01 1.561 E-01 -7.678E-02 2.211 E+OO 2.445E+OO 4.460E-01 

38 5.551 E-01 6.568E-02 2 028E-03 1.945E-01 2.488E-01 4.386E-01 9.195E-02 1.654E+OO -1.884E+OO -5.709E-01 

39 3.355E-01 4.421E-01 1.546E-03 1.212E+OO 9.509E-02 4.534E-01 1.803E-02 -1.891E+OO 2.347E+OO -1.297E+OO 

40 4.853E-01 2.227E-01 1.024E-03 3.612E-01 2.600E-01 5.556E-02 1.870E-01 -1.825E+OO -1.014E+OO -1.241 E+OO 

41 7.923E-01 9.005E-02 8.515E-04 2.800E-01 O.OOOE+OO 7.060E-02 2.380E+OO 2.798E+OO 2.860E+OO -5.004E-02 

42 2.366E-01 1.481 E-01 6.353E-04 2.144E-01 O.OOOE+OO 9.389E-02 4.665E-01 -1.735E+OO -2.685E+OO 1.949E-01 

43 3.907E-01 1.870E-01 5.579E-04 7.386E+OO O.OOOE+OO 4.771 E-01 7.765E-01 -2.771 E+OO 4.188E-02 -3.708E+OO 

44 8.378E-01 3.195E-01 4.624E-04 1.368E+OO 4.333E-01 4.610E-01 2.579E+OO 1.145E+OO 2.462E+OO -6.334E-01 

45 1.691E-01 1.642E-01 6.700E-04 2.524E-01 O.OOOE+OO 1.320E-01 2.417E+OO -2.508E+OO -1.200E+OO -7.496E-01 

46 6.676E-01 7.674E-01 7.987E-04 4.783E+OO 3.280E-01 3.349E-01 2.187E+OO 1.785E+OO 2.487E+OO -3.650E+OO 

46 6.676E-01 7.674E-01 7.987E-04 4.783E+OO 3.280E-01 3.349E-01 2.187E+OO 1.785E+OO 2.487E+OO -3.650E+OO 

47 4.224E-01 4.110E-01 3.989E-04 7.852E+OO 3.862E-01 1.763E-01 2.562E-01 1.966E+OO 2.994E+OO -1.274E+OO 

48 4.385E-01 3.782E-01 3.626E-04 6.452E+OO 4.207E-01 2.578E-01 2.232E+OO 8.375E-01 5.452E-01 -2.831 E-01 

49 7.578E-01 7.722E-01 8.756E-04 6.025E+OO O.OOOE+OO 2.700E-01 3.579E-01 2.455E+OO 7.299E-01 -1.713E-01 

50 7.21 OE-01 5.186E-01 6.171 E-04 3.304E+OO 4.881 E-01 1.261 E-01 2.692E+OO -3.413E+OO 4.172E-01 1.715E-02 

51 6.205E-01 8.187E-01 1.611 E-03 1.823E+OO O.OOOE+OO 1.619E-01 1.977E+OO -1.950E+OO 6.136E-01 -2.148E+OO 

52 2.939E-01 9.520E-01 6.659E-03 5.554E+OO O.OOOE+OO 2.815E-01 2.148E+OO -2.317E+OO 2.643E+OO -5.250E-01 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCL YP 

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) 
FKDAM 

X(37) 

FKDNP 

X(38) 

FKDPU 

X(39) 

FKDTH 

X(40) 

53 8.836E-02 2.940E-01 3.815E-04 1.281 E-01 1.084E-01 3.886E-01 5.221 E-02 2.020E+OO 2.314E +00 -2.400E+OO 

54 9.512E-01 6.366E-01 3.283E-04 1.501 E-01 O.OOOE+OO 2.1 O?E-01 2.027E+OO -3.932E+OO 2.908E+OO 7.848E-01 

55 3.754E-01 7.419E-01 3.014E-04 5.735E+OO O.OOOE+OO 1.989E-01 -2.214E+OO 2.865E+OO 2.704E+OO -9.494E-01 

56 2.569E-01 2.058E-01 4.414E-04 2.211E-01 2.312E-02 1.147E-01 -3.157E+OO -1.324E+OO 2.754E+OO -1.159E+OO 

57 7.443E-01 7.629E-02 1.070E-03 7.231E-01 O.OOOE+OO 2.526E-01 -2.999E+OO -2.543E+OO 2.387E+OO -1.126E+OO 

58 9.975E-01 4.856E-01 2.223E-04 2.199E+OO O.OOOE+OO 4.464E-01 2.769E+OO 1.453E+OO 1.758E+OO -2.715E+OO 

59 5.879E-01 7.044E-01 9.522E-04 7052E+OO 1.229E-01 3.820E-01 6.146E-01 -1.870E+OO 1.317E+OO 9.363E-01 

60 8.512E-01 7.893E-01 5.273E-04 8.214E-02 7.808E-03 3.472E-01 2.981 E+OO -2.593E+OO 2.662E+OO -6.702E-01 

61 5.085E-01 7.507E-01 1.630E-03 3.520E-01 O.OOOE+OO 3.738E-01 2.954E+OO 1.567E+OO -4.994E-01 6.040E-01 

62 6.872E-01 3.605E-02 4.837E-03 3.871E-01 2.159E-01 4.813E-01 2.889E+OO -1.934E+OO 2.976E+OO -1.117E+OO 

63 2.096E-01 8.759E-01 9.785E-04 2.673E-01 3.076E-01 1.873E-01 6.946E-01 -5.562E-01 2.809E+OO 4.670E-02 

64 1.725E-02 4.210E-01 5.152E-04 3.611 E+OO 4.137E-01 8.630E-02 2.810E+OO 1.325E+OO 2.562E+OO -2.293E-01 

65 7.809E-01 3.890E-01 1.775E-04 4.006E+OO O.OOOE +00 3.917E-01 9.076E-01 8.677E-01 -3.815E-01 -4.160E-01 

66 1.453E-01 3.381 E-01 7.300E-04 2.497E+OO O.OOOE+OO 1.719E-01 2.554E+OO 3.185E-01 2.508E+OO -8.453E-01 

67 9.797E-01 8.423E-01 8.231E-04 3.017E-01 3.453E-01 4.905E-01 -1.380E+OO -2.036E+OO 2.246E-01 -1.144E+OO 

68 4.706E-01 2.480E-01 1.134E-03 6.490E +00 2.408E-01 6.800E-02 1.563E+OO -3.004E+OO 2.530E+OO -9.225E-01 

69 2.602E-01 4.888E-01 1.228E-03 7.588E+OO 1.395E-01 3.317E-01 2.618E+OO -3.263E-01 2.790E+OO -3.250E-01 

70 2.270E-01 9.583E-01 4.925E-04 5.379E+OO 3.802E-01 2.334E-01 2.345E+OO 1.477E+OO 2.609E+OO -4.852E-01 

Material 

Parameter 

RUN NO. 

FKDU 

X(41) 

FKDRA 

X(42) 

CULPOR 

X(43) 

MKDAM 

X(44) 

MKDNP 

X(45) 

MKDPU 

X(46) 

MKDTH 

X(47) 

MKDU 

X(48) 

MKDRA 

X(49) 

1 -1.973E+OO -3.324E+OO 1.143E-01 -5.213E-01 -2.949E+OO 1.081 E+OO -2.961 E+OO -9.568E-01 -7.915E-01 

2 -1.328E+OO -1.909E+OO 1.822E-01 -1.557E+OO -3.164E+OO -1.633E+OO -1.348E+OO -3.044E+OO -1.630E+OO 

3 -2.687E+OO -2.978E+OO 1.726E-01 -7.160E-01 -3.525E+OO -1.898E+OO -1.997E-01 -2.512E+OO -1.828E+OO 

4 -2.085E+OO -1.178E+OO 1.284E-01 -9.199E-01 -1.183E+OO -1.090E+OO -3000E-02 -4.026E-01 -6.370E-01 

5 -2.208E+OO -1.406E+OO 1.220E-01 1583E+OO 9.019E-01 -2.061E+OO -3.493E+OO -3.570E+OO -1.886E+OO 

6 -2.260E+OO -3.510E+OO 1.783E-01 -8.983E-01 -2.889E+OO -2.012E+OO -1.968E+OO -3.023E+OO -9.798E-01 

7 -2.393E+OO -2.639E-01 1.206E-01 -4.012E-01 -3.499E+OO -1.232E+OO -1.641 E+OO -6.873E-01 -5.865E-01 

8 -2.150E+OO -1.846E+OO 1.045E-01 1.199E+OO -3.115E+OO 1.638E+OO -2.146E+OO -2.873E+OO -2.569E+OO 

9 -2.221E+OO -8.716E-01 1.210E-01 -8.154E-01 -3.275E+OO -2.104E+OO -8.599E-01 -1.108E+OO -1.797E+OO 

10 

11 

-3.274E+OO 5.759E-01 

-2.008E+OO -7.792E-01 

1.634E-01 -9.658E-01 -1.305E+OO -1.152E+OO -2.052E+OO -3061E+OO -3.144E+OO 

1.788E-01 9.574E-01 1.949E+OO -1.230E-01 -2.225E+OO -1.026E+OO 4.770E-01 

12 -1.851E+OO -1.648E+OO 1.374E-01 2.117E-01 -3.437E+OO -1.792E+OO -2.029E+OO -3.787E+OO -2.693E+OO 

13 -2.182E+OO 2.384E-01 1.115E-01 1.799E+OO -9.035E-01 -7.714E-01 -2.412E+OO -2.830E+OO -2.651E+OO 

14 -2.042E+OO 1.483E-01 1.259E-01 8.448E-01 1.102E+OO -3.750E+OO -3.756E+OO -3.262E+OO -3.232E+OO 

15 -2.115E+OO -1.763E+OO 1.075E-01 -3.158E-01 -2.825E+OO 9.417E-01 -2.862E+OO -6.235E-01 -2.179E+OO 

16 -2.414E+OO -1.397E+OO 1.229E-01 -5.761 E-01 -7.990E-01 -3.805E+OO -3.379E+OO -1.077E+OO -9.146E-01 

17 -2.479E+OO 7.485E-01 1.446E-01 -3.411 E+OO -1.597E+OO -8.047E-01 -2.073E+OO -1.248E+OO 9.659E-01 

18 -3.923E+OO -1.916E+OO 1.782E-01 1.136E+OO 1.558E+OO -2.176E+OO -2.169E+OO -1.131E+OO -1.056E+OO 

19 -2.931E+OO -1.805E+OO 7.602E-02 -8.255E-01 -1.283E+OO 1.113E+OO -1.008E+OO -1.291E+OO -2.474E+OO 

20 -2.447E+OO -1.377E+OO 2.052E-01 -8.912E-01 7.450E-01 1.309E+OO -3.085E+OO -1.154E+OO -4.022E-01 

21 -2.311E+OO -1.599E+OO 1.050E-01 3.747E-01 -3.720E+OO 6.354E-01 -2.706E+OO -3.192E+OO -3.458E+OO 

22 -2.899E+OO -1.306E+OO 1.311 E-01 -1.002E+OO -3.196E+OO -2.878E+OO -2.133E+OO -9.999E-01 -1.586E+OO 

23 -1.685E+OO 8.752E-01 1.422E-01 -1.254E-01 1.817E+OO 1.748E+OO -1.699E+OO -1.364E-02 -1.859E+OO 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA 
Calculations (Continued) 

Material 

Parameter 

RUN NO. 

FKDU 

X(41) 

24 -2.521 E+OO 

25 -1.892E+OO 

26 -3.430E+OO 

27 -2.772E+OO 

28 -3.605E-01 

29 -3.642E+OO 

30 -3.740E+OO 

31 -2.054E+OO 

32 -2.507E+OO 

33 -1.874E+OO 

34 -1.930E+OO 

35 -2.595E+OO 

36 -1.839E+OO 

37 -1.782E+OO 

38 -6.954E-01 

39 -1.978E+OO 

40 -6.488E-02 

41 -3.132E+OO 

42 -2.357E+OO 

43 -3.325E+OO 

44 -4.902E-01 

45 -2.235E+OO 

46 -1.243E+OO 

47 -2.096E+OO 

48 -1.514E+OO 

49 -1.889E+OO 

50 -1.820E+OO 

51 -1.544E-01 

52 -6.399E-01 

53 -2.031E+OO 

54 -9.314E-01 

55 -8.030E-01 

56 -3.560E+OO 

57 -1.935E+OO 

58 -1.906E+OO 

59 -1.995E+OO 

60 -2.069E+OO 

61 -2.423E+OO 

62 -3.083E+OO 

63 -2.143E+OO 

64 -2.544E+OO 

65 -2.346E+OO 

66 -3.859E+OO 

67 -2.563E+OO 

68 -2.293E+OO 

69 -1.076E+OO 

70 -1.960E+OO 

C-14 

FKDRA 

X(42) 

-3.915E+OO 

-1.516E+OO 

-1.341 E+OO 

-2.646E+OO 

3.550E-01 

-1.452E+OO 

-1.223E+OO 

-1.674E+OO 

-2.124E+OO 

-1.948E+OO 

-3.411 E+OO 

9.350E-01 

-3.820E+OO 

-5.875E-01 

-1.709E+OO 

-3.008E+OO 

-1.734E+OO 

-3.663E+OO 

-1.363E+OO 

-2.766E+OO 

-1.416E+OO 

4.820E-01 

-1.155E-01 

4.563E-02 

-2.353E+OO 

-1.526E+OO 

-2.019E+OO 

-1.863E+OO 

-1.361 E+OO 

-1.153E+OO 

-1.558E+OO 

-1.089E+OO 

-1.482E+OO 

-2.511 E+OO 

-3.232E+OO 

-6.297E-01 

-1.029E+OO 

-2.027E-01 

-1.624E+OO 

-1.309E+OO 

-1.436E+OO 

-3.999E-01 

-1.793E+OO 

-2.268E+OO 

-1.459E+OO 

-1.974E+OO 

-1.322E+OO 

CULPOR 

X(43) 

1.451 E-01 

2.034E-01 

2.078E-01 

1.647E-01 

1.889E-01 

1.554E-01 

1.662E-01 

1.020E-01 

1.224E-01 

1.255E-01 

1.458E-01 

2.021 E-01 

1.718E-01 

1.099E-01 

1.196E-01 

1.328E-01 

1.916E-01 

1.431 E-01 

9.562E-02 

1.215E-01 

1.593E-01 

1.617E-01 

1.368E-01 

7.999E-02 

1.462E-01 

1.231 E-01 

6.405E-02 

1.065E-01 

2.452E-01 

1.618E-01 

2.184E-01 

1.793E-01 

1.617E-01 

1.488E-01 

1.784E-01 

1.409E-01 

9.787E-02 

1.171 E-01 

1.781 E-01 

1.151 E-01 

1.624E-01 

1.004E-01 

2.062E-01 

2.387E-01 

1.238E-01 

1.780E-01 

1.617E-01 

MKDAM 

X(44) 

MKDNP 

X(45) 

MKDPU 

X(46) 

-1.690E+OO -3.683E+OO -9.208E-01 

-9.375E-01 -7.844E-01 8.066E-01 

-1.197E+OO -3.990E+OO -5.145E-01 

MKDTH 

X(47) 

MKDU 

X(48) 

-1.124E +00 -9.652E-02 

MKDRA 

X(49) 

-1.960E+OO 

-3.880E+OO -3.297E+OO -3.759E+OO 

-2.781E+OO -8.614E-01 -3.628E+OO 

5.074E-01 -1.389E+OO 1.863E+OO -3.269E+OO -1.216E+OO -3.257E+OO 

-9.915E-01 -3.889E+OO -3.191E+OO -2.616E+OO -4.194E-01 -1.908E+OO 

1.352E+OO 1.414E +00 -2.277E-01 -1.699E-01 -3.213E+OO -1.663E-02 

-6.191 E-01 -1.020E +00 -4.121 E-01 -8.300E-01 -1.051 E+OO -3.835E+OO 

-1.088E+OO 2.580E-01 -3.806E-01 -3.684E+OO -2.781 E-01 -1.538E+OO 

6.149E-01 -3.105E+OO 4.431E-01 -1.594E+OO -2.981 E+OO -3.372E+OO 

6.488E-01 -2.998E+OO -2.965E+OO -1.530E+OO -1.755E+OO -2.131 E+OO 

-7.348E-01 -3.074E+OO -5.174E-02 -2.254E+OO -3.536E+OO -3.572E+OO 

1.480E+OO -2.973E+OO 2.266E-01 -5.313E-01 -3.657E+OO -1.402E+OO 

1.699E+OO 1.430E+OO -3.356E+OO -1.291 E+OO -2.961 E+OO -2.790E+OO 

-1.399E+OO 1.651 E-01 -8.768E-01 -3.588E+OO -2.193E+OO -2.627E+OO 

-1.214E+OO 1.700E+OO -1.769E-01 -7.181 E-01 -1.951 E-01 -2.348E+OO 

-1.986E+OO -2.677E-01 -6.431 E-01 -2.050E+OO -3.868E+OO -1.443E+OO 

-9.715E-02 -1.641E+OO 1.368E+OO -1.840E+OO -1.358E+OO -1.995E+OO 

-1.327E+OO 1.246E+OO -9.698E-02 -2.342E+OO -3.402E+OO -2.321 E+OO 

-1.720E+OO -3.653E+OO -1.069E+OO -9.338E-01 -3.148E+OO -1.082E+OO 

-7.704E-01 -1.136E+OO -9.655E-01 -7.951 E-01 -3.463E+OO -1.712E+OO 

-7.772E-01 -2.918E+OO -2.830E-02 -4.897E-01 -3.887E+OO -1.778E+OO 

-6.506E-01 -1.814E+OO 4.050E-02 -2.534E+OO -2.826E+OO -2.944E+OO 

-1.034E+OO -1.854E+OO 1.440E+OO -1.202E+OO -3.958E+OO -1.147E+OO 

-7.023E-01 -1.082E+OO -2.603E+OO -1.394E+OO -7.574E-01 -3.807E+OO 

-3.391 E-01 4.024E-01 6.585E-02 -6.711 E-01 -7.236E-01 -1.681 E+OO 

-8.642E-01 -3.026E+OO -1.417E+OO -2.215E+OO -1.529E+OO -2.282E+OO 

-1.943E-01 -1.213E+OO -2.758E-01 -2.114E+OO -1.265E+OO -1.226E+OO 

4.152E-02 -1.058E+OO -5.830E-01 -3.304E-01 -8.211 E-01 -1.732E+OO 

1.529E+OO -2.852E+OO -1.575E+OO -2.016E+OO -3.086E+OO -3.108E+OO 

-1.312E +00 -8.421 E-01 -6.104E-01 -4.110E-01 -3.330E+OO -2.997E+OO 

-1.631E+OO -1.158E+OO 6.242E-01 -1.051E+OO -1.466E+OO -2.069E+OO 

1.036E+OO -3.343E+OO -5.505E-01 -1.913E+OO -1.350E+OO -3.343E+OO 

-8.378E-01 -8.552E-01 -1.008E+OO -2.258E+OO -1.444E+OO -3.914E+OO 

-4.477E-01 -3.388E+OO -1.318E+OO -2.183E+OO -3.487E+OO -3.368E-01 

-8.554E-01 1 081E+OO -1.844E+OO -3.188E+OO -7.868E-01 -2.875E+OO 

-5.343E-01 -9.310E-01 -6.923E-01 -1.757E+OO -2.086E+OO -2.843E+OO 

1.958E+OO -9.753E-01 -2.254E+OO -2.489E-01 -3.758E+OO -2.014E+OO 

-1.755E+OO -7.094E-01 -3.331 E-01 -5.990E-01 -2.889E+OO -3.511 E+OO 

1.244E +00 -3.853E +00 1.945E+OO -1.480E+OO -9.237E-01 -1.283E+OO 

-1.849E+OO -2.768E+OO -3.154E-01 -3.938E+OO -3.683E+OO -1.921 E-01 

1.851E+OO -3.598E+OO -2.137E-01 -2.092E+OO -2.327E+OO -1.336E+OO 

-1.470E-02 -3.825E+OO -1.460E+OO -2.193E+OO -1.204E+OO -3.052E+OO 

-9.802E-01 -4.791 E-01 -4.331 E-01 -3.969E-01 -1.660E+OO -1.175E+OO 

-9.478E-01 -7.412E-01 -2.326E+OO -2.288E+OO -5.709E-01 -2.441E+OO 

-1.881E+OO -1.606E-01 3.982E-01 -1.149E+OO -2.917E+OO -3.971E+OO 

-1.045E+OO -3.282E+OO -1.684E+OO -1.774E+OO -9.031 E-01 -1.480E+OO 

-1.504E+OO -1.530E+OO -4.783E-01 -7.179E-02 -1.171E+OO -3.685E+OO 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-3 lists the ranks of samples. 

Material 

Parameter 

RUN NO. 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 
45 

BRSAT 

X(1) 

21. 

64. 

44. 

17. 

58. 

69. 

70. 

41. 

30. 

39. 

61. 

42. 

18. 

7. 

66. 

22. 

26. 

32. 
29. 

19. 

6. 

38. 

43. 

36. 

40. 

51. 

14. 

12. 

35. 

45. 

65. 

27. 

50. 

46. 

11. 

37. 

20. 

25. 

52. 

24. 

9. 

10. 

2. 

68. 

67. 

Table C-3. Ranks of 70 Values Sampled 

GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC WVOOD 

X(2) X(3) X(4) X(5) X(6) X(?) X(8) 

9. 

21. 

5. 

55. 

2. 

64. 

57. 

36. 

10. 

48. 
50. 

61. 

25. 

62. 

12. 

33. 

16. 

3. 
45. 

32. 

60. 

11. 

44. 

24. 

41. 

63. 

58. 

37. 

70. 

65. 

39. 

1. 

19. 

59. 

26. 

51. 

40. 

7. 

22. 

67. 

17. 

66. 

29. 

6. 

4. 

38. 

51. 

26. 

4. 

6. 

56. 

55. 

69. 

14. 

46. 

47. 

32. 

45. 

13. 

61. 

67. 

42. 

11. 

2. 

1. 

54. 

20. 

62. 

8. 

33. 

37. 

41. 

19. 

29. 

66. 

16. 

28. 

52. 

27. 

23. 

57. 

12. 

34. 

50. 

3. 

59. 
60. 

44. 

5. 
70. 

34. 

15. 

4. 

31. 

49. 
46. 

44. 

53. 

22. 

56. 

1. 

29. 

68. 

9. 

24. 

25. 

64. 

16. 

3. 

11. 

14. 

48. 
51. 

37. 

42. 

41. 

17. 

40. 

69. 

36. 

67. 

28. 

32. 

63. 

58. 

47. 

5. 

54. 

62. 

45. 

57. 

8. 

59. 

30. 

6. 

58. 

70. 

37. 

52. 

59. 

38. 

16. 

48. 
49. 

43. 

24. 

35. 

7. 

4. 

51. 

60. 

47. 

15. 

65. 

42. 

61. 

23. 

30. 

32. 

36. 

5. 

18. 

41. 

26. 

69. 

45. 

9. 

14. 

46. 

56. 

11. 

44. 

39. 

21. 

66. 

53. 

29. 

57. 

8. 

25. 

31. 

60. 

54. 

18. 

19. 

35. 

44. 

17. 

1. 

5. 

38. 

22. 

55. 

62. 

29. 

56. 

16. 

36. 

8. 

15. 

24. 

46. 

59. 

70. 

42. 

2. 

64. 

27. 

65. 

33. 

28. 

66. 

50. 

32. 

58. 

7. 

4. 

23. 

10. 

41. 

11. 

57. 
39. 

13. 

40. 

33. 

6. 

1. 

10. 

20. 

56. 

21. 

22. 

60. 

52. 

2. 
63. 

34. 

15. 

57. 

70. 

41. 

61. 

24. 

68. 

47. 

42. 

14. 

38. 

25. 

31. 

28. 

19. 

23. 

30. 

16. 

66. 

12. 

46. 

62. 

54. 

18. 

44. 

65. 

35. 

11. 

51. 
8. 

26. 

32. 

21. 

58. 

40. 

12. 

33. 

68. 

6. 

16. 

69. 

20. 

3. 

22. 

29. 

49. 

52. 

13. 

47. 

18. 

48. 
45. 

36. 

56. 

50. 

7. 

19. 

59. 

70. 

44. 

37. 

55. 

42. 

54. 

62. 

32. 

34. 

41. 

39. 

51. 

28. 

46. 

31. 

11. 
53. 

23. 

30. 

VMETAL SALPERM 

X(9) X(10) 

34. 

45. 

17. 

57. 

46. 

67. 

50. 

16. 

59. 

24. 

52. 

37. 

65. 

44. 

21. 

39. 

7. 

41. 

13. 

70. 

48. 
31. 

62. 

38. 

1. 

14. 

43. 

35. 

8. 
61. 

23. 

56. 
5. 

66. 

15. 

6. 

4. 

55. 
54. 

40. 

53. 
28. 
27. 

33. 

32. 

55. 

67. 

44. 

45. 

26. 

6. 

15. 

32. 

5. 

56. 

64. 

66. 

7. 

13. 

4. 

48. 
17. 

36. 

11. 

68. 

69. 

60. 

34. 

43. 

63. 

47. 

33. 

31. 

50. 

38. 

28. 

62. 

40. 

24. 

54. 

19. 

39. 

59. 

37. 

10. 

61. 

35. 
51. 

57. 

53. 

C-15 



Appendix C: LHS Samples and Calculated Normalized Releases 

Material 

Parameter 

RUN NO. 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

Material 

Parameter 

RUN NO. 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

C-16 

BRSAT 

X(1) 

5. 

59. 

8. 

48. 

16. 

31. 

13. 

60. 

53. 

34. 

33. 

63. 

47. 

62. 

54. 

56. 

55. 

23. 

28. 

15. 

49. 

3. 

57. 

4. 

1. 

BCEXP 

X(11) 

69. 

21. 

34. 

52. 

15. 

56. 

37. 

57. 

16. 

39. 

22. 

61. 

41. 

8. 

18. 

24. 

55. 

Table C-3. Ranks of 70 Values Sampled (Continued) 

GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD 

X(2) X(3) X(4) X(5) X(6) X(7) X(8) 

20. 

56. 

15. 

53. 

69. 

30. 

18. 

68. 

28. 

31. 

35. 

47. 

42. 

46. 

23. 

54. 

34. 

38. 

27. 

13. 

49. 

52. 

14. 

43. 

8. 

BCFLG 

X(12) 

12. 

47. 

47. 

47. 

47. 

12. 

12. 

47. 

47. 

47. 

12. 

47. 

47. 

47. 

12. 

47. 

12. 

53. 

25. 

68. 

24. 

22. 

48. 

49. 

30. 

31. 

17. 

9. 

40. 

36. 

58. 

18. 

10. 

21. 

35. 

7. 

39. 

65. 

43. 

15. 

64. 

63. 

2. 

20. 

60. 

55. 

21. 

50. 

52. 

35. 

66. 

13. 

61. 

38. 

7. 

18. 

12. 

39. 

19. 

43. 

70. 

65. 

10. 

26. 

33. 

27. 

23. 

40. 

27. 

20. 

28. 

13. 

1. 

34. 

17. 

55. 

19. 

31. 

22. 

68. 

62. 

63. 

50. 

2. 

3. 

64. 

54. 

33. 

10. 

12. 

67. 

6. 

BCBRSAT BCGSSAT MBPERM 

~1~ ~1~ ~1~ 

16. 

26. 

33. 

31. 

35. 

59. 

7. 

68. 

60. 

14. 

48. 

25. 

64. 

2. 

41. 

67. 

20. 

41. 

23. 

38. 

34. 

26. 

9. 

29. 

5. 

33. 

61. 

36. 

51. 

52. 

31. 

68. 

39. 

67. 

66. 

16. 

65. 

37. 

8. 

14. 

17. 

54. 

10. 

67. 

11. 

56. 

36. 

5. 

20. 

61. 

40. 

63. 

61. 

3. 

67. 

9. 

48. 

6. 

12. 

69. 

45. 

37. 

25. 

43. 

26. 

49. 

34. 

14. 

53. 

51. 

30. 

21. 

47. 

68. 

52. 

20. 

MBPOR 

X(16) 

68. 

24. 

69. 

18. 

54. 

42. 

63. 

9. 

66. 

34. 

7. 

35. 

47. 

52. 

1. 

19. 

60. 

53. 

39. 

37. 

67. 

13. 

59. 

7. 

27. 

43. 

40. 

17. 

45. 

49. 

64. 

50. 

69. 

58. 

5. 

29. 

3. 

9. 

48. 

4. 

36. 

55. 

25. 

66. 

14. 

8. 

38. 

60. 

2. 

35. 

61. 

64. 

1. 

15. 

24. 

43. 

27. 

10. 

4. 

65. 

63. 

17. 

67. 

26. 

9. 

5. 

57. 

TZPORF MBPRES 

X(17) X(18) 

2. 

34. 

50. 

70. 

5. 

68. 

19. 

40. 

31. 

21. 

45. 

39. 

6. 

32. 

61. 

54. 

60. 

2. 

70. 

43. 

1. 

24. 

39. 

32. 

35. 

22. 

27. 

20. 

26. 

54. 

51. 

56. 

15. 

69. 

VMETAL SALPERM 

X(9) X(10) 

22. 

10. 

9. 

63. 

30. 

26. 

51. 

69. 

2. 

19. 

12. 

20. 

11. 

36. 

47. 

3. 

29. 

42. 

18. 

68. 

58. 

25. 

64. 

60. 
49. 

1. 

70. 

52. 

22. 

21. 

65. 

49. 

58. 

29. 

18. 

2. 

30. 

9. 

8. 

14. 

41. 

16. 

27. 

20. 

46. 

12. 

42. 

23. 

25. 
3. 

BPPRES BPSTOR 

X(19) X(20) 

22. 

14. 

23. 

19. 

27. 

69. 

10. 

51. 

1. 

59. 

63. 

70. 

48. 

34. 

21. 

5. 

45. 

35. 

54. 

25. 

66. 

30. 

50. 

43. 

29. 

27. 

14. 

15. 

13. 

64. 

5. 

6. 

41. 

23. 



Material 

Parameter 

RUN NO. 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 
38 

39 

40 
41 

42 

43 

44 
45 
46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 
59 

60 

61 

62 

BCEXP 

X(11) 

28. 

40. 
33. 

2. 

38. 

60. 

17. 

43. 

53. 

64. 

63. 

29. 

1. 

10. 

66. 

23. 

65. 

14. 

6. 

59. 
44. 

5. 

3. 

27. 

25. 
48. 

12. 

9. 

19. 

46. 

62. 

13. 

11. 

26. 

45. 

58. 

20. 

32. 

51. 

68. 

31. 

67. 
70. 

36. 

7. 

Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-3. Ranks of 70 Values Sampled (Continued) 

BCFLG BCBRSAT BCGSSAT MBPERM MBPOR 

~1~ ~1~ ~1~ ~1~ ~1~ 

12. 

47. 

47. 

12. 

47. 

47. 

47. 

47. 

47. 

47. 

12. 

47. 

12. 

47. 

47. 

47. 

12. 

47. 

47. 

47. 

47. 

47. 

47. 

47. 

12. 

12. 

12. 

47. 

47. 

47. 

12. 

47. 

47. 

47. 

12. 
47. 

12. 

12. 

12. 

47. 

47. 

47. 

47. 

47. 

47. 

52. 

21. 

23. 

4. 

39. 

42. 

11. 

54. 

44. 

38. 

61. 

58. 

3. 

37. 

55. 

19. 

45. 

51. 

65. 

40. 
32. 

29. 

43. 

24. 

70. 

69. 

46. 

28. 

12. 

56. 
8. 

9. 

34. 

5. 
27. 

50. 

30. 

57. 

17. 

1. 

62. 

15. 

13. 

49. 

63. 

2. 

30. 

57. 

40. 
4. 

8. 

47. 

18. 

12. 

14. 

27. 

63. 

28. 

43. 

66. 

60. 
64. 

24. 

65. 

6. 

70. 

7. 

20. 

19. 

59. 

22. 

11. 

17. 

42. 

46. 

37. 

13. 

35. 

3. 

69. 

32. 

48. 

54. 

10. 

49. 

58. 

55. 

15. 
25. 

44. 

42. 

35. 

34. 

51. 
44. 

30. 

41. 

28. 

22. 

21. 

18. 

27. 

45. 

3. 

6. 

60. 

9. 

26. 

19. 

24. 

53. 

39. 

55. 

59. 

2. 

57. 

38. 

50. 

15. 

48. 

12. 

63. 

23. 

69. 

47. 

64. 

13. 

68. 

7. 

4. 

58. 

46. 

49. 

33. 

62. 

20. 

21. 

48. 

59. 

64. 

70. 

44. 
61. 

51. 

5. 

8. 

40. 
31. 

49. 

55. 

23. 

32. 

6. 

65. 

16. 

4. 

36. 

58. 

50. 

56. 

17. 

12. 

33. 

67. 
22. 

57. 

3. 

41. 

27. 

15. 
46. 

43. 

53. 

38. 

14. 

30. 

62. 

29. 

25. 

39. 

TZPORF MBPRES 

X(17) X(18) 

28. 

56. 

52. 
16. 

51. 

58. 

14. 

62. 

57. 

35. 

15. 

9. 

64. 

27. 

66. 

69. 

41. 

55. 

44. 
38. 

46. 

48. 

8. 

11. 

29. 

30. 
18. 

20. 

63. 

10. 

65. 

67. 

49. 

22. 

53. 
24. 

25. 

36. 

59. 
4. 

23. 
7. 

43. 

12. 

26. 

34. 

61. 

67. 

5. 

11. 

8. 

31. 

10. 

37. 

48. 

14. 

55. 

16. 

9. 

40. 
4. 

17. 

13. 

29. 

50. 

30. 

59. 

38. 

36. 

52. 

19. 

6. 

46. 

23. 

65. 

62. 

21. 

47. 

66. 
68. 

44. 

42. 

33. 

53. 

7. 

28. 

49. 

58. 

12. 

63. 

BPPRES BPSTOR 

X(19) X(20) 

65. 

66. 

46. 

58. 

61. 

55. 

62. 

7. 

17. 

42. 

44. 

8. 

24. 

52. 

12. 

49. 

9. 

43. 

67. 

41. 

13. 

30. 

18. 

16. 

25. 

26. 
15. 

6. 

53. 

31. 

57. 

11. 

2. 

29. 

37. 

38. 

60. 
35. 

4. 

54. 

56. 

36. 

20. 
47. 

40. 

24. 

53. 

49. 

28. 

70. 

33. 

3. 

60. 

4. 

65. 

44. 
21. 

51. 
7. 

11. 

19. 

40. 
9. 

46. 

16. 

26. 

37. 

12. 

42. 

63. 

8. 

62. 

22. 

56. 

59. 

20. 

31. 

39. 

61. 

68. 
1. 

17. 

47. 

48. 

58. 
45. 

55. 

2. 

69. 

34. 

C-17 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-3. Ranks of 70 Values Sampled (Continued) 

Material 

Parameter 

RUN NO. 

63 

64 

65 

66 

67 

68 

69 

70 

Material 

Parameter 

RUN NO. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

C-18 

BCEXP 

X(11) 

47. 

42. 

4. 

35. 

54. 

50. 

49. 

30. 

BHPERM 

X(21) 

36. 

32. 

27. 

70. 

67. 

30. 

58. 

69. 

15. 

59. 

5. 

63. 

13. 

61. 

56. 

14. 

33. 

65. 

34. 

29. 

31. 

52. 

23. 

35. 

24. 

40. 

48. 

53. 

38. 

20. 

45. 
37. 

12. 

41. 

BCFLG BCBRSAT BCGSSAT MBPERM MBPOR 

~1~ ~1~ ~1~ ~1~ ~1~ 

12. 

47. 

47. 

12. 

12. 

12. 

47. 

47. 

DBDIAM 

X(22) 

56. 

44. 

61. 

49. 

5. 

40. 

57. 

12. 

4. 

37. 

26. 

51. 
60. 

30. 

28. 

11. 

8. 

23. 

63. 

29. 

17. 

59. 

16. 

6. 

66. 

2. 

1. 

41. 

27. 

64. 

50. 

70. 

9. 

36. 

36. 

6. 

47. 

22. 

10. 

53. 

66. 

18. 

50. 

16. 

62. 

56. 

45. 
53. 

1. 

21. 

70. 

25. 

31. 

32. 

52. 

43. 

29. 

1. 

LAMBDA BPAREAFR SOLAM 

X(23) X(24) X(25) 

46. 

25. 

20. 

49. 

15. 

33. 

3. 

13. 

69. 

34. 

51. 

45. 
64. 

52. 

36. 

14. 

47. 

68. 

56. 

2. 

31. 

30. 

37. 

61. 

39. 

22. 

53. 

16. 

62. 

32. 

5. 

29. 

42. 

58. 

3. 

27. 

31. 

6. 

5. 

42. 

55. 

41. 

62. 

64. 

15. 

23. 

2. 

40. 

36. 

13. 

14. 

65. 

45. 

21. 

10. 

44. 

60. 

33. 

29. 

16. 

34. 

9. 

7. 

46. 

70. 

54. 

22. 

38. 

19. 

32. 

18. 

48. 

37. 

27. 

28. 

49. 

29. 

20. 

66. 

11. 

14. 

58. 

50. 

69. 

9. 

43. 

59. 

15. 

8. 

57. 

17. 

54. 

5. 

40. 

23. 

67. 

38. 

63. 

24. 

61. 

12. 

31. 

13. 

11. 

26. 

10. 

28. 

37. 

45. 
2. 

SOLNP 

X(26) 

16. 

2. 

45. 
7. 

36. 

53. 

61. 

29. 

10. 

41. 

63. 

17. 

66. 

33. 

13. 

68. 

43. 

4. 

70. 

30. 

50. 

37. 

54. 

65. 

56. 

51. 

21. 

34. 

5. 

24. 

19. 

32. 

39. 

27. 

TZPORF MBPRES 

X(17) X(18) 

47. 

33. 

42. 

1. 

17. 

37. 

13. 

3. 

SOLPU 

X(27) 

39. 

11. 

12. 

43. 

60. 

65. 

47. 

15. 

26. 

18. 

17. 

28. 

45. 
8. 

24. 

62. 

23. 

44. 

51. 

38. 
49. 

3. 

63. 

37. 

50. 

53. 

5. 

9. 

48. 

33. 

6. 

40. 

41. 

10. 

18. 

60. 

57. 

25. 

41. 

45. 
64. 

3. 

SOLRA 

X(28) 

69. 

43. 

66. 

46. 

19. 

67. 

49. 

36. 

5. 

45. 
23. 
32. 

48. 

63. 

40. 

70. 

55. 

53. 

34. 

26. 

27. 

15. 

8. 

38. 
17. 

64. 

62. 

14. 

13. 

22. 

25. 

9. 

4. 

58. 

BPPRES BPSTOR 

X(19) X(20) 

28. 

39. 

68. 

33. 

3. 

64. 

32. 

50. 

SOLTH 

X(29) 

70. 

65. 

24. 

23. 

31. 

63. 

34. 

43. 

64. 

38. 
52. 

30. 

17. 

55. 

27. 

36. 

1. 
6. 

53. 

39. 

8. 
10. 

58. 

66. 

22. 

44. 

25. 

32. 

59. 

19. 

16. 

12. 

68. 

46. 

32. 

57. 

52. 

67. 

38. 
36. 

10. 

18. 

SOLU 

X(30) 

69. 

31. 

45. 
17. 

19. 

22. 

5. 

20. 

34. 

39. 

54. 

2. 

56. 

48. 

40. 

49. 

1. 
25. 

23. 

26. 

21. 

58. 

7. 

11. 

52. 

55. 

38. 
46. 

32. 

50. 

70. 

3. 

44. 

30. 



Material 

Parameter 

RUN NO. 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

Material 

Parameter 

RUN NO. 

2 

3 
4 

5 
6 

Appendix C: LHS Samples and Calculated Normalized Releases 

BHPERM 

X(21) 

21. 

4. 

3. 

16. 

68. 

64. 

43. 

66. 

11. 

8. 

39. 

46. 

62. 

55. 

28. 

18. 

26. 

51. 

25. 

54. 

50. 

9. 

6. 

57. 

17. 

49. 

2. 

19. 

22. 

10. 

7. 

47. 

60. 

44. 

1. 

42. 

Table C-3. Ranks of 70 Values Sampled (Continued) 

DBDIAM 

X(22) 

43. 

21. 

46. 

13. 

69. 

39. 

7. 

10. 

52. 

14. 

54. 

18. 

58. 

48. 

20. 

55. 

19. 

15. 

34. 

47. 

25. 

38. 

31. 

65. 

32. 

24. 

22. 

62. 

67. 

33. 

53. 

35. 

42. 

3. 

45. 

68. 

LAMBDA BPAREAFR SOLAM 

X(23) X(24) X(25) 

6. 

7. 

35. 

23. 

18. 

54. 

55. 

44. 

12. 

65. 

57. 

28. 

66. 

70. 

67. 

4. 

8. 

24. 

48. 

60. 
19. 

59. 

41. 

43. 

40. 

9. 

21. 

26. 

50. 

11. 

63. 

27. 

10. 

1. 

38. 

17. 

50. 

28. 

8. 

63. 

4. 

56. 

58. 

57. 

25. 

43. 

35. 

48. 

51. 

30. 

12. 

32. 

24. 

69. 

49. 

17. 
37. 

11. 

66. 

52. 

1. 

47. 

61. 

26. 

67. 

53. 

39. 

20. 

68. 

19. 

59. 

18. 

6. 

25. 

16. 

10. 

34. 

42. 

68. 

13. 

62. 

30. 

35. 

55. 

26. 

52. 

3. 

46. 

36. 

39. 

64. 

60. 
65. 

22. 

51. 

2. 

70. 

4. 

56. 

41. 

47. 

53. 

45. 

1. 

44. 

33. 

7. 

21. 

SOLNP 

X(26) 

31. 

40. 

8. 

62. 

57. 

49. 

58. 

67. 

38. 

69. 

22. 

3. 

55. 

25. 

35. 

23. 

9. 

60. 

12. 

59. 

18. 

28. 

11. 

15. 

52. 

64. 

6. 

20. 

46. 

47. 

1. 

44. 

26. 

14. 

42. 

48. 

SOLPU 

X(27) 

2. 

7. 

69. 

31. 

35. 

21. 

14. 

57. 

58. 

30. 

64. 

54. 

29. 

16. 

22. 

32. 

36. 

55. 

66. 

68. 

56. 

20. 

52. 

59. 

1. 

34. 

42. 

19. 

13. 

70. 

61. 

25. 

67. 

27. 

4. 

46. 

CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCL YF CULCL YP FKDAM 

X(31) X(32) X(33) X(34) X(35) X(36) X(37) 

26. 

29. 

48. 

41. 

35. 

68. 

10. 

41. 

63. 

22. 

38. 

8. 

43. 

44. 

63. 

55. 

57. 

70. 

48. 

5. 

30. 

55. 

67. 

65. 

18. 

48. 

18. 

18. 

68. 

18. 

8. 

58. 

40. 

38. 

57. 

15. 

40. 

19. 

7. 
38. 

45. 

21. 

SOLRA 

X(28) 

52. 

44. 

10. 

54. 

30. 

59. 

7. 

1. 

20. 

56. 

50. 

57. 

61. 

42. 

2. 

65. 

24. 

33. 

29. 

51. 

18. 

47. 

16. 

6. 

3. 

39. 

68. 

11. 

31. 

12. 

60. 

35. 

28. 

21. 

37. 

41. 

FKDNP 

X(38) 

35. 

11. 

66. 

19. 

63. 

48. 

SOLTH 

X(29) 

69. 

26. 

37. 

13. 

61. 

18. 

56. 

45. 

5. 
21. 

29. 

14. 

33. 

35. 

9. 

11. 

51. 

57. 

20. 

7. 

15. 

40. 

3. 

60. 

41. 

42. 

62. 

47. 

54. 

48. 

50. 

4. 

49. 

28. 

2 

67. 

FKDAM 

X(39) 

28. 

64. 

6. 

68. 

9. 

15. 

SOLU 

X(30) 

33. 

18. 

47. 

59. 

67. 

12. 

27. 

63. 

15. 

16. 

8. 

64. 

51. 

62. 

53. 

4. 

14. 

42. 

66. 

41. 

68. 

24. 

28. 

6. 

9. 

65. 

36. 

57. 

10. 

60. 

29. 

61. 

35. 

37. 

43. 

13. 

FKDTH 

X(40) 

20. 

6. 

70. 

39. 

23. 

60. 

C-19 



Appendix C: LHS Samples and Calculated Normalized Releases 

Material 

Parameter 

RUN NO. 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 
31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 
47 

48 

49 

50 

51 

52 

C-20 

Table C-3. Ranks of 70 Values Sampled (Continued) 

CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCL YF CULCL YP FKDAM 

X(31) X(32) X(33) X(34) X(35) X(36) X(37) 

20. 

65. 

45. 

63. 

66. 

1. 

62. 

37. 

5. 

8. 

43. 

6. 

10. 

22. 

61. 

50. 

4. 

14. 

3. 

57. 

40. 

25. 

32. 

46. 
38. 

64. 

23. 

13. 

52. 

9. 

58. 

39. 

24. 

34. 

56. 

17. 

28. 

59. 

12. 

47. 

30. 

31. 

54. 

51. 

44. 

21. 

20. 

51. 

61. 

9. 

70. 

66. 

65. 

1. 

33. 

42. 

40. 

49. 

47. 

32. 

46. 
39. 

26. 

43. 

48. 

64. 

36. 

2. 

57. 

44. 
69. 

19. 

4. 

60. 

17. 

13. 

25. 

5. 

31. 

16. 

7. 

11. 

14. 

23. 

12. 

54. 

29. 

27. 

55. 

37. 

58. 

67. 

9. 

6. 

46. 
62. 

14. 

64. 

52. 

42. 

53. 

40. 

28. 

33. 

38. 

2. 

60. 

7. 

45. 

51. 

50. 

21. 

58. 

66. 

61. 

56. 
59. 

68. 

4. 

1. 

26. 

24. 

65. 

54. 

47. 

36. 

31. 

23. 

20. 

16. 

25. 

29. 

13. 

11. 

32. 

22. 

48. 

69. 

26. 

6. 

36. 

53. 

47. 

29. 

4. 

46. 
51. 

28. 

21. 

13. 

24. 

38. 

15. 

12. 

33. 

11. 

43. 

62. 

19. 

1. 

35. 

7. 
57. 

27. 

41. 

18. 

54. 

2. 

9. 

14. 

39. 

32. 

23. 

16. 

68. 

40. 

20. 

56. 

70. 

63. 

61. 

49. 

42. 

59. 

18. 

18. 

18. 

55. 

18. 

41. 

39. 

18. 

18. 

50. 

18. 

40. 

18. 

18. 

38. 

69. 

46. 
49. 

18. 

18. 

47. 

18. 

59. 

61. 
18. 

18. 

56. 

18. 

18. 

18. 

67. 

53. 

42. 

54. 

18. 

18. 

18. 

66. 

18. 

58. 

63. 

65. 

18. 

70. 

18. 

18. 

39. 

26. 

9. 

2. 

5. 

21. 

23. 

66. 

59. 

31. 

46. 
30. 

56. 

16. 

65. 

55. 

70. 

36. 

43. 

50. 

49. 

42. 

48. 

14. 
41. 

10. 

27. 

60. 

34. 

28. 

17. 

61. 

63. 

1. 

4. 

7. 

67. 

64. 

13. 

45. 

20. 

33. 

35. 

12. 

18. 

37. 

10. 

30. 

17. 

41. 

32. 

47. 

25. 

65. 

5. 

26. 

62. 

39. 

12. 

35. 

8. 

23. 

14. 

46. 
59. 

52. 

33. 

61. 

50. 

68. 
54. 

57. 

66. 

53. 

1. 

16. 

9. 

15. 
11. 

18. 

49. 

24. 

29. 

56. 

51. 

43. 

20. 

44. 

22. 

60. 

36. 

42. 

FKDNP 

X(38) 

70. 

65. 

6. 

2. 

36. 

40. 

17. 

38. 

13. 

16. 

67. 

22. 

20. 

37. 

18. 

4. 

15. 

42. 

32. 

23. 

41. 

57. 

43. 

62. 
44. 

60. 

12. 

31. 

47. 

50. 

61. 

55. 

26. 

28. 

68. 

29. 

7. 

49. 

10. 

56. 

58. 

45. 

64. 

3. 

24. 

14. 

FKDAM 

X(39) 

54. 

49. 

62. 

24. 

10. 

21. 

34. 

41. 

12. 

65. 

38. 

50. 

25. 

30. 

67. 

1. 

56. 

31. 

16. 

27. 

23. 

18. 

13. 

26. 
57. 

45. 

40. 

33. 

35. 

59. 

42. 

3. 

37. 

5. 

63. 

2. 

11. 

43. 

4. 

44. 

70. 

19. 

22. 

17. 

20. 

52. 

FKDTH 

X(40) 

7. 

58. 

10. 

24. 

4. 

15. 

16. 

62. 

59. 

31. 

5. 

68. 

8. 

65. 

66. 

17. 

57. 

14. 

32. 

30. 

1. 

51. 

63. 

22. 
34. 

12. 

35. 

55. 

33. 

25. 

61. 

43. 

18. 

21. 

52. 

56. 

2. 

42. 

40. 

3. 

19. 

48. 

50. 

53. 

13. 

44. 



Material 

Parameter 

RUN NO. 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

Material 

Parameter 

RUN NO. 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-3. Ranks of 70 Values Sampled (Continued) 

CUL TRFLD CULCLIM CULFRPOR CULFRSP CULCL YF CULCL YP FKDAM 

X(31) X(32) X(33) X(34) X(35) X(36) X(37) 

7. 

67. 

27. 

18. 

53. 

70. 

42. 

60. 

36. 

49. 

15. 

2. 

55. 

11. 

69. 

33. 

19. 

16. 

FKDU 

X(41) 

46. 

60. 

14. 

38. 

32. 

29. 

24. 

34. 

31. 

8. 

43. 

54. 

33. 
41. 

36. 

23. 

20. 

1. 

11. 

21. 

27. 

12. 

58. 

21. 

45. 

52. 

15. 

6. 

34. 

50. 

56. 

53. 

3. 

62. 

30. 

28. 

24. 

59. 

18. 

35. 

68. 

FKDRA 

X(42) 

6. 

20. 

9. 

50. 

40. 

4. 

59. 

22. 

54. 

67. 

55. 

29. 

64. 

63. 

25. 

41. 

68. 

19. 

23. 

42. 

31. 

48. 

69. 

12. 

10. 

8. 

15. 

37. 

5. 

34. 

19. 

49. 

67. 

35. 

18. 

3. 

27. 

30. 

39. 

41. 

17. 

CULPOR 

X(43) 

14. 

60. 

52. 

28. 

21. 

56. 

18. 

8. 

19. 

48. 

58. 

32. 

13. 

27. 

11. 

23. 

36. 

55. 

2. 

65. 

9. 

29. 

34. 

8. 

10. 

60. 

17. 

37. 

44. 

66. 

3. 

31. 

34. 

22. 

50. 

52. 

45. 

25. 

64. 

69. 

58. 

MKDAM 

X(44) 

42. 

9. 

36. 

25. 

66. 

26. 

44. 

61. 

32. 

22. 

58. 

52. 

68. 

57. 

46. 

40. 

1. 

60. 

31. 

27. 

53. 

19. 

48. 

43. 

18. 

18. 

37. 

18. 

18. 

44. 

36. 

18. 

51. 

57. 

64. 

18. 

18. 

60. 

52. 

45. 

62. 

MKDNP 

X(45) 

24. 

17. 

9. 

39. 

61. 

26. 
10. 

18. 

15. 

36. 

70. 

11. 

47. 

63. 

28. 

50. 

33. 

67. 

37. 

60. 

5. 

16. 

69. 

53. 

25. 

24. 

11. 

32. 

62. 

52. 

47. 

51. 

68. 

22. 

6. 

54. 

19. 

69. 

3. 

44. 

29. 

MKDPU 

X(46) 

62. 

18. 

14. 

25. 

12. 

13. 

23. 

67. 

11. 

24. 

49. 

16. 

32. 

2. 

61. 

1. 

31. 

10. 

63. 

64. 

59. 

6. 

68. 

13. 

37. 

4. 

2. 

3. 

63. 

27. 

70. 

69. 

67. 

28. 

64. 

31. 

55. 

6. 

34. 

58. 

48. 

MKDTH 

X(47) 

11. 

47. 

67. 

70. 

6. 

36. 

42. 

27. 

55. 

32. 

22. 

34. 

17. 

3. 

12. 

7. 

31. 

26. 

53. 

10. 

14. 

28. 

41. 

FKDNP 

X(38) 

59. 

1. 

69. 

30. 

9. 

52. 

27. 

8. 

54. 

25. 

33. 

51. 

46. 

39. 

21. 

5. 

34. 

53. 

MKDU 

X(48) 

54. 

21. 

30. 

66. 

8. 

22. 
62. 

27. 

49. 

20. 

52. 

4. 

28. 

15. 

63. 

50. 

43. 

48. 

41. 

47. 

17. 

53. 

70. 

FKDAM 

X(39) 

36. 

66. 

55. 

58. 

39. 

32. 

29. 

53. 

7. 

69. 

61. 

48. 

8. 

46. 

14. 

47. 

60. 

51. 

MKDRA 

X(49) 

62. 

47. 

41. 

63. 

39. 

60. 

64. 

26. 

42. 

15. 

69. 

23. 

24. 

14. 

32. 

61. 

70. 

59. 

27. 

65. 

10. 

48. 

40. 

FKDTH 

X(40) 

11. 

67. 

36. 

26. 

28. 

9. 

69. 

41. 

64. 

29. 

54. 

49. 

46. 

38. 

27. 

37. 

47. 

45. 

C-21 
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Table C-3. Ranks of 70 Values Sampled (Continued) 

Material 

Parameter 

RUN NO. 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 
39 

40 

41 

42 

43 

44 

45 

46 

47 

48 
49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

C-22 

FKDU 

X(41) 

18. 

51. 

6. 

13. 

68. 

4. 

3. 

40. 

19. 

53. 

49. 

15. 

55. 

57. 

65. 

45. 

70. 

9. 

25. 

7. 

67. 

30. 

61. 

37. 

59. 

52. 

56. 

69. 

66. 

42. 

63. 

64. 

5. 

48. 

50. 

44. 

39. 

22. 

10. 

35. 

17. 
26. 

2. 

16. 

28. 

62. 
47. 

FKDRA 

X(42) 

1. 

34. 

45. 

11. 

65. 

37. 

49. 
28. 

15. 

18. 

5. 

70. 

2. 

57. 

27. 

8. 

26. 

3. 

43. 

10. 

39. 

66. 

61. 

62. 
13. 

33. 

16. 

21. 

44. 

51. 

32. 

52. 

35. 

12. 

7. 

56. 

53. 

60. 

30. 

47. 

38. 

58. 

24. 

14. 

36. 

17. 
46. 

CULPOR 

X(43) 

37. 

64. 

67. 

49. 

61. 

41. 

50. 

7. 

22. 

26. 

38. 

63. 

51. 

12. 

17. 

30. 

62. 

35. 

4. 

20. 

42. 

44. 

31. 

3. 

39. 
24. 

1. 

10. 

70. 

46. 

68. 

59. 

45. 

40. 

57. 

33. 

5. 

16. 

54. 

15. 

47. 

6. 

66. 

69. 

25. 

53. 

43. 

MKDAM 

X(44) 

7. 

24. 

15. 

54. 

20. 

63. 

39. 

16. 

55. 

56. 

35. 

64. 

67. 

11. 

14. 

2. 

49. 

12. 

6. 

34. 

33. 

38. 

18. 

37. 

45. 

28. 

47. 

51. 

65. 

13. 

8. 

59. 

30. 

43. 

29. 

41. 

70. 

5. 

62. 

4. 

69. 

50. 

21. 

23. 
3. 

17. 
10. 

MKDNP 

X(45) 

6. 

51. 

1. 

35. 

2. 

65. 

44. 
58. 

19. 

22. 

20. 

23. 

66. 

57. 

68. 

55. 

32. 

64. 

7. 

41. 

25. 

31. 

30. 
42. 

59. 

21. 

38. 

43. 

27. 

49. 

40. 

13. 

48. 

12. 

62. 

46. 

45. 

53. 

3. 

29. 

8. 

4. 

54. 

52. 

56. 

14. 

34. 

MKDPU 

X(46) 

29. 

60. 

38. 

69. 

4. 

46. 

41. 

42. 

57. 

5. 

51. 

55. 

3. 

30. 

48. 

34. 

65. 

50. 

26. 

28. 

52. 

53. 

66. 

7. 

54. 

21. 

45. 

36. 

19. 

35. 

58. 

37. 

27. 

22. 

15. 

33. 

9. 

43. 

70. 

44. 

47. 

20. 

40. 

B. 
56. 

17. 
39. 

MKDTH 

X(47) 

51. 

2. 

13. 

8. 

15. 

68. 

56. 

4. 

43. 

44. 

21. 

61. 

48. 

5. 

58. 

33. 

38. 

18. 

54. 

57. 

62. 

16. 

49. 

46. 
59. 

23. 

29. 

65. 

35. 

63. 

52. 

37. 

20. 

25. 

9. 

40. 

66. 

60. 

45. 

1 

30. 

24. 

64. 

19. 

50. 

39. 

69. 

MKDU 

X(48) 

69. 

14. 

57. 

44. 

65. 

16. 

51. 

67. 

23. 

34. 

9. 

7. 

24. 

32. 

68. 

3. 

39. 

12. 

18. 

11. 

2. 

29. 

1. 

60. 
61. 

36. 

42. 

58. 

19. 

13. 

37. 

40. 

38. 

10. 

59. 

33. 

5. 

26. 

55. 

6. 

31. 

45. 
35. 

64. 

25. 

56. 

46. 

MKDRA 

X(49) 

37. 

5. 

7. 

13. 

38. 

68. 

3. 

49. 

11. 

33. 

8. 

52. 

22. 

25. 

29. 

51. 

36. 

30. 

58. 

45. 

43. 

19. 

57. 
4. 

46. 

31. 

55. 

44. 

16. 

18. 

34. 

12. 

2. 

66. 

20. 

21. 

35. 

9. 

54. 

67. 

53. 

17. 
56. 

28. 

1. 

50. 

6. 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-4 lists the total and percentage release for the 3 radionuclides contributing the most for each vector showing 

integrated discharge to the accessible environment for the E2 scenario assuming the dual porosity with chemical retardation 

conceptual model for contaminant transport in the Culcbra Dolomite Member. Values are normalized by the EPA factor for 

each radionuclidc. Vectors are ordered from most to least release. Vectors that have no release arc omitted. 

Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr 

Total EPA-

Comp. normalized, 

Seen. Integrated 

ID 

01 

Vector Discharge 

55 

10 

47 

63 

51 

32 

21 

12 

41 

20 

53 

2 
55 

63 

10 

47 

53 

21 

51 

2 

3 
20 

41 

12 

32 

47 

55 

51 

10 

63 

12 

3 

1.5601E-06 

1.2951E-10 

1.8060E-11 

3.9772E-12 

1.2484E-17 

3.2655E-19 

2.1158E-20 

1.1627E-21 

1.2747E-22 

5.0185E-23 
2.0522E-23 

1.8459E-27 

1.3229E-27 

8.6746E-01 

5.8316E-01 

5.6803E-01 

5.3812E-01 

3.0538E-01 

1.1882E-01 

1.1481E-01 

1.1373E-01 

1.0707E-01 

1.0372E-01 

1.0007E-01 

8.8558E-02 

3.2740E-03 

1.7216E-03 

3.9283E-01 

1.9484E-01 

2.8577E-02 

1.1650E-02 

1.0092E-02 

6.0843E-10 

2.6788E-10 

1.1364E-11 

Top 3 Radionuclides Contribution to Integrated Discharge 

RA226 1.5592E-06 100% 

RA226 9.4533E-11 73% 

TH229 9.2657E-12 51% 

TH229 2.9440E-12 74% 

U233 

RA226 

RA226 

NP237 

RA226 

U233 

TH229 

U233 

U233 

AM241 

AM241 

U233 

U233 

U233 

PU239 

U233 

U233 

U233 

U233 

U233 

U233 

RA226 

RA226 

U233 

U233 

U233 

1.0999E-17 88% 

3.2653E-19 100% 

2.1157E-20 100% 

6.3619E-22 55% 

6.6260E-23 52% 

4.6164E-23 92% 
1.1004E-23 54% 

1.5152E-27 82% 

1.0991 E-27 83% 

4.0456E-01 47% 

5.1702E-01 89% 

2.8043E-01 49% 

2.9088E-01 54% 

1.1123E-01 36% 

5.7959E-02 49% 

6.2304E-02 54% 

5.4729E-02 48% 

4.0889E-02 38% 

5.7465E-02 55% 

9.9260E-02 99% 

4.7047E-02 53% 

3.0988E-03 95% 

1.2015E-03 70% 

2.0411 E-01 52% 

7.7691 E-02 40% 

1.2640E-02 44% 

U233 5.7654E-03 49% 

TH229 3.5024E-03 35% 

AM241 3.8981E-10 64% 

RA226 2.1076E-10 79% 
U233 7.2824E-12 64% 

NP237 8.7829E-10 0% 

U233 3.3887E-11 26% 

TH230 8.7942E-12 49% 

TH230 9.8663E-13 25% 

U234 1.4825E-18 12% 

U233 1.7647E-23 0% 

NP237 9.3466E-25 0% 

RA226 4.4290E-22 38% 

U233 5.6530E-23 44% 

U234 4.0125E-24 8% 
TH230 9.5181 E-24 46% 

U234 3.2534E-28 18% 

U234 2.2383E-28 17% 

U233 2.2463E-01 26% 

U233 1.9999E-02 3% 

U234 2.0115E-01 35% 

U234 2.0964E-01 39% 

U234 8.0423E-02 26% 

U233 2.9360E-02 25% 

U234 4.5067E-02 39% 

U234 3.9510E-02 35% 

U234 2.9590E-02 28% 

U234 4.1564E-02 40% 

PU239 7 .2152E-04 1% 

U234 3.4002E-02 38% 

AM241 1.6372E-04 5% 

AM241 3.6873E-04 21% 

U234 

U234 

U234 

1.3539E-01 34% 

3.9633E-02 20% 

7.1274E-03 25% 

TH229 3.0936E-03 27% 

TH230 3.1794E-03 32% 

TH229 1.0160E-1 0 17% 

PU239 3.1347E-11 12% 
U234 2.8670E-12 25% 

PU239 7.2127E-12 0% 

U234 9.8343E-13 1% 

RA226 8.0844E-17 0% 

U233 4.5353E-14 1% 

TH229 1.5601 E-21 

PU239 3.8685E-24 

U233 5.4155E-25 

U233 7.7841 E-23 

U234 2.5981 E-24 

TH229 7.2193E-27 
U233 1.8413E-30 

RA226 5.3614E-30 

U234 1.6182E-01 

U234 1.4437E-02 

AM241 3.6609E-02 

NP237 1.9271 E-02 

TH229 5.6951 E-02 

U234 2.1251E-02 

RA226 2.0227E-03 

AM241 8.4059E-03 

TH229 1.7937E-02 

RA226 1.7829E-03 

AM241 3.7963E-05 

NP237 2.2922E-03 

PU239 4.8928E-06 

PU239 6.1195E-05 

TH229 

PU239 

TH229 

1.8711 E-02 

2.7302E-02 

4.5987E-03 

0% 

0% 

O% 

7% 

2% 

0% 

0% 

O% 

19% 

2% 

6% 

4% 

19% 

18% 

2% 

7% 

17% 

2% 

0% 

3% 

0% 

4% 

5% 

14% 

16% 
TH230 1.6631 E-03 14% 
U233 2.5898E-03 26% 

TH230 7.7372E-11 13% 
PU240 2.3450E-11 9% 

TH229 6.3320E-13 6% 

C-23 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Total EPA-

Comp. normalized, 

Seen. Integrated 

ID Vector Discharge 

21 

32 

20 

41 

2 

53 

3.3155E-14 

1.9654E-14 

2.1770E-16 

1.2839E-16 

6.9351E-18 

2.2487E-19 

Top 3 Radionuclides Contribution to Integrated Discharge 

U233 1.8388E-14 55% 

PU239 9.4868E-15 48% 

PU239 1.1824E-16 54% 

U233 4.8078E-17 37% 

U233 2.5481E-18 37% 

PU239 1.5996E-19 71% 

U234 8.9303E-15 27% 

RA226 6.7524E-15 34% 

PU240 5.21 06E-17 24% 

TH229 3.1209E-17 24% 

U234 1.5823E-18 23% 

PU240 2.6297E-20 12% 

PU239 3.0273E-15 9% 

PU240 1.8496E-15 9% 

U233 2.9388E-17 13% 

TH230 2.3807E-17 19% 

TH229 1 .4046E-18 20% 

U233 2.3418E-20 10% 

Table C-5 lists the total and percentage release for the 3 radionuclides contributing the most for each vector showing 

integrated discharge to the accessible environment for the EIE2 scenario assuming the dual porosity with chemical 

retardation conceptual model for contaminant transport in the Culebra Dolomite Member. Values are normalized by the 

EPA factor for each radionuclide. Vectors are ordered from most to least release. Vectors that have no release are omitted. 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 

Environment for Scenario E1 E2 and Assuming a Conceptual Model with Dual Porosity, 

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr 

Total EPA-
Comp. normalized, 

Seen. Integrated 

ID 

02 

Vector Discharge 

5 

31 

52 

68 
70 

43 
25 

26 

15 

55 

14 

6 

35 

46 

10 

39 

49 

C-24 

1.1828E-01 

1.0155E-02 

6.0021E-03 

39493E-04 

1.1963E-04 

7.0064E-05 

8.3413E-06 

6.0574E-06 

5.6070E-06 

3.6315E-06 

1.8426E-06 

1.1396E-06 

3.5419E-07 

1.0551E-08 

1.9074E-09 

1.3264E-09 

9.8486E-10 

7.6570E-10 

Top 3 Radionuclides Contribu1ion to Integrated Discharge 

U233 6.3491 E-02 54% 

TH229 6.5324E-03 64% 

U233 

U233 

5.3036E-03 88% 

3.8109E-04 96% 

RA226 1.1963E-04 100% 

U233 6.3893E-05 91% 

TH229 5.0085E-06 60% 

NP237 4.3598E-06 72% 

TH229 3.4898E-06 62% 

RA226 3.6244E-06 100% 

TH229 1.0264E-06 56% 

U233 9.3545E-07 82% 

U233 3.4704E-07 98% 

U233 9.2165E-09 87% 

U233 1.1957E-09 63% 

TH229 7.1628E-10 54% 

U233 9.7633E-10 99% 

NP237 7.6493E-10 100% 

U234 2.2618E-02 19% 

TH230 3.6215E-03 36% 

U234 4.9025E-04 8% 

U234 1.1554E-05 3% 

NP237 1.0256E-16 0% 

U234 6.1699E-06 9% 

TH230 2.7607E-06 33% 

RA226 1.6974E-06 28% 

TH230 2.1 084E-06 38% 

NP237 7.0716E-09 0% 

TH230 8.1182E-07 44% 

PU239 1.0569E-07 9% 

U234 7.1424E-09 2% 

U234 1.3042E-09 12% 

RA226 6.9553E-10 36% 

TH230 6.1014E-10 46% 

U234 8.3454E-12 1% 

RA226 5.2987E-13 0% 

TH229 1 .9558E -02 17% 

RA226 8.9532E-07 0% 

RA226 1.0069E-04 2% 

RA226 1.4480E-06 0% 

U233 7.4618E-17 0% 

TH229 1.4683E-09 0% 

RA226 5.6645E-07 7% 

TH229 1.2307E-10 0% 

RA226 5.7817E-09 0% 

U233 1.4572E-14 0% 

RA226 4.3964E-09 0% 

U234 5.7744E-08 5% 

TH229 1.1195E-12 0% 

TH229 2.6075E-11 0% 

U234 1.1530E-11 1% 

RA226 9.1101E-15 0% 

TH229 1.8781 E-13 0% 

TH229 1 .5280E-13 0% 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E1 E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Total EPA-

Camp. normalized, 

Seen. Integrated 

ID Vector Discharge 

64 

47 

4 

59 

48 

65 

58 

29 

63 

50 

12 

32 

57 

51 

66 

33 

42 

11 

21 

34 

27 

62 

60 

20 

24 

56 
44 

28 

41 

30 
17 

16 

7 
9 

19 

45 

67 

53 

2 
22 

40 

23 

8 

3.0805E-10 

3.2280E-11 

3.0631 E-11 

2.3598E-11 

9.5001E-13 

1.0586E-13 

3.0946E-14 

6.7815E-17 

1.5077E-17 

12251E-17 

1.8679E-18 

1.1875E-18 

4.0887E-19 

3.5073E-19 

6.0965E-20 

5.6963E-20 

1.9346E-20 

3.8308E-21 

3.1981E-21 

3.1981 E-21 

2.9053E-21 

2.8047E-21 

2.0768E-21 

9.1047E-22 

8.0686E-22 

4.2492E-22 

3.3833E-22 

6.1027E-23 

6.1027E-23 

5.3950E-23 

2.1233E-23 

1.8958E-23 

8.7737E-24 

1.4889E-24 

1.2786E-24 

5.8283E-25 

3.1973E-25 

1.9971 E-25 

9.5792E-26 

9.7373E-27 

5.2502E-27 

6.2438E-28 

3.3002E-29 

Top 3 Radionuclides Contribution to Integrated Discharge 

U233 

TH229 

PU239 

U233 

RA226 

NP237 

TH229 

U233 

U233 

RA226 

U233 

RA226 

U233 

RA226 

U233 

NP237 

NP237 

TH229 

U233 

U233 

RA226 

NP237 

U233 

TH229 

NP237 

RA226 

U233 

NP237 

NP237 

RA226 

AM241 

TH229 

NP237 

NP237 

RA226 

3.0586E-10 99% 
2.3698E-11 73% 

2.6332E-11 86% 

2.3405E-11 99% 

9.5001E-13 100% 

5.8251 E-14 55% 

1.7760E-14 57% 

6.3840E-17 94% 

1.3290E-17 88% 

1.2121E-17 99% 

1.8347E-18 98% 

1.1870E-18 100% 

3.8426E-19 94% 

3.5070E-19 100% 

5.7009E-20 94% 

5.4450E-20 96% 

1.8950E-20 98% 

2.0436E-21 53% 

2.4925E-21 78% 

2.4925E-21 78% 

2.1703E-21 75% 

2.8047E-21 100% 

1.4616E-21 70% 

5.2577E-22 58% 

8 0686E-22 100% 

4.2492E-22 100% 

2.4447E-22 72% 

6.1 027E-23 100% 
6.1 027E-23 1 00% 

5.3950E-23 100% 
2.1233E-23 100% 

1.1168E-23 59% 

8.7737E-24 100% 

1.2603E-24 85% 

1.2786E-24 100% 

RA226 5.5385E-25 95% 

RA226 

U233 

U233 

NP237 

RA226 

RA226 

NP237 

1.1826E-25 37% 

1.6527E-25 83% 

8.0505E-26 84% 

9.7373E-27 100% 

5.1259E-27 98% 
2.4878E-28 40% 
3.3002E-29 100% 

U234 1.7844E-12 1% 

TH230 8.3160E-12 26% 

PU240 4.2924E-12 14% 

U234 1.8425E-13 1% 

U234 1 .3993E-19 0% 

RA226 4.7593E-14 45% 

TH230 1.3142E-14 42% 

U234 3.9754E-18 6% 

U234 1.7854E-18 12% 

U233 1.2432E-19 1% 

U234 2.1588E-20 1% 

NP237 3.2289E-22 0% 

U234 2.4527E-20 6% 

U233 1.9957E-23 0% 

U234 3.9062E-21 6% 

RA226 2.1994E-21 4% 
U233 3.7176E-22 2% 

TH230 1.7854E-21 47% 

RA226 3.6286E-22 11% 

RA226 3.6286E-22 11% 

TH229 4.7573E-22 16% 

U233 1.0084E-27 0% 

U234 6.1526E-22 30% 

TH230 3.8470E-22 42% 

TH229 9.9112E-30 0% 

U234 9.3438E-23 28% 
TH229 1.4684E-29 0% 

TH229 1.4684E-29 0% 

NP237 1.3391 E-30 0% 
TH230 7.7901 E-24 41% 

TH229 2.8720E-31 0% 

PU239 1.1273E-25 8% 

U233 5.9915E-30 0% 

U233 2.7106E-26 5% 
PU239 1.0921 E-25 34% 

U234 3.4201 E-26 17% 

U234 1.5286E-26 16% 

TH229 5.8592E-29 1% 
TH229 2.0823E-28 33% 

TH229 3.2846E-13 0% 

U233 

AM241 

RA226 

TH230 

PU239 

RA226 

TH229 

TH229 

U234 

2.5458E-13 

5.6472E-15 

5.8968E-15 

1.7653E-20 

5.1619E-18 

4.1869E-17 

6.1612E-23 

1.9138E-21 

3.5309E-21 

1% 

0% 

0% 

0% 

0% 

0% 

0% 

0% 

0% 

NP237 8.2324E-21 0% 

U233 

TH229 

PU239 

1.6037E-22 

7.8421E-23 

4.3904E-24 

0% 

0% 

0% 

RA226 3.4558E-23 0% 

U233 

U234 

U233 

U234 

U234 

TH230 

TH229 

RA226 

RA226 

U233 

RA226 

U233 

U233 

RA226 

RA226 

1.6844E-22 

2.3762E-23 

1.2593E-24 

3.4266E-22 

3.4266E-22 

2.5929E-22 

2.3834E-28 

4.7559E-28 

5.9309E-29 

2.3114E-30 

4.1767E-25 

1.0105E-32 

1.0105E-32 

1.8494E-29 

9.4959E-26 

0% 

0% 

0% 

11% 

11% 

9% 

0% 

0% 

0% 

0% 

0% 

0% 

0% 

0% 

6% 

U234 1.6430E-27 0% 

TH229 3.7671 E-26 

RA226 2.3306E-28 

TH229 1.2829E-30 

NP237 4 0679E-29 
TH230 1.6737E-28 

12% 

0% 

0% 

1% 
27% 

C-25 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Comp. 

Seen. 

ID 

02 

Total EPA­

normalized, 

Integrated 

Vector Discharge 

36 

38 

54 

22 

8 
4 

48 

14 

64 

67 

28 

55 

19 

46 

15 

18 

5 

58 

32 

41 

24 

6 
42 

53 

40 

39 

52 

45 

70 

30 

1 

63 

60 

29 

47 

35 

27 

2 
3 

26 

31 

1.3894E-30 

9.1987E-31 

5.0300E+01 

2.3592E+01 

2.1797E+01 

1.9332E+01 

1.9143E+01 

1.8735E+01 

1.8123E+01 

1.6270E+01 

1.1190E+01 

9.6472E+OO 

8.8337E+OO 

7.8671E+OO 

6.6504E+OO 

4.4919E+OO 

4.0360E+OO 

3.3798E .. OO 

3.0265E+OO 

2.6822E .. OO 

2.6710E+OO 

2.2398E+OO 

2.2350E+OO 

2.1395E+OO 

1.9444E+OO 

1.1568E+OO 

1.0484E+OO 

9.0755E-01 

8.8969E-01 

8.0558E-01 

7.3146E-01 

7.1551 E-01 

7.0063E-01 

6.6141 E-01 

6.4328E-01 

6.3165E-01 

6.0961 E-01 

6.0892E-01 

5.9995E-01 

5.7868E-01 

5.7764E-01 

C-26 

Top 3 Radionuclides Contribution to Integrated Discharge 

U233 1.3573E-30 98% 

RA226 9.1987E-31 100% 

PU239 2.7662E+01 55% 

AM241 2.2964E+01 97% 

AM241 

AM241 

AM241 

AM241 

PU239 

PU239 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

PU239 

PU239 

AM241 

AM241 

AM241 

PU239 

PU239 

PU239 

AM241 

AM241 

U233 

PU239 

U233 

AM241 

U233 

AM241 

U233 

U233 

U233 
U233 

U233 

U233 

U233 

U233 

U233 

2.1186E +01 97% 

1.8560E+01 96% 

1.8567E+01 97% 

1.8108E+01 97% 

1.5233E +01 84% 

1.1978E+01 74% 

1.0576E+01 95% 

8.8167E .. OO 91% 

8.0633E+OO 91% 

7.0795E+OO 90% 

6.1418E+OO 92% 

3.8971 E+OO 87% 

2.6736E+OO 66% 

2.3358E+OO 69% 

3.0066E+OO 99% 

2.0646E .. OO 77% 

2.2550E+OO 84% 

1.2093E+OO 54% 

1.3299E+OO 60% 

8.7786E-01 41% 

1.4252E+OO 73% 

5.1 098E -01 44% 

3.0219E-01 29% 

6.8001 E-01 75% 

3.2313E-01 36% 

4.3508E-01 54% 

3.3002E-01 45% 

6.4078E-01 90% 

3.7112E-01 53% 

2.7253E-01 41% 

2.6967E-01 42% 

2.5361 E-01 40% 

3.3583E-01 55% 

2.5822E-01 42% 

3.3174E-01 55% 

2.7287E-01 47% 

3.1091 E-01 54% 

U234 3.2119E-32 2% 

AM241 1.6566E +01 33% 

U233 3.5322E-01 1% 

U233 3.2907E-01 2% 

U233 3.3371 E-01 2% 

U233 3.2829E-01 2% 

U233 3.2275E-01 2% 

PU240 2.7304E+OO 15% 

PU240 2.3449E+OO 14% 

U233 3.3862E-01 3% 

PU239 2.8487E-01 3o/o 

U233 3.0567E-01 3% 

U233 3.2616E-01 4% 

U233 2.8958E-01 4% 

U233 2.9499E-01 7% 

PU240 5.3952E-01 13% 

PU240 4.6454E-01 14% 

RA226 1.3014E-02 0% 

U233 2.9897E-01 11 o/o 

TH229 1.6329E-01 6% 

U233 3.2245E-01 14% 

U233 3.0902E-01 14% 

AM241 6.4127E-01 30% 

U233 2.7280E-01 14% 

U233 3.1071 E-01 27% 

21% 

15% 

26% 

26% 

U234 2.1733E-01 

PU240 1.3384E-01 

U234 2.3268E-01 

U233 2.0857E-01 

U234 

U233 

U234 

U234 

U234 

U234 

U234 

U234 

U234 

U234 

U234 

2.3696E-01 32% 

2.2719E-02 3% 

2.6711 E-01 38% 

1.9599E-01 30% 

1.9376E-01 30% 

1.8288E-01 29% 

2.4099E-01 40% 

1.8575E-01 31% 

2.3855E-01 40% 

1.9658E-01 34% 

2.2280E-01 39o/o 

PU240 5.5098E +00 11% 

U234 2.5314E-01 1% 

U234 

U234 

U234 

U234 

U233 

AM241 

U234 

U233 

U234 

U234 

U234 

U234 

AM241 

TH229 

PU239 

U234 

TH230 

U234 

PU240 

U233 

U234 

U234 

PU239 

U233 

TH229 

U234 

TH229 

U234 

NP237 

TH229 

AM241 

TH229 

AM241 

TH229 

RA226 

AM241 

AM241 

2.3574E-01 

2.3899E-01 

2.3491 E-01 

2.3123E-01 

8.3300E-02 

1.3633E+OO 

2.4268E-01 

2.8006E-01 

2.1985E-01 

2.3378E-01 

2.0758E-01 

2.1083E-01 

3.4492E-01 

1.7070E-01 

2.3076E-03 

2.1454E-01 

1.2764E-01 

2.3239E-01 

2.6319E-01 

2.5846E-01 

1.9630E-01 

2.2325E-01 

2.0287E-01 

2.8106E-02 

1.3685E-01 

1.5027E-01 

8.5585E-02 

1.6400E-02 

4.6131 E-02 

7.1920E-02 

1.3012E-01 

1.0164E-01 

1.2347E-02 

8.1899E-02 

8.5920E-03 

5.0188E-02 

3.0944E-02 

1% 

1% 

1% 

1% 

0% 

8% 

2% 

3% 

2% 

3% 

3% 

5% 

9% 

5% 

0% 

8% 

5% 
10% 

12% 

12% 

10% 

19% 

19% 

3% 

15% 

19% 

12% 

2% 

7% 

11% 

20% 

16% 

2% 

13% 

1% 

9o/o 

5% 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E1 E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Total EPA· 

Camp. normalized, 

Seen. Integrated 

ID 

02 

Vector Discharge 

10 

68 

62 

66 

21 

13 

25 

20 

49 

7 

23 

65 

37 

33 

51 

43 

50 

38 

9 

16 

56 

57 

12 

59 

11 

17 

36 

44 

64 

5 

48 

15 

55 

4 

52 

31 

39 

70 

47 

46 

19 

68 

5.6803E.Q1 

5.3173E·01 

4.7248E-01 

4.5604E.Q1 

44697E.Q1 

4.4662E-01 

4.4433E-01 

40991E.01 

3.6689E-01 

3.1454E-01 

2.9013E.01 

2.7809E.Q1 

2.6454E-01 

1.6210E-01 

1.2475E.Q1 

1.0729E.Q1 

1.0717E-01 

1.0622E-01 

6.9506E.Q2 

6.8157E-02 

6.7705E-02 

6.4570E.02 

6.4309E-02 

4.1731E-02 

2.4469E.Q2 

1.6855E.Q2 

9.0879E-03 

7.4099E.Q3 

7.4398E+OO 

2.6223E+OO 

1.5998E+OO 

1.4192E+OO 

1.1245E+OO 

8.1018E-01 

5.3199E.Q1 

5.2176E-01 

5.0865E.Q1 

5.0663E-01 

4.9744E.Q1 

4.9697E-01 

3.8423E-01 

3.5157E-01 

Top 3 Radionuclides Contribution to Integrated Discharge 

U233 

U233 

U233 

U233 

U233 

U233 

U233 

2.8043E.Q1 49% 

2.8485E.Q1 54% 

2.3342E-01 49% 

2.4992E-01 55% 

2.3355E.Q1 52% 

2.3243E.Q1 52% 

2.3441 E-01 53% 

U234 4.0128E.Q1 98% 

U233 2.0807E.Q1 57% 

AM241 7.4657E-02 24% 

PU239 1.7934E-01 62% 

U233 1.1942E.Q1 43% 

PU239 2.1702E.Q1 82% 

U233 6.0685E-02 37% 

U233 6.0116E-02 48% 

AM241 4.4342E-02 41% 

AM241 9.8895E.02 92% 

U233 5.5296E.Q2 52% 

U233 

U233 

U233 

U233 

AM241 

AM241 

U233 

RA226 

U233 

U233 

3.0044E.Q2 43% 

2.8944E.Q2 42% 

3.8211 E-02 56% 

3.4748E.Q2 54% 

3.4036E.Q2 53% 

2.5102E-02 60% 

1.2764E-02 52% 

1.2892E.Q2 76% 

4.9695E-03 55% 

2.8507E.Q3 38% 

PU239 6.3272E+OO 85% 

PU239 

AM241 

AM241 

AM241 

AM241 

U233 

U233 

U233 

U233 

U233 

U233 

U233 

U233 

1.8323E+OO 70% 

1.2074E+OO 75% 

9.0606E.Q1 64% 

6.3912E-01 57% 

3.3669E-01 42% 

1.6629E-01 31% 

2.5468E-01 49% 

1.8365E-01 36% 

1. 7125E.Q1 34% 

2.2141E.Q1 45% 

2.2074E.Q1 44% 

1.4682E.Q1 38% 

1.7063E-01 49% 

U234 

U234 

U234 

U234 

U234 

U234 

U234 

2.0115E-01 35% 

2.0417E.Q1 38% 

1.6803E.01 36% 

1.7923E-01 39% 

1.6819E.Q1 38% 

1.6771 E-01 38% 

1.6891 E-01 38% 

AM241 4.6955E-03 1% 

U234 1.5011 E.Q1 41% 

PU239 7.2978E.Q2 23% 

PU240 3.3597E.02 12% 

U234 8.6289E-02 31% 

PU240 3.2911 E-02 12% 

U234 4.3846E.Q2 27% 

U234 4.3395E.02 35% 

U233 2.2834E-02 21% 

RA226 6.0852E.Q3 6% 

U234 3.9976E-02 38% 

U234 

U234 

U234 

U234 

2.1726E.Q2 31% 

2.0936E-02 31% 

2.7625E-02 41% 

2.5120E.02 39% 

RA226 2.8281 E-02 44% 

U233 5.9522E.Q3 14% 

U234 9.2353E-03 38% 

NP237 2.6671E.Q3 16% 

U234 3.5957E.03 40% 

U234 2.0615E-03 28% 

PU240 1.0757E+OO 14% 

PU240 3.5809E.Q1 14% 

U233 1.8819E-01 12% 

U233 2.4204E.Q1 17% 

U233 1.5497E-01 14% 

U233 1.6562E.01 20% 

U234 1.0756E-01 20% 

U234 1 8483E.Q1 35% 

U234 1.1461E-01 23% 

U234 

U234 

U234 

1.0458E.Q1 21% 

1.5632E-01 31% 

1.5659E.Q1 32% 

TH229 6.1683E.Q2 16% 

U234 1.1140E-01 32% 

AM241 3.6609E-02 

AM241 2.9595E.Q2 

AM241 48164E.Q2 

NP237 1.7269E-02 

PU239 1.5544E-02 

NP237 2.9304E.Q2 

NP237 1.6014E.Q2 

6% 

6% 

10% 

4% 

3% 

7% 

4% 

TH229 3.4309E-03 1% 

RA226 6.1160E.Q3 2% 

U233 4.6748E.Q2 15% 

TH229 2.4695E.Q2 9% 

PU239 3.1322E-02 11% 

U233 

TH229 

AM241 

U234 

U233 

NP237 

TH229 

PU239 

RA226 

PU239 

PU239 

U234 

NP237 

AM241 

RA226 

NP237 

8.0237E-03 

2.9083E.Q2 

9.2960E.Q3 

1.6497E-02 

1.2382E.Q3 

7.0201E-03 

8.6543E.Q3 

1.1265E.Q2 

1.2161E-03 

1.4873E-03 

8.2614E.Q4 

4.3001E.Q3 

1.6258E-03 

1.2859E-03 

4.2488E.Q4 

1.8861E-03 

3% 

18% 

7% 

15% 

1% 

7% 

12% 

17% 

2% 

2% 

1% 

10% 

7% 

8% 

5% 

25% 

U233 

U233 

U234 

U234 

PU239 

U234 

1.8908E.02 0% 

1.8591 E-01 

1.1950E.Q1 

1.7830E-01 

1.4422E.01 

1.0902E-01 

7% 

7% 

13% 

13% 

13% 

PU239 9.6773E.Q2 18% 

TH229 3.7762E-02 7% 

TH229 9.5212E.Q2 19% 

TH229 1.0453E-01 

AM241 3.5945E-02 

AM241 3.6518E.Q2 

21% 

7% 

7% 

AM241 5.6854E.Q2 15% 

TH229 3.4456E.Q2 10% 

C-27 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 
Environment for Scenario E1 E2 and Assuming a Conceptual Model with Dual Porosity, 
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Total EPA-

Comp. normalized, 

Seen. Integrated 

ID Vector Discharge 

6 
14 

49 

10 

1 

25 

66 
26 

35 

65 

51 

43 

58 

42 

50 

59 

29 

23 

33 

63 
9 

16 

11 

18 

12 

24 

40 

44 

3 

32 

57 

67 

7 

21 

20 

45 

13 

62 

41 

28 

27 

53 

22 

C-28 

3.2714E-01 

1.3659E-01 

1.2935E-01 

9.5365E-02 

7.3931E-02 

7.0795E-02 

5.8591 E-02 

5.6905E-02 

3.8868E-02 

3.4223E-02 

3.1533E-02 

3.1122E-02 

1.9514E-02 

1.6532E-02 

7.5564E-03 

7.5457E-03 

7.4028E-03 

3.9549E-03 

2.2398E-04 

1.2267E-04 

1.4765E-05 

8.8900E-06 

4.0238E-06 

2.4501E-06 

2.1123E-06 

1.7199E-07 

4.5393E-09 

2.5787E-09 

1.5489E-09 

1.3706E-09 

1.0122E-09 

9.6018E-11 

5.3780E-11 

1.0735E-11 

7.3981E-12 

6.4161E-12 

3.4304E-12 

2.4448E-12 

1.2315E-12 

6.1138E-13 

2.0458E-13 

6.8844E-14 

2.0337E-14 

Top 3 Radionuclides Contribution to Integrated Discharge 

PU239 

U233 

U233 

U233 

U233 

U233 

U233 

U233 

2.2525E-01 69% 

5.2046E-02 38% 

6.8289E-02 53% 

3.9891 E-02 42% 

2.7756E-02 38% 

3.2985E-02 47% 

2.8356E-02 48% 

2.4752E-02 43% 

TH229 1.2217E-02 31% 

U233 

U233 

PU239 

PU239 

PU239 

AM241 

U233 

TH229 

PU239 

TH229 

TH229 
TH229 

PU239 

U233 

PU239 

PU239 

PU239 

TH229 

TH229 

U233 

AM241 

PU239 

PU239 

PU239 

U233 

PU239 

PU239 

U233 

U233 

AM241 

U233 

U233 

PU239 

AM241 

1.2769E-02 37% 

1.3969E-02 44% 

9.5341 E-03 31% 

1.6448E-02 84% 

1.3677E-02 83% 

5.2142E-03 69% 

2.1848E-03 29% 

2.91 04E-03 39% 

3.3333E-03 84% 

9.8575E-05 44% 

5.4031 E-05 44% 

5.6827E-06 38% 

7.6626E-06 86% 

1.8497E-06 46% 

2.0224E-06 83% 

1.4349E-06 68% 

6.0899E-08 35% 

2.2883E-09 50% 

8.1549E-1 0 32% 

9.4857E-10 61% 

1.2268E-09 90% 

7.9878E-10 79% 

7.8296E-11 82% 

4.3661 E-11 81% 

4.8143E-12 45% 

6.0215E-12 81% 

5.2204E-12 81% 

1.8367E-12 54% 

9.9724E-13 41% 

8.5370E-13 69% 

2.3314E-13 38% 

1.3850E-13 68% 

5.6094E-14 81% 

1.9410E-14 95% 

PU240 3.7739E-02 12% 

TH229 3.3106E-02 24% 

U234 3.7181E-02 29% 

TH229 2.1184E-02 22% 

TH229 2.2514E-02 30% 

TH229 1 .2671 E-02 18% 

TH229 1.4991 E-02 26% 

TH229 9.0774E-03 16% 

U233 1.2050E-02 31% 

PU239 9.9092E-03 29% 

U234 7.8247E-03 25% 

U233 8.3647E-03 27% 

PU240 2.8386E-03 15% 

PU240 2.8462E-03 17% 

RA226 1 .3324E-03 18% 

AM241 1.5770E-03 21% 

U233 1.8528E-03 25% 

PU240 5.6213E-04 14% 

TH230 8.8017E-05 39% 

TH230 4.5323E-05 37% 

TH230 4.9635E-06 34% 

PU240 1.1887E-06 13% 

TH229 1.1237E-06 28% 

PU240 4.2713E-07 17% 

PU240 3 0961 E-07 15% 

TH229 5.1494E-08 30% 

TH230 8.8384E-10 19% 

U233 

U234 

4.9601E-10 19% 

3.7179E-10 24% 

PU239 8.9295E-11 7% 

PU240 1.5931 E-1 0 16% 

PU240 1.7638E-11 18% 

PU240 1.0117E-11 19% 

U234 2.2874E-12 21% 

PU240 1.3398E-12 18% 

PU240 1.1932E-12 19% 

U234 1.1541E-12 34% 

TH229 7.3057E-13 30% 

U233 1.5725E-13 13% 

AM241 1.7063E-13 28% 

U234 3.3816E-14 17% 

PU240 1 .2691 E-14 18% 

U233 5.8864E-16 3% 

U233 

TH230 

TH229 

U234 

TH230 

U234 

TH230 

PU239 

2.1199E-02 

2.5103E-02 

1.2854E-02 

1.5944E-02 

1.6522E-02 

1.1847E-02 

8.6782E-03 

7.9224E-03 

6% 

18% 

10% 

17% 

22% 

17% 

15% 

14% 

TH230 1.0461 E-02 27% 

U234 

TH229 

U234 

TH229 

TH229 

U233 

U234 

TH230 

TH229 

U233 

AM241 

U233 

TH229 

TH230 

TH229 

RA226 

TH230 

U233 

TH230 

TH229 

PU240 

U233 

U233 

RA226 

PU239 

U233 

RA226 

NP237 

TH230 

TH229 

U234 

TH229 

AM241 

TH229 

3.6726E-03 

5.1002E-03 

4.5549E-03 

1.1116E-04 

4.2986E-06 

4.9539E-04 

1.2179E-03 

1.7509E-03 

2.6880E-05 

2.3950E-05 

9.2966E-06 

3.3129E-06 

1.4055E-08 

5.0738E-07 

3.3858E-10 

2.9390E-07 

4.2481E-08 

4.5053E-10 

3.9865E-10 

1.3461 E-10 

1.8095E-11 

3.0336E-11 

2.9731E-14 

4.2362E-16 

2.1974E-12 

1.5176E-14 

1.3834E-15 

2.2407E-13 

3.1740E-13 

1.1752E-13 

1.6292E-13 

1.9067E-14 

4.4416E-17 

1.9363E-16 

11% 

16% 

15% 

1% 

0% 

7% 

16% 

24% 

1% 

11% 

8% 

22% 

0% 

13% 

0% 

14% 

25% 

10% 

15% 

9% 

1% 

3% 

0% 

0% 

20% 

0% 

0% 

7% 

13% 

10% 

27% 

9% 

0% 

1% 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible 

Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity, 

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued) 

Total EPA-

Camp. normalized, 

Seen. Integrated 

ID Vector Discharge 

8 

30 

37 

17 

60 

2 

38 

34 
54 

56 

36 

1.6813E-14 

1.2627E-14 

7.6926E-15 

7.1648E-15 

6.3257E-15 

1.6995E-15 

1.0373E-15 

8.5961E-16 

2.6880E-16 

3.0443E-18 

2.1027E-23 

AM241 

AM241 

PU239 

RA226 

U233 

U233 

U233 

U233 

PU239 

U233 

U233 

Top 3 Radionuclides Contribution to Integrated Discharge 

1.5920E-14 95% 

8.4374E-15 67% 

6.5873E-15 86% 

4.7673E-15 67% 

3.7468E-15 59% 

7.6826E-16 45% 

3.6615E-16 35% 

5.2466E-16 61% 

2.1514E-16 80% 

1.8870E-18 62% 

1.2969E-23 62% 

U233 4.4742E-16 3% 

U233 2.6757E-15 21% 

PU240 1.0775E-15 14% 

PU239 1.3183E-15 18% 

PU239 6.9432E-16 11% 

U234 4.7135E-16 28% 

PU240 2.4939E-16 24% 

TH229 1.4732E-16 17% 

PU240 5.3100E-17 20% 

RA226 6.8848E-19 23% 

U234 5.2115E-24 25% 

TH229 

U234 

U233 

PU240 

TH229 

TH229 

PU239 

RA226 

AM241 

TH229 

RA226 

2.4006E-16 

1.2602E-15 

1.n15E-17 

7.5391 E-16 

5.3069E-16 

2.4665E-16 

1.5507E-16 

8.8110E-17 

5.4714E-19 

2.3680E-19 

2.2437E-24 

1% 

10% 

0% 

11% 

8% 

15% 

15% 

10% 

0% 

8% 

11% 

Table C-6 lists total EPA summed normalized release and the percentages contribution for the 3 radionuclides 

contributing the most release for each vector when drilling into a CH waste drum with an average activity level. Vectors 

are ordered from most to least release. All vectors have some release when intruding into the repository from drilling. 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings 

01 32 

39 

70 

63 

25 

58 

30 

19 

62 

3 

13 

22 

47 

7 

4.5271E-02 

4.4913E-02 

4.4782E-02 

4.4294E-02 

4.4057E-02 

4.3796E-02 

4.3512E-02 

4.3299E-02 

4.3028E-02 

4.2733E-02 

4.2439E-02 

4.2076E-02 

4.1794E-02 

4.1397E-02 

4.1245E-02 

Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 125 years) 

PU238 2.4764E-02 55% 

PU238 2.4568E-02 55% 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

2.4496E-02 55% 

2.4230E-02 55% 

2.4100E-02 55% 

2.3957E-02 55% 

2.3802E-02 55% 

2.3685E-02 55% 

2.3537E-02 55% 

2.3376E-02 55% 

2.3215E-02 55% 

2.3016E-02 55% 

2.2862E-02 55% 

2.2645E-02 55% 

2.2562E-02 55% 

AM241 1.2726E-02 28% 

AM241 1.2626E-02 28% 

AM241 1.2589E-02 28% 

AM241 1.2452E-02 28% 

AM241 1.2385E-02 28% 

AM241 1.2312E-02 28% 

AM241 1.2232E-02 28% 

AM241 1.2172E-02 28% 

AM241 1.2096E-02 28% 

AM241 1.2013E-02 28% 

AM241 1.1930E-02 28% 

AM241 1.1828E-02 28% 

AM241 1.1749E-02 28% 

AM241 1.1637E-02 28% 

AM241 1.1594E-02 28% 

PU239 5.9680E-03 13% 

PU239 5.9208E-03 13% 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

5.9035E-03 

5.8392E-03 

5.8079E-03 

5.n35E-03 

5.7361 E-03 

5.7080E-03 

5.6723E-03 

5.6334E-03 

5.5947E-03 

5.5467E-03 

5.5096E-03 

5.4572E-03 

5.4372E-03 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

C-29 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings 

50 

45 

65 

43 

12 

31 

4 

48 

54 

37 

69 

2 

35 

67 

28 

6 

40 

56 

10 

34 

66 

53 

64 

59 

57 

14 

20 

15 

29 

11 

55 

60 

18 

61 

36 
51 

49 

46 

21 

23 

52 

44 

38 

8 

C-30 

4.0826E-02 

4.0628E-02 

40291E-02 

3.9863E-02 

3.9655E-02 

3.9447E-02 

3.9170E-02 

3.8883E-02 

3.8515E-02 

3.8297E-02 

3.7874E-02 

3.7703E-02 

3.7247E-02 

3.7179E-02 

3.6872E-02 

3.6430E-02 

3.6056E-02 

3.5797E-02 

3.5695E-02 

3.5448E-02 

3.5021E-02 

3.4718E-02 

3.4349E-02 

3.4271 E-02 

3.3981E-02 

3.3603E-02 

3.3314E-02 

3.2948E-02 

3.2760E-02 

3.2539E-02 

3.2242E-02 

3.1846E-02 

3.1593E-02 

3.1352E-02 

3.1155E-02 

3.0675E-02 

3.0675E-02 

3.0283E-02 

3.0023E-02 

2.9676E-02 

2.9309E-02 

2.9222E-02 

2.8781E-02 

2.8501E-02 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 125 years) 

2.2332E-02 55% 

2.2224E-02 55% 

2.2040E-02 55% 

2.1806E-02 55% 

2.1692E-02 55% 

2.1578E-02 55% 

2.1427E-02 55% 

2.1269E-02 55% 

2.1 068E-02 55% 

2.0949E-02 55% 

2.0718E-02 55% 

2.0624E-02 55% 

2.0375E-02 55% 

2.0337E-02 55% 

2.0169E-02 55% 

1.9928E-02 55% 

1 .9723E-02 55% 

1.9581 E-02 55% 

1.9526E-02 55% 

1.9390E-02 55% 

1 .9157E-02 55% 

1 .8991 E-02 55% 

1.8790E-02 55% 

1.8747E-02 55% 

1.8588E-02 55% 

1.8381 E-02 55% 

1.8223E-02 55% 

1.8023E-02 55% 

1.7920E-02 55% 

1.7800E-02 55% 

1.7637E-02 55% 

1.7420E-02 55% 

1.7282E-02 55% 

1.7150E-02 55% 

1.7043E-02 55% 

1.6780E-02 55% 

1.6780E-02 55% 

1.6565E-02 55% 

1.6423E-02 55% 

1 .6233E-02 55% 

1 .6032E-02 55% 

1 .5985E-02 55% 

1.5743E-02 55% 

1.5591 E-02 55% 

AM241 1.1477E-02 28% 

AM241 1.1421E-02 28% 

AM241 1.1326E-02 28% 

AM241 1.1206E-02 28% 

AM241 1.1147E-02 28% 

AM241 1 .1 089E-02 28% 

AM241 1.1011 E-02 28% 

AM241 1.0930E-02 28% 

AM241 1.0827E-02 28% 

AM241 1.0766E-02 28% 

AM241 1.0647E-02 28% 

AM241 1.0599E-02 28% 

AM241 1.0470E-02 28% 

AM241 1.0451 E-02 28% 

AM241 1.0365E-02 28% 

AM241 1.0241 E-02 28% 

AM241 1.0136E-02 28% 

AM241 1.0063E-02 28% 

AM241 1.0034E-02 28% 

AM241 9.9647E-03 28% 

AM241 9.8447E-03 28% 

AM241 9.7596E-03 28% 

AM241 9.6559E-03 28% 

AM241 9.6339E-03 28% 

AM241 9.5524E-03 28% 

AM241 9.4461 E-03 28% 

AM241 9.3649E-03 28% 

AM241 9.2621 E-03 28% 

AM241 9.2093E-03 28% 

AM241 9.1472E-03 28% 

AM241 9.0635E-03 28% 

AM241 8.9522E-03 28% 

AM241 8.8812E-03 28% 

AM241 8.8135E-03 28% 

AM241 8.7581 E-03 28% 

AM241 8.6231 E-03 28% 

AM241 8.6231 E-03 28% 

AM241 8.5130E-03 28% 

AM241 8.4397E-03 28% 

AM241 8.3422E-03 28% 

AM241 8.2389E-03 28% 

AM241 8.2147E-03 28% 

AM241 8.0905E-03 28% 

AM241 8.0120E-03 28% 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

5.3820E-03 

5.3559E-03 

5.3115E-03 

5.2550E-03 

5.2276E-03 

5.2002E-03 

5.1637E-03 

5.1258E-03 

5.0773E-03 

5.0486E-03 

4.9928E-03 

4.9702E-03 

4.9101 E-03 

4.9011 E-03 

4.8607E-03 

4.8024E-03 

4.7532E-03 

4.7190E-03 

4.7056E-03 

4.6730E-03 

4.6167E-03 

4.5768E-03 

4.5282E-03 

4.5179E-03 

4.4796E-03 

4.4298E-03 

4.3917E-03 

4.3435E-03 

4.3187E-03 

4.2896E-03 

4.2504E-03 

4.1982E-03 

4.1649E-03 

4.1331E-03 

4.1071E-03 

4.0438E-03 

4.0438E-03 

3.9922E-03 

3.9578E-03 

3.9121 E-03 

3.8637E-03 

3.8523E-03 

3.7941E-03 

3.7573E-03 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings 

02 

16 

42 

33 

17 

41 

24 

5 

9 

68 

26 

27 

32 

39 

70 

63 

25 

58 

30 

19 

62 

3 
13 

22 

47 

7 

50 

45 

65 

43 

12 

31 

4 

48 

54 

37 

69 

2 
35 

67 

28 

2.8319E-02 

2.8126E-02 

2.7731E-02 

2.7411 E-02 

2.7187E-02 

2.6953E-02 

2.6784E-02 

2.6508E-02 

2.6128E-02 

2.5822E-02 

2.5738E-02 

3.2751 E-02 

3.2492E-02 

3.2397E-02 

3.2044E-02 

3.1873E-02 

3.1684E-02 

3.1478E-02 

3.1325E-02 

3.1128E-02 

3.0915E-02 

3.0702E-02 

3.0439E-02 

3.0236E-02 

2.9948E-02 

2.9839E-02 

2.9535E-02 

2.9392E-02 

2.9148E-02 

28838E-02 

2.8688E-02 

2.8538E-02 

2.8337E-02 

2.8129E-02 

2.7863E-02 

2.7706E-02 

2.7400E-02 

2.7276E-02 

2.6946E-02 

2.6897E-02 

2.6675E-02 

Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 125 years) 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

1.5491 E-02 55% 

1.5385E-02 55% 

1 .5169E -02 55% 

1 .4994E-02 55% 

1.4872E-02 55% 

1.4744E-02 55% 

1.4651 E-02 55% 

1.4500E-02 55% 

1.4292E-02 55% 

1.4125E-02 55% 

1.4079E-02 55% 

AM241 7.9607E-03 28% 

AM241 7.9065E-03 28% 

AM241 7.7953E-03 28% 

AM241 7.7054E-03 28% 

AM241 7.6426E-03 28% 

AM241 7.5769E-03 28% 

AM241 7.5292E-03 28% 

AM241 7.4517E-03 28% 

AM241 7.3448E-03 28% 

AM241 7.2589E-03 28% 

AM241 7.2352E-03 28% 

(Time of Intrusion, 175 years) 

PU238 1.3693E-02 42% 

PU238 1.3585E-02 42% 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

1.3545E-02 42% 

1.3398E-02 42% 

1.3326E-02 42% 

1.3247E-02 42% 

1.3161E-02 42% 

1.3097E-02 42% 

1.3015E-02 42% 

1 .2926E-02 42% 

1.2837E-02 42% 

1.2727E-02 42% 

1.2642E-02 42% 

1.2521 E-02 42% 

1.2476E-02 42% 

1 .2349E-02 42% 

1.2289E-02 42% 

1.2187E-02 42% 

1.2057E-02 42% 

1 .1994E-02 42% 

1 .1932E -02 42% 

1.1848E-02 42% 

1.1761 E-02 42% 

1.1650E-02 42% 

1.1584E-02 42% 

1.1456E-02 42% 

1 .1404E-02 42% 

1.1266E-02 42% 

1.1246E-02 42% 

1.1153E-02 42% 

AM241 1.1299E-02 35% 

AM241 1.121 OE-02 35% 

AM241 1.1177E-02 35% 

AM241 1.1056E-02 35% 

AM241 1.0996E-02 35% 

AM241 1.0931 E-02 35% 

AM241 1.0860E-02 35% 

AM241 1.0807E-02 35% 

AM241 1.0740E-02 35% 

AM241 1.0666E-02 35% 

AM241 1.0593E-02 35% 

AM241 1.0502E-02 35% 

AM241 1.0432E-02 35% 

AM241 1.0332E-02 35% 

AM241 1.0295E-02 35% 

AM241 1.0190E-02 35% 

AM241 1.0141E-02 35% 

AM241 1.0056E-02 35% 

AM241 9.9495E-03 35% 

AM241 9.8976E-03 35% 

AM241 9.8457E-03 35% 

AM241 9.7767E-03 35% 

AM241 9.7048E-03 35% 

AM241 9.6131 E-03 35% 

AM241 9.5588E-03 35% 

AM241 9.4531 E-03 35% 

AM241 9.4103E-03 35% 

AM241 9.2966E-03 35% 

AM241 9.2795E-03 35% 

AM241 9.2029E-03 35% 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

3.7332E-03 

3.7078E-03 

3.6557E-03 

3.6135E-03 

3.5840E-03 

3.5532E-03 

3.5308E-03 

3.4945E-03 

3.4444E-03 

3.4041 E-03 

3.3930E-03 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

13% 

PU239 5.9551 E-03 18% 

PU239 5.9080E-03 18% 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

5.8908E-03 

5.8266E-03 

5.7954E-03 

5.7611 E-03 

5.7237E-03 

5.6957E-03 

5.6600E-03 

5.6213E-03 

5.5826E-03 

5.5347E-03 

5.4978E-03 

5.4455E-03 

5.4255E-03 

5.3703E-03 

5.3443E-03 

5.3000E-03 

5.2437E-03 

5.2163E-03 

5.1890E-03 

5.1526E-03 

5.1147E-03 

5.0664E-03 

5.0377E-03 

4.9820E-03 

4.9595E-03 

4.8996E-03 

4.8906E-03 

4.8502E-03 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

C-31 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings 

03 

6 

40 

56 

10 

34 

66 

53 

64 

59 

57 

14 

20 

15 

29 

11 

55 

60 

18 

61 

36 
51 

49 

46 

21 

23 

52 

44 

38 

8 
16 

42 

33 

17 

41 

24 

5 

9 

68 

26 

27 

32 

39 

C-32 

2.6355E-02 

2.6085E-02 

2.5897E-02 

2.5824E-02 

2.5644E-02 

2.5336E-02 

2.5117E-02 

2.4850E-02 

2.4793E-02 

2.4583E-02 

2.4310E-02 

2.4101 E-02 

2.3836E-02 

2.3700E-02 

2.3540E-02 

2.3325E-02 

2.3039E-02 

2.2856E-02 

2.2682E-02 

2.2539E-02 

2.2192E-02 

2.2192E-02 

2.1908E-02 

2.1720E-02 

2.1469E-02 

2.1203E-02 

2.1141E-02 

2.0821E-02 

2.0619E-02 

2.0487E-02 

2.0348E-02 

2.0061E-02 

1.9830E-02 

1.9668E-02 

1.9499E-02 

1.9376E-02 

1.9177E-02 

1.8902E-02 

1.8681 E-02 

1.8620E-02 

1.9671 E-02 

1.9516E-02 

Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 175 years) 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

1.1 019E-02 42% 

1.0906E-02 42% 

1 0828E-02 42% 

1.0797E-02 42% 

1.0722E-02 42% 

1 0593E-02 42% 

1.0501 E-02 42% 

1.0390E-02 42% 

1.0366E-02 42% 

1.0278E-02 42% 

1.0164E-02 42% 

1.0077E-02 42% 

9.9660E-03 42% 

9.9091 E-03 42% 

9.8423E-03 42% 

9.7523E-03 42% 

9.6325E-03 42% 

9.5562E-03 42% 

9.4833E-03 42% 

9.4237E-03 42% 

9.2784E-03 42% 

9.2784E-03 42% 

9.1599E-03 42% 

9.0811 E-03 42% 

8.9762E-03 42% 

8.8651 E-03 42% 

8.8390E-03 42% 

8.7054E-03 42% 

8.6209E-03 42% 

8.5657E-03 42% 

8.5074E-03 42% 

8.3878E-03 42% 

8.2910E-03 42% 

8.2234E-03 42% 

8.1527E-03 42% 

8.1 014E-03 42% 

8.0180E-03 42% 

7.9030E-03 42% 

7.8105E-03 42% 

7.7850E-03 42% 

AM241 9.0926E-03 35% 

AM241 8.9995E-03 35% 

AM241 8.9347E-03 35% 

AM241 8 9094E-03 35% 

AM241 8.8475E-03 35% 

AM241 8.7410E-03 35% 

AM241 8.6655E-03 35% 

AM241 8.5734E-03 35% 

AM241 8.5538E-03 35% 

AM241 8.4815E-03 35% 

AM241 8.3870E-03 35% 

AM241 8.3150E-03 35% 

AM241 8.2237E-03 35% 

AM241 8.1768E-03 35% 

AM241 8.1217E-03 35% 

AM241 8.0474E-03 35% 

AM241 7.9485E-03 35% 

AM241 7.8855E-03 35% 

AM241 7.8254E-03 35% 

AM241 7.7762E-03 35% 

AM241 7.6563E-03 35% 
AM241 7.6563E-03 35% 

AM241 7.5586E-03 35% 

AM241 7.4935E-03 35% 

AM241 7.4070E-03 35% 

AM241 7.3153E-03 35% 

AM241 7.2937E-03 35% 

AM241 7.1835E-03 35% 

AM241 7.1138E-03 35% 

AM241 7.0682E-03 35% 

AM241 7.0201 E-03 35% 

AM241 6.9214E-03 35% 

AM241 6.8415E-03 35% 

AM241 6.7858E-03 35% 

AM241 6.7274E-03 35% 

AM241 6.6850E-03 35% 

AM241 6.6163E-03 35% 

AM241 6.5214E-03 35% 

AM241 6.4451 E-03 35% 

AM241 6.4240E-03 35% 

(Time of Intrusion, 350 years) 

AM241 8.5346E-03 43% 

AM241 8.4671 E-03 43% 

PU239 5.9252E-03 30% 

PU239 5.8783E-03 30% 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

PU239 

4.7920E-03 

4.7430E-03 

4.7088E-03 

4.6955E-03 

4.6629E-03 

4.6067E-03 

4.5669E-03 

4.5184E-03 

4.5081E-03 

4.4700E-03 

4.4202E-03 

4.3822E-03 

4.3341E-03 

4.3094E-03 

4.2803E-03 

4.2412E-03 

4.1891E-03 

4.1559E-03 

4.1242E-03 

4.0983E-03 

4.0351 E-03 

4.0351E-03 

3.9836E-03 

3.9493E-03 

3.9037E-03 

3.8553E-03 

3.8440E-03 

3.7859E-03 

3.7491 E-03 

3.7252E-03 

3.6998E-03 

3.6478E-03 

3.6057E-03 

3.5763E-03 

3.5455E-03 

3.5232E-03 

3.4870E-03 

3.4369E-03 

3.3967E-03 

3.3856E-03 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 
18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

18% 

PU238 3.4362E-03 17% 

PU238 3.4090E-03 17% 



Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings 

70 

63 

25 

58 

30 

19 

62 

3 

13 

22 

47 

7 

1 

50 

45 

65 

43 
12 

31 

4 

48 

54 
37 

69 

2 
35 

67 

28 

6 
40 

56 

10 

34 

66 
53 

64 

59 

57 

14 

20 

15 

29 

11 

55 

1.9459E-02 

1.9247E-02 

1.9144E-02 

1.9030E-02 

1.8907E-02 

1.8815E-02 

1.8697E-02 

1.8569E-02 

1.8441E-02 

1.8283E-02 

1.8161E-02 

1.7988E-02 

1.7922E-02 

1.7740E-02 

1.7654E-02 

1.7508E-02 

1.7321E-02 
1.7231 E-02 

1.7141E-02 

1.7020E-02 

1.6895E-02 

1.6736E-02 

1.6641E-02 

1.6457E-02 

1.6383E-02 

1.6185E-02 

1.6155E-02 

1.6022E-02 

1.5829E-02 

1.5667E-02 

1.5555E-02 

1.5510E-02 

1.5403E-02 

1.5217E-02 

1.5086E-02 

1.4926E-02 

1.4892E-02 

1.4766E-02 

1.4601E-02 

1.4476E-02 

1.4317E-02 

1.4235E-02 

1.4139E-02 

1.4010E-02 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 
AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

AM241 

Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 350 years) 

8.4424E-03 43% 

8.3504E-03 43% 

8.3057E-03 43% 

8.2565E-03 43% 

8.2030E-03 43% 

8.1629E-03 43% 

8.1117E-03 43% 

8.0562E-03 43% 

8.0007E-03 43% 

7.9321 E-03 43% 

7.8791 E-03 43% 

7.8042E-03 43% 

7.7756E-03 43% 

7.6965E-03 43% 

7.6593E-03 43% 

7.5958E-03 43% 

7.5150E-03 43% 
7.4758E-03 43% 

7.4366E-03 43% 

7.3844E-03 43% 

7.3302E-03 43% 

7.2609E-03 43% 

7.2199E-03 43% 

7.1401E-03 43% 

7.1078E-03 43% 

7.0218E-03 43% 

7.0090E-03 43% 

6.9511 E-03 43% 

6.8678E-03 43% 

6.7974E-03 43% 

6.7485E-03 43% 

6.7294E-03 43% 

6.6827E-03 43% 

6.6022E-03 43% 

6.5451 E-03 43% 

6.4756E-03 43% 

6.4608E-03 43% 

6.4062E-03 43% 

6.3348E-03 43% 

6.2804E-03 43% 

6.2115E-03 43% 

6.1760E-03 43% 

6.1344E-03 43% 

6.0783E-03 43% 

PU239 5.8611 E-03 30% 

PU239 5.7973E-03 30% 

PU239 5.7662E-03 30% 

PU239 5.7321 E-03 30% 

PU239 5.6949E-03 30% 

PU239 5.6671 E-03 30% 

PU239 5.6316E-03 30% 

PU239 5.5930E-03 30% 

PU239 5.5545E-03 30% 

PU239 5.5069E-03 30% 

PU239 5.4701 E-03 30% 

PU239 5.4181 E-03 30% 

PU239 5.3982E-03 30% 

PU239 5.3433E-03 30% 

PU239 5.3175E-03 30% 

PU239 5.2734E-03 30% 

PU239 5.2173E-03 30% 

PU239 5.1901 E-03 30% 

PU239 5.1629E-03 30% 

PU239 5.1267E-03 30% 

PU239 5.0890E-03 30% 

PU239 5.0409E-03 30% 

PU239 5.0124E-03 30% 

PU239 4.9570E-03 30% 

PU239 4.9346E-03 30% 

PU239 4.8749E-03 30% 

PU239 4.8660E-03 30% 

PU239 4.8258E-03 30% 

PU239 4.7680E-03 30% 

PU239 4. 7191 E-03 30% 

PU239 4.6851 E-03 30% 

PU239 4.6719E-03 30% 

PU239 4.6395E-03 30% 

PU239 4.5836E-03 30% 

PU239 4.5440E-03 30% 

PU239 4.4957E-03 30% 

PU239 4.4854E-03 30% 

PU239 4.4475E-03 30% 

PU239 4.3980E-03 30% 

PU239 4.3602E-03 30% 

PU239 4.3123E-03 30% 

PU239 4.2877E-03 30% 

PU239 4.2588E-03 30% 

PU239 4.2199E-03 30% 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

PU238 

3.3991E-03 

3.3621E-03 

3.3441 E-03 

3.3243E-03 

3.3027E-03 

3.2866E-03 

3.2659E-03 

3.2436E-03 

3.2213E-03 

3.1937E-03 

3.1723E-03 

3.1422E-03 

3.1306E-03 

3.0988E-03 

3.0838E-03 

3.0582E-03 

3.0257E-03 

3.0099E-03 

2.9941 E-03 

2.9731E-03 

2.9513E-03 

2.9234E-03 

2.9069E-03 

2.8747E-03 

2.8617E-03 

2.8271E-03 

2.8220E-03 

2.7987E-03 

2.7651E-03 

2.7368E-03 

2.7171E-03 

2.7094E-03 

2.6906E-03 

2.6582E-03 

2.6352E-03 

2.6072E-03 

2.6013E-03 

2.5793E-03 

2.5505E-03 

2.5286E-03 

2.5009E-03 

2.4866E-03 

2.4698E-03 

2.4473E-03 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 

17% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground! Surface (Continued) 

Camp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 350 years) 

60 1.3838E-02 AM241 6.0036E-03 43% PU239 4.1680E-03 30% PU238 2.4172E-03 17% 
18 1.3728E-02 AM241 5.9560E-03 43% PU239 4.1350E-03 30% PU238 2.3980E-03 17% 
61 1.3623E-02 AM241 5.9106E-03 43% PU239 4.1034E-03 30% PU238 2.3797E-03 17% 
36 1.3538E-02 AM241 5.8735E-03 43% PU239 4.0777E-03 30% PU238 2.3648E-03 17% 
51 1.3329E-02 AM241 5.7829E-03 43% PU239 4.0148E-03 30% PU238 2.3283E-03 17% 

49 1.3329E-02 AM241 5.7829E-03 43% PU239 4.0148E-03 30% PU238 2.3283E-03 17% 

46 1.3159E-02 AM241 5.7091E-03 43% PU239 3.9635E-03 30% PU238 2.2986E-03 17% 

21 1.3046E-02 AM241 5.6600E-03 43% PU239 3.9294E-03 30% PU238 2.2788E-03 17% 

23 1.2895E-02 AM241 5.5946E-03 43% PU239 3.8841E-03 30% PU238 2.2525E-03 17% 

52 1.2735E-02 AM241 5.5253E-03 43% PU239 3.8360E-03 30% PU238 2.2246E-03 17% 
44 1.2698E-02 AM241 5.5090E-03 43% PU239 3.8247E-03 30% PU238 2.2181E-03 17% 

38 1.2506E-02 AM241 5.4258E-03 43% PU239 3.7669E-03 30% PU238 2.1845E-03 17% 

8 1.2384E-02 AM241 5.3731E-03 43% PU239 3.7303E-03 30% PU238 2.1633E-03 17% 

16 1.2305E-02 AM241 5.3387E-03 43% PU239 3.7064E-03 30% PU238 2.1495E-03 17% 

42 1.2221E-02 AM241 5.3024E-03 43% PU239 3.6812E-03 30% PU238 2.1349E-03 17% 

33 1.2050E-02 AM241 5.2278E-03 43% PU239 3.6294E-03 30% PU238 2.1048E-03 17% 

17 1.1911E-02 AM241 5.1675E-03 43% PU239 3.5876E-03 30% PU238 2.0806E-03 17% 

41 1.1813E-02 AM241 5.1254E-03 43% PU239 3.5583E-03 30% PU238 2.0636E-03 17% 

24 1.1712E-02 AM241 5.0813E-03 43% PU239 3.5277E-03 30% PU238 2.0458E-03 17% 

5 1.1638E-02 AM241 5.0493E-03 43% PU239 3.5055E-03 30% PU238 2.0330E-03 17% 

9 1.1518E-02 AM241 4.9974E-03 43% PU239 3.4694E-03 30% PU238 2.0121 E-03 17% 
68 1.1353E-02 AM241 4.9257E-03 43% PU239 3.4197E-03 30% PU238 1.9832E-03 17% 

26 1.1220E-02 AM241 4.8680E-03 43% PU239 3.3796E-03 30% PU238 1.9600E-03 17% 

27 1.1184E-02 AM241 4.8522E-03 43% PU239 3.3686E-03 30% PU238 1.9536E-03 17% 

(Time of Intrusion, 1000 years) 

04 32 1.0509E-02 PU239 5.8153E-03 55% AM241 3.0092E-03 29% PU240 1.6121 E-03 15% 
39 1.0425E-02 PU239 5.7693E-03 55% AM241 2.9854E-03 29% PU240 1.5994E-03 15% 
70 1.0395E-02 PU239 5.7524E-03 55% AM241 2.9767E-03 29% PU240 1.5947E-03 15% 
63 1.0282E-02 PU239 5.6898E-03 55% AM241 2.9443E-03 29% PU240 1.5774E-03 15% 
25 1.0227E-02 PU239 5.6593E-03 55% AM241 2.9285E-03 29% PU240 1.5689E-03 15% 
58 1.0166E-02 PU239 5.6258E-03 55% AM241 2.9112E-03 29% PU240 1.5596E-03 15% 
30 1.0100E-02 PU239 5.5893E-03 55% AM241 2.8923E-03 29% PU240 1.5495E-03 15% 
19 1.0051E-02 PU239 5.5620E-03 55% AM241 2.8782E-03 29% PU240 1.5419E-03 15% 
62 9.9878E-03 PU239 5.5271E-03 55% AM241 2.8601E-03 29% PU240 1.5323E-03 15% 
3 9.9194E-03 PU239 5.4893E-03 55% AM241 2.8405E-03 29% PU240 1.5218E-03 15% 
13 9.8512E-03 PU239 5.4515E-03 55% AM241 2.8210E-03 29% PU240 1.5113E-03 15% 
22 9.7667E-03 PU239 5.4048E-03 55% AM241 2.7968E-03 29% PU240 1.4983E-03 15% 
47 9.7014E-03 PU239 5.3687E-03 55% AM241 2.7781E-03 29% PU240 1.4883E-03 15% 
7 9.6092E-03 PU239 5.3176E-03 55% AM241 2.7517E-03 29% PU240 1.4742E-03 15% 
1 9.5740E-03 PU239 5.2981E-03 55% AM241 2.7416E-03 29% PU240 1.4688E-03 15% 
50 9.4766E-03 PU239 5.2442E-03 55% AM241 2.7137E-03 29% PU240 1.4538E-03 15% 
45 9.4307E-03 PU239 5.2188E-03 55% AM241 2.7006E-03 29% PU240 1.4468E-03 15% 
65 9.3526E-03 PU239 5.1756E-03 55% AM241 2.6782E-03 29% PU240 1.4348E-03 15% 
43 9.2531 E-03 PU239 5.1205E-03 55% AM241 2.6497E-03 29% PU240 1.4195E-03 15% 
12 9.2048E-03 PU239 5.0938E-03 55% AM241 2.6359E-03 29% PU240 1.4121E-03 15% 
31 9.1565E-03 PU239 50671E-03 55% AM241 2.6221E-03 29% PU240 1.4047E-03 15% 
4 9.0923E-03 PU239 5.0316E-03 55% AM241 2.6037E-03 29% PU240 1.3949E-03 15% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 1000 years) 

48 9.0255E-03 PU239 4.9946E-03 55% AM241 2.5846E-03 29% PU240 1.3846E-03 15% 
54 8.9402E-03 PU239 4.9474E-03 55% AM241 2.5601E-03 29% PU240 1.3715E-03 15% 
37 8.8897E-03 PU239 4.9194E-03 55% AM241 2.5457E-03 29% PU240 1.3638E-03 15% 
69 8.7914E-03 PU239 4.8651E-03 55% AM241 2.5175E-03 29% PU240 1.3487E-03 15% 
2 8.7517E-03 PU239 4.8431E-03 55% AM241 2.5061E-03 29% PU240 1.3426E-03 15% 
35 8.6458E-03 PU239 4.7845E-03 55% AM241 2.4758E-03 29% PU240 1.3264E-03 15% 
67 8.6300E-03 PU239 4.7757E-03 55% AM241 2.4713E-03 29% PU240 1.3240E-03 15% 
28 8.5588E-03 PU239 4.7363E-03 55% AM241 2.4509E-03 29% PU240 1.3130E-03 15% 
6 8.4561E-03 PU239 4.6795E-03 55% AM241 2.4215E-03 29% PU240 1.2973E-03 15% 
40 8.3695E-03 PU239 4.6316E-03 55% AM241 2.3967E-03 29% PU240 1.2840E-03 15% 
56 8.3093E-03 PU239 4.5982E-03 55% AM241 2.3795E-03 29% PU240 1.2747E-03 15% 
10 8.2857E-03 PU239 4.5852E-03 55% AM241 2.3727E-03 29% PU240 1.2711 E-03 15% 
34 8.2282E-03 PU239 4.5534E-03 55% AM241 2.3562E-03 29% PU240 1.2623E-03 15% 
66 8.1291E-03 PU239 4.4986E-03 55% AM241 2.3279E-03 29% PU240 1.2471 E-03 15% 
53 8.0589E-03 PU239 4.4597E-03 55% AM241 2.3078E-03 29% PU240 1.2363E-03 15% 
64 7.9732E-03 PU239 4.4123E-03 55% AM241 2.2832E-03 29% PU240 1.2232E-03 15% 
59 7.9551E-03 PU239 4.4023E-03 55% AM241 2.2780E-03 29% PU240 1.2204E-03 15% 
57 7.8878E-03 PU239 4.3650E-03 55% AM241 2.2588E-03 29% PU240 1.2101 E-03 15% 
14 7.8000E-03 PU239 4.3164E-03 55% AM241 2.2336E-03 29% PU240 1.1966E-03 15% 
20 7.7330E-03 PU239 4.2793E-03 55% AM241 2.2144E-03 29% PU240 1.1863E-03 15% 
15 7.6481E-03 PU239 4.2324E-03 55% AM241 2.1901E-03 29% PU240 1.1733E-03 15% 
29 7.6044E-03 PU239 4.2082E-03 55% AM241 2.1776E-03 29% PU240 1.1666E-03 15% 
11 7.5532E-03 PU239 4.1798E-03 55% AM241 2.1629E-03 29% PU240 1.1588E-03 15% 
55 7.4841E-03 PU239 4.1416E-03 55% AM241 2.1431E-03 29% PU240 1.1482E-03 15% 
60 7.3922E-03 PU239 4.0907E-03 55% AM241 2.1168E-03 29% PU240 1.1341E-03 15% 
18 7.3336E-03 PU239 4.0583E-03 55% AM241 2.1000E-03 29% PU240 1.1251E-03 15% 
61 7.2776E-03 PU239 4.0273E-03 55% AM241 2.0840E-03 29% PU240 1.1165E-03 15% 
36 7.2319E-03 PU239 4.0020E-03 55% AM241 2.0709E-03 29% PU240 1.1095E-03 15% 
51 7.1204E-03 PU239 3.9404E-03 55% AM241 2.0390E-03 29% PU240 1.0924E-03 15% 
49 7.1204E-03 PU239 3.9404E-03 55% AM241 2.0390E-03 29% PU240 1.0924E-03 15% 
46 7.0295E-03 PU239 3.8900E-03 55% AM241 2.0130E-03 29% PU240 1.0784E-03 15% 
21 6.9690E-03 PU239 3.8566E-03 55% AM241 1.9956E-03 29% PU240 1.0691 E-03 15% 
23 6.8885E-03 PU239 3.8120E-03 55% AM241 1.9726E-03 29% PU240 1.0568E-03 15% 
52 6.8032E-03 PU239 3.7648E-03 55% AM241 1.9482E-03 29% PU240 1.0437E-03 15% 
44 6.7832E-03 PU239 3.7537E-03 55% AM241 1.9424E-03 29% PU240 1.0406E-03 15% 
38 6.6807E-03 PU239 3.6970E-03 55% AM241 1.9131 E-03 29% PU240 1.0249E-03 15% 
8 6.6158E-03 PU239 3.6611 E-03 55% AM241 1.8945E-03 29% PU240 1.0149E-03 15% 
16 6.5735E-03 PU239 3.6377E-03 55% AM241 1.8824E-03 29% PU240 1.0085E-03 15% 
42 6.5287E-03 PU239 3.6129E-03 55% AM241 1.8696E-03 29% PU240 1.0016E-03 15% 
33 6.4369E-03 PU239 3.5621 E-03 55% AM241 1.8433E-03 29% PU240 9.8750E-04 15% 
17 6.3627E-03 PU239 3.5210E-03 55% AM241 1.8220E-03 29% PU240 9.7611 E-04 15% 
41 6.3108E-03 PU239 3.4923E-03 55% AM241 1.8072E-03 29% PU240 9.6815E-04 15% 
24 6.2565E-03 PU239 3.4623E-03 55% AM241 1.7916E-03 29% PU240 9.5983E-04 15% 
5 6.2171 E-03 PU239 3.4405E-03 55% AM241 1.7803E-03 29% PU240 9.5379E-04 15% 
9 6.1532E-03 PU239 3.4051E-03 55% AM241 1.7620E-03 29% PU240 9.4398E-04 15% 
68 6.0649E-03 PU239 3.3562E-03 55% AM241 1.7367E-03 29% PU240 9.3043E-04 15% 
26 5.9939E-03 PU239 3.3170E-03 55% AM241 1.7164E-03 29% PU240 9.1954E-04 15% 
27 5.9744E-03 PU239 3.3061E-03 55% AM241 1.7108E-03 29% PU240 9.1654E-04 15% 

(Time of Intrusion, 3000 years) 

05 32 6.9712E-03 PU239 5.4897E-03 79% PU240 1.3041E-03 19% AM241 1.2175E-04 2% 
39 6.9161 E-03 PU239 5.4463E-03 79% PU240 1.2938E-03 19% AM241 1.2078E-04 2% 
70 6.8959E-03 PU239 5.4304E-03 79% PU240 1.2900E-03 19% AM241 1.2043E-04 2% 
63 6.8208E-03 PU239 5.3713E-03 79% PU240 1.2759E-03 19% AM241 1 .1912E-04 2% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 3000 years) 

25 6.7842E-03 PU239 5.3425E-03 79% PU240 1.2691E-03 19% AM241 1.1848E-04 2% 
58 6.7441 E-03 PU239 5.3109E-03 79% PU240 1.2616E-03 19% AM241 1.1778E-04 2% 
30 6.7003E-03 PU239 5.2764E-03 79% PU240 1.2534E-03 19% AM241 1.1702E-04 2% 
19 6.6676E-03 PU239 5.2506E-03 79% PU240 1.2473E-03 19% AM241 1.1644E-04 2% 
62 6.6258E-03 PU239 5.2177E-03 79% PU240 1.2395E-03 19% AM241 1.1571 E-04 2% 
3 6.5804E-03 PU239 5.1820E-03 79% PU240 1.2310E-03 19% AM241 1.1492E-04 2% 
13 6.5352E-03 PU239 5.1463E-03 79% PU240 1.2225E-03 19% AM241 1.1413E-04 2% 
22 6.4791E-03 PU239 5.1022E-03 79% PU240 1.2120E-03 19% AM241 1.1315E-04 2% 
47 6.4358E-03 PU239 5.0681E-03 79% PU240 1.2039E-03 19% AM241 1.1240E-04 2% 
7 6.3746E-03 PU239 5.0199E-03 79% PU240 1.1925E-03 19% AM241 1.1133E-04 2% 
1 6.3513E-03 PU239 5.0015E-03 79% PU240 1.1881 E-03 19% AM241 1.1092E-04 2% 
50 6.2867E-03 PU239 4.9507E-03 79% PU240 1.1760E-03 19% AM241 1.0979E-04 2% 
45 6.2562E-03 PU239 4.9267E-03 79% PU240 1.1703E-03 19% AM241 1.0926E-04 2% 
65 6.2044E-03 PU239 4.8859E-03 79% PU240 1.1606E-03 19% AM241 1.0836E-04 2% 
43 6.1384E-03 PU239 4.8339E-03 79% PU240 1.1483E-03 19% AM241 1.0720E-04 2% 
12 6.1064E-03 PU239 4.8087E-03 79% PU240 1.1423E-03 19% AM241 1.0664E-04 2% 
31 6.0744E-03 PU239 4.7835E-03 79% PU240 1.1363E-03 19% AM241 1.0608E-04 2% 
4 6.0317E-03 PU239 4.7499E-03 79% PU240 1.1283E-03 19% AM241 1.0534E-04 2% 
48 5.9874E-03 PU239 4.7150E-03 79% PU240 1.1200E-03 19% AM241 1.0457E-04 2% 
54 5.9309E-03 PU239 4.6705E-03 79% PU240 1.1095E-03 19% AM241 1.0358E-04 2% 
37 5.8973E-03 PU239 4.6441E-03 79% PU240 1.1032E-03 19% AM241 1.0299E-04 2% 
69 5.8321E-03 PU239 4.5927E-03 79% PU240 1.0910E-03 19% AM241 1.0185E-04 2% 
2 5.8058E-03 PU239 4.5720E-03 79% PU240 1.0861 E-03 19% AM241 1.0139E-04 2% 
35 5.7356E-03 PU239 4.5167E-03 79% PU240 1.0729E-03 19% AM241 1.0017E-04 2% 
67 5.7250E-03 PU239 4.5084E-03 79% PU240 1.0710E-03 19% AM241 9.9984E-05 2% 
28 5.6778E-03 PU239 4.4712E-03 79% PU240 1.0621E-03 19% AM241 9.9159E-05 2% 
6 5.6097E-03 PU239 4.4176E-03 79% PU240 1.0494E-03 19% AM241 9.7970E-05 2% 
40 5.5523E-03 PU239 4.3723E-03 79% PU240 1.0386E-03 19% AM241 9.6966E-05 2% 
56 5.5123E-03 PU239 4.3408E-03 79% PU240 1.0312E-03 19% AM241 9.6268E-05 2% 
10 5.4967E-03 PU239 4.3285E-03 79% PU240 1.0282E-03 19% AM241 9.5996E-05 2% 
34 5.4585E-03 PU239 4.2985E-03 79% PU240 1.0211 E-03 19% AM241 9.5329E-05 2% 
66 5.3928E-03 PU239 4.2467E-03 79% PU240 1.0088E-03 19% AM241 9.4181E-05 2% 
53 5.3462E-03 PU239 4.2101E-03 79% PU240 1.0001 E-03 19% AM241 9.3368E-05 2% 
64 5.2894E-03 PU239 4.1653E-03 79% PU240 9.8946E-04 19% AM241 9.2375E-05 2% 
59 5.2773E-03 PU239 4.1558E-03 79% PU240 9.8721E-04 19% AM241 9.2165E-05 2% 
57 5.2327E-03 PU239 4.1207E-03 79% PU240 9.7885E-04 19% AM241 9.1385E-05 2% 
14 5.1744E-03 PU239 4.0748E-03 79% PU240 9.6795E-04 19% AM241 9.0368E-05 2% 
20 5.1300E-03 PU239 4.0398E-03 79% PU240 9.5964E-04 19% AM241 8.9591E-05 2% 
15 5.0737E-03 PU239 3.9954E-03 79% PU240 9.4911E-04 19% AM241 8.8608E-05 2% 
29 5.0447E-03 PU239 3.9726E-03 79% PU240 9.4369E-04 19% AM241 8.8102E-05 2% 
11 5.0107E-03 PU239 3.9458E-03 79% PU240 9.3733E-04 19% AM241 8.7508E-05 2% 
55 4.9649E-03 PU239 3.9098E-03 79% PU240 9.2875E-04 19% AM241 8.6708E-05 2% 
60 4.9039E-03 PU239 3.8617E-03 79% PU240 9.1735E-04 19% AM241 8.5643E-05 2% 
18 4.8650E-03 PU239 3.8311 E-03 79% PU240 9.1008E-04 19% AM241 8.4964E-05 2% 
61 4.8279E-03 PU239 3.8019E-03 79% PU240 9.0313E-04 19% AM241 8.4316E-05 2% 
36 4.7976E-03 PU239 3.7780E-03 79% PU240 8.9746E-04 19% AM241 8.3786E-05 2% 
51 4.7236E-03 PU239 3.7198E-03 79% PU240 8.8363E-04 19% AM241 8.2495E-05 2% 
49 4.7236E-03 PU239 3.7198E-03 79% PU240 8.8363E-04 19% AM241 8.2495E-05 2% 
46 4.6633E-03 PU239 3.6723E-03 79% PU240 8.7234E-04 19% AM241 8.1441E-05 2% 
21 4.6232E-03 PU239 3.6407E-03 79% PU240 8.6483E-04 19% AM241 8.0740E-05 2% 
23 4.5698E-03 PU239 3.5986E-03 79% PU240 8.5485E-04 19% AM241 7.9808E-05 2% 
52 4.5132E-03 PU239 3.5541E-03 79% PU240 8.4426E-04 19% AM241 7.8820E-05 2% 
44 4.4999E-03 PU239 3.5436E-03 79% PU240 8.4177E-04 19% AM241 7.8587E-05 2% 
38 4.4319E-03 PU239 3.4900E-03 79% PU240 8.2905E-04 19% AM241 7.7400E-05 2% 
8 4.3889E-03 PU239 3.4562E-03 79% PU240 8.2100E-04 19% AM241 7.6648E-05 2% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

10 Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 1000 years) 

16 4.3608E-03 PU239 3.4341E-03 79% PU240 8.1575E-04 19% AM241 7.6158E-05 2% 
42 4.3311E-03 PU239 3.4107E-03 79% PU240 8.1020E-04 19% AM241 7.5640E-05 2% 
33 4.2702E-03 PU239 33627E-03 79% PU240 7.9880E-04 19% AM241 7.4576E-05 2% 
17 4.2209E-03 PU239 3.3239E-03 79% PU240 7.8959E-04 19% AM241 7.3715E-05 2% 
41 4.1865E-03 PU239 3.2968E-03 79% PU240 7.8315E-04 19% AM241 7.3114E-05 2% 
24 4.1505E-03 PU239 3.2685E-03 79% PU240 7.7642E-04 19% AM241 7.2486E-05 2% 
5 4.1244E-03 PU239 3.2479E-03 79% PU240 7.7153E-04 19% AM241 7.2029E-05 2% 
9 4.0820E-03 PU239 3.2145E-03 79% PU240 7.6359E-04 19% AM241 7.1289E-05 2% 
68 4.0234E-03 PU239 3.1684E-03 79% PU240 7.5264E-04 19% AM241 7.0266E-05 2% 
26 3.9763E-03 PU239 3.1313E-03 79% PU240 7.4383E-04 19% AM241 6.9443E-05 2% 
27 3.9633E-03 PU239 3.1211E-03 79% PU240 7.4140E-04 19% AM241 6.9217E-05 2% 

(Time of Intrusion, 7250 years) 

06 32 5.7513E-03 PU239 4.8572E-03 84% PU240 8.3097E-04 14% U233 2.6554E-05 0% 
39 5.7058E-03 PU239 4.8188E-03 84% PU240 8.2440E-04 14% U233 2.6344E-05 0% 
70 5.6891E-03 PU239 4.8047E-03 84% PU240 8.2199E-04 14% U233 2.6268E-05 0% 
63 5.6272E-03 PU239 4.7524E-03 84% PU240 8.1304E-04 14% U233 2.5981E-05 0% 
25 5.5970E-03 PU239 4.7269E-03 84% PU240 8.0868E-04 14% U233 2.5842E-05 0% 
58 5.5639E-03 PU239 4.6990E-03 84% PU240 8.0389E-04 14% U233 2.5689E-05 0% 
30 5.5278E-03 PU239 4.6685E-03 84% PU240 7.9868E-04 14% U233 2.5523E-05 0% 
19 5.5007E-03 PU239 4.6457E-03 84% PU240 7.9478E-04 14% U233 2.5398E-05 0% 
62 5.4663E-03 PU239 4.6165E-03 84% PU240 7.8979E-04 14% U233 2.5239E-05 0% 
3 5.4289E-03 PU239 4.5849E-03 84% PU240 7.8439E-04 14% U233 2.5066E-05 0% 
13 5.3915E-03 PU239 4.5534E-03 84% PU240 7.7899E-04 14% U233 2.4893E-05 0% 
22 5.3453E-03 PU239 4.5143E-03 84% PU240 7.7231E-04 14% U233 2.4680E-05 0% 
47 5.3096E-03 PU239 4.4842E-03 84% PU240 7.6715E-04 14% U233 2.4515E-05 0% 
7 5.2591E-03 PU239 4.4415E-03 84% PU240 7.5986E-04 14% U233 2.4282E-05 0% 
1 5.2398E-03 PU239 4.4253E-03 84% PU240 7.5707E-04 14% U233 2.4193E-05 0% 
50 5.1865E-03 PU239 4.3803E-03 84% PU240 7.4937E-04 14% U233 2.3947E-05 0% 
45 5.1614E-03 PU239 4.3590E-03 84% PU240 7.4574E-04 14% U233 2.3831E-05 0% 
65 5.1186E-03 PU239 4.3229E-03 84% PU240 7.3956E-04 14% U233 2.3633E-05 0% 
43 50642E-03 PU239 4.2769E-03 84% PU240 7.3170E-04 14% U233 2.3382E-05 0% 
12 5.0377E-03 PU239 4.2546E-03 84% PU240 7.2788E-04 14% U233 2.3260E-05 0% 
31 5.0113E-03 PU239 4.2323E-03 84% PU240 7.2406E-04 14% U233 2.3138E-05 0% 
4 4.9762E-03 PU239 4.2026E-03 84% PU240 7.1898E-04 14% U233 2.2976E-05 0% 
48 49396E-03 PU239 4.1718E-03 84% PU240 7.1370E-04 14% U233 2.2807E-05 0% 
54 4.8929E-03 PU239 4.1323E-03 84% PU240 7.0696E-04 14% U233 2.2591E-05 0% 
37 4.8653E-03 PU239 4.1090E-03 84% PU240 7.0296E-04 14% U233 2.2464E-05 0% 
69 4.8115E-03 PU239 4.0635E-03 84% PU240 6.9519E-04 14% U233 2.2215E-05 0% 
2 4.7897E-03 PU239 4.0452E-03 84% PU240 6.9205E-04 14% U233 2.2115E-05 0% 
35 4.7318E-03 PU239 3.9963E-03 84% PU240 6.8368E-04 14% U233 2.1848E-05 0% 
67 4.7232E-03 PU239 3.9889E-03 84% PU240 6.8243E-04 14% U233 2.1808E-05 0% 
28 4.6842E-03 PU239 3.9560E-03 84% PU240 6.7679E-04 14% U233 2.1628E-05 0% 
6 4.6280E-03 PU239 3.9086E-03 84% PU240 6.6868E-04 14% U233 2.1368E-05 0% 
40 4.5806E-03 PU239 3.8685E-03 84% PU240 6.6183E-04 14% U233 2.1149E-05 0% 
56 4.5476E-03 PU239 3.8407E-03 84% PU240 6.5706E-04 14% U233 2.0997E-05 0% 
10 4.5347E-03 PU239 3.8298E-03 84% PU240 6.5520E-04 14% U233 2.0938E-05 0% 
34 4.5033E-03 PU239 3.8032E-03 84% PU240 6.5066E-04 14% U233 2.0792E-05 0% 
66 4.4490E-03 PU239 3.7574E-03 84% PU240 6.4282E-04 14% U233 2.0542E-05 0% 
53 4.4106E-03 PU239 3.7250E-03 84% PU240 6.3727E-04 14% U233 2.0364E-05 0% 
64 4.3637E-03 PU239 3.6854E-03 84% PU240 6.3049E-04 14% U233 2.0148E-05 0% 
59 4.3538E-03 PU239 3.6770E-03 84% PU240 6.2906E-04 14% U233 2.0102E-05 0% 
57 4.3170E-03 PU239 3.6459E-03 84% PU240 6.2374E-04 14% U233 1.9932E-05 0% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

10 Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 7250 years) 

14 4.2689E-03 PU239 3.6053E-03 84% PU240 6.1679E-04 14% U233 1.9710E-05 0% 
20 4.2322E-03 PU239 3.5743E-03 84% PU240 6.1149E-04 14% U233 1.9541 E-05 0% 
15 4.1858E-03 PU239 3.5351E-03 84% PU240 6.0478E-04 14% U233 1.9326E-05 0% 
29 4.1619E-03 PU239 3.5149E-03 84% PU240 6.0133E-04 14% U233 1.9216E-05 0% 
11 4.1338E-03 PU239 3.4912E-03 84% PU240 5.9727E-04 14% U233 1.9086E-05 0% 
55 4.0960E-03 PU239 3.4593E-03 84% PU240 5.9181 E-04 14% U233 1.8912E-05 0% 
60 4.0457E-03 PU239 3.4168E-03 84% PU240 5.8454E-04 14% U233 1.8680E-05 0% 
18 4.0136E-03 PU239 3.3897E-03 84% PU240 5.7991E-04 14% U233 1.8532E-05 0% 
61 3.9830E-03 PU239 3.3638E-03 84% PU240 5.7548E-04 14% U233 1.8390E-05 0% 
36 3.9580E-03 PU239 3.3427E-03 84% PU240 5.7187E-04 14% U233 1.8275E-05 0% 
51 3.8970E-03 PU239 3.2912E-03 84% PU240 5.6305E-04 14% U233 1.7993E-05 0% 
49 3.8970E-03 PU239 3.2912E-03 84% PU240 5.6305E-04 14% U233 1.7993E-05 0% 
46 3.8472E-03 PU239 3.2492E-03 84% PU240 5.5586E-04 14% U233 1.7763E-05 0% 
21 3.8141E-03 PU239 3.2212E-03 84% PU240 5.5108E-04 14% U233 1.7610E-05 0% 
23 3.n01E-03 PU239 3.1840E-03 84% PU240 5.4472E-04 14% U233 1.7407E-05 0% 
52 3.7234E-03 PU239 3.1446E-03 84% PU240 5.3797E-04 14% U233 1.7191E-05 0% 
44 3.7124E-03 PU239 3.1353E-03 84% PU240 5.3639E-04 14% U233 1.7141E-05 0% 
38 3.6563E-03 PU239 3.0879E-03 84% PU240 5.2828E-04 14% U233 1.6882E-05 0% 
8 3.6208E-03 PU239 3.0579E-03 84% PU240 5.2315E-04 14% U233 1.6718E-05 0% 
16 3.5976E-03 PU239 3.0384E-03 84% PU240 5.1981E-04 14% U233 1.6611 E-05 0% 
42 3.5731E-03 PU239 3.01nE-03 84% PU240 5.1627E-04 14% U233 1.6498E-05 0% 
33 3.5229E-03 PU239 2.9753E-03 84% PU240 5.0901E-04 14% U233 1.6266E-05 0% 
17 3.4823E-03 PU239 2.9409E-03 84% PU240 5.0313E-04 14% U233 1.6078E-05 0% 
41 3.4539E-03 PU239 2.9170E-03 84% PU240 4.9903E-04 14% U233 1.5947E-05 0% 
24 3.4242E-03 PU239 2.8919E-03 84% PU240 4.9474E-04 14% U233 1.5810E-05 0% 
5 3.4026E-03 PU239 2.8737E-03 84% PU240 4.9162E-04 14% U233 1.5710E-05 0% 
9 3.3676E-03 PU239 2.8441E-03 84% PU240 4.8657E-04 14% U233 1.5549E-05 0% 
68 3.3193E-03 PU239 2.8033E-03 84% PU240 4.7959E-04 14% U233 1.5326E-05 0% 
26 3.2804E-03 PU239 2.n05E-03 84% PU240 4.7398E-04 14% U233 1.5146E-05 0% 
27 3.2697E-03 PU239 2.7615E-03 84% PU240 4.7243E-04 14% U233 1.5097E-05 0% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7 lists total EPA summed nonnalized release and the percentage contribution for the top 3 radionuclides for 

each vector when drilling into RH waste with an average activity level. Vectors are ordered from most to least release. All 

vectors have some small release when intruding into the repository from drilling. 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 125 years) 

01 32 5.3080E-03 PU238 1.7186E-03 32% PU239 1.1756E-03 22% CS137 7.8303E-04 15% 
39 5.2660E-03 PU238 1.7050E-03 32% PU239 1.1663E-03 22% CS137 7.7684E-04 15% 
70 5.2507E-03 PU238 1.7000E-03 32% PU239 1.1629E-03 22% CS137 7.7457E-04 15% 
63 5.1935E-03 PU238 1.6815E-03 32% PU239 1.1503E-03 22% CS137 7.6614E-04 15% 
25 5.1656E-03 PU238 1.6725E-03 32% PU239 1.1441E-03 22% CS137 7.6203E-04 15% 
58 5.1351E-03 PU238 1.6626E-03 32% PU239 1.1373E-03 22% CS137 7.5752E-04 15% 
30 5.1018E-03 PU238 1.6518E-03 32% PU239 1.1299E-03 22% CS137 7.5260E-04 15% 
19 5.0768E-03 PU238 1.8437E-03 32% PU239 1.1244E-03 22% CS137 7.4893E-04 15% 
62 5.0450E-03 PU238 1.6334E-03 32% PU239 1.1174E-03 22% CS137 7.4423E-04 15% 
3 5.0105E-03 PU238 1.6222E-03 32% PU239 1.1097E-03 22% CS137 7.3914E-04 15% 
13 4.9760E-03 PU238 1.6111 E-03 32% PU239 1.1021 E-03 22% CS137 7.3405E-04 15% 
22 4.9333E-03 PU238 1.5973E-03 32% PU239 1.0926E-03 22% CS137 7.2776E-04 15% 
47 4.9004E-03 PU238 1.5866E-03 32% PU239 1.0853E-03 22% CS137 7.2290E-04 15% 
7 4.8538E-03 PU238 1.5715E-03 32% PU239 1.0750E-03 22% CS137 7.1602E-04 15% 
1 4.8360E-03 PU238 1.5658E-03 32% PU239 1.0711 E-03 22% CS137 7.1340E-04 15% 
50 4.7868E-03 PU238 1.5498E-03 32% PU239 1.0602E-03 22% CS137 7.0614E-04 15% 
45 4.7636E-03 PU238 1.5423E-03 32% PU239 1.0551 E-03 22% CS137 7.0272E-04 15% 
65 4.7241E-03 PU238 1.5295E-03 32% PU239 1.0463E-03 22% CS137 6.9690E-04 15% 
43 4.6739E-03 PU238 1.5133E-03 32% PU239 1.0352E-03 22% CS137 6.8949E-04 15% 
12 4.6495E-03 PU238 1.5054E-03 32% PU239 1.0298E-03 22% CS137 6.8589E-04 15% 
31 4.6251E-03 PU238 1.4975E-03 32% PU239 1.0244E-03 22% CS137 6.8229E-04 15% 
4 4.5927E-03 PU238 1.4870E-03 32% PU239 1.0172E-03 22% CS137 6.7751E-04 15% 
48 4.5590E-03 PU238 1.4761 E-03 32% PU239 1.0097E-03 22% CS137 6.7253E-04 15% 
54 45159E-03 PU238 1.4621E-03 32% PU239 1.0002E-03 22% CS137 6.6617E-04 15% 
37 4.4903E-03 PU238 1.4538E-03 32% PU239 9.9453E-04 22% CS137 6.6241E-04 15% 
69 4.4407E-03 PU238 1.4378E-03 32% PU239 9.8353E-04 22% CS137 6.5508E-04 15% 
2 4.4206E-03 PU238 1.4313E-03 32% PU239 9.7908E-04 22% CS137 6.5212E-04 15% 
35 4.3672E-03 PU238 1.4140E-03 32% PU239 9.6725E-04 22% CS137 6.4424E-04 15% 
67 43592E-03 PU238 1.4114E-03 32% PU239 9.6547E-04 22% CS137 6.4306E-04 15% 
28 43232E-03 PU238 1.3997E-03 32% PU239 9.5751E-04 22% CS137 6.3775E-04 15% 
6 4.2713E-03 PU238 1.3829E-03 32% PU239 9.4602E-04 22% CS137 6.3010E-04 15% 
40 4.2276E-03 PU238 1.3688E-03 32% PU239 9.3633E-04 22% CS137 6.2365E-04 15% 
56 4.1972E-03 PU238 1.3589E-03 32% PU239 9.2959E-04 22% CS137 6.1916E-04 15% 
10 4.1853E-03 PU238 1.3551 E-03 32% PU239 9.2696E-04 22% CS137 6.1740E-04 15% 
34 4.1562E-03 PU238 1.3457E-03 32% PU239 9.2053E-04 22% CS137 6.1312E-04 15% 
66 4.1062E-03 PU238 1.3295E-03 32% PU239 9.0944E-04 22% CS137 6.0574E-04 15% 
53 4.0707E-03 PU238 1.3180E-03 32% PU239 9.0158E-04 22% CS137 6.0050E-04 15% 
64 4.0274E-03 PU238 1.3040E-03 32% PU239 8.9200E-04 22% CS137 5.9412E-04 15% 
59 4.0183E-03 PU238 1.3010E-03 32% PU239 8.8997E-04 22% CS137 5.9277E-04 15% 
57 3.9843E-03 PU238 1.2900E-03 32% PU239 8.8244E-04 22% CS137 5.8775E-04 15% 
14 3.9399E-03 PU238 1.2756E-03 32% PU239 8.7262E-04 22% CS137 5.8121E-04 15% 
20 3.9060E-03 PU238 1.2647E-03 32% PU239 8.6512E-04 22% CS137 5.7621 E-04 15% 
15 3.8632E-03 PU238 1.2508E-03 32% PU239 8.5562E-04 22% CS137 5.6989E-04 15% 
29 3.8411 E-03 PU238 1.2436E-03 32% PU239 8.5074E-04 22% CS137 5.6664E-04 15% 
11 3.8152E-03 PU238 1.2353E-03 32% PU239 8.4501 E-04 22% CS137 5.6282E-04 15% 
55 3.7803E-03 PU238 1.2240E-03 32% PU239 8.3728E-04 22% CS137 5.5767E-04 15% 
60 3 7339E-03 PU238 1.2089E-03 32% PU239 8.2699E-04 22% CS137 5.5082E-04 15% 
18 3 7043E-03 PU238 1.1993E-03 32% PU239 8.2044E-04 22% CS137 5.4645E-04 15% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 125 years) 

61 3.6760E-03 PU238 1.1902E-03 32% PU239 8.1418E-04 22% CS137 5.4229E-04 15% 
36 3.6530E-03 PU238 1.1827E-03 32% PU239 8.0906E-04 22% CS137 5.3888E-04 15% 
51 3.5966E-03 PU238 1.1645E-03 32% PU239 7.9659E-04 22% CS137 5.3057E-04 15% 
49 3.5966E-03 PU238 1.1645E-03 32% PU239 7.9659E-04 22% CS137 5.3057E-04 15% 
46 3.5507E-03 PU238 1.1496E-03 32% PU239 7.8642E-04 22% CS137 5.2380E-04 15% 
21 3.5202E-03 PU238 1.1397E-03 32% PU239 7.7965E-04 22% CS137 5.1929E-04 15% 
23 3.4795E-03 PU238 1.1266E-03 32% PU239 7.7065E-04 22% CS137 5.1329E-04 15% 
52 3.4364E-03 PU238 1.1126E-03 32% PU239 7.6110E-04 22% CS137 5.0694E-04 15% 
44 3.4263E-03 PU238 1.1093E-03 32% PU239 7.5886E-04 22% CS137 5.0544E-04 15% 
38 3.3745E-03 PU238 1.0926E-03 32% PU239 7.4739E-04 22% CS137 4.9780E-04 15% 
8 3.3418E-03 PU238 1.0820E-03 32% PU239 7.4014E-04 22% CS137 4.9297E-04 15% 
16 3.3204E-03 PU238 1.0750E-03 32% PU239 7.3540E-04 22% CS137 4.8982E-04 15% 
42 3.2978E-03 PU238 1.0677E-03 32% PU239 7.3040E-04 22% CS137 4.8648E-04 15% 
33 3.2514E-03 PU238 1.0527E-03 32% PU239 7.2012E-04 22% CS137 4.7964E-04 15% 
17 3.2139E-03 PU238 1.0406E-03 32% PU239 7.1182E-04 22% CS137 4.7411E-04 15% 

(Time of Intrusion, 175 years) 

02 32 3.2678E-03 PU239 1.1731E-03 36% PU238 9.5030E-04 29% AM241 5.4423E-04 17% 
39 3.2420E-03 PU239 1.1638E-03 36% PU238 9.4278E-04 29% AM241 5.3992E-04 17% 
70 3.2325E-03 PU239 1.1604E-03 36% PU238 9.4003E-04 29% AM241 5.3835E-04 17% 
63 3.1973E-03 PU239 1.1478E-03 36% PU238 9.2979E-04 29% AM241 5.3248E-04 17% 
25 3.1802E-03 PU239 1.1416E-03 36% PU238 9.2481E-04 29% AM241 5.2963E-04 17% 
58 3.1614E-03 PU239 1.1349E-03 36% PU238 9.1933E-04 29% AM241 5.2649E-04 17% 
30 3.1409E-03 PU239 1.1275E-03 36% PU238 9.1337E-04 29% AM241 5.2308E-04 17% 
19 3.1255E-03 PU239 1.1220E-03 36% PU238 9.0890E-04 29% AM241 5.2052E-04 17% 
62 3.1059E-03 PU239 1.1150E-03 36% PU238 9.0321E-04 29% AM241 5.1726E-04 17% 
3 3.0847E-03 PU239 1.1073E-03 36% PU238 8.9702E-04 29% AM241 5.1372E-04 17% 
13 30634E-03 PU239 1.0997E-03 36% PU238 8.9085E-04 29% AM241 5.1018E-04 17% 
22 3.0372E-03 PU239 1.0903E-03 36% PU238 8.8322E-04 29% AM241 5.0581E-04 17% 
47 3.0169E-03 PU239 1.0830E-03 36% PU238 8.7731E-04 29% AM241 5.0243E-04 17% 
7 2.9882E-03 PU239 1.0727E-03 36% PU238 8.6897E-04 29% AM241 4.9765E-04 17% 
1 2.9772E-03 PU239 1.0688E-03 36% PU238 8.6579E-04 29% AM241 4.9583E-04 17% 
50 2.9470E-03 PU239 1.0579E-03 36% PU238 8.5698E-04 29% AM241 4.9079E-04 17% 
45 2.9327E-03 PU239 1.0528E-03 36% PU238 8.5283E-04 29% AM241 4.8841E-04 17% 
65 2.9084E-03 PU239 1.0441E-03 36% PU238 8.4576E-04 29% AM241 4.8436E-04 17% 
43 2.8774E-03 PU239 1.0329E-03 36% PU238 8.3677E-04 29% AM241 4.7921E-04 17% 
12 2.8624E-03 PU239 1.0276E-03 36% PU238 8.3240E-04 29% AM241 4.7671E-04 17% 
31 2.8474E-03 PU239 1.0222E-03 36% PU238 8.2804E-04 29% AM241 4.7421E-04 17% 
4 2.8275E-03 PU239 1.0150E-03 36% PU238 8.2223E-04 29% AM241 4.7088E-04 17% 
48 2.8067E-03 PU239 1.0075E-03 36% PU238 8.1619E-04 29% AM241 4.6743E-04 17% 
54 2.7802E-03 PU239 9.9802E-04 36% PU238 8.0848E-04 29% AM241 4.6301E-04 17% 
37 2.7644E-03 PU239 9.9238E-04 36% PU238 8.0390E-04 29% AM241 4.6039E-04 17% 
69 2.7339E-03 PU239 9.8141E-04 36% PU238 7.9502E-04 29% AM241 4.5530E-04 17% 
2 2.7215E-03 PU239 9.7697E-04 36% PU238 7.9142E-04 29% AM241 4.5324E-04 17% 
35 2.6886E-03 PU239 9.6516E-04 36% PU238 7.8185E-04 29% AM241 4.4776E-04 17% 
67 2.6837E-03 PU239 9.6339E-04 36% PU238 7.8042E-04 29% AM241 4.4694E-04 17% 
28 2.6615E-03 PU239 9.5544E-04 36% PU238 7.7398E-04 29% AM241 4.4325E-04 17% 
6 2.6296E-03 PU239 9.4398E-04 36% PU238 7.6470E-04 29% AM241 4.3794E-04 17% 
40 2.6027E-03 PU239 9.3431E-04 36% PU238 7.5687E-04 29% AM241 4.3345E-04 17% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 175 years) 

56 2.5840E-03 PU239 9.2759E..Q4 36% PU238 7.5142E·04 29% AM241 4.3033E·04 17% 
10 2.5766E-03 PU239 9.2496E-04 36% PU238 74929E..Q4 29% AM241 4.2911 E..Q4 17% 
34 2.5588E-03 PU239 9.1854E..Q4 36% PU238 7.4409E..Q4 29% AM241 4.2613E..Q4 17% 
66 2.5279E-03 PU239 9.074BE-04 36% PU238 7.3513E..Q4 29% AM241 4.21 OOE..Q4 17% 
53 2.5061 E-03 PU239 8.9964E·04 36% PU238 7.2878E-04 29% AM241 4.1736E..Q4 17% 
64 2.4795E-03 PU239 8.9008E..Q4 36% PU238 7.21 03E..Q4 29% AM241 4.1293E-04 17% 
59 2.4738E-03 PU239 8.8805E-04 36% PU238 7.1939E..Q4 29% AM241 4.1199E..Q4 17% 
57 2.4529E-03 PU239 8.8054E-04 36% PU238 7.1330E-04 29% AM241 4.0850E-04 17% 
14 2.4256E-03 PU239 8.7073E-04 36% PU238 7.0536E..Q4 29% AM241 4.0395E..Q4 17% 
20 2.4047E-03 PU239 8.6325E-04 36% PU238 6.9930E-04 29% AM241 4.0048E-04 17% 
15 2.3783E-03 PU239 8.5378E-04 36% PU238 6.9163E..Q4 29% AM241 3.9609E ..Q4 17% 
29 2.364BE-03 PU239 8.4891E-04 36% PU238 6.8768E..Q4 29% AM241 3.9383E-04 17% 
11 2.3488E-03 PU239 8.4318E..Q4 36% PU238 6.8304E..Q4 29% AM241 3.9117E..Q4 17% 
55 2.3273E-03 PU239 8.3547E-04 36% PU238 6.7679E-04 29% AM241 3.8759E-04 17% 
60 2.2988E-03 PU239 8.2521 E..Q4 36% PU238 6.6848E..Q4 29% AM241 3.8283E-04 17% 
18 2.2805E-03 PU239 8.1867E-04 36% PU238 6.6318E-04 29% AM241 3.7980E-04 17% 
61 2.2631 E-03 PU239 8.1242E..Q4 36% PU238 6.5812E..Q4 29% AM241 3.7690E..Q4 17% 
36 2.2489E-03 PU239 8.0732E-04 36% PU238 6.5399E-04 29% AM241 3.7453E-04 17% 
51 2.2143E-03 PU239 7.9487E-04 36% PU238 6.4391 E..Q4 29% AM241 3.6876E..Q4 17% 
49 2.2143E-03 PU239 7.9487E-04 36% PU238 6.4391 E..Q4 29% AM241 3.6876E-04 17% 
46 2.1860E-03 PU239 7.8472E-04 36% PU238 6.3568E-04 29% AM241 3.6405E..Q4 17% 
21 2.1672E-03 PU239 77797E..Q4 36% PU238 6.3021 E..Q4 29% AM241 3 6092E..Q4 17% 
23 2.1421 E-03 PU239 7.6898E-04 36% PU238 6.2294E-04 29% AM241 3.5675E-04 17% 
52 2.1156E-03 PU239 7.5946E..Q4 36% PU238 6.1522E..Q4 29% AM241 3.5233E-04 17% 
44 2.1094E-03 PU239 75722E-04 36% PU238 6.1341 E..Q4 29% AM241 3.5129E..Q4 17% 
38 2.0775E-03 PU239 7.4578E-04 36% PU238 6.0414E..Q4 29% AM241 3.4599E-04 17% 
8 2.0573E-03 PU239 73854E..Q4 36% PU238 5.9828E-04 29% AM241 3.4263E..Q4 17% 
16 2.0442E-03 PU239 7.3382E-04 36% PU238 5.9445E..Q4 29% AM241 3.4044E-04 17% 
42 2.0302E-03 PU239 7.2882E..Q4 36% PU238 5.9040E..Q4 29% AM241 3.3812E-04 17% 
33 2.0017E-03 PU239 7.1857E-04 36% PU238 5.8210E·04 29% AM241 3.3336E-04 17% 
17 1.9786E-03 PU239 7.1028E-04 36% PU238 5.7538E..Q4 29% AM241 3.2952E-04 17% 
41 1.9625E-03 PU239 7.0449E..Q4 36% PU238 5.7069E-04 29% AM241 3.2683E..Q4 17% 
24 1.9456E-03 PU239 6.9843E-04 36% PU238 5.6578E..Q4 29% AM241 3.2402E-04 17% 
5 1.9333E-03 PU239 6.9403E..Q4 36% PU238 5.6222E-04 29% AM241 3.2198E..Q4 17% 
9 1.9135E-03 PU239 6.8690E-04 36% PU238 5.5644E..Q4 29% AM241 3.1867E-04 17% 
68 1.8860E-03 PU239 6.7704E..Q4 36% PU238 5.4845E-04 29% AM241 3.141 OE..Q4 17% 
26 1.8639E-03 PU239 6.6912E..Q4 36% PU238 5.4204E..Q4 29% AM241 3 1042E..Q4 17% 
27 1.8579E-03 PU239 6.6694E-04 36% PU238 5.4027E..Q4 29% AM241 3.0941 E-04 17% 

(Time of Intrusion, 350 years) 

03 32 2.1649E-03 PU239 1.1672E-03 54% AM241 4.1114E..Q4 19% PU240 3.0632E..Q4 14% 
39 2.1478E-03 PU239 1.1580E-03 54% AM241 4.0789E..Q4 19% PU240 3.0389E..Q4 14% 
70 2.1415E-03 PU239 1.1546E-03 54% AM241 4.0670E-04 19% PU240 3.0301E-04 14% 
63 2.1182E-03 PU239 1.1420E-03 54% AM241 4.0227E-04 19% PU240 2.9971E-04 14% 
25 2.1069E-03 PU239 1.1359E-03 54% AM241 4.0011 E..Q4 19% PU240 2.9810E-04 14% 
58 2.0944E-03 PU239 1.1292E-03 54% AM241 3.9774E-04 19% PU240 2.9633E-04 14% 
30 2.0808E-03 PU239 1.1218E-03 54% AM241 3.9516E-04 19% PU240 2.9441E-04 14% 
19 2.0706E-03 PU239 1.1164E-03 54% AM241 3.9323E..Q4 19% PU240 2.9297E-04 14% 
62 2.0577E-03 PU239 1.1094E-03 54% AM241 3.9077E..Q4 19% PU240 2.9114E..Q4 14% 
3 2.0436E-03 PU239 1.1018E-03 54% AM241 3.8809E-04 19% PU240 2.8914E..Q4 14% 
13 2.0295E-03 PU239 1.0942E-03 54% AM241 3.8542E..Q4 19% PU240 2.8715E-04 14% 
22 2.0121 E-03 PU239 1.0848E-03 54% AM241 3.8212E..Q4 19% PU240 28469E..Q4 14% 
47 1.9987E-03 PU239 1.0776E-03 54% AM241 3.7956E-04 19% PU240 2.8279E..Q4 14% 
7 1.9797E-03 PU239 1.0673E-03 54% AM241 3.7595E-04 19% PU240 2.801 OE..Q4 14% 
1 1.9724E-03 PU239 1.0634E-03 54% AM241 3.7458E-04 19% PU240 2.7907E-04 14% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 350 years) 

50 1.9523E-03 PU239 1.0526E-03 54% AM241 3.7onE-04 19% PU240 2.7624E-04 14% 
45 1.9429E-03 PU239 1.0475E-03 54% AM241 3.6897E-04 19% PU240 2.7490E-04 14% 
65 1.9268E-03 PU239 1.0388E-03 54% AM241 3.6591E-04 19% PU240 2.7262E-04 14% 
43 1.9063E-03 PU239 1.0278E-03 54% AM241 3.6202E-04 19% PU240 2.6972E-04 14% 
12 1.8963E-03 PU239 1.0224E-03 54% AM241 3.6013E-04 19% PU240 2.6831E-04 14% 
31 1 8864E-03 PU239 1.0170E-03 54% AM241 3.5824E-04 19% PU240 2.6691E-04 14% 
4 1.8732E-03 PU239 1.0099E-03 54% AM241 3.5573E-04 19% PU240 2.6503E-04 14% 
48 1.8594E-03 PU239 1.0025E-03 54% AM241 3.5312E-04 19% PU240 2.6309E-04 14% 
54 1.8418E-03 PU239 9.9301E-04 54% AM241 3.4978E-04 19% PU240 2.6060E-04 14% 
37 1.8314E-03 PU239 9.8739E-04 54% AM241 3.4780E-04 19% PU240 2.5913E-04 14% 
69 1 8112E-03 PU239 9.7648E-04 54% AM241 3.4396E-04 19% PU240 2.5626E-04 14% 
2 1.8030E-03 PU239 9.7206E-04 54% AM241 3.4240E-04 19% PU240 2.5510E-04 14% 
35 1.7812E-03 PU239 9.6031E-04 54% AM241 3.3826E-04 19% PU240 2.5202E-04 14% 
67 1.7n9E-03 PU239 9.5855E-04 54% AM241 3.3764E-04 19% PU240 2.5156E-04 14% 
28 1.7633E-03 PU239 9.5064E-04 54% AM241 3.3486E-04 19% PU240 2.4948E-04 14% 
6 1.7421 E-03 PU239 9.3924E-04 54% AM241 3.3084E-04 19% PU240 2.4649E-04 14% 
40 1.7243E-03 PU239 9.2962E-04 54% AM241 3.2745E-04 19% PU240 2.4397E-04 14% 
56 1.7119E-03 PU239 9.2292E-04 54% AM241 3.2510E-04 19% PU240 2.4221 E-04 14% 
10 1.7070E-03 PU239 9.2031E-04 54% AM241 3.2417E-04 19% PU240 2.4152E-04 14% 
34 1.6952E-03 PU239 9.1392E-04 54% AM241 3.2193E-04 19% PU240 2.3985E-04 14% 
66 1 6747E-03 PU239 9.0292E-04 54% AM241 3.1805E-04 19% PU240 2.3696E-04 14% 
53 1.6603E-03 PU239 8.9512E-04 54% AM241 3.1530E-04 19% PU240 2.3491 E-04 14% 
64 1.6426E-03 PU239 8.8560E-04 54% AM241 3.1195E-04 19% PU240 2.3241E-04 14% 
59 1.6389E-03 PU239 8.8359E-04 54% AM241 3.1124E-04 19% PU240 2.3189E-04 14% 
57 1.6250E-03 PU239 8.7611E-04 54% AM241 30861E-04 19% PU240 22992E-04 14% 
14 1.6069E-03 PU239 8.6635E-04 54% AM241 3.0517E-04 19% PU240 2.2736E-04 14% 
20 1.5931E-03 PU239 8.5891E-04 54% AM241 3.0255E-04 19% PU240 2.2541E-04 14% 
15 1.5756E-03 PU239 8.4948E-04 54% AM241 2.9923E-04 19% PU240 2.2294E-04 14% 
29 1.5666E-03 PU239 8.4464E-04 54% AM241 2.9752E-04 19% PU240 2.2166E-04 14% 
11 1.5561E-03 PU239 8.3894E-04 54% AM241 2.9551E-04 19% PU240 2.2017E-04 14% 
55 1.5419E-03 PU239 8.3127E-04 54% AM241 2.9281E-04 19% PU240 2.1816E-04 14% 
60 1.5229E-03 PU239 8.2106E-04 54% AM241 2.8921 E-04 19% PU240 2.1548E-04 14% 
18 1.5108E-03 PU239 8.1455E-04 54% AM241 2.8692E-04 19% PU240 2.13nE-04 14% 
61 1.4993E-03 PU239 8.0834E-04 54% AM241 2.8473E-04 19% PU240 2.1214E-04 14% 
36 1.4899E-03 PU239 8.0326E-04 54% AM241 2.8294E-04 19% PU240 2.1080E-04 14% 
51 1.4669E-03 PU239 7.9088E-04 54% AM241 2.7858E-04 19% PU240 2.0756E-04 14% 
49 1.4669E-03 PU239 7.9088E-04 54% AM241 2.7858E-04 19% PU240 2.0756E-04 14% 
46 1.4482E-03 PU239 7.8078E-04 54% AM241 2.7502E-04 19% PU240 2.0490E-04 14% 
21 1.4357E-03 PU239 7.7406E-04 54% AM241 2.7266E-04 19% PU240 2.0314E-04 14% 
23 1.4192E-03 PU239 7.6512E-04 54% AM241 2.6951E-04 19% PU240 2.0080E-04 14% 
52 1.4016E-03 PU239 7.5564E-04 54% AM241 2.6617E-04 19% PU240 1.9831 E-04 14% 
44 1.3975E-03 PU239 7.5342E-04 54% AM241 2.6539E-04 19% PU240 1.9n2E-04 14% 
38 1.3763E-03 PU239 7.4203E-04 54% AM241 2.6138E-04 19% PU240 1.9474E-04 14% 
8 1.3630E-03 PU239 7.3483E-04 54% AM241 2.5884E-04 19% PU240 1.9285E-04 14% 
16 1.3543E-03 PU239 7.3013E-04 54% AM241 2.5718E-04 19% PU240 1.9161E-04 14% 
42 1 3450E-03 PU239 7.2516E-04 54% AM241 2.5543E-04 19% PU240 1.9031 E-04 14% 
33 1.3261 E-03 PU239 7.1496E-04 54% AM241 2.5184E-04 19% PU240 1.8763E-04 14% 
17 1.3108E-03 PU239 7 0671 E-04 54% AM241 2.4894E-04 19% PU240 1.8547E-04 14% 
41 1.3001 E-03 PU239 7.0095E-04 54% AM241 2.4691E-04 19% PU240 1.8395E-04 14% 
24 1.2890E-03 PU239 6.9492E-04 54% AM241 2.4478E-04 19% PU240 1.8237E-04 14% 
5 1.2808E-03 PU239 6.9054E-04 54% AM241 2.4324E-04 19% PU240 1.8122E-04 14% 
9 1.26nE-03 PU239 6.8344E-04 54% AM241 2.4074E-04 19% PU240 1.7936E-04 14% 
68 1.2495E-03 PU239 6.7364E-04 54% AM241 2.3728E-04 19% PU240 1.7679E-04 14% 
26 1.2349E-03 PU239 6.6575E-04 54% AM241 2.3451E-04 19% PU240 1.7472E-04 14% 
27 1.2308E-03 PU239 6.6358E-04 54% AM241 2.3374E-04 19% PU240 1.7415E-04 14% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 1000 years) 

04 32 1.6156E-03 PU239 1.1455E-03 71% PU240 2.8591E-04 18% AM241 1.4496E-04 9% 
39 1.6028E-03 PU239 1.1365E-03 71% PU240 2.8365E-04 18% AM241 1.4382E-04 9% 
70 1.5982E-03 PU239 1.1332E-03 71% PU240 2.8282E-04 18% AM241 1.4340E-04 9% 
63 1.5808E-03 PU239 1.1208E-03 71% PU240 2.7974E-04 18% AM241 1.4184E-04 9% 
25 1.5723E-03 PU239 1.1148E-03 71% PU240 2.7825E-04 18% AM241 1.4108E-04 9% 
58 1.5630E-03 PU239 1.1082E-03 71% PU240 2.7660E-04 18% AM241 1.4024E-04 9% 
30 1.5528E-03 PU239 1.1010E-03 71% PU240 2.7480E-04 18% AM241 1.3933E-04 9% 
19 1.5452E-03 PU239 1.0957E-03 71% PU240 2.7346E-04 18% AM241 1.3865E-04 9% 
62 1.5356E-03 PU239 1.0888E-03 71% PU240 2.7175E-04 18% AM241 1.3778E-04 9% 
3 1.5250E-03 PU239 1.0813E-03 71% PU240 2.6989E-04 18% AM241 1.3684E-04 9% 
13 1.5146E-03 PU239 1.0739E-03 71% PU240 2.6803E-04 18% AM241 1.3590E-04 9% 
22 1.5016E-03 PU239 1.0647E-03 71% PU240 2.6573E-04 18% AM241 1.3473E-04 9% 
47 1.4915E-03 PU239 1.0576E-03 71% PU240 2.6396E-04 18% AM241 1.3383E-04 9% 
7 1.4774E-03 PU239 1.0475E-03 71% PU240 2.6145E-04 18% AM241 1.3256E-04 9% 
1 1.4719E-03 PU239 1.0437E-03 71% PU240 2.6049E-04 18% AM241 1.3207E-04 9% 
50 1.4570E-03 PU239 1.0331 E-03 71% PU240 2.5784E-04 18% AM241 1.3073E-04 9% 
45 1.4499E-03 PU239 1.0281E-03 71% PU240 2.5659E-04 18% AM241 1.3010E-04 9% 
65 1.4379E-03 PU239 1.0195E-03 71% PU240 2.5446E-04 18% AM241 1.2902E-04 9% 
43 1.4226E-03 PU239 1.0087E-03 71% PU240 2.5176E-04 18% AM241 1.2765E-04 9% 
12 1.4152E-03 PU239 1.0034E-03 71% PU240 2.5044E-04 18% AM241 1.2698E-04 9% 
31 1.4078E-03 PU239 9.9817E-04 71% PU240 2.4913E-04 18% AM241 1.2631 E-04 9% 
4 1 3979E-03 PU239 9.9117E-04 71% PU240 2.4738E-04 18% AM241 1.2543E-04 9% 
48 1.3876E-03 PU239 9.8389E-04 71% PU240 2.4557E-04 18% AM241 1.2451 E-04 9% 
54 1.3745E-03 PU239 9.7459E-04 71% PU240 2.4324E-04 18% AM241 1.2333E-04 9% 
37 1.3667E-03 PU239 9.6908E-04 71% PU240 2.4187E-04 18% AM241 1.2263E-04 9% 
69 1.3516E-03 PU239 9.5836E-04 71% PU240 2.3920E-04 18% AM241 1.2128E-04 9% 
2 1.3455E-03 PU239 9.5403E-04 71% PU240 2.3811E-04 18% AM241 1.2073E-04 9% 
35 1.3292E-03 PU239 9.4250E-04 71% PU240 2.3524E-04 18% AM241 1.1927E-04 9% 
67 1.3268E-03 PU239 9.4077E-04 71% PU240 2.3480E-04 18% AM241 1.1905E-04 9% 
28 1.3159E-03 PU239 9.3300E-04 71% PU240 2.3287E-04 18% AM241 1.1807E-04 9% 
6 1.3001E-03 PU239 9.2182E-04 71% PU240 2.3007E-04 18% AM241 1.1665E-04 9% 
40 1.2868E-03 PU239 9.1237E-04 71% PU240 2.2772E-04 18% AM241 1.1546E-04 9% 
56 1.2775E-03 PU239 9.0581 E-04 71% PU240 2.2608E-04 18% AM241 1.1463E-04 9% 
10 1.2739E-03 PU239 9.0324E-04 71% PU240 2.2544E-04 18% AM241 1.1430E-04 9% 
34 1.2650E-03 PU239 8.9697E-04 71% PU240 2.2387E-04 18% AM241 1.1351E-04 9% 
66 1.2498E-03 PU239 8.8617E-04 71% PU240 2.2118E-04 18% AM241 1.1214E-04 9% 
53 1.2390E-03 PU239 8.7851E-04 71% PU240 2.1927E-04 18% AM241 1.1117E-04 9% 
64 1.2258E-03 PU239 8.6917E-04 71% PU240 2.1694E-04 18% AM241 1.0999E-04 9% 
59 1.2230E-03 PU239 8.6720E-04 71% PU240 2.1644E-04 18% AM241 1.0974E-04 9% 
57 1.2127E-03 PU239 8.5986E-04 71% PU240 2.1461E-04 18% AM241 1.0881 E-04 9% 
14 1.1992E-03 PU239 8.5028E-04 71% PU240 2.1222E-04 18% AM241 1.0760E-04 9% 
20 ' 1.1889E-03 PU239 8.4298E-04 71% PU240 2.1040E-04 18% AM241 1.0668E-04 9% 
15 1.1758E-03 PU239 8.3373E-04 71% PU240 2.0809E-04 18% AM241 1.0550E-04 9% 
29 1.1691 E-03 PU239 8.2897E-04 71% PU240 2.0690E-04 18% AM241 1.0490E-04 9% 
11 1.1613E-03 PU239 8.2338E-04 71% PU240 2.0551E-04 18% AM241 1.0420E-04 9% 
55 1.1506E-03 PU239 8.1585E-04 71% PU240 20363E-04 18% AM241 1.0324E-04 9% 
60 1.1365E-03 PU239 8.0583E-04 71% PU240 2.0113E-04 18% AM241 1.0197E-04 9% 
18 1.1275E-03 PU239 7.9944E-04 71% PU240 1.9953E-04 18% AM241 1.0117E-04 9% 
61 1.1189E-03 PU239 7.9334E-04 71% PU240 1.9801E-04 18% AM241 1.0039E-04 9% 
36 1.1119E-03 PU239 7.8836E-04 71% PU240 1.9676E-04 18% AM241 9.9764E-05 9% 
51 1.0947E-03 PU239 7.7621E-04 71% PU240 1.9373E-04 18% AM241 9.8226E-05 9% 
49 1.0947E-03 PU239 7.7621 E-04 71% PU240 1.9373E-04 18% AM241 9.8226E-05 9% 
46 1.0807E-03 PU239 7.6629E-04 71% PU240 1.9126E-04 18% AM241 9.6971E-05 9% 
21 1.0714E-03 PU239 7.5970E-04 71% PU240 1.8961 E-04 18% AM241 9.6137E-05 9% 
23 1.0591 E-03 PU239 7.5093E-04 71% PU240 1.8742E-04 18% AM241 9.5026E-05 9% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

10 Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 100 years) 

52 1.0460E-03 PU239 7.4163E-04 71% PU240 1.8510E-04 18% AM241 9.3850E-05 9% 
44 1.0429E-03 PU239 7.3944E-04 71% PU240 1.8456E-04 18% AM241 9.3573E-05 9% 
38 1.0271 E-03 PU239 7.2827E-04 71% PU240 1.8177E-04 18% AM241 9.2159E-05 9% 
8 1.0171 E-03 PU239 7.2120E-04 71% PU240 1.8000E-04 18% AM241 9.1265E-05 9% 
16 1.0106E-03 PU239 7.1658E-04 71% PU240 1.7885E-04 18% AM241 9.0681E-05 9% 
42 1.0038E-03 PU239 7.1171 E-04 71% PU240 1.7763E-04 18% AM241 9.0063E-05 9% 
33 9.8964E-04 PU239 7.0170E-04 71% PU240 1.7513E-04 18% AM241 8.8797E-05 9% 
17 9.7822E-04 PU239 6.9360E-04 71% PU240 1.7311 E-04 18% AM241 8.7772E-05 9% 
41 9.7024E-04 PU239 6.8795E-04 71% PU240 1.7170E-04 18% AM241 8.7057E-05 9% 
24 9.6190E-04 PU239 6.8203E-04 71% PU240 1.7023E-04 18% AM241 8.6308E-05 9% 
5 9.5584E-04 PU239 6.7774E-04 71% PU240 1.6915E-04 18% AM241 8.5765E-05 9% 
9 9.4601E-04 PU239 6.7077E-04 71% PU240 1.6742E-04 18% AM241 8.4883E-05 9% 
68 9.3244E-04 PU239 6.6114E-04 71% PU240 1.6501 E-04 18% AM241 8.3665E-05 9% 
26 9.2153E-04 PU239 6.5341E-04 71% PU240 1.6308E-04 18% AM241 8.2686E-05 9% 
27 9.1852E-04 PU239 6.5127E-04 71% PU240 1.6255E-04 18% AM241 8.2416E-05 9% 

(Time of Intrusion, 3000 years) 

05 32 1.3564E-03 PU239 1.0814E-03 80% PU240 2.3128E-04 17% U233 2.7246E-05 2% 
39 1.3457E-03 PU239 1.0729E-03 80% PU240 2.2945E-04 17% U233 2.7031E-05 2% 
70 1.3418E-03 PU239 1.0697E-03 80% PU240 2.2878E-04 17% U233 2.6952E-05 2% 
63 1.3271 E-03 PU239 1.0581 E-03 80% PU240 2.2629E-04 17% U233 2.6658E-05 2% 
25 1.3200E-03 PU239 1.0524E-03 80% PU240 2.2508E-04 17% U233 2.6515E-05 2% 
58 1.3122E-03 PU239 1.0462E-03 80% PU240 2.2374E-04 17% U233 2.6359E-05 2% 
30 1.3037E-03 PU239 1.0394E-03 80% PU240 2.2229E-04 17% U233 2.6188E-05 2% 
19 1.2973E-03 PU239 1.0343E-03 80% PU240 2.2121E-04 17% U233 2.6060E-05 2% 
62 1.2892E-03 PU239 1.0278E-03 80% PU240 21982E-04 17% U233 2.5896E-05 2% 
3 1.2804E-03 PU239 1.0208E..03 80% PU240 2.1831 E-04 17% U233 2.5719E-05 2% 
13 1.2716E-03 PU239 1.0138E-03 80% PU240 2.1681E-04 17% U233 2.5542E-05 2% 
22 1.2607E-03 PU239 1.0051E-03 80% PU240 2.1495E-04 17% U233 2.5323E-05 2% 
47 1.2522E-03 PU239 9.9837E-04 80% PU240 2.1352E-04 17% U233 2.5154E-05 2% 
7 1.2403E-03 PU239 9.8887E-04 80% PU240 2.1149E-04 17% U233 2.4915E-05 2% 
1 1.2358E-03 PU239 9.8525E-04 80% PU240 2.1071E-04 17% U233 2.4823E-05 2% 
50 1.2232E-03 PU239 9.7523E-04 80% PU240 2.0857E-04 17% U233 2.4571E-05 2% 
45 1.2173E-03 PU239 9.7051E-04 80% PU240 2.0756E-04 17% U233 2.4452E-05 2% 
65 1.2072E-03 PU239 9.6246E-04 80% PU240 2.0584E-04 17% U233 2.4249E-05 2% 
43 1.1944E-03 PU239 9.5223E-04 80% PU240 2.0365E-04 17% U233 2.3991E-05 2% 
12 1.1881 E-03 PU239 9.4726E-04 80% PU240 2.0259E-04 17% U233 2.3866E-05 2% 
31 1.1819E-03 PU239 9.4229E-04 80% PU240 2.0152E-04 17% U233 2.3741E-05 2% 
4 1.1736E-03 PU239 9.3568E-04 80% PU240 2.0011 E-04 17% U233 2.3574E-05 2% 
48 1.1650E-03 PU239 9.2881E-04 80% PU240 1.9864E-04 17% U233 2.3401E-05 2% 
54 1.1540E-03 PU239 9.2003E-04 80% PU240 1.9676E-04 17% U233 2.3180E-05 2% 
37 1.1475E-03 PU239 9.1483E-04 80% PU240 1.9565E-04 17% U233 2.3049E-05 2% 
69 1.1348E-03 PU239 9.0472E-04 80% PU240 1.9349E-04 17% U233 2.2794E-05 2% 
2 1.1296E-03 PU239 9.0063E-04 80% PU240 1.9261 E-04 17% U233 2.2691E-05 2% 
35 1.1160E-03 PU239 8.8974E-04 80% PU240 1.9028E-04 17% U233 2.2417E-05 2% 
67 1.1139E-03 PU239 8.8811 E-04 80% PU240 1.8994E-04 17% U233 2.2376E-05 2% 
28 1.1047E-03 PU239 8.8078E-04 80% PU240 1.8837E-04 17% U233 2.2191 E-05 2% 
6 1.0915E-03 PU239 8.7021E-04 80% PU240 1.8611 E-04 17% U233 2.1925E-05 2% 
40 1.0803E-03 PU239 8.6130E-04 80% PU240 1.8420E-04 17% U233 2.1700E-05 2% 
56 1.0725E-03 PU239 8.5510E-04 80% PU240 1.8288E-04 17% U233 2.1544E-05 2% 
10 1.0695E-03 PU239 8.5268E-04 80% PU240 1.8236E-04 17% U233 2.1483E-05 2% 
34 1.0621 E-03 PU239 8.4676E-04 80% PU240 1.8109E-04 17% U233 2.1334E-05 2% 
66 1.0493E-03 PU239 8.3656E-04 80% PU240 1.7891E-04 17% U233 2.1077E-05 2% 
53 1.0402E-03 PU239 8.2934E-04 80% PU240 1.7737E-04 17% U233 2.0895E-05 2% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

10 Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 3000 years) 

64 1.0292E-03 PU239 8.2052E-04 80% PU240 1.7548E-04 17% U233 2.0673E-05 2% 
59 1.0268E-03 PU239 8.1865E-04 80% PU240 1.7508E-04 17% U233 2.0626E-05 2% 
57 1.0181 E-03 PU239 8.1173E-04 80% PU240 1.7360E-04 17% U233 2.0451E-05 2% 
14 1.0068E-03 PU239 8.0269E-04 80% PU240 1.7167E-04 17% U233 2.0224E-05 2% 
20 9.9815E-04 PU239 7.9579E-04 80% PU240 1.7019E-04 17% U233 2.0050E-05 2% 
15 9.8719E-04 PU239 7.8706E-04 80% PU240 1.6832E-04 17% U233 1.9830E-05 2% 
29 9.8156E-04 PU239 7.8257E-04 80% PU240 1.6736E-04 17% U233 1.9717E-05 2% 
11 9.7494E-04 PU239 7.7729E-04 80% PU240 1.6624E-04 17% U233 1.9584E-05 2% 
55 9.6602E-04 PU239 7.7018E-04 80% PU240 1.6472E-04 17% U233 1.9405E-05 2% 
60 9.5416E-04 PU239 7.6072E-04 80% PU240 1.6269E-04 17% U233 1.9166E-05 2% 
18 9.4660E-04 PU239 7.5469E-04 80% PU240 1.6140E-04 17% U233 1.9014E-05 2% 
61 9.3937E-04 PU239 7.4893E-04 80% PU240 1.6017E-04 17% U233 1.8869E-05 2% 
36 9.3347E-04 PU239 7.4423E-04 80% PU240 1.5917E-04 17% U233 1.8751E-05 2% 
51 9.1908E-04 PU239 7.3276E-04 80% PU240 1.5671E-04 17% U233 1.8462E-05 2% 
49 9.1908E-04 PU239 7.3276E-04 80% PU240 1.5671 E-04 17% U233 1.8462E-05 2% 
46 9.0735E-04 PU239 7.2340E-04 80% PU240 1.5471E-04 17% U233 1.8226E-05 2% 
21 8.9954E-04 PU239 7.1717E-04 80% PU240 1.5338E-04 17% U233 1.8069E-05 2% 
23 8.8915E-04 PU239 7.0889E-04 80% PU240 1.5161E-04 17% U233 1.7860E-05 2% 
52 8.7814E-04 PU239 7.0011E-04 80% PU240 1.4973E-04 17% U233 1.7639E-05 2% 
44 8.7555E-04 PU239 6.9805E-04 80% PU240 1.4929E-04 17% U233 1.7587E-05 2% 
38 8.6232E-04 PU239 6.8750E-04 80% PU240 1.4703E-04 17% U233 1.7322E-05 2% 
8 8.5395E-04 PU239 6.8083E-04 80% PU240 1.4561E-04 17% U233 1.7153E-05 2% 
16 8.4849E-04 PU239 6.7647E-04 80% PU240 1.4467E-04 17% U233 1.7044E-05 2% 
42 8.4271 E-04 PU239 6.7187E-04 80% PU240 1.4369E-04 17% U233 1.6928E-05 2% 
33 8.3086E-04 PU239 6.6242E-04 80% PU240 1.4167E-04 17% U233 1.6690E-05 2% 
17 8.2127E-04 PU239 6.5478E-04 80% PU240 1.4003E-04 17% U233 1.6497E-05 2% 
41 8.1458E-04 PU239 6.4944E-04 80% PU240 1.3889E-04 17% U233 1.6363E-05 2% 
24 8.0757E-04 PU239 6.4385E-04 80% PU240 1.3770E-04 17% U233 1.6222E-05 2% 
5 8.0249E-04 PU239 6.3980E-04 80% PU240 1.3683E-04 17% U233 1.6120E-05 2% 
9 7.9424E-04 PU239 6.3322E-04 80% PU240 1.3542E-04 17% U233 1.5954E-05 2% 
68 7.8284E-04 PU239 6.2413E-04 80% PU240 1.3348E-04 17% U233 1.5725E-05 2% 
26 7.7368E-04 PU239 6.1683E-04 80% PU240 1.3192E-04 17% U233 1.5541 E-05 2% 
27 7.7116E-04 PU239 6.1482E-04 80% PU240 1.3149E-04 17% U233 1.5490E-05 2% 

(Time of Intrusion, 7250 years) 

06 32 1.1421 E-03 PU239 9.5682E-04 84% PU240 1.4737E-04 13% U233 2.6750E-05 2% 
39 1.1331E-03 PU239 9.4925E-04 84% PU240 1.4621E-04 13% U233 2.6538E-05 2% 
70 1.1298E-03 PU239 9.4648E-04 84% PU240 1.4578E-04 13% U233 2.6461E-05 2% 
63 1.1174E-03 PU239 9.3617E-04 84% PU240 1.4419E-04 13% U233 2.6172E-05 2% 
25 1.1115E-03 PU239 9.3115E-04 84% PU240 1.4342E-04 13% U233 2.6032E-05 2% 
58 1.1049E-03 PU239 9.2564E-04 84% PU240 1.4257E-04 13% U233 2.5878E-05 2% 
30 1.0977E-03 PU239 9.1964E-04 84% PU240 1.4165E-04 13% U233 2.5710E-05 2% 
19 1.0923E-03 PU239 9.1514E-04 84% PU240 1.4095E-04 13% U233 2.5584E-05 2% 
62 1.0855E-03 PU239 9.0941 E-04 84% PU240 1.4007E-04 13% U233 2.5424E-05 2% 
3 1.0781E-03 PU239 9.0318E-04 84% PU240 1.3911E-04 13% U233 2.5250E-05 2% 
13 1.0707E-03 PU239 8.9697E-04 84% PU240 1.3815E-04 13% U233 2.5076E-05 2% 
22 1.0615E-03 PU239 8.8928E-04 84% PU240 1.3697E-04 13% U233 2.4861E-05 2% 
47 1.0544E-03 PU239 8.8334E-04 84% PU240 1.3606E-04 13% U233 2.4695E-05 2% 
7 1.0444E-03 PU239 8.7494E-04 84% PU240 1.3476E-04 13% U233 2.4460E-05 2% 
1 1.0405E-03 PU239 8.7173E-04 84% PU240 1.3427E-04 13% U233 2.4371E-05 2% 
50 1.0299E-03 PU239 8.6286E-04 84% PU240 1.3290E-04 13% U233 2.4123E-05 2% 
45 1.0250E-03 PU239 8.5869E-04 84% PU240 1.3226E-04 13% U233 2.4006E-05 2% 
65 1.0165E-03 PU239 8.5157E-04 84% PU240 1.3116E-04 13% U233 2.3807E-05 2% 
43 1.0057E-03 PU239 8.4251E-04 84% PU240 1.2977E-04 13% U233 2.3554E-05 2% 
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Appendix C: LHS Samples and Calculated Normalized Releases 

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued) 

Comp. Total EPA-

Seen. normalized 

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 7250 years) 

12 1.0004E-03 PU239 8.3811 E-04 84% PU240 1.2909E-04 13% U233 2.3431E-05 2% 
31 9.9516E-04 PU239 8.3372E-04 84% PU240 1.2841E-04 13% U233 2.3308E-05 2% 
4 9.8818E-04 PU239 8.2787E-04 84% PU240 1.2751 E-04 13% U233 2.3145E-05 2% 
48 9.8092E-04 PU239 8.2179E-04 84% PU240 1.2658E-04 13% U233 2.2975E-05 2% 
54 9.7165E-04 PU239 8.1403E-04 84% PU240 1.2538E-04 13% U233 2.2757E-05 2% 
37 9.6616E-04 PU239 80942E-04 84% PU240 1.2467E-04 13% U233 2.2629E-05 2% 
69 9.5548E-04 PU239 8.0048E-04 84% PU240 1.2329E-04 13% U233 2.2379E-05 2% 
2 9.5116E-04 PU239 7.9686E-04 84% PU240 1.2274E-04 13% U233 2.2277E-05 2% 
35 9.3966E-04 PU239 7.8722E-04 84% PU240 1.2125E-04 13% U233 2.2008E-05 2% 
67 9.3793E-04 PU239 7.8578E-04 84% PU240 1.2103E-04 13% U233 2.1968E-05 2% 
28 9.3019E-04 PU239 7.7929E-04 84% PU240 1.2003E-04 13% U233 2.1786E-05 2% 
6 9.1904E-04 PU239 7.6995E-04 84% PU240 1.1859E-04 13% U233 2.1525E-05 2% 
40 9.0962E-04 PU239 7.6206E-04 84% PU240 1.1738E-04 13% U233 2.1305E-05 2% 
56 9.0308E-04 PU239 7.5658E-04 84% PU240 1.1653E-04 13% U233 2.1151 E-05 2% 
10 9.0052E-04 PU239 7.5443E-04 84% PU240 1.1620E-04 13% U233 2.1091 E-05 2% 
34 8.9427E-04 PU239 7.4920E-04 84% PU240 1.1539E-04 13% U233 2.0945E-05 2% 
66 8.8350E-04 PU239 7.4018E-04 84% PU240 1.1400E-04 13% U233 2.0693E-05 2% 
53 8.7587E-04 PU239 7.3378E-04 84% PU240 1.1302E-04 13% U233 2.0514E-05 2% 
64 8.6656E-04 PU239 7.2598E-04 84% PU240 1.1182E-04 13% U233 2.0296E-05 2% 
59 8.6458E-04 PU239 7.2433E-04 84% PU240 1.1156E-04 13% U233 2.0250E-05 2% 
57 8.5727E-04 PU239 7.1820E-04 84% PU240 1.1062E-04 13% U233 2.0078E-05 2% 
14 8.4772E-04 PU239 7.1020E-04 84% PU240 1.0939E-04 13% U233 1.9855E-05 2% 
20 8.4044E-04 PU239 7.0410E-04 84% PU240 1.0845E-04 13% U233 1.9684E-05 2% 
15 8.3122E-04 PU239 6.9637E-04 84% PU240 1.0726E-04 13% U233 1.9468E-05 2% 
29 8.2647E-04 PU239 6.9240E-04 84% PU240 1.0665E-04 13% U233 1.9357E-05 2% 
11 8.2090E-04 PU239 6.8773E-04 84% PU240 1.0593E-04 13% U233 1.9227E-05 2% 
55 8.1339E-04 PU239 6.8144E-04 84% PU240 1.0496E-04 13% U233 1.9051 E-05 2% 
60 8.0340E-04 PU239 6.7307E-04 84% PU240 1.0367E-04 13% U233 1.8817E-05 2% 
18 7.9703E-04 PU239 6.6774E-04 64% PU240 1.0285E-04 13% U233 1.8668E-05 2% 
61 7.9095E-04 PU239 6.6264E-04 84% PU240 1.0206E-04 13% U233 1.8525E-05 2% 
36 7.8598E-04 PU239 6.5848E-04 84% PU240 1.0142E-04 13% U233 1.8409E-05 2% 
51 7.7387E-04 PU239 6.4833E-04 84% PU240 9.9858E-05 13% U233 1.8125E-05 2% 
49 7.7387E-04 PU239 6.4833E-04 84% PU240 9.9858E-05 13% U233 1.8125E-05 2% 
46 7.6399E-04 PU239 6.4005E-04 84% PU240 9.8583E-05 13% U233 1.7894E-05 2% 

21 7.5741E-04 PU239 6.3454E-04 84% PU240 9.7735E-05 13% U233 1.7740E-05 2% 

23 7.4866E-04 PU239 6.2721E-04 84% PU240 9.6606E-05 13% U233 1.7535E-05 2% 
52 7.3939E-04 PU239 6.1945E-04 84% PU240 9.5410E-05 13% U233 1.7318E-05 2% 

44 7.3722E-04 PU239 6.1762E-04 84% PU240 9.5129E-05 13% U233 1.7267E-05 2% 

38 7.2607E-04 PU239 6.0829E-04 84% PU240 9.3691E-05 13% U233 1.7006E-05 2% 

8 7.1903E-04 PU239 6.0238E-04 84% PU240 9.2782E-05 13% U233 1.6841E-05 2% 
16 7.1443E-04 PU239 5.9853E-04 84% PU240 9.2188E-05 13% U233 1.6733E-05 2% 
42 7.0956E-04 PU239 5.9445E-04 84% PU240 9.1560E-05 13% U233 1.6619E-05 2% 

33 6.9958E-04 PU239 5.8609E-04 84% PU240 9.0273E-05 13% U233 1.6385E-05 2% 
17 6.9151E-04 PU239 5.7933E-04 84% PU240 8.9231E-05 13% U233 1.6196E-05 2% 
41 6.8587E-04 PU239 5.7461E-04 84% PU240 8.8504E-05 13% U233 1.6064E-05 2% 

24 6.7998E-04 PU239 5.6967E-04 84% PU240 8.7743E-05 13% U233 1.5926E-05 2% 
5 6.7569E-04 PU239 5.6608E-04 84% PU240 8.7190E-05 13% U233 1.5826E-05 2% 

9 6.6875E-04 PU239 5.6026E-04 84% PU240 8.6294E-05 13% U233 1.5663E-05 2% 

68 6.5915E-04 PU239 5.5222E-04 84% PU240 8.5055E-05 13% U233 1.5438E-05 2% 

26 6.5144E-04 PU239 5.4576E-04 84% PU240 8.4060E-05 13% U233 1.5258E-05 2% 

27 6.4931 E-04 PU239 5.4398E-04 84% PU240 8.3786E-05 13% U233 1.5208E-05 2% 
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Sandia National Laboratories 
date November 25, 1992 Albuquerque. New Mexico 87185 

to Distribution 

·f..J.~~ ~)l~ 
from M. G. Marietta (6342) and E. J. Nowak (6345) 

subJect Joint Memorandum from SNL Departments 6342 and 6345 on WIPP Performance Assessment 
Needs, Priorities, and Thresholds for Solubility Tests 

This memo (I) records present WIPP Performance Assessment (PA) needs concerning 
radionuclide concentrations in the waste-disposal panels and priorities of these needs, (2) 
documents PA guidance and requests for information from the radionuclide source term 
activities, and (3) discusses feasibility of providing these critical information needs. 

BACKGROUND 
(M. G. Marietta, 6342) 

PA's needs for a quantitative understanding of radionuclide concentrations in the waste­
disposal panels should be considered in the context of the present understanding of the 
Project's status with regard to regulatory compliance. 

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP 
PA Division, 1991) indicate that radionuclides will reach the accessible environment only if 
the repository is breached by human intrusion, and therefore only the Containment 
Requirements of 40 CFR 191 B and the safety assessments needed for NEPA evaluations are 
of concern. The long-term requirements of RCRA (40 CFR 268.6) apply to the release of 
non-radioactive contaminants at the disposal-unit boundary (i.e., the top of the Salado 
Formation and the subsurface extension of the land-withdrawal boundary), and, as presently 
interpreted by the WIPP Project, only to the undisturbed performance of the disposal 
system. Calculations of undisturbed performance indicate that brine (and, by implication, 
radionuclides) does not migrate from the disturbed rock zone surrounding the panels (WIPP 
PA Department, 1992). Therefore, concentrations in brine are not needed for assessing 
compliance with the long-term requirements of RCRA. 

Assessments to date indicate that, for the preferred choice of conceptual model (i.e., 
including gas generation in the waste and dual-porosity transport in the Culebra with 
chemical retardation), the shape and position of the CCDF used for comparison with 40 
CFR 191 B are determined primarily by the direct releases at the ground surface during 
drilling (cuttings) (WIPP PA Division, 1991; Helton et al., 1992). Figure I shows the CCDFs 
calculated for the 1991 performance assessment with and without groundwater transport in 
the Culebra. Note that the mean, median, and I 0 and 90 quantile curves are relatively close 
together, their positions are essentially unchanged by the inclusion of subsurface 
groundwater releases, and normalized releases in the region of regulatory interest are 
approximately J0-1. If subsurface releases are to affect the position of the CCDF, they must 
result in normalized releases comparable in magnitude to those caused by cuttings. Releases 
of radionuclides mobilized in brine that may flow directly to the ground surface following 
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borehole intrusion have not been included in CCDFs to date, but preliminary estimates 
indicate that they will be significantly less than particulate releases of cuttings. 

These observations about the magnitude of the releases that may affect compliance lead to a 
recognition of PA priorities for information on radionuclide concentrations in disposal 
rooms. Releases orders of magnitude below the predicted cuttings releases are of little 
regulatory interest. Because radionuclide concentrations do not affect the quantity of 
particulate waste brought to the surface as cuttings and cavings, the primary impact of 
changes in concentrations will be on subsurface releases, and changes that result in relatively 
small changes in the subsurface release will have little effect on compliance. PA therefore 
recommends concentrating solubility research on those radionuclides with the potential to 
result in normalized releases greater than 10-2 (approximately one order of magnitude below 
the presently predicted cuttings releases). 

Figure 2 shows the EPA-normalized inventory of the repository, radionuclide by 
radionuclide, as a function of time (based on the most recent lOB, as will be reported in 
Volume 3 of the 1992 Preliminary Performance Assessment). Note that the two portions of 
the figure are plotted at different scales, and that a horizontal line is drawn on each at an 
EPA-normalized value of 10-2. Time-dependent inventories are shown to 105 yr, although a 
vertical line is drawn on each figure at 10" yr, indicating the end of the regulatory period 
specified by 40 CFR 191 B. Radionuclides whose normalized inventories never exceed 1 o-2 
during 104 yr cannot result in releases greater than 10-2, and can therefore be dropped from 
further consideration in analyses for 40 CFR 191 B. 

Figure 2a shows that the normalized inventories of 2S9Pu, 240Pu, 241Am, 2ssu, 2S4U, 2S7Np, 
229Th, 2S0Th, and 226Ra all exceed 10-2 during the 104-yr period. Figure 2b shows 
normalized inventories for two additional radionuclides exceeding l0-2; 288Pu (which is high 
early in the regulatory period) and 21opb (which barely reaches 10-2 at very late times 
approaching 105 yr) exceeding 10-2. PA modeling for 1991 examined transport to the 
accessible environment of 7 of these radionuclides (2S9Pu, 240Pu, 241Am, 2ssu, 2S4U, 2S7Np, 
and 2S0Th) (WIPP PA Division, 1991, volume 2, section 6.5.2.10). Subsurface transport of 
two of the remaining radionuclides will be modeled in 1992, 229Th and 226Ra. Transport of 
2S8Pu in the Culebra will not be modeled because of its short half -life (87 .7 yr). Subsurface 
transport of 210Pb will not be modeled because of its low inventory at 104 yr and short half­
life (22.3 yr ), and consequent low impact on 40 CFR 191 B compliance. 210Pb may be 
considered for subsurface transport in future dose calculations as a daughter product created 
in the Culebra. Transport of both 2S8Pu and 210Pb in brine brought directly to the ground 
surface following intrusion (not yet included in performance assessments) also has the 
potential to contribute to doses. 

Figure 3 shows cumulative (1 O" yr) normalized releases into the Culebra resulting from an 
intrusion borehole that occurs at 10s yr (1991 PA, as reported in Helton et al., 1992) for the 
seven transported radionuclides for the E 1 E2 scenario (upper row) and E 1 scenario (lower 
row) for three different assumptions. Figure 4 shows the corresponding CCDF plots. 

The first column in Figure 3 plots releases into the Culebra from the borehole, before any 
retardation can occur in the Culebra. The corresponding CCDFs are shown in the top row 
of Figure 4. The second column of Figure 3 shows releases to the accessible environment (5 
km for this analysis) assuming no chemical retardation in the Culebra (i.e., Kd • 0, as 
stipulated in the Consultation and Cooperation (C & C) agreement between DOE and the 
State of New Mexico [US DOE and State of New Mexico, 1981 as modified]). Note that 
because a dual-porosity transport model was used, physical retardation does occur because of 
diffusion into the dolomite matrix. The corresponding CCDFs are shown in the middle row 
of Figure 4. The third column of Figure 3 shows releases to the accessible environment 
calculated using the sampled values for Kd, and the corresponding CCDFs are shown in the 
bottom row of Figure 4. These curves are incorporated in the total release CCDFs shown in 
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the top half of Figure I, although the contribution of the groundwater release can be 
observed in only one realization shown in Figure Ia. 

(In interpreting Figure 3, note that upper and lower bounds of the boxes for each 
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the 
vertical line within the box is the median value, and the black dot is the mean. The 
horizontal lines extending above the boxes extend to either the maximum value or the value 
representing x.75 + 1.5(x.75 - x.25), which ever is lower, and the lines extending below the 
boxes indicate the comparable lower value. Observations falling outside these ranges are 
shown with individual "x" symbols. These plots do not contain information about the 
probability of scenario occurrence, and therefore assign equal weight to each scenario. 
[Helton et al., 1992]) 

Clearly, retardation in the Culebra may be an important contributor to increasing our 
confidence of complying with 40 CFR 191 B and of defending the overall long-term safety 
of the WIPP. Given the stipulations of the C & C agreement, however, chemical retardation 
in the Culebra will not be assumed for a final compliance evaluation until confirmed by the 
tracer column experiments. To insure a defensible multi-barrier system, we recommend that 
radionuclide concentration research be designed assuming no credit for retardation in the 
Culebra. Therefore, we recommend that radionuclide concentration research be designed 
with respect to releases into the Culebra, as shown in the first column of Figure 3. These 
releases are calculated before any retardation can occur in the Culebra, and are primarily 
dependent on the available inventory and the sampled values for solubility limits (and 
quantity of brine flowing up the borehole, as calculated by the two-phase flow code 
BRAGFLO). Note that cumulative normalized releases of all seven radionuclides into the 
Culebra have the potential to exceed 10-2 for both scenarios. Cumulative releases for many 
radionuclides exceed I oo in some realizations, resulting in the potential for a violation of 40 
CFR 191 B and causing some individual CCDFs in the top row of Figure 4 to exceed the 
EPA limits. 

Concentrations of all radionuclides shown in Figure 3 are therefore important to PA, 
although special importance falls to U (which is the major contributor to the 1991 
subsurface releases at the accessible environment assuming chemical retardation in the 
Culebra, as shown in the third column of Figure 3) and to Pu (which is an important 
contributor to releases into the Culebra, as shown in the first column of Figure 3, and could 
dominate releases to the accessible environment if chemical retardation were not allowed). 
Of the remaining radionuclides, Ra and Pb are relatively less important for compliance with 
40 CFR 191B because of their lower inventories. Ra and Pb are important, however, in 
safety assessments because of their potential contributions to doses to humans through either 
subsurface transport or the direct release of brine at the ground surface during drilling. 
Because of the relatively short half-lives of 226Ra and 210pb (1600 yr and 22.3 yr, 
respectively) their concentrations in disposal-room brine are primarily of concern for direct 
releases at the ground surface. Most subsurface transport of these isotopes will be of decay 
products of other radionuclides. 

Solubility distributions used in the 1991 PA were based on the judgment of an expert panel 
(Trauth et al., 1992), and are shown in Figure 5. Distributions were provided for different 
oxidation states for the major radionuclides, reflecting uncertainty in the chemical 
conditions in the waste-panel environment. Solubilities used in the multiple simulations 
were selected from these distributions by Latin hypercube sampling after first sampling on 
Eh-pH conditions within the panel to determine the oxidation states present. (For additional 
information, see Sections 3.3.5 and 3.3.6 of Volume 3 of WIPP PA Division, 1991.) 
Concentrations of elements dissolved in waste-panel brine were then calculated assuming 
equilibrium conditions and uniform distribution of waste. Concentrations of individual 
isotopes of each element were proportional to their relative abundance in the solid phase of 
the element. (For additional information, see Section 5.3.2 of Volume 2 of WIPP PA 
Division, 1991 ). 
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As noted above, solubility, inventory, and the quantity of brine flowing up the borehole are 
the main factors controlling the magnitude of the releases into the Culebra shown in Figure 
3. Sensitivity analyses provide a means to separate the relative contribution of brine flow 
and isolate the effects of uncertainty in solubility. As shown in Figure 6, far-field halite 
permeability in the Salado Formation (SALPERM) was one of the most important two-phase 
flow parameter affecting radionuclide migration up the borehole under the assumptions of 
the 1991 PA (Helton et al., 1992). Releases of 2S9pu do not occur for an El-type intrusion 
at lOS yr for sampled values of SALPERM below approximately 5 x J0-21. Above that 
value, the magnitude of release shows no apparent correlation with SALPERM. This 
"switch" effect, which is also observed for releases of other radionuclides, reflects the 
control of SALPERM over brine inflow from the far-field. At low values of SALPERM, 
the panel never becomes brine-saturated, in part because inflow is restricted by elevated gas 
pressures within the panel and in part because corrosion consumes what brine does enter. 
and less brine is available to transport radionuclides up the borehole. 

Figure 7 (Helton et al., 1992) shows scatterplots of releases versus sampled values for 
solubility for 239pu for El and EIE2 intrusions at 103 yr. Releases on the vertical axis of 
Figure 7a, the E I intrusion, are the same as those shown in Figure 6. Note the zero releases 
(plotted at J0-8 ) corresponding to low values of SALPERM. Figure 7b shows the same 
relationship for the E I E2 intrusion at JOS yr. Note that there are far fewer zero releases, 
reflecting the abundant supply of brine from the Castile reservoir assumed in the E I E2 
scenario. In both plots, for those realizations that do result in a release, the log of the 
magnitude of the release is linearly dependent on the log of the sampled value for solubility. 
Both plots show a solubility threshold for 239Pu for releases of regulatory interest (above 
approximately J0-2) between J0-8 and J0-7 mol/2. PA therefore recommends that 
radionuclide concentration research concentrate on possible values above this threshold. 

Figure 8 (Helton et al., 1992) shows a scatterplot of releases versus sampled values for 
solubility for 234U for an EIE2 intrusion at J03 yr. In this case, sampled solubilities were 
high enough (see Figure 5, U+6) and the inventory low enough that releases were in many 
realizations limited by the available inventory rather than by the sampled solubility value. 
Only below solubilities of approximately J0-5 mol/ i was a log-log linear relationship present 
between releases and solubilities, and a threshold of regulatory interest (i.e., releases below 
approximately J0-2) does not occur until solubilities drop below approximately J0-6 mol/ i.. 
The cutoff recommended for U is the same as that suggested above for Pu, between 
approximately J0-8 and J0-7 mol/ i. 

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM 
(M. G. Marietta, 6342) 

40 CFR 191B 

With regard to 40 CFR 191 B, PA needs data on concentrations above approximately 
J0-7 mol/ 2 for 

U and Pu (highest priority) 
Am, Np, and Th (high priority) 
Ra and Pb (lower priority--not essential) 

For all radionuclides, data on concentrations less than approximately J0-7 mol/ 2 are less 
important, because releases from this range will have essentially no impact on the 
location of the CCDF. 
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With regard to NEPA, PA needs data for 

U and Pu (highest priority) 
Np and Th (high priority) 
Am, Ra, and Pb (low priority) 

Again, data on concentrations less than approximately I Q-7 mol/ i will have little effect 
on the determination of disposal-system safety. Ra and Pb are given low priority here 
despite their potential to contribute to doses from subsurface releases because most 
transport of these radionuclides in the Culebra will be of decay products formed during 
transport of other radionuclides. Low initial inventories and relatively short half -lives 
of 226Ra and 210pb will cause the amount of these radionuclides dissolved in repository 
brine to have little affect on doses following transport in the Culebra. 

Overall Recommendations 

Taking into account relative priorities of compliance evaluations with 40 CFR 191 B 
(high) and safety evaluations (relatively lower), our composite recommendations are as 
follows: 

U and Pu data are critical (highest priority) 

Am, Np, and Th are important (high priority) 

Ra and Pb should be included if possible and if their inclusion does not add 
significantly to the cost of the experiments or detract from the ultimate 
defensibility of data for the other elements. This judgement is based on some 
remaining uncertainty regarding possible brine flow directly to the surface during 
drilling. Assumptions about future drilling techniques and practices will be a 
concern of regulators and could change. 

ACTINIDE SOURCE TERM PROGRAM 
RESPONSE TO RECOMMENDATIONS FROM PA 

(E. J. Nowak, 6345) 

The actinide source term program consists of laboratory tests with radionuclides in WIPP 
brines, source term model development, and a source term waste test program (STTP) with 
actual waste in WIPP brines. The laboratory tests produce data on species identification, 
stability constants of chemical complexes, solubilities, sorption on backfill materials that may 
be used in the WIPP, and colloid formation. An actinide source term model will be 
developed with data produced by laboratory tests. The model will predict the concentrations 
of actinide species in brines within the disposal rooms and panels, with particular emphasis 
on upper bounds. Results from the tests with actual waste (STTP) will be used to test the 
validity of the source term model. STTP data will be interpreted with the aid of the 
laboratory test data. 

The actinide source term model will include isotopes of plutonium, americium, neptunium, 
thorium, and uranium. The model will reflect the complex chemical behavior of these 
elements, including radionuclide-containing colloid formation and sensitivities to parameters 
such as Eh, pH, and the concentrations of organic and inorganic ligands that can act as 
complexing agents. Numerical models that incorporate these parameters and thermodynamic 
relationships are being evaluated in the modeling effort. 
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Inclusion of radium and lead is not planned at this time. because significant additional 
resources would be required to do so, and the priority for data on these elements has not 
been established at a sufficiently high level to warrant the required expansion of the 
actinide source term program. 
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Figure 2. 
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Figure 8. 
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Sandia National Laboratories 
date: December 14, 1992 Albuquerque, New Mexico 87185 

to: 

from: 

subJect 

Distribution 

-If J! HL. c_ 'f=J YJ!I/!~ .. 1 
M. G. ~~342, and F. Gelbard, 6119 

Joint Memorandum from SNL Departments 6342 and 6119 on WIPP Performance Assessment 
Needs, Priorities, and Thresholds for Tracer Column Experiments 

This memo records present WIPP Performance Assessment (PA) needs concerning 
radionuclide retardation measurements in the Culebra Dolomite and priorities of these needs. 
The importance of both physical and chemical retardation is discussed, and threshold values 
for matrix distribution coefficients (assuming double porosity transport can be justified), as 
observed in sensitivity analyses of the 1991 preliminary PA, are provided. The feasibility of 
fulfilling PA needs is briefly discussed. The memo documents PA guidance and requests for 
information from the tracer column experiments. 

BACKGROUND 
(M. G. Marietta) 

PA 's needs for a quantitative understanding of radian uclide retardation in the Culebra 
should be considered in the context of the present understanding of the Project's status with 
regard to regulatory compliance. 

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP 
PA Division, 1991) indicate that radionuclides will reach the Culebra only if the repository 
is breached by human intrusion, and therefore only the Containment Requirements of 40 
CFR 1918 and the safety assessments needed for NEPA evaluations are of concern. The 
long-term requirements of RCRA (40 CFR 268.6) apply to the release of non-radioactive 
contaminants at the disposal-unit boundary (i.e., the top of the Salado Formation and the 
subsurface extension of the land-withdrawal boundary), and as presently interpreted by the 
WIPP Project, only to the undisturbed performance of the disposal system. 

The conceptual model used in assessments to date has assumed that radionuclide transport in 
the Culebra occurs in a double-porosity medium, with both physical and chemical 
retardation occurring in the dolomite matrix (WIPP PA Division, 1991; Helton et al., 1992). 
Given the assumptions of this model, retardation during groundwater transport is sufficient 
to reduce subsurface releases in the Culebra below those estimated to occur directly at the 
ground surface during drilling (i.e., cuttings). 

If present assumptions about transport mechanisms and retardation in the Culebra can be 
justified experimentally, subsurface releases may continue to have little affect on the 
position of the CCDF. If, however, assumptions about retardation change or cannot be 
defended, estimates of subsurface releases comparable in magnitude to or greater than those 
estimated for cuttings may result, and may affect regulatory compliance. 
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For the purposes of setting priorities, PA recommends concentrating retardation research on 
those radionuclides with the potential to result in normalized releases greater than I 0-2 
(approximately one order of magnitude below the presently predicted cutting releases). 
Figure I shows the EPA normalized inventory of the repository, radionuclide by 
radionuclide, as a function of time (based on the most recent IDB [US DOE, 1991), as will 
be reported in Volume 3 of the 1992 Preliminary Performance Assessment). Note that the 
two portions of the figure are plotted at different scales, and that a horizontal line is drawn 
on each at an EPA normalized value of J0-2. Time-dependent inventories are shown to 105 
yr, although a vertical line is drawn at 10" yr, indicating the end of the regulatory period 
specified by 40 CFR 191 B. Radionuclides with normalized inventories that never exceed 
10-2 during 10" yr cannot result in releases greater than 10-2, and can therefore be dropped 
from further consideration. 

Figure Ia shows that the normalized inventories of 2S9Pu, 240Pu, 241Am, 2SSU, 2S4U, 2S7Np, 
229Th, 2S0Th, and 226Ra all exceed 10-2 during the 10" yr period. Figure lb shows 2S8Pu 
and 210pb (just barely at very late times approaching 105 yr) exceeding 10-2. PA modeling 
for 1991 examined transport of 7 of these radionuclides (2S9Pu, 240Pu, 241Am, nsu, 2S4U, 
2S7Np, and 2SOTh) (WIPP PA Division, 1991, volume 2, section 6.5.2.1 0). Subsurface 
transport of two of the remaining radionuclides will be modeled in 1992, 229Th and 226Ra. 
Transport of 2S8Pu in the Culebra will not be modeled because of its short half-life (87.7 
yr). Subsurface transport of 210Pb will not be modeled because of its low inventory at 10" 
yr and therefore low impact on 40 CFR 191 B compliance. 21opb may be considered for 
subsurface transport in future dose calculations as a daughter product created in the Culebra 
by the decay of 226Ra. Transport of both 2S8pu and 210Pb in brine brought directly to the 
ground surface following intrusion (not yet included in performance assessments) also has 
the potential to contribute to doses. 

Figure 2 shows cumulative normalized releases (1991 PA, as reported in Helton et al., 1992) 
for the seven transported radionuclides for the E I E2 scenario (upper row) and E I scenario 
(lower row) at I 000 yr for three different assumptions. Figure 3 shows the corresponding 
CCDF plots. 

The first column in Figure 4 plots releases into the Culebra from the borehole, before any 
retardation can occur in the Culebra. These releases are calculated assuming gas generation 
in the repository and no pressure-dependent fracturing of anhydrite layers in the Salado 
Formation, which may underestimate radionuclide releases to the Culebra. The 
corresponding CCDFs are shown in the top row of Figure 3. The second column of Figure 
2 shows releases to the accessible environment (5 km for this analysis) assuming no chemical 
retardation (i.e., Kd = 0, as stipulated in the Consultation and Cooperation agreement 
between DOE and the State of New Mexico [US DOE and State of New Mexico, J 981 as 
modified]). Note that because a double-porosity transport model was used, physical 
retardation does occur because of diffusion into the dolomite matrix. The corresponding 
CCDFs are shown in the middle row of Figure 3. The third column of Figure 2 shows 
releases to the accessible environment calculated using the sampled values for Kd. The 
corresponding CCDFs are shown in the bottom row of Figure 3. 

(In interpreting Figure 2, note that upper and lower bounds of the boxes for each 
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the 
vertical line within the box is the median value, and the black dot is the mean. The 
horizontal lines extending above the boxes extend to either the maximum value or the value 
representing x.75 + 1.5(x.75 - x.25), which ever is lower, and the lines extending below the 
boxes indicate the comparable lower value. Observations falling outside these ranges are 
shown with individual "x" symbols. These plots do not contain information about the 
probability of scenario occurrence, and therefore assign equal weight to each scenario. 
[Helton et al., 1992]) 
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The first column of Figure 2 shows that cumulative normalized releases of all seven 
radionudides into the Culebra have the potential to exceed 10-2 for both scenarios. 
Therefore, transport of all seven in the Culebra has the potential to affect regulatory 
compliance. (Note that cumulative releases for many radionuclides exceed I oo in some 
realizations, resulting in the potential for a violation of 40 CFR 191 B). 

The second column of Figure 2 (Kd = 0) shows that physical retardation by matrix diffusion 
significantly lowers cumulative normalized releases. Most radionuclides still exceed I0-1 for 
some realizations, but mean values are now in all cases within the EPA limit. This 
observation indicates that verification of physical retardation may be important to defending 
compliance with 191 B, and that physical retardation should receive special attention in the 
experimental program. 

The third column of Figure 2 (sampled values for Kds) shows that using chemical 
retardation estimates based on judgment from two experts (C. Novak and R. Dosch, as 
reported in Trauth et al., 1992) resulted in only one value close to J0-1 (2MU in a single 
E I E2 realization) and very few values greater than I o-s. Although the experts' values 
represent the best information available at this point, there are no actual data to support 
these values rigorously. Chemical retardation has the potential to greatly reduce releases to 
the accessible environment, and defensible values for Kds in the Culebra may be very 
important for building confidence in a demonstration of compliance with 191 B. 

All of the radionuclides listed in Figure 2 are important for consideration in the 
experimental program. Special importance falls to U, which is the main contributor to 
releases, and to Pu, which dominates the inventory but makes no subsurface contribution to 
the 1991 CCDF because of its assumed high chemical retardation in the Culebra (compare 
columns 2 and 3 of Figure 2). It may be critically important for PA to be able to defend 
the high Kd values for Pu. (Although not shown in Figure 2 and not discussed further in 
this memo, releases of Pu into the Culebra (column I) are limited by the assumed solubility 
of Pu in the repository brine, and defensible solubilities are therefore also important.) 

Figure 4 provides additional insight into the sensitivity of PA results to the assumed values 
for Kds. As seen in the upper left scatterplot, Kd values greater than I0-2 m!jkg imply 
essentially zero release of 2S4U to the accessible environment. (Note that, in these 
scatterplots, cumulative normalized releases are given at one-quarter of the distance to the 
accessible environment, rather than at the accessible environment boundary.) Kd values 
greater than approximately I0-1 mSjkg imply essentially zero release of 239pu and 241Am. 

A major purpose of the column experiments is to generate defensible information on 
chemical retardation in the Culebra. Therefore, column experiments should include all 
radionuclides that, in the absence of chemical and physical retardation, have the potential to 
reach the accessible environment in quantities large enough to violate the Standard. These 
include isotopes of Pu, Am, U, Np, Th, and Ra. Pb should be included because of its 
potential to contribute to long-term doses. 

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM 
(M. G. Marietta) 

I. With regard to 40 CFR 19IB, PA needs transport data for: 

U and Pu (highest priority) 
Am, Np, and Th (high priority) 
Ra (lower priority--not essential) 
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2. With regard to NEPA, PA needs transport data for 

U (highest priority) 
Ra and Pb (high priority) 
Np and Th (low priority) 
(assuming retardation of Pu is defensible) 

3. Taking into account relative priorities of compliance evaluations with 40 CFR 191B 
(high) and safety evaluations (relatively lower), PA 's composite recommendations are as 
follows: 

U and Pu data are critical (highest priority) 

Am, Np, and Th are important (high priority) 

Ra and Pb should be included if possible and if their inclusion does not add 
significantly to the cost of the experiment or detract from the ultimate 
defensibility of data for the other elements. 

FEASIBILITY 
(F. Gelbard) 

The radiation detectors purchased for the experiment are designed to detect, identify, and 
measure the concentration of individual radioisotopes in a mixture of radioisotopes. A 
germanium detector, cooled with liquid nitrogen, is used to analyze gamma radiation from a 
sample. Although in principle, our system should be able to distinguish an arbitrary 
number of radionuclides, we have not yet tested the system. Obviously, the fewer the 
number of radionuclides, the easier to distinguish a specific radionuclide. Furthermore, for 
ES&H considerations, we would like to minimize the total radioactivity, and thus reduce the 
number of radionuclides. 

With these considerations, we expect that a mixture with the following radioisotopes can be 
measured with our equipment: 232U, 228Th, 241Am and/or 243Am, 237Np, 226Ra, 210Pb, and 
22Na (nonsorbing tracer). We are investigating which isotope of Pu would be best to use. In 
addition, we may also include the following isotopes, lSSBa (analog for Ra), a radioactive 
rare-earth metal (analog for radionuclides in the +3 oxidation state), and 24SCm. If we 
encounter difficulty in the measurements, Ra, Ba, and/or Pb may be excluded from our 
measurements. 

The number of experiments that can be performed is limited not only by time and cost, but 
also because it would be virtually impossible to obtain more core. Furthermore, ES&H 
requirements limit the number of experiments. All the liquid radioactive effluent, 
regardless of the activity level, is considered radioactive waste and must be stored in the 
laboratory indefinitely (or until SNL has an acceptable means for disposal). Because of the 
large volume of waste generated for each experiment, and our plans to perform destructive 
post-test analysis on the cores, it is crucial that the above list of radioisotopes be complete. 

Based on the composite recommendations of the PA Department (6342) given previously, the 
only elements requiring retardation measurements in Culebra rock are U, Pu, Th, Am, Np, 
Ra, and Pb, with Ra and Pb of least importance. Both physical and chemical retardation 
measurements are needed for these elements. The oxidation states of the radionuclides in 
solution is determined by the brine composition, pH, and temperature. In the experiments 
these three variables will be controlled to be the same as that found in the Culebra from 
which the cores were taken. Therefore, retardation factors will be obtained for the 
radionuclides in whatever oxidation state they would be in in the field, but the oxidation 
state will not be measured. 
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ABSTRACT 

Before disposing of transuranic radioactive waste in the Waste Isolation Pilot Plant (WIPP), the United States 
Department of Energy (DOE) must evaluate compliance with applicable long-term regulations of the United States 
Environmental Protection Agency (EPA). Sandia National Laboratories is conducting iterative performance 
assessments (PAs) of the WIPP for the DOE to provide interim guidance while preparing for a final compliance 
evaluation. This volume of the 1992 PA contains results of uncertainty and sensitivity analyses with respect to 
migration of gas and brine from the undisturbed repository. Additional information about the 1992 PA is 
provided in other volumes. Volume 1 contains an overview of WIPP PA and results of a preliminary comparison 
with 40 CFR 191, Subpart B. Volume 2 describes the technical basis for the performance assessment, including 
descriptions of the linked computational models used in the Monte Carlo analyses. Volume 3 contains the 
reference data base and values for input parameters used in consequence and probability modeling. Volume 4 
contains uncertainty and sensitivity analyses with respect to the EPA's Environmental Standards for the 
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191, 
Subpart B). Finally, guidance derived from the entire 1992 PAis presented in Volume 6. 

Results of the 1992 uncertainty and sensitivity analyses indicate that, conditional on the modeling 
assumptions and the assigned parameter-value distributions, the most important parameters for which uncertainty 
has the potential to affect gas and brine migration from the undisturbed repository are: initial liquid saturation in 
the waste, anhydrite permeability, biodegradation-reaction stoichiometry, gas-generation rates for both corrosion 
and biodegradation under inundated conditions, and the permeability of the long-term shaft seal. Gas and brine 
migration are less sensitive to other parameters, although additional information is needed to confirm that the 
preferred conceptual models and assigned parameter distributions adequately describe reality. 
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PREFACE 

The Preliminary Performance Assessment for the Waste Isolation Pilot Plant. December 
1992 is currently planned to consist of six volumes. The titles of the volumes are listed below. 
All analyses reported in the 1992 Preliminary Performance Assessment, including those described 
in this volume, are based on computer modeling of disposal-system performance that was 
completed in November 1992. 

This report is the fifth in a series of annual reports that document ongoing assessments of 
the predicted long-term performance of the Waste Isolation Pilot Plant (WIPP); this 
documentation will continue during the WIPP Test Phase. However, the Test Phase schedule and 
projected budget may change; if so, the content of the 1992 Preliminary Performance Assessment 
report and its production schedule may also change. 

Volume 1: Third Comparison with 40 CFR 191, Subpart B 

Volume 2: Technical Basis 

Volume 3: Model Parameters 

Volume 4: Uncertainty and Sensitivity Analyses for 40 CFR 191, Subpart B 

Volume 5: Uncertainty and Sensitivity Analyses of Gas and Brine Migration for 
Undisturbed Performance 

Volume 6: Guidance to the WIPP Project from the December 1992 Performance 
Assessment 
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1 . INTRODUCTION 

2 The Waste Isolation Pilot Plant (WIPP) is planned as a research and development facility to demonstrate the 

3 safe disposal oftransuranic (TRU) wastes generated by defense programs of the United States Department of 

4 Energy (DOE). Before disposing of waste in the WIPP, the DOE must evaluate compliance with applicable long-

s term regulations of the United States Environmental Protection Agency (EPA), including 40 CFR 191, Subpart B 

6 (Environmental Standards for the Management and Disposal ofSpent Nuclear Fuel, High-Level and Transuranic 

7 Radioactive Wastes, Final Rule [U.S. EPA, 1985]) and 40 CFR 268.6 (Petitions to allow land disposal of a waste 

8 prohibited under Subpart C of Part 268 [U.S. EPA, 1986]), which is the portion ofthe regulations implementing the 

9 Resource Conservation and Recovery Act (RCRA) that states the conditions for disposal of specified hazardous 

10 wastes. Performance assessments (PAs) will form the basis for evaluating compliance with all applicable long-term 

11 regulations of the EPA. The WIPP Performance Assessment (PA) Department of Sandia National Laboratories 

12 (SNL) is performing iterative preliminary PAs to provide guidance to the Project while preparing for final 

13 compliance evaluation. Previous preliminary PAs for 40 CFR 191, Subpart B, have been documented for 1990 

14 (Bertram-Howery et al., 1990; Rechard et al., 1990; Helton et al., 1991) and 1991 (WIPP PA Division, 1991 a,b,c; 

15 Helton et al., 1992). 

16 1.1 Purpose of Volume 5 

17 This volume describes uncertainty and sensitivity analyses of gas and brine migration for undisturbed 

18 performance only (i.e., without a breach of the repository by human intrusion). The volume is part of a set 

19 documenting the 1992 preliminary PA, and is not intended to provide a stand-alone description of the WIPP or of 

20 the compliance-assessment modeling system. Some essential information from other volumes of the 1992 PA is 

21 repeated here as necessary, but in general, cross-references are given throughout to more complete discussions 

22 elsewhere. Volume I of the 1992 PA provides an overview of the 1992 preliminary comparison with 40 CFR 191, 

23 Subpart B. Volume 2 describes the technical basis for the compliance assessment modeling system, including 

24 conceptual model development, probability modeling, and consequence modeling. Volume 3 compiles model 

25 parameters, constructs cumulative distribution functions (CDFs), and discusses their derivation from the pertinent 

26 data of disposal-system characterization. Uncertainty and sensitivity analyses specifically related to 40 CFR 191, 

27 Subpart B, (including analyses of consequences of human intrusion) are contained in Volume 4. Volume 6 contains 

28 guidance to the WIPP Project derived from the entire 1992 PA. Similar analyses of undisturbed performance based 

29 on simulations completed earlier in 1992 are documented elsewhere (WIPP PA Department, 1992). 

30 Analyses of undisturbed performance are of interest for both the Individual Protection Requirements (§ 191.15) 

31 of 40 CFR 191 and 40 CFR 268.6. As discussed in Volume 4 of this report, brine migration is of interest for 40 

32 CFR 191 because ofthe potential for radionuclide transport in the liquid phase. Both gas and brine migration are of 

33 interest for 40 CFR 268.6 because of the potential for transport of regulated hazardous constituents in both gas and 

34 brine phases. However, the preliminary results reported are intended to provide interim guidance to the WIPP 

35 Project as it develops a compliance strategy for 40 CFR 268.6, and should not be used as the basis for regulatory 

36 decisions. The modeling system and data base remain incomplete, and one potentially important process, the 

37 pressure-dependent fracturing of anhydrite interbeds above and below the waste-emplacement region, has not been 

38 included in the 1992 PA. Furthermore, transport ofradionuclides and heavy metals in brine and volatile organic 

39 compounds in gas is not modeled. Performance measures described here apply only to the migration of the fluid 
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1. Introduction 

phases and do not provide information about potential concentrations of contaminants within the fluids. If 

2 additional analyses of gas and brine migration continue to show a potential for gas migration beyond regulatory 

3 boundaries, a compliance determination for 40 CFR 268.6 will be based on evaluations of hazardous constituent 

4 concentrations using expanded data bases and more detailed computational models. 

5 1.2 Requirements of 40 CFR 268.6 

6 The Land Disposal Restrictions (40 CFR 268) regulate disposal of specified hazardous wastes. For the WIPP, 

7 hazardous constituents mixed with the radioactive transuranic waste can include solids such as lead and other heavy 

8 metals, and semivolatile and volatile organic compounds (VOCs) as residual liquids sorbed on waste materials or as 

9 gases associated with the waste in waste containers. A detailed inventory of the 40 CFR 268 contaminants 

10 anticipated for the WIPP is not available at this time, but a preliminary list of anticipated hazardous constituents 

11 were documented in the Waste Isolation Pilot Plant No-Migration Variance Petition (DOE, 1990). The 

12 Environmental Protection Agency (EPA) subsequently issued the Conditional No-Migration Determination for the 

13 Department of Energy Waste Isolation Pilot Plant (WIPP), which mandated waste characterization requirements for 

14 the WIPP Test Phase and recommended waste characterization data needs in support of any long-term performance 

15 assessment. Methods of sampling and analysis for volatile and semivolatile constituents have been developed for 

16 headspace gases (DOE, 1991a) and additional methods for analysis ofhazardous constituents in homogeneous solid 

17 waste forms are under development as part of the Waste Characterization Program Plan for WIPP Experimental 

18 Waste (DOE, 199Ib). 

19 In general, 40 CFR 268 prohibits the disposal of hazardous wastes unless the owner or operator of the facility 

20 petitions for a variance and successfully demonstrates "to a reasonable degree of certainty, that there will be no 

21 migration of hazardous constituents from the disposal unit or injection zone for as long as the wastes remain 

22 hazardous" or the waste is treated in accordance with applicable standards ( 40 CFR 268.6 (a), U.S. EPA, 1986). 

23 General guidance provided by the EPA on the interpretation of this wording indicates that "no migration" will be 

24 defined to be concentrations of hazardous constituents below health-based or environmentally based levels at the 

25 disposal-unit boundary (U.S. EPA, 1992). Following guidance from the EPA (U.S. EPA, 1990a, p. 13073) the SNL 

26 WIPP PA Department has assumed for the purposes of these analyses that the length of the regulatory period is 

27 l 0,000 yr. 

28 1.2.1 Status of WIPP Compliance with 40 CFR 268.6 

29 In response to a no-migration variance petition from the DOE (U.S. DOE, 1990a) the EPA issued a conditional 

30 no-migration determination (U.S. EPA, 1990b) allowing the emplacement of a limited amount oftransuranic mixed 

31 waste in the WIPP for experimental purposes during the Test Phase (U.S. DOE, 1993). However, as the EPA states 

32 in the supplementary information included with the no-migration determination "[b]efore DOE may move from the 

33 test phase to full-scale operations, it must petition EPA again and demonstrate no migration over the long term, that 

34 is, it must successfully address current uncertainties about long-term WIPP performance" (U.S. EPA, 1990b, p. 

35 47704). Long-term uncertainties specifically identified by the EPA include "the extent and effects of gas 

36 generation, the effects of brine inflow into the repository, and the influence of a 'disturbed rock zone' surrounding 

37 the mined repository" (ibid.). 
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1.2.2 The 40 CFR 268 Disposal Unit 

2 The "disposal unit" for the WIPP as applied to 40 CFR 268.6 (RCRA) is defined to include the entire volume of 

3 the Salado Formation from top to bottom within the 41 km2 (16 mi2) WIPP land-withdrawal area (U.S. DOE, 

4 1990b) (Figure 1-1). The SNL WIPP PA Department assumes for the purpose ofPA modeling that the disposal-unit 

5 boundaries will remain unchanged for long-term performance. The RCRA disposal unit contains a smaller volume 

6 than that contained within the boundary of the accessible environment used in preliminary comparisons with 40 

7 CFR 191, Subpart 8 (see Section 3.2 of Volume I of this report). As is the case for radionuclides regulated under 

8 40 CFR 191, migration of hazardous constituents is allowed into the Salado Formation within the land-withdrawal 

9 area. Unlike the requirements of 40 CFR 191, however, migration of hazardous constituents into the Rustler 

10 Formation and other overlying strata within land-withdrawal area constitutes a potential violation. 

11 1.2.3 Human Intrusion and 40 CFR 268.6 

12 The extent to which estimates of the consequences of human intrusion will be required for long-term 

13 compliance evaluations has not been determined. The EPA has determined that human intrusion need not be 

14 considered for the Test Phase, and describes it as a long-term issue to "be addressed at the time a petition is 

15 considered for permanent disposal" (U.S. EPA, 1990b, p. 4 7720). Consideration of inadvertent human intrusion is 

16 required for compliance with 40 CFR 191, Subpart 8, and analyses of the consequences of intrusion during 

17 exploratory drilling for hydrocarbons are described in detail in Volumes I and 4 of this report. 

18 1.3 PA Methodology 

19 Analyses have been performed using the Monte Carlo methodology and modeling system described in detail in 

20 Volume 2 of this report. In keeping with the requirement in 40 CFR 191.13 for probabilistic estimates of 

21 performance and a consideration of uncertainty in the results, this methodology relies on multiple realizations using 

22 deterministic models of physical processes and a Latin hypercube sampling (LHS) strategy to incorporate 

23 uncertainty for input parameters. Values for selected parameters are described by a range and distribution based on 

24 available data, and each simulation uses a separate input vector of sampled values drawn from the assigned 

25 distributions. The methodology is well suited for conducting uncertainty and sensitivity analyses that provide 

26 quantitative and qualitative insights about the potential variability in model results caused by uncertainty in specific 

27 input data (Helton et al., 1991, 1992; Helton, 1993). Sensitivity analysis techniques and methods for displaying 

28 their results have been summarized by Helton et al. (1991). Scatterplots and stepwise linear regression analyses are 

29 used in this volume to evaluate model sensitivity to uncertainty in sampled parameters. 

30 Analyses described in this volume have been performed using the same modeling system and same vectors of 

31 sampled input parameters used for the analyses described in other volumes of the 1992 PA. As discussed in Chapter 

32 3, selected parameters have been changed from the previous simulations to examine specific aspects of the disposal-

33 system, such as shaft-seal system performance. Because these analyses are otherwise unchanged from those 

34 reported in Volume 4, direct comparisons may be made between specific realizations. 

35 
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--
40CFR 191 
Accessible Environmen1 

40 CFR 268 
Disposal Unit 

- - - ·- - - - -

TRI-6330·7·9 

Figure 1-1. Artist's concept of the WIPP disposal system, showing the boundaries of the 40 CFR 268 disposal unit. 

\-4 

Boundaries of the accessible environment as defined by 40 CFR 191, Subpart B, are shown for 

comparison. The scale of the repository/shaft system is exaggerated. 



1 .4 Cases Selected for Analysis 

1 .4 Cases Selected for Analysis 

2 All analyses reported in this volume use a two-dimensional representation of the repository and surrounding 

3 strata as a vertical, north-south cross-section (described in detail in Chapter 2). This geometry is similar to that used 

4 in the analyses of undisturbed performance reported in Chapter 4 of Volume 4 of this report, differing only in the 

5 representation used for the shaft-seal system. Model stratigraphy is unchanged, and flow of both gas and brine is 

6 simulated in lithologies within the Salado Formation including halite, anhydrite Marker Beds 138 and 139, and 

7 anhydrite interbeds a and b (combined into a single model unit, anhydrite a + b) (Figure 1-2), as well as in the 

B excavated regions of the repository and the overlying Rustler Formation (represented in the simplified model 

9 geometry only by the Culebra Member) (Figure 1-3). 

10 Variations of the modeling system are used to simulate three separate cases: one in which the total volume of 

11 all four existing shafts is combined into a single shaft with the total cross-sectional area and the four-shaft-

12 equivalent volume (as was done in Volume 4 of this report); a second case in which the volume and cross-sectional 

13 area of only a single shaft was modeled; and a third case using the four-shaft-equivalent-volume geometry in which 

14 the dynamic creep closure model was not used, and instead the waste-emplacement regions were assumed to have 

15 closed to a final porosity before gas-generation began. The first case represents the PA Department's preferred 

16 conceptual model for the behavior of the repository/shaft system. The second case was examined to simulate flow 

17 under conditions where only one shaft functioned as a migration pathway. The third case, analogous to cases 

18 analyzed in Volume 2 for human intrusion scenarios, was analyzed to provide insight into the effect of including 

19 dynamic creep closure on disposal-system performance. 
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Figure 1-2. Stratigraphy within the Salado Formation near the repository elevation (after Munson et al., 1989). 
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Disposal Area 

TRI-6346-59-10 

Figure 1-3. Proposed WIPP repository, showing transuranic-waste emplacement regions and location of the shafts. 
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2. MODEL DESCRIPTION 

2 This chapter contains descriptions of the geometry, boundary conditions, and initial conditions for the 

3 repository model used in these simulations, as well as a brief discussion of the approach used to incorporate 

4 dynamic creep closure of the repository into the analysis. In general, the conceptual and computational models used 

5 to simulate the disposal system are essentially unchanged rrom those used in the previous volumes ofthe 1992 PA, 

6 and therefore much of the discussion has not been repeated here. Parameter values used to characterize the various 

7 components within the model are described in Chapter 3. 

8 2.1 Conceptual Model for the Repository 

9 The conceptual model used for the repository includes gas generation by corrosion of iron and microbial 

10 degradation of cellulosic waste; pressure-dependent two-phase (brine and gas) Darcy flow in the repository and the 

11 surrounding strata; development of a disturbed rock zone (DRZ) around the excavated area before the repository is 

12 sealed; dynamic pressure-dependent closure of the waste-emplacement region by halite creep after the repository is 

13 sealed; isolation of the waste by both panel and shaft seals; and possible fluid migration rrom the waste through 

14 anhydrite interbeds above and below the emplacement region and through the panel- and shaft-seal systems. Brine 

15 is assumed initially (i.e., before development of the DRZ) to fill the pore space in all strata surrounding the 

16 repository. Pressure-dependent fracturing of anhydrite interbeds as a result of gas generation is not yet included in 

17 the conceptual or computational model, but will be included in future PAs. Discussions of the other processes 

18 included in the conceptual model can be found in previous volumes of this report, together with extensive 

19 references to primary documents: gas generation is described in Sections 1.4.1 and 3.3 of Volume 3; two-phase 

20 flow is described in Section 7.2 of Volume 2; properties of the strata around the repository and the DRZ are 

21 described in Section 2.3.1 of Volume 2 and Chapter 2 of Volume 3; development of the DRZ and closure by halite 

22 creep is described in Chapter 4 of Volume 4; the panel- and shaft-seal systems are described in Section 2.3.2 of 

23 Volume 2 and Section 3.2 of Volume 3; and migration pathways are described in Section 4.2.3.1 of Volume 2. 

24 2.2 Computational Model for the Repository/Shaft System 

25 Analyses reported in this volume do not include radionuclide transport or human intrusion, and therefore the 

26 computational model for the repository/shaft system uses only two of the computer codes described in previous 

27 volumes, BRAGFLO and SANCHO. BRAGFLO (WlPP PA Division, 199lb) simulates gas generation and two-

28 phase flow in the entire model domain, and is described in Appendix A of Volume 2 of this report. SANCHO 

29 (Stone et al., 1985) is a finite-element program for the quasistatic, large deformation, inelastic response of two-

30 dimensional solids, and is used to simulate halite creep. The implementation of SANCHO results in BRAGFLO, in 

31 terms of emplacement-room porosity as a function of pressure, is described in Chapter 4 of Volume 4. 
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2. Model Description 

2.3 Model Geometry 

2 The mesh used in the BRAG FLO simulations attempts to incorporate radial flow phenomena at large distances 

3 from the repository and to include the full accessible volume available for multiphase flow. Time and cost 

4 constraints currently preclude a full three-dimensional representation of the repository and surrounding strata, so a 

5 two-dimensional approximation to the actual geometry was made. In reducing the three dimensions to two, certain 

6 measures were preserved. The single most important measure is the volume of various regions. In constructing the 

7 mesh (Figure 2-1), the full initial excavated volumes of all excavated regions were preserved. This includes the 

8 repository, the drift seals and drift backfill, the shaft, and the experimental region. In addition, the volume of the 

9 fonnations surrounding the repository and other excavated regions could be preserved. In order to include the true 

1 o volumes of each of these regions, but still reduce the dimensionality to two, other measures had to be compromised. 

11 Which of these were preserved and which were compromised in some fashion detennined how the mesh was 

12 constructed. 

13 The mesh was developed as follows. The repository was modeled as a single large room, with a volume the 

14 same as currently planned for the entire waste disposal region, including all rooms and drifts. The initial excavated 

15 height, 3.96 m, was preserved. This was desirable because the creep closure treatment is based on porosity changes 

16 in a newly excavated and filled room. The height of the room, along with its initial porosity, is one of the few 

17 features that can be maintained identically between the original salt creep model done using SANCHO and the 

18 model as implemented in BRAGFLO. (This is described briefly in Section 2.1 and in more detail in Section 4.2.2.2 

19 in Volume 4 of this report). It was also considered desirable to preserve the overall length in the north-south 

20 direction (847 m). This distance was somewhat arbitrary; it represents a compromise in the maximum distance that 

21 contaminated brine must flow from one end of the repository to the access drifts leading to the shaft. In the true 

22 repository configuration, some brine could flow a greater distance (e.g., starting from the far southwest comer of the 

23 southwest panel). On the other hand, some of this brine is already at the drift seals leading to the shaft, so some 

24 compromise was necessary. Having fixed the volume, height, and length of the repository, the east-west dimension 
25 must be 131.7 m. 

26 The dimensions of the other excavated regions were established in a similar fashion. The distance from the 

27 north end of the repository to the nearest shaft (the Waste Shaft) was maintained at 332m. The height of the access 

28 drifts, as well as of the experimental region, was fixed at the same initial excavated height of the waste-disposal 

29 region to simplify the mesh. In reality, access drifts and experimental rooms vary in height from about 3.7 to 4.9 m. 

30 Having specified the length, height, and volume of the sealed and backfilled access drifts, the width of that region 

31 was fixed at 30.35 m, which was approximately the combined widths ofthe four north-south drifts. Similarly, the 

32 distance from the Waste Shaft to the northernmost end of the experimental region was preserved at 561 m, so the 

33 east-west width of that region is 49.5 m. 

34 In the base case, the shaft is a composite of the four existing shafts. The volume of the four combined shafts 

35 was preserved, and the height was set by the stratigraphy. The horizontal cross-sectional area was therefore the sum 

36 of the cross-sectional areas of the four shafts, 94.9 m2. It seemed most reasonable to model the shaft as having a 

37 square cross section, although the shape is not likely to be important. Thus, the shaft is modeled as a square column 

38 9.74 m on each side. The portion of the shaft below the Rustler Fonnation but above the shaft seal is referred to as 

39 the lower shaft. The upper shaft, above the Culebra, is not modeled here. 

40 
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2. Model Description 

This completely specifies the sizes and shapes of the excavated regions. The next step was to build the mesh 

2 surrounding these regions. The objective was to include at any given horizon the entire accessible pore space as far 

3 as the mesh extended, that is, to include the pore volume in the east-west direction to the same extent as in the 

4 north-south direction. In a plan view at the repository horizon, Figure 2-2, this is done by including volume east 

5 and west of the excavated region in the volume of grid cells to the north and south of the excavated regions. 

6 If the model were radially symmetrical, this would be easily accomplished by requiring that the east-west 

7 dimension, or fly, be equal to 21tr, where r is the radial distance from the axis of symmetry. Voss (1984) shows that 

8 when fly is varied in this manner using rectilinear geometry, the results are exactly equivalent to solving a true 

9 radial problem. This geometry was used in the WIPP PA for human intrusion scenarios, as described in Volumes 2 

10 and 4 of this report. Unfortunately, the geometry that has to be used in the undisturbed scenario is not radially 

11 symmetrical. It is not clear how the mesh should be "flared" in the fly-direction at each end of the excavated 

12 regions in order to mimic radial symmetry with complete accuracy, if indeed it can be done rigorously. The 

13 procedure used in the current calculations essentially divides the excavated regions in two along a vertical east-west 

14 plane. Then layers of thickness lu are "unwrapped" from the outside of the excavated region. The total length of 

15 each unwrapped layer becomes the fly corresponding to that grid cell. Figure 2-3 illustrates this unwrapping. At a 

16 given elevation, a layer in the vertical direction of thickness I'll and horizontal north-south width Lix includes the 

17 volume of a segment with cross section lul'll both from the east side and the west side of the excavated region. 

18 An example will help clarify the procedure. The first grid block south of the repository, Cell 8, is lu8 = I m 

19 long in the north-south dimension (Figure 2-3). In the east-west direction, the dimension fly8 is the sum of the 

20 lengths of five segments: 8S, 8E, 8W, 8NE, and 8NW. The first segment (8S in Figure 2-2) is the east-west width 

21 of the repository, 131.7 m. The second is the length of a lu8-thick segment, 8E, that extends along the entire east 

22 side of the repository, plus 2lu8, or 848.7 m. The third segment, 8NE, wraps around the north end of the 

23 repository, ending at the seals and backfill regions, for a length of 50.7 m. The fourth and fifth segments, 8W and 

24 8NW, are duplicates of the second and third, respectively, except that they wrap around the west side of the 

25 repository. Thus, the total width ofCel18 after it is unwrapped is ~y8 = 131.7 + 2(848.7 + 50.7) = 1930.5 m. For 

26 Cells 7, 6, and 5, fly is evaluated in exactly the same manner. Because the same process is carried out at the north 

27 end of the mesh, the segments along the east and west sides of the repository will eventually run into the line 

28 dividing the north and south ends of the mesh, and will no longer wrap around the north end of the repository. Only 

29 Cells 5-8 will wrap around the north end of the repository. Beginning with Cell4, the segments along the east and 

30 west sides of the repository (before being unwrapped) now intersect the north-south midpoint of the mesh, but 

31 otherwise each fly is evaluated the same as for Cells 5-8. Thus, all of the volume of the strata surrounding the 

32 excavated regions is included in the mesh. This representation is not strictly equivalent to cylindrical geometry, but 

33 is reasonably accurate at large distances from the repository. Very near the repository, this representation requires 

34 all flow to go past the end of the repository, rather than through the sides, producing some loss of accuracy. 

35 This two-dimensional approximation to three-dimensional geometry will be necessary until full three-

36 dimensional simulations become technically and economically feasible. It is doubtful that the full suite of PA 

37 simulations can ever be carried out in three dimensions. However, a more limited set will necessarily be done in 

38 three dimensions to confirm the approximations used in the two-dimensional calculations. A fast, robust, iterative 

39 solver combining a conjugate gradient preconditioner with a multigrid solution algorithm is being adapted to 

40 BRAGFLO. Together with newer machines that are more than an order of magnitude faster that those currently 

41 used, full three-dimensional simulations should be more practical by next year. 
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2. Model Description 
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Figure 2-3. Plan view of grid cells after they are unwrapped from around the excavated region. 
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2.4 Boundary and Initial Conditions 

2.4 Boundary and Initial Conditions 

2 Boundary conditions were the same as in all previous BRAGFLO calculations done for PA: there was no flow 

3 in the normal directions across all far-field boundaries except the lateral boundaries of the Culebra, where the initial 

4 pressure of 1.053 MPa was held constant throughout the simulations. Initial far-field pressure in the Salado 

5 Formation was varied hydrostatically from the sampled value for pressure in MB 139. This resulted in a pressure 

6 discontinuity at the boundary between the Salado and the Culebra that had little effect on fluid flow because of the 

7 low permeability of the halite. 

8 Initial conditions were treated the same as for the undisturbed performance calculations discussed in Volume 4 

9 of this report. Rather than simply specifying uniform pressures and saturations in each region at time zero, spatially 

10 varying initial conditions were computed over a 50-yr operational or disposal period. This enabled more realistic 

11 pressure and saturation distributions to be established in the formations surrounding the repository at the time when 

12 the repository is sealed. The procedure used to calculate initial conditions will be summarized here; a more detailed 

13 description can be found in Section 4.3 of Volume 4. 

14 During the disposal phase of the WIPP, brine will seep in continually from the surrounding formations, 

15 reducing the pressure in the vicinity of the excavated regions. Water in the brine will evaporate into the well-

16 ventilated atmosphere of the excavations or will be pumped out if it accumulates anywhere. Thus, the formations 

17 surrounding the excavations will be dewatered and depressurized during the operation. By modeling the time 

18 between excavation and decommissioning explicitly, the conditions at decommissioning (time zero) will be much 

19 more realistic. In the absence of this calculation, certain unrealistic results are obtained. Foremost among these is 

20 the large quantity of brine that immediately drains into excavated regions, in particular the waste, owing to the large 

21 pressure gradient between the initially pressurized surrounding formations and the atmospheric excavations. 

22 Because brine will be continuously removed during the time each panel is open, it would be incorrect to assume that 

23 it is still available to react with waste components to produce gas. When this brine is assumed to react with waste 

24 the result is erroneously large estimates of gas generation and inaccuracies in the predicted interaction of gas 

25 generation and brine and gas flow throughout the modeled region. 

26 The duration of the disposal phase of the WIPP was assumed to be SO yr. This may be excessively long for this 

27 calculation even if it is an accurate estimate of the duration of the disposal phases because panels will be excavated 

28 as needed, not simultaneously, and will be scaled after only a few years. Therefore, only a portion of the excavation 

29 is open to the atmosphere at any given time. However, the initial condition calculation does not appear to be highly 

30 sensitive to the duration. Most of the depressurization and drainage occurs during the first 20 yr, the duration used 

31 in the disturbed performance assessment. A longer duration was used in the undisturbed performance assessment to 

32 be consistent with the longer duration of the disposal phase when considering the entire repository instead of a 

33 single panel. 

34 The important features of this SO-yr disposal phase or initial condition calculation are as follows. At the 

35 beginning of this calculation, pressure in the shaft, drifts, waste, and experimental region are atmospheric (0.1 0 I 

36 MPa) and fully gas-saturated. In all other regions, the pressure is hydrostatic relative to the pore pressure in 

37 MB 139, which is sampled from a range of 12 to 13 MPa. These regions are assumed to be fully brine-saturated. So 

38 far, this is how previous PA calculations started at time zero; now they are starting at -SO yr. After SO yr (i.e., at 

39 time zero when the disposal region is sealed), pressure in the waste is reset to atmospheric from the calculated value 
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2. Model Description 

(in most realizations very slightly above atmospheric), and the brine saturation in the waste is set to its sampled 

2 value. Any brine in the waste in excess of the sampled saturation is ignored, simulating its disappearance by 

3 evaporation or pumping. In all other excavated regions, the brine saturation is set to 1.0, and the pressure is reset to 

4 atmospheric. (A hydrostatic gradient would be more accurate, but because of the high permeability of these regions, 

5 this is achieved very quickly and much more conveniently in the course of the calculations after time zero.) The 

6 permeability of each region is reset at this time. Excavated regions were originally given a very high permeability 

7 (1.0 x JO·IO m2) and a porosity of 1.0 to simulate cavities. At time zero, these regions take on different 

8 characteristics, becoming seals or backfill, each with different permeabilities and porosities, as described in 

9 Section 3. 

10 The DRZ receives special treatment. The porosity of the DRZ is assumed to increase at time zero from the 

11 porosity of intact halite to the porosity of the highly fractured disturbed zone. One of the more important objectives 

12 of this initial condition calculation is to account more accurately for mobile brine content of the DRZ. In previous 

13 PA calculations, the DRZ was assumed to be fully saturated at time zero, with a relatively large permeability. This 

14 allowed large quantities of brine to drain from the DRZ into the waste, providing much of the brine source for gas 

15 generation. The current initial condition calculation recognizes that much of this brine will have been removed 

16 during the disposal phase of the WIPP. Therefore, when the porosity of the DRZ increases at time zero, the brine 

17 volume is held constant, and the additional pore volume is filled with gas. The pressure in the DRZ, already very 

18 close to atmospheric, is set to atmospheric (0.1 0 I MPa) to preclude any gas drive from being artificially created 

19 when the DRZ porosity is changed. Such a gas drive could force an immediate and unrealistic surge of remaining 

20 DRZ brine into the waste. 

21 The calculations proceed from this calculated initial condition for the I 0,000-yr performance period. The most 

22 important effect of these more realistic initial conditions is that less brine will flow into the excavated regions 

23 (including the waste), because the initial "surge" of brine that occurs upon excavation has been eliminated, and the 

24 pressure gradients in the immediate vicinity of excavations have been greatly reduced. 

25 At time zero, waste is assumed to have some initial brine saturation that is available for waste degradation. 

26 This is a sampled parameter, ranging from 0.0 to 0.14. When it arrives at the WIPP, waste is expected to contain 

27 some small quantity of free liquid. For BRAGFLO simulations, this liquid is assumed to be Salado brine; its actual 

28 composition is unknown. The actual liquid content, or saturation, is also unknown. In 1991, the initial brine 

29 saturation was varied from 0.0 to 0.276. The maximum (0.276) is the assumed residual brine saturation of the waste 

30 (WIPP PA, 1991c). In the absence ofreal data, residual saturation was selected as the maximum liquid that the 

31 waste could contain and still comply with transportation regulations (U.S. DOE, 1991c) that prohibit transporting 

32 any waste that contains significant quantities of mobile liquids, i.e., liquids that can flow and, therefore, exceed 

33 residual saturation. In 1992, the maximum initial brine saturation was reduced to 0.14. This reduction was 

34 necessitated by numerical constraints imposed by the creep closure model that was implemented in 1992. Thus, the 

35 range of values over which the initial brine saturation is sampled (0.0 to 0.14) is somewhat arbitrary. However, the 

36 range does satisfy two other important criteria: (I) It includes values of initial brine saturation that are physically 

37 reasonable and possible. (2) It is sufficiently broad to enable sensitivity analyses to determine how initial brine 

38 saturation affects the performance of the WIPP. 
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2.5 Summary of Model Assumptions 

2.5 Summary of Model Assumptions 

2 Table 2-1 contains a list of important assumptions made in modeling for the sensitivity analyses reported in this 

3 volume. In general, the impact of these assumptions on disposal-system performance is difficult to quantify. 

4 Complexities of the coupled processes affecting two-phase flow preclude predictions about how the system will 

5 respond to specific changes in modeling assumptions. Assumptions that have a high potential to affect 

6 performance, such as the omission of pressure-dependent fracturing of anhydrite interbeds, will be investigated in 

7 future analyses as improvements are made in the PA modeling system. 

8 Table 2-1. Partial List of Assumptions Used in the BRAGFLO Analyses of Undisturbed Performance 
9 Reported in Volume 5 of the 1992 WIPP PA 

10 

11 General Assumptions 
12 
13 Brine and gas flow obeys generalized Darcy's Law for compressible fluids in all media. Pore space 
14 is fully interconnected in all regions. 

15 Dimensions of all regions are fixed and do not change with time. 

16 All gas is assumed to have the physical properties of hydrogen. 

17 All liquid is assumed to be Salado Formation brine. 

18 Gas does not dissolve in brine. 

19 Pressure-dependent fracturing of anhydrite interbeds does not occur. 

20 Stratigraphy is simplified as shown in Section 2.1. 

21 Initial conditions calculated by simulating a 50-yr operational period during which the repository 

22 remains open. Time to for the 10,000 yr simulations is at the end of the operational phase, when 

23 the repository is sealed. Permeabilities, porosities, and saturations are adjusted at this time as 

24 described in Ch. 4 of Volume 4 of this report. 

25 Permeabilities and porosities of selected regions are adjusted at 200 yr to reflect consolidation of 

26 the seal system (this volume only). 

27 No hysteresis in capillary pressure curves. 

28 Permeabilities and porosities sampled independently. (Sufficient data are not yet available to 

29 correlate permeability with porosity.) 

30 No-flow boundaries everywhere except far-field Culebra, where pressure is specified. 

31 Klinkenberg effect is ignored. 

32 
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2. Model Description 

Table 2-1. Partial List of Assumptions Used in the BRAGFLO Analyses of Undisturbed Performance 
2 Reported in Volume 5 of the 1992 WIPP PA (Continued). 

3 

4 Halite Assumptions 

5 Permeability specified, and constant in time. 

6 Initial (pre-excavation) porosity specified; varies with pressure (because of compressibility); 

1 unchanged at to. 

8 Initial brine saturation specified; unchanged at to. 

9 Initial pressures specified, vary with depth; pressures at to are calculated. 

10 Threshold capillary pressure a function of permeability; constant in time. 

11 Anhydrite Assumptions 

12 Permeability specified and constant in time. 

13 Initial porosity specified as same as intact halite; varies with pressure (because of compressibility). 

14 Initial saturation specified. 

15 Initial pressure specified. 

16 Threshold capillary pressure a function of permeability; constant in time. 

17 MB 138 not included in the DRZ above the repository. 

18 Disturbed Rock Zone (DRZ) Assumptions 

19 Includes what was originally intact halite between the repository and MB139 and anhydrite a+ b; 

20 also includes what was originally intact MB139 and anhydrite a + b directly above and below the 

21 repository; also includes (for this volume only) one meter of what was originally intact halite below 

22 MB139 beneath the repository. 

23 Permeability specified and constant during operational phase; changes at to and is constant 

24 thereafter; the DRZ does not "heal." 

25 Threshold capillary pressure is zero and constant in time. 

26 
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2.5 Summary of Model Assumptions 

1 Table 2-1. Partial List of Assumptions Used in the BRAGFLO Analyses of Undisturbed Performance 
2 Reported in Volume 5 of the 1992 WIPP PA (Continued). 

3 

4 Initial porosity specified as same as intact halite; varies with pressure (because of compressibility); 

5 changes at to. 

6 Initial brine saturation specified, variation calculated during operational phase as brine flows in or 

7 out. At to, brine volume is conserved when porosity changes; brine saturation changes and added 

8 pore volume is filled with gas. 

9 Initial pressure same as that of intact halite at the same elevation; calculated during operational 

10 phase. Pressure set to atmospheric at to. 

11 Transition Zone Assumptions 

12 Located in what was originally intact halite between anhydrite a+b and MB138 above the 

13 repository. 

14 Permeability specified as same as that of anhydrite; constant in time. 

15 Initial porosity specified as same as intact halite; varies with pressure (because of compressibility). 

16 Initial saturation specified. 

17 Initial pressure specified. 

18 Threshold capillary pressure a function of permeability; constant in time. 
19 

20 Culebra Assumptions 
21 

22 

23 

24 

25 

26 

27 
28 

29 

Initial permeability zero; at to, nonzero permeability specified, uniform, and constant in time. 

Initial porosity specified, varies with pressure (because of compressibility). 

Initial saturation specified. 

Initial pressure specified, QQt in hydrostatic equilibrium with underlying halite; far-field pressure 

constant. 

Threshold capillary pressure a function of permeability; constant in time. 

2-11 



2. Model Description 

Table 2-1. Partial List of Assumptions Used in the BRAGFLO Analyses of Undisturbed Performance 
2 Reported in Volume 5 of the 1992 WIPP PA (Concluded). 

3 
4 Waste/Disposal Region Assumptions 
5 

6 Initially treated as an empty cavity; very high permeability, porosity equals 1.0 and is constant in 
1 time; threshold capillary pressure zero and constant in time; pressure is atmospheric; no gas 

8 generation. 

9 At to, waste and all panel seals are emplaced simultaneously, and all properties change. 

10 Permeability specified, constant in time, independent of porosity. 

11 Threshold capillary pressure zero and constant in time. 

12 Pressure at to is atmospheric, calculated for later times. 

13 Brine content at end of operational phase is discarded (assumed to be removed by ventilation); 
14 brine saturation at to is saturation of the newly emplaced waste. 

15 Gas-generation rate is dependent on degree of brine saturation, ranging from humid rate to 
16 inundated rate; rate is zero if brine saturation is zero. If brine is present, gas continues to be 
17 generated until all corrodible and biodegradable material is consumed. No functional dependence 

18 of rate on pressure or chemistry. Corrosion consumes water. Biodegradation requires the 
19 presence of water. Mineral precipitation is ignored. 

20 Dynamic creep closure as a function of pressure in waste results in large porosity changes from 
21 the initial specified porosity; porosity changes only as pressure increases, and varies slightly 
22 (because of compressibility) if pressure decreases. Dimensions of the modeled waste-disposal 
23 region remain constant in time regardless of porosity. 

24 

25 
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3. UNCERTAIN VARIABLES USED IN SIMULATIONS 
2 OF UNDISTURBED PERFORMANCE 

3 Previous volumes of the 1992 WIPP performance assessment selected 49 imprecisely known variables for 

4 consideration (see Table 3-1 of Volume 4 of this report). Nineteen of these parameters are used in simulations of 

5 gas and brine migration for undisturbed performance, either directly or to derive the parameters used as BRAGFLO 

6 input. Sampled values for these 19 parameters are unchanged in this volume from those used in other analyses in 

7 the 1992 PA and are as reported in Appendix C of Volume 4. Six additional parameters related specifically to the 

8 performance of the shaft-seal system have been included in sampling for this volume. Values for these parameters 

9 are provided in Appendix B of this report, together with values of parameters derived from sampled variables and 

10 used directly in BRAGFLO. 

11 Table 3-1 identifies the 25 variables sampled for these analyses, and provides information about ranges, 

12 distributions, and sources of additional information for each. The nineteen variables unchanged from earlier 

13 volumes are listed first, and are followed by the six additional variables added for these analyses. 

14 

15 

Variable 

16 BCBRSAT 

17 

18 

19 BCEXP 

20 

21 

22 BCFLG 

23 

24 

25 

26 BCGSSAT 

27 

28 

29 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment3 

Definition 

Residual brine saturation for Salado Formation (Sir) (dimensionless). Range: 0.0 to 0.4. 

Median: 0.2. Distribution: Uniform. Additional information: Section 2.3.1, Volume 3. 

Variable 13 in Latin hypercube sample (LHS). 

Brooks-Corey pore-size distribution parameter for Salado Formation (A.) (dimensionless). 

Range: 0.2 to 10. Median: 0.7. Distribution: Piecewise uniform. Additional information: 

Same as BCBRSAT. Variable 11 in LHS. 

Pointer variable (flag) for selection of characteristic curve sub-model. Range: 0 or 1. 

Distribution: 33% 0, 67% 1. Value of 0 selects Van Genuchten/Parker Model; value of 1 

selects Brooks-Corey model. Additional information: Section 2.3.1, Volume 3. Variable 

12 in LHS. 

Brooks-Corey residual gas saturation for Salado Formation (Sgr) (dimensionless). 

Range: 0.0 to 0.4. Median: 0.2. Distribution: Uniform. Additional information: Same as 

BCBRSAT. Variable 14 in LHS. 
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29 
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3. Uncertain Variables 

Variable 

BRSAT 

CULPOR 

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (Continued) 

Definition 

Initial liquid (brine) saturation of waste (dimensionless). Range: 0 to 0.14. Median: 0.07. 

Distribution: Uniform. Additional information: Section 3.4.3, Volume 3. Variable 1 in 

LHS. 

Matrix porosity (8m) in Culebra (dimensionless). Range: 5.8 x 1o-2 to 2.53 x 10-1. 

Median: 1.39 x 1o-1. Distribution: Piecewise uniform. Additional information: Table 4.4, 

Kelley and Saulnier, 1990; Table E-8, Lappin et al., 1989; Section 2.6.2, Volume 3. 

Variable 43 in LHS. 

GRCORHF Scale factor used in definition of gas generation rate for corrosion of steel under humid 

conditions (dimensionless). Actual gas generation rate is GRCORH=GRCORHF • 

GRCORI. Range: 0 to 0.5. Median: 0.1. Distribution: Piecewise uniform. Additional 

information: Memo from Brush, July 8, 1991, contained in Appendix A, WIPP PA Division, 

1991c; Section 3.3.5, Volume 3. Variable 3 in LHS. 

GRCORI 

GRMICHF 

GRMICI 

MBPERM 

MBPOR 

3-2 

Gas generation rate for corrosion of steel under inundated conditions (moltm2•s surface 

area steels). Range: 0 to 1.3 x 1 o-8·s. Median: 6.3 x 1 o-9. Distribution: Piecewise 

uniform. Additional information: Same as GRCORHF. Variable 2 in LHS. 

Scale factor used in definition of gas generation rate due to microbial degradation of 

cellulosics under humid conditions (mol/kg cellulosics•s). Actual gas generation rate is 
GRMICH = GRMICHF • GRMICI. Range: 0 to 0.2. Median: 0.1. Distribution: Uniform. 

Additional information: Same as GRCORHF. Variable 6 in LHS. 

Gas generation rate due to microbial degradation of cellulosics under inundated 

conditions (moUkg•s cellulosics). Range: 0 to 1.6 x 10-8. Median: 3.2 x 1o-9. 

Distribution: Piecewise uniform. Additional information: Same as GRCORHF. Variable 5 

in LHS. 

Permeability (k) in intact anhydrite marker beds in Salado Formation (m2). Range: 1 x 
10-21 to 1 x 1o-16. Median: 5.0 x 10-20. Distribution: Piecewise loguniform. 

Correlation: 0.3 rank correlation with SALPERM. Additional information: Section 2.4.2, 
Volume 3. Variable 15 in LHS. 

Porosity (~)») in intact anhydrite marker beds in Salado Formation (dimensionless). Range: 

1 x 1o-3 to 3 x 10-2. Median 1 x 10-2. Distribution: Piecewise uniform. Additional 

information: Section 2.4.4, Volume 3. Variable 16 in LHS. 
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Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (Continued) 

Variable 

MBPRES 

SALPERM 

STOICCOR 

STOICMIC 

TZPORF 

VMETAL 

VWOOD 

Definition 

Far Field Pressure (p) in Salado formation at the MB139 elevation. Range: 1.2 x 107 to 

1.3 x 107. Median: 1.25 x 107. Distribution: Uniform. Additional information: Section 

2.4.3, Volume 3. Variable 18 in LHS. 

Permeability (k) in intact halite component of Salado Formation (m2). Range: 1 x 1 o-24 

to 1 x 1o-19. Median: 2 x 1o-21 . Distribution: Piecewise loguniform. Correlation: 0.3 

rank correlation with MBPERM. Additional information: Memo from Gorham et al., June 

15, 1992, contained in Appendix A, Volume 3; Howarth et al., 1991; Beauheim et al., 

1991; Section 2.3.5, Volume 3. Variable 10 in LHS. 

Stoichiometric coefficient for corrosion of steel (dimensionless). Defines proportion of two 

different chemical reactions taking place during the corrosion process. Range: 0 to 1. 

Median: 0.5. Distribution: Uniform. Additional information: Brush and Anderson in 

Lappin et al., 1989, p. A-6; Section 3.3.5, Volume 3. Variable 4 in LHS. 

Stoichiometric coefficient for microbial degradation of cellulosics (mol gas/mol CH20). 

Range: 0 to 1.67. Median: 0.835. Distribution: Uniform. Additional information: Brush 

and Anderson in Lappin et al., 1989, p. A-10; Section 3.3.5, Volume 3. Variable 7 in LHS. 

Scale factor used in definition of transition zone and disturbed rock zone porosity (<i»z). 

with the transition zone and disturbed rock zone porosity defined by TZPOR = SALPOR + 
(0.06 - SALPOR) • TZPORF. Range 0 to 1. Median: 0.5. Distribution: Uniform. 

Additional information: Section 2.4.4, Volume 3. Variable 17 in LHS. 

Fraction of total waste volume that is occupied by IDB (Integrated Data Base) metals and 

glass waste category (dimensionless). Range: 0.276 to 0.476. Median: 0.376. 

Distribution: Normal. Additional information: Section 3.4.1, Volume 3. Variable 9 in LHS. 

Fraction of total waste volume that is occupied by IDB combustible waste category 

(dimensionless). Range: 0.285 to 0.484. Median: 0.384. Distribution: Normal. 

Additional information: Section 3.4.1, Volume 3. Variable 8 in LHS. 
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3. Uncertain Variables 

The following variables were sampled for the undisturbed calculations reported in this volume only, 
2 and were not used in the calculations reported in Volume 4. Sampled values for these variables are given 

3 in Appendix B of this volume. 
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Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (Concluded) 

Variable 

BKFLPOR 

DSEALPRM 

SEALPRM1 

SEALPRM2 

SHFTPRM 

SEALTHK 

Definition 

Porosity of backfill materials in drifts and experimental region and in the shaft below the 

shaft seal (dimensionless). Range: 0.01 to 0.075. Median: 0.0425. Distribution: 

Uniform. Additional information: Memorandum by Finley and Vaughn, Appendix A of this 

volume. Variable 26 in LHS for the Volume 5 calculations 

Permeability of panel and drift seals (m2). Range: 1.0 x 1o-21 to 1.0 x 10-18. Also used 

to define porosity for panel and drift seals (see Appendix B of this volume for definition of 

relationship). Distribution: lognormal. Additional information: Same as BKFLPOR. 

Variable 25 in LHS for the Volume 5 calculations. 

Permeability of the shaft for the time period from 0 to 200 yr (m2). Range: 1.0 x 1 o-19 to 

5.0 x 1o-16. Median: 7.0 x 1o-18. Distribution: lognormal. Additional information: 

Same as BKFLPOR. Variable 22 in LHS for the Volume 5 calculations. 

Permeability of the shaft seal and shaft-fill material within the Salado Formation for the 

time period from 200 to 10,000 yr (m2). Range: 1.0 x 10-21 to 1.0 x 10-18. Median: 3.2 

x 1 o-20. Distribution: lognormal. Also used to define porosity for the shaft seal and 

shaft-fill material (see Appendix B of this volume for relationship). Additional information: 

Same as BKFLPOR. Variable 23 in LHS for the Volume 5 calculations. 

Permeability of the shaft-fill material within the Salado Formation for the period from 0 to 

200 yr (m2). Range: 1.0 x 10-19 to 1.0 x 10-15. Median: 1.0 x 10-17. Distribution: 

lognormal. Additional information: Same as BKFLPOR. Variable 24 in LHS for the 

Volume 5 calculations. 

Thickness of the shaft seal within the Salado Formation, as modeled (m). Range: 30 to 

100. Median: 65. Distribution: Uniform. Additional information: Same as BKFLPOR. 

Variable 21 in LHS for the Volume 5 calculations. 

31 a Adapted from Table 3-1 of Volume 4 and Tables 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report. 
32 

33 
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4. GAS AND BRINE MIGRATION 

2 In this chapter, results are discussed for three cases. In the first, the base case, the shaft is modeled as a 

3 composite ofthe four existing shafts. The second case considers a single shaft instead of combining all four shafts 

4 into one, but is otherwise identical to the base case. In the third case, the base case is repeated but without dynamic 

5 creep closure; instead, the porosity of the repository is fixed at the median final-state porosity of 19%. This is the 

6 best current estimate for the repository-wide average porosity of waste compacted to lithostatic pressure (14.8 MPa) 

7 (Butcher, 1990). 

8 In all three cases, the behavior of the repository and the responses of the surrounding strata to changes in the 

9 repository is largely determined by the initial brine saturation in the waste. If gas generation is relatively low, 

10 primarily as a result of low initial brine content in the waste, the pressure in the repository rises slowly as brine from 

11 the far field flows in to equilibrate repository pressure with the far field. Under these conditions, the direction of 

12 flow is mostly in toward the repository, and the repository behaves simply as a brine sink. A more common 

13 response (in 70% of the realizations) is for gas to be generated sufficiently rapidly so that the pressure in the 

14 repository builds quickly, exceeding the far-field pore pressure. In about half of the realizations, the disposal-region 

15 pressure exceeds lithostatic pressure. In these cases, brine and gas are driven away from the repository out the most 

16 permeable pathways: the three anhydrite layers, and the sealed and backfilled shaft. Despite the high pressures 

17 reached in the repository, cumulative brine flow outward through the anhydrite layers is never enough to reach the 

18 disposal-unit boundary. Brine flows up the sealed shaft are also small and do not reach the Culebra. Cumulative 

19 gas flow out the anhydrite layers is sufficient in 6 of the 70 realizations for gas to flow beyond the disposal-unit 

20 boundary. Gas reaches the Culebra in 12 of the 70 realizations. 

21 Results for the single-shaft case differ little from the base case. Cumulative brine flows up the shaft are lower 

22 than in the base case in proportion to the cross sectional area of the shaft. Cumulative gas flows into the Culebra are 

23 also proportionately lower. Flows of brine and gas out the anhydrite layers are indistinguishable from those of the 

24 base case. 

25 Results for the fixed-porosity case differ from the base case primarily in the pressures obtained in the 

26 repository. Peak pressures are considerably higher, reaching 39 MPa versus 24 MPa in the base case. However, in 

27 the absence of a model for pressure-dependent fracturing of anhydrite interbeds, the higher repository pressures 

28 have essentially no effect on the other performance measures examined. Brine and gas flows out the anhydrite 

29 layers and up the shaft are unaffected by the use of a fixed repository porosity instead of a time-varying porosity. 

30 This conclusion may change in future performance assessments when pressure-dependent fracturing is included in 

31 simulations. 

32 4.1 Four-Shaft Equivalent Geometry 

33 Repository behavior is largely dictated by the amount of water initially present in the waste. Pressure in the 

34 repository initially increases, either rapidly, as a result of gas generation, or slowly, while gradually equilibrating 

35 with far-field pressure if the gas generation rate is low. Peak pressures range from 5.8 to 23.8 MPa. Brine 

36 saturation in the waste rises steeply during the first I 00-300 yr as creep closure reduces the pore volume of the 

37 waste more rapidly than corrosion consumes brine. After peaking at about 300 yr, the brine saturation generally 
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4. Gas and Brine Migration 

1 decreases continuously during the remainder of the 10,000 yr (unless the initial brine saturation and the corrosion 

2 rate are both very low) because corrosion consumes brine faster than it flows into the repository from the far field. 

3 Because sufficient brine is not available, the initial iron inventory of the repository is usually not fully consumed 

4 within I 0,000 yr. The opposite is true for cellulose. As a result of its lower initial inventory and higher reaction 

5 rate, cellulose generally is fully consumed fairly early (within the first 3000 yr), when sufficient brine is still 

6 available for biodegradation to take place. Although the amount of brine that flows into the repository is usually 

7 greater than the amount that flows out, brine inflow has little effect on gas generation because it tends to accumulate 

8 in regions of the repository that are depleted of reactants. Thus, the initial brine content of the waste has a far 

9 greater impact than brine inflow on how much gas is generated. 

10 Cumulative brine flow out the high-permeability pathways- the three anhydrite layers and the shaft-

11 impacts directly on regulatory compliance. In none ofthe realizations did sufficient brine flow out any of these 

12 pathways to reach the disposal-unit boundary. Because transport was not modeled, the analysis is based on 

13 quantities of brine flow relative to pathway pore volumes and residual saturations. As expected, the largest volumes 

14 of brine flow out MB 139. None flows out anhydrite a+ b. Although enough brine flowed out MB 138 to warrant 

15 some concern, it is not clear that the brine there could originate in the waste; it is possible that brine in MBI38, as 

16 currently modeled, is not contaminated, but instead originates in MBI38 or the transition zone above the repository. 

17 Small amounts of brine flowed upward through the shaft seal, but not enough to fill the rest of the lower shaft 

18 between the seal and the Culebra. Although almost no brine flows through the drift seals, it bypasses the drift seals 

19 by flowing through the DRZ above and below the seals. 

20 Sufficient quantities of gas are produced in 6 of the 70 realizations for gas to flow beyond the disposal-unit 

21 boundary. The largest amounts of gas flow out MB 139, even though this pathway is also the main conduit for brine 

22 flow. Smaller quantities flow out anhydrite a+ band MB 138; in the six realizations having flow past the disposal-

23 unit boundary, such flow occurs in all three anhydrite layers. Gas also flows up the shaft into the Culebra in the 

24 same six realizations. The panel and drift seals were not completely effective in stopping gas flow: less than 0.0 I% 

25 of the total gas flow from the waste entered the panel and drift seals. 

26 4.1.1 Repository Behavior 

27 Pressures in the waste (Figure 4-1) increase for at least the first I 000 yr in all realizations. In all cases, the 

28 pressures start at atmospheric (0.1 0 I MPa). Some of the increase in pressure results from brine inflow from the far 

29 field, and some small component from the reduction of void volume by creep closure. Most of the increase, 

30 particularly in those realizations in which pressure rises above the far-field pore pressure ( 12 to 13 MPa), is caused 

31 by gas generation by corrosion and biodegradation ofthe waste. After 10,000 yr, pressures range from 5.8 to 22.3 

32 MPa; peak pressures range from 5.8 to 23.8 MPa. Two general types of behavior can be observed. In about two-

33 thirds of the cases, the pressure profile peaks in less than I 0,000 yr, often fairly early- between I 000 and 3000 yr. 

34 In these instances, gas is generated faster than pressure can be relieved by fluids flowing out of the anhydrite layers 

35 or up the sealed shaft. Eventually, either reactants are fully consumed or brine is no longer available for corrosion, 

36 and gas generation stops or slows greatly. From that time on, pressures in the waste gradually equilibrate with the 

37 far- field pressures. If the pressure has exceeded the far- field pressure at the elevation of the repository, then the 

38 pressure will drop. 

39 
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Figure 4-1. Volume Average Pressure in the Waste Repository. 
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4. Gas and Brine Migration 

Otherwise, the pressure will continue to rise. This is seen in about one-third of the runs, where the pressure has not 

2 yet reached the far-field pressure within I 0,000 yr, and is increasing so slowly that it may never exceed the far-field 

3 pressure. Lithostatic pressure is exceeded in about half of the realizations. Until fracturing of the anhydrite layers is 

4 included in the model (planned for I993), these high repository pressures will always be obtained in some of the 

5 realizations. 

6 Pressures in the waste can also increase as a result of creep closure reducing the pore volume. In the current 

7 implementation of creep closure, it is difficult to determine how much creep closure contributes to pressure 

8 increases in the presence of other phenomena. This will be discussed further in Section 4.3. In order for creep 

9 closure to have a significant effect, pressures in the waste must first increase independently of creep closure, as a 

10 result of either gas generation or influx of fluid from outside the repository. 

11 There are a few realizations in which the pressure fluctuates. This generally results when gas generation rates 

12 vary rapidly. For example, in the realization producing the highest pressures (see Figure 4-I ), the pressure peaks 

13 very early at 20 MPa, drops briefly, then rises again to peak at 23.8 MPa. In this case, biodegradation is very rapid, 

14 causing pressures to rise rapidly. But when the biodegradable inventory is fully consumed (in about 600 yr), gas 

15 generation slows dramatically, resulting in a rapid drop in pressure as gas continues to migrate into the far field. 

16 Eventually, gas generation from corrosion brings the pressures back up to the higher peak, when all corrodible 

17 materials are finally consumed. 

18 Brine saturation in the waste also generally increases initially (Figure 4-2), peaking quite early- within a few 

19 hundred years after the repository is sealed. The saturation increase is a direct result of the rapid creep closure 

20 during these early times and results in a sharp decrease in pore volume in the waste (Figure 4-3). Although 

21 corrosion consumes brine during this time period, which causes the brine volume in the waste to drop (Figure 4-4), 

22 the decrease in pore volume is more rapid than the decrease in brine volume. Consequently, brine saturation 

23 undergoes a rapid increase initially. Once the repository has crept shut about as far as it can in the current creep 

24 closure implementation, brine consumption causes the brine saturation to decrease. Generally, the rate of decrease 

25 in brine saturation is quite rapid, dropping to less than 20% of its peak value within 2000 yr. In most cases, once 

26 brine saturation begins to decrease, it never rises again during the remainder of the I 0,000 yr. Only in a few 

27 realizations in which the brine saturation is always quite low (less than 0.05) does the saturation increase after I 000 

28 yr. In these cases, the pressure in the repository remains fairly low, typically below hydrostatic (about 7 MPa), 

29 because little gas has been generated, and some brine is still able to flow in from outside the repository. However, 

30 in most cases, the rate of brine flow in from the far field is quite low as a result of low interbed perrneabilities and 

31 pressures within the repository that are comparable to the far-field pressures. Any brine that does flow into the 

32 repository is usually consumed by corrosion as quickly as it flows in. Thus, there is generally no increase in brine 

33 saturation after about I 000 yr. 

34 The two reactants, iron and cellulose, differ markedly in their time-dependent behavior (Figures 4-5 and 4-6, 

35 respectively). In I8 of the 70 realizations, all of the iron is consumed. The initial corrosion rate is generally the 

36 highest rate; however, the initial brine content is consumed in most of the realizations, and, given the generally low 

37 flow of brine into the waste, much iron is often unreacted after I 0,000 yr. In contrast, cellulose is fully consumed in 

38 52 of the 70 realizations. This stems from the lower initial content and higher reaction rate for cellulose compared 

39 with iron. The median value for the initial mass of cellulose is about 17% that of iron. The median biodegradation 
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4. Gas and Brine Migration 

rate among the 70 realizations is about 6 times higher than the median corrosion rate on a mass basis under 

2 inundated conditions. Thus, cellulose is expected to be fully consumed in approximately 1/40th of the time required 

3 for corrosion, at their full rates. Because of the smaller initial content and higher rate, biodegradation is not 

4 inhibited by lack of brine as much as corrosion because it is largely completed while brine is still present in the 

5 waste, whereas, brine is depleted in the waste long before corrosion is completed. (Note that although 

6 biodegradation is currently assumed not to consume water, there still must be water present in order for 

7 biodegradation to occur. Corrosion, as currently modeled, consumes water, so water must also be present for 

8 corrosion to take place. These statements are true for both the inundated reactions and the humid reactions. See 

9 Sections 1.4.1 and 3.3 of Volume 3 of this report for additional discussions of the gas-generation model.) 

10 Averaging over the 70 realizations, 32% of the total initial iron content of the waste remains unreacted after 10,000 

11 yr, whereas, only 16% of the total initial biodegradable content remains at that time. 

12 The amount of gas generated, Figure 4-7, ranges from 3.0 x 106 to 3.2 x J07 m3 (at reference conditions: 30 oc 
13 andO.IOI MPa). This corresponds to 1.3 x 108to 1.3 x J09mo1H2 total,ornominally 160to 1600mol/drum 

14 (based on 6804 drums/room, as modeled). The full potential as currently modeled is 2.0 x 107 to 3.5 x J07 m3 (at 

15 reference conditions), or equivalently 8.1 x 108 to 1.4 x 109 mol H2 total, or 1000 to 1770 mol/drum. Because so 

16 much iron remains after 10,000 yr, the average cumulative gas generated (1.8 x 107 m3) is relatively low, only 70 

17 percent of the average potential (2.6 X I o7 m3). 

18 Total brine consumed by corrosion, Figure 4-8, ranges from 1600 to 29,600 m3; compared with the total brine 

19 required to complete corrosion, 19,700 to 32,200 m3. In 45 realizations (or 64%), sufficient brine is available in the 

20 waste initially to corrode all the iron in the waste without any brine flowing in from outside the waste. However, 

21 only in 18 of the realizations (or 26%) was all of the iron fully consumed. In the other 27 realizations, the corrosion 

22 rate was too low to consume all of the iron within I 0,000 yr, even though enough brine was always available. 

23 As shown in Figure 4-9, there were more realizations (39) in which the net brine flow was into the waste, rather 

24 than from the waste ( 19), and in 12 of the 70 realizations, there was no brine flow either into or out of the waste. 

25 The maximum brine outflow was II ,400 m3. In some realizations, the net cumulative flow of brine was inward 

26 because of an early surge of in flowing brine, but there was still a substantial amount of brine outflow. However, 

27 even in the most extreme case (the second curve from the bottom in Figure 4-9), only about 7100 m3 of brine 

28 flowed back out after having flowed into the waste. It is interesting that in the ten realizations with the highest 

29 inflow of brine, none had all the iron fully corroded. This suggests that brine inflow has only a marginal impact, at 

30 best, on corrosion, and that corrosion rate is a more important factor influencing corrosion and gas generation, 

31 rather than the availability of brine. In contrast, those realizations with the highest brine inflow generally had 

32 among the lowest initial brine present in the waste, so, whereas brine inflow may not be important, initial brine 

33 content is. Brine inflow has little effect on corrosion because it tends to flow in just at the edges of the repository 

34 and then pool in the bottom of the repository. Iron may be largely consumed there, but not enough brine flows in to 

35 fill the repository to the top, so iron remains relatively unreacted in the upper portion of the repository. 
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Figure 4-7. Cumulative Gas Volume Generated (at 30 oc; 0.101 MPa). 
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4. Gas and Brine Migration 

4.1.2 Brine Flow Behavior 

2 A key question for PA to answer is: Where does contaminated brine flow to? Because the presence of brine in 

3 the waste results in gas generation, it is also desirable to know where brine comes from, specifically, what are the 

4 flow paths taken by brine near the WIPP site over the thousands of years following the sealing of the repository. As 

5 discussed above, as much as 11,400 m3 of brine flowed out of the waste. This brine is presumably contaminated 

6 with radioactive isotopes and hazardous constituents. Although the model used does not simulate transport, the 

7 extent and directions of contaminated brine flow can be estimated, in addition to the sources of brine that flows into 

8 the waste. Figure 4-10 shows that almost no brine flowed through the drift seals. The maximum cumulative flow of 

9 contaminated brine from the waste into the seals was 0.03 m3. In most realizations, brine flowed from the seals into 

10 the waste, but the maximum was still only 0.9 m3. The bulk of flow into or out of the waste was through the DRZ. 

11 The drift seals, as currently modeled, are very effective in blocking brine flow from the waste through the seals, but 

12 they do not prevent fluids from bypassing the seals by way of the DRZ. 

13 Fluids do not migrate significant distances in the low-permeability halite, and to get to the disposal-unit 

14 boundary, contaminated brine must flow through one of the permeable units: the anhydrite layers (Marker Beds 

15 138 or 139 or the combined anhydrite "a" and "b" layer), or up the sealed shaft. As described below, the results of 

16 the BRAGFLO simulations show that no contaminated brine would have reached the unit boundaries. This 

17 conclusion is based on examinations of the quantities of brine and gas that flowed into various regions, rather than 

18 on actual transport calculations because those calculations were not performed. 

19 For these model results, it can safely be stated that no contaminated brine reached the Culebra upward through 

20 the shaft seal system. As Figure 4-11 shows, in most realizations, brine flowed downward through the modeled 

21 shaft seal, not upward, and did not provide a potential transport medium away from the waste. In seven realizations 

22 there was a positive net upward flow of brine, and the maximum flow was only 25m3. In addition, there were 

23 several realizations in which brine flowed downward initially but flowed upward later. To be conservative, it must 

24 be assumed that all of this upward-flowing brine is contaminated, although this may not be true. In the worst cases, 

25 approximately 40m3 of brine flows upward (even though in one of those realizations the net cumulative flow was 

26 30m3 downward). However, Figure 4-12 shows that the minimum brine volume in the lower shaft (above the shaft 

27 seal but below the Culebra seal) is 370m3. This figure also shows that the brine volume in the lower shaft is nearly 

28 constant in most cases even though that portion of the shaft is never fully saturated with brine after 200 yr, so brine 

29 in the lower shaft is never completely displaced by the small amount of brine flowing up through the seal. 

30 Therefore, 40m3 of brine flowing through the shaft seal would flow only about 1/lOth of the distance from the seal 

31 to the Culebra, never actually reaching the Culebra. In fact, when individual realizations are examined, the quantity 

32 of brine that flows through the shaft seal never amounts to more than 1. 7% of the brine volume in the lower shaft. 

33 (In Figure 4-12, the small drop in brine volume that occurs in every realization at 200 yr results from the change in 

34 porosity in the Culebra seal at that time, as described in the memorandum by Finley and Vaughn in Appendix A of 

35 this volume.) 

36 Before considering the other flow paths -the three anhydrite layers- it must be pointed out that the 

37 fundamental assumption of plug flow in a porous medium requires that any outward flow of contaminated brine 

38 from the waste must displace all the brine-saturated pore volume in a grid block before it can move to he next grid 

39 block. Because of the quasi-cylindrical geometry used in the mesh, the volume of grid blocks increases greatly as 

40 one moves outward from the repository (see Section 2.3). Table 4-1 lists the cumulative grid block volumes in each 

41 anhydrite layer for the mesh used in these calculations, along with the distance from the repository to the outer edge 
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Figure 4-10. Cumulative Brine Flow from the Repository to the Drift Seals. (Positive values indicate flow OUT 

from the repository, into the drift seals.) 
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4. Gas and Brine Migration 

Table 4-1. Cumulative Volumes in Anhydrite Layers in BRAGFLO Mesh (South of Repository) (see 

2 Figure 2-1) 

3 

4 

5 

Cell No. 

8 
7 
6 
5 
4 
3 
2 
1 

Distance Layer? 
(m) MB138 

1 347 
6 2,110 

26 9,500 
126 55,100 
626 387,000 

2,500 3,230,000 
7,500 23,200,000 

22,500 191,000,000 

Volume (m3) 

Layer 9 
Anhydrite Layer 16 

a+b M8139 

521 1,640 
3,160 9,950 

14,300 44,900 
82,700 260,000 

580,000 1,830,000 
4,840,000 15,200,000 

34,800,000 109,000,000 
287,000,000 902,000,000 

6 of the grid block. Table 4-2 lists initial pore volumes in the same grid blocks. This is the actual volume of brine 

7 that must be displaced by contaminated brine and gas flowing out from the repository. This will help to put into 

8 perspective the large amount of brine that has to be displaced in order for contaminated brine to reach the disposal-

9 unit boundary. If some of the pore volume is occupied by gas, then the estimates of travel distances must be 

10 increased proportionately. The tables give volumes only for the portion of the mesh to the south of the repository. 

11 Generally, the cumulative flows of gas and brine are greater south of the repository, so only flows to the south are 

12 examined. 

13 Cumulative brine flow southward out through Marker Bed 138 is shown in Figure 4-13. The amount ofbrine 

14 that flows inward toward the repository is generally far greater than the amount that flows outward. In eight 

15 realizations was there a net outward flow to the south of the repository, with the maximum being 320m3. However, 

16 in many other cases large quantities of brine flowed in toward the repository initially, but flowed outward later as 

17 pressures within the repository built up. This occurred in 40 of the 70 realizations. Although the most brine that 

18 flowed south from the repository was 520m3, which would occupy 54,000 m3 ofMBI38 volume (at a porosity in 

19 this realization of0.0097}, another realization that had 350m3 brine flow at a lower porosity (0.0046), so that brine 

20 occupied 77,000 m3 of the marker bed. Table 4-1 shows that this brine would flow as far south as Cell 4, or 626 m, 

21 provided that the marker bed was fully saturated with brine. However, this is generally not true. If some 

22 contaminated brine flowed out early on, followed by a large quantity of gas, even small amounts of contaminated 

23 brine could be pushed far out. A more accurate way to estimate the distance contaminated brine has flowed is to 

24 sum the volumes of brine and gas (at local pressures) that flowed out. The maximum gas flow out through MBI38 

25 is 2.8x I 06 m3 at reference conditions of 0.10 I MPa, as shown in Figure 4-14. The repository pressure must exceed 

26 the far-field fluid pressure in order for gas to flow out from the repository, so gas pressures in MB 138 must be at 

27 least 12 MPa, which is the low end of the sampled range of far-field pressures. Thus, the maximum cumulative gas 

28 volume that has flowed south out ofMBI38 is approximately 2.3xl04 m3, which, at the minimum sampled marker 

29 bed porosity of 0.001159, would occupy 20x I 06 m3 of the marker bed. Table 4-1 shows that when gas and brine 

30 flows are combined, they could flow out into Cell2, 7500 m south of the repository, or 5 km beyond the disposal-

31 unit boundary, using all the most unfavorable parameter values from the Latin hypercube sampling. Because these 

32 extreme combinations of parameter values did not occur in the Latin Hypercube Sample (LHS), the maximum gas 
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4.1 Four-Shaft Equivalent Geometry 

2 Table 4-2. Pore Volumes in Grid Blocks in Anhydrite Layers in BRAGFLO Mesh (South of Repository)a 
3 (see Figure 2-1) 
4 

Layer 7 Layer 9 Layer 16 
MB138 Anh~drite a+ b MB139 

Minimum Maximum Minimum Maximum Minimum Maximum 
Distance Volume Volume Volume Volume Volume Volume 

Cell No. (m) (m3) (m3) (m3) (m3) (m3) (m3) 

8 1 0 10 16 2 49 

7 6 2 63 4 95 12 298 

6 26 11 284 17 426 52 1,340 

5 126 64 1,650 96 2,470 302 7,790 

4 626 448 11,600 673 17,400 2,120 54,700 

3 2,500 3,740 96,500 5,610 145,000 17,700 456,000 

2 7,500 26,900 693,000 40,300 1,040,000 127,000 3,270,000 

1 22,500 221,000 5,720,000 332,000 8,570,000 1,050,000 27,000,000 

5 

6 a Based on actual sampled minimum and maximum anhydrite porosity: 0.001159 and 0.02992; not on minimum and maximum 

7 reported in Volume 3, Table in Volume 3, Table 2.4.4: 0.001 and 0.03. 

8 

9 and brine flow out through MB 138 is much less. In only one realization does enough gas flow out through MB 138 

10 to occupy all the pore volume in MBI38 to a distance beyond the disposal-unit boundary. In this one case, 19,700 

11 m3 of gas at local pressures flows out of MB 138, occupying only 4.8 x J06 m3 of marker bed volume, which would 

12 only extend into Cell2 in MBI38, the first cell beyond the disposal-unit boundary. 

13 It still cannot be stated with certainty whether contaminated brine actually reached the boundary, however. 

14 First, MB 138 is not fully saturated with either gas or brine. The residual brine saturation in the realization that 

15 potentially crosses the boundary is 0.200 I. (This parameter was sampled and is constant in any given realization.) 

16 Thus, some brine, contaminated or not, remains as residual saturation rather than being pushed ahead of the gas. 

17 This residual brine results in a smaller volume for gas storage in the marker bed, and causes gas to migrate 

18 approximately 25% farther than it would if the unit were fully gas-saturated. 

19 Residual brine volume in M8138 in the realization in which brine potentially reached the unit boundary is 

20 2650 m3, whereas the calculated volume of cumulative brine flow past the disposal-unit boundary is far less at 

21 150m3. Second, it is necessary to know the history of release of contaminated brine from the waste to know 

22 whether the underlying assumption that contaminated brine preceded gas flow out MB 138 is true. No brine actually 

23 flowed out of the waste in this realization; therefore, no contaminated brine could have reached the disposal-unit 

24 boundary. This realization illustrates the hazards involved ·in making conservative assumptions. With enough bad 
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assumptions about the results, it would appear that brine crossed the disposal-unit boundary in at least one 

2 realization, when in fact, this did not occur. 

3 This analysis can be repeated for the anhydrite a+ b layer, which is expected to have a larger cumulative gas 

4 flow than MB 138. The brine flow should be greater simply because this layer is thicker, and, being slightly closer 

5 to the repository, the driving pressures are higher. Surprisingly, Figure 4-15 shows that no outward brine flow 

6 occurred south of the repository in this layer. Brine flowed only in toward the repository. As pressures quickly 

7 built up in the waste, inward brine flow ceased. In more than half of the realizations, this occurred within the frrst 

8 1000 yr. At the same time, gas began to flow outward (Figure 4-16). As expected, the volume of gas flow out 

9 through this layer is somewhat higher than in MB138, ranging up to 3.5 x 106m3, compared with 2.3 x 104 m3 in 

10 MB138. 

11 The analysis for MB139 is similar in complexity to M8138. The net cumulative brine flow out ofMB139 

12 (Figure 4-17) is positive (i.e., outward) in 13 realizations, with a maximum of 2030 m3. From Table 4-2, it can be 

13 seen that ifMB139 were fully brine saturated, this maximum quantity of brine, which may or may not be 

14 contaminated, would flow only as far as Cell 4, or 626 m from the repository, assuming the minimum value for 

15 porosity. However, as seen in MB 138, more than half of the realizations that had net inward cumulative flows 

16 actually had a substantial amount of outward brine flow following a large initial inward surge. The largest of these 

17 was 6700 m3. In a brine-saturated MBI39, assuming minimum porosity, this brine would reach Cell 3, which 

18 extends to the disposal-unit boundary. In fact, the realizations having the greatest outward flow of brine do not have 

19 the lowest porosity. The realization with the largest brine flow has a porosity of 0.0041, meaning that the brine 

20 flows only to Cell4, or 626 m from the repository, not to the disposal-unit boundary. 

21 As shown in the analysis for M8138, gas flow has a major impact on how far contaminated brine might flow. 

22 Figure 4-18 shows that as much as 3.6 x 106m3 of gas flowed out through MB 139. That large quantities of gas 

23 flow out through MB 139 is surprising; previous work has suggested that brine will tend to pool in the lower portion 

24 of the waste and beneath the repository (Bertram-Howery et al., 1990; WIPP PA Division, 1991 b; WIPP PA 

25 Department, 1992). The main flow path for brine inflow is MB 139, but if gas generation in the repository raises the 

26 pressure there rapidly enough, little brine ever flows in. Generally, model results indicate that any brine initially 

27 present in the repository is converted to gas, which raises the pressure, preventing any further significant influx of 

28 brine, and driving large amounts of gas out through MB 139. If it is again assumed that contaminated brine precedes 

29 any outflowing gas, then it must be concluded that contaminated brine flows past the disposal-unit boundary 

30 through MB 139. However, at least a residual saturation of brine will remain throughout the anhydrite layers. In the 

31 case in which the maximum brine outflow was 6700 m3, residual brine volume out to the disposal-unit boundary is 

32 12,500 m3, nearly double the actual contaminated brine volume that flowed into MB139. So again, no 

33 contaminated brine could have reached the disposal-unit boundary through any of the anhydrite layers. 

34 The results show that except for flow out the anhydrite layers, there is little movement of brine in the vicinity of 

35 the repository. Figure 4-19 shows that almost no brine flowed from the seals and backfill regions into the shaft, 

36 while flow in the other direction, cumulative brine flow amounted to less than 800m3. Flow from the experimental 

37 region into the shaft, Figure 4-20, is almost a mirror image of flow from the seals and backfill into the shaft, 

38 indicating that the shaft does little to impede flow from the experimental region to the seals and backfill. 

39 Considering the small volume of the lower shaft, this result is expected. The flow behavior in these regions stems 

40 directly from the initial conditions. At time zero, all of the excavated regions except for the repository were 

41 assumed to be fully saturated with brine. This assumption was based on the expected brine content of the halite 
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Figure 4-15. Cumulative Brine Flow South out Anhydrite Layers a+ b. (Negative values indicate flow northward 

toward the repository.) 
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Figure 4-20. Cumulative Brine Flow from Experimental Region into Shaft. 
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backfill, estimated to be 5 to 8 weight percent (see memorandum by Finley and Vaughn in Appendix A). 

2 Depending on the porosity of the backfill (a sampled parameter), this corresponds to nearly 100% brine saturation. 

3 The brine saturation of the DRZ, however, was calculated during the 50-yr operational simulation, then adjusted 

4 downward to account for the increased porosity of the DRZ at time zero, when the repository is sealed. The result 

5 is that whereas the backfilled excavated regions are fully saturated with brine at time zero, the surrounding DRZ has 

6 a relatively low brine saturation, so an immediate flux of brine occurs from the backfilled regions into the DRZ, 

7 particularly that portion of the DRZ beneath the seals and backfilled regions. In the majority of realizations, this 

8 flow of brine is small, less than I m3. But in about 15% of the cases, more than 100 m3 flows into the DRZ. 

9 Flow between other regions is generally much smaller. Less than 15 m3 flows between the DRZ and the shaft 

10 (Figure 4-21). Except for two realizations, almost no brine flows between MBI38 and the shaft (Figure 4-22) or 

11 between the transition zone and the shaft (Figure 4-23). Up to 400 m3 of brine flows from the Salado halite into the 

12 shaft (Figure 4-24). Although the permeability of the halite is extremely low, the large surface area of the shaft 

13 allows a substantial amount ofbrine to flow in. The one realization in which 700m3 flows from the shaft into the 

14 halite is characterized by the highest halite permeability among the 70 realizations, a highly permeable shaft seal, 

15 and large quantities of gas generation that cause the shaft to pressurize much more than in other realizations, thus 

16 providing a greater driving force out of the shaft and into the halite. Only seven other realizations have a net flow 

17 of brine from the shaft into the halite. Flow through the shaft seal was discussed earlier. In two-thirds of the 

18 realizations, brine flows from the shaft into the Culebra (Figure 4-25). This flow is largely driven by gas flowing up 

19 the shaft. In the other one-third of the realizations, the shaft is never pressurized enough to prevent brine from 

20 draining from the Culebra into the shaft. 

21 4.1.3 Gas Flow Behavior 

22 Gas flow in the anhydrite layers was discussed earlier in connection with its impact on brine flow. It was mentioned 

23 then that gas may flow beyond the disposal-unit boundaries in some realizations. This issue will be clarified here. 

24 For brevity, the discussion will be restricted to flow in the mesh south of the repository because the cumulative 

25 flows are greater there than to the north. Figures 4-26, 4-27, and 4-28 show the cumulative gas flows past the 

26 southern disposal-unit boundary in MB 139, anhydrite a+ b, and in MB 138, respectively. Significant volumes of 

27 gas (i.e., greater than one m3) flow past the boundary in six realizations. The maximum gas flow past a boundary 

28 occurs in MB 138, with 1.7 x J06 m3 of gas (at reference conditions). All gas is assumed to have the physical 

29 properties of hydrogen. Because the viscosity of hydrogen is lower than that of other gases likely to be present or 

30 produced in the waste (C02, CH4, N2), this assumption should result in greater and more extensive gas flows than if 

31 other gases were used. 

32 Although no gas flowed past the disposal-unit boundary in the Culebra, it is interesting to see how effective the 

33 shaft seal is in preventing gas flow into the Culebra. The cumulative gas flow up through the shaft seal is shown in 

34 Figure 4-29. With a maximum of 1.9 x I os m3, gas flows through the shaft seal are small compared with the flows 

35 out the anhydrite layers, where the maxima are more than an order of magnitude higher. Why the upper curve in 

36 Figure 4-29 stands out from the others is difficult to explain. The only exceptional parameter in this realization is 

37 the halite permeability, which is the highest among the 70 realizations. That the cumulative flow is a factor of five 

38 higher than the next highest result suggests that sampling should be more detailed in order to fill in the gap between 

39 the one outstanding result and all the rest. The drift seals were relatively ineffective in stopping gas flow toward the 

40 shaft for the time scales of this study (Figure 4-30). Nearly as much gas flows through these seals as out each of the 
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Figure 4-21. Cumulative Brine Flow from DRZ into Shaft. 
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Figure 4-23. Cumulative Brine Flow from Transition Zone into Shaft. 
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Figure 4-24. Cumulative Brine Flow from Halite into Shaft. 
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Figure 4-26. Cumulative Gas Flow South in MB 139 Past the WIPP Boundary (at 30°C; 0.10 I MPa). (Negative 

values indicate flow southward away from the repository.) 
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Figure 4-27. Cumulative Gas Flow South in Anhydrite Layers a + b Past the WIPP Boundary (at 30 oc; 0.10 I 

MPa). (Negative values indicate flow southward away from the repository.) 
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Figure 4-28. Cumulative Gas Flow South in MB 138 Past the WIPP Boundary (at 30 oc; 0.10 I MPa). (Negative 
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Figure 4-29. Cumulative Upward Gas Flow through Shaft Seal (at 30 °C; 0.10 I MPa). 
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4. Gas and Brine Migration 

three anhydrite layers: a maximum of2.5 x 106 m3 versus an average maximum of 3.3 x 106m3 to the south in 

2 each anhydrite layer. A somewhat greater amount flows through the DRZ into the shaft below the shaft seal (Figure 

3 4-31), up to 3.9 x 106m3. Gas encounters little resistance between the repository and the shaft, which leaves the 

4 shaft seal to prevent gas migration into the Culebra. (It is assumed that there is no DRZ around the shaft above 

5 MB138 through which gas could bypass the shaft seal [see Figure 2-l].) Other flow paths between the repository 

6 and the shaft are insignificant. Less than 50,000 m3 of gas flows into the shaft via the transition zone, and less than 

7 8000 m3 by way of MB 138; in fact, in some realizations, the flow is in the opposite direction,from the shaft, rather 

8 than into the shaft. 

9 4.2 Single-Shaft Geometry 

10 In these calculations, the shaft was changed from the original configuration (in which all four shafts were 

11 combined into one), to a single shaft the size ofthe Salt Handling Shaft. All other parameters are identical to those 

12 used in the four-shaft equivalent geometry calculations. As shown in the following discussion, the affect of 

13 reducing the size of the shaft is negligible. Fluid flows up the shaft were reduced in proportion to the shaft cross 

14 section reduction. However, shaft flows had only a small effect on the overall performance of the repository in the 

15 original calculations. There were no flows of brine and small flows of gas to the top of the Salado Formation in 

16 both four-shafts-in-one geometry or the single-shaft geometry. In particular, the shaft seal performance was good 

17 enough that the presence of the shaft was of no consequence in either performance assessment, whether there was 

18 one shaft or four. 

19 4.2.1 Repository Behavior 

20 Although minor differences occurred between individual realizations, on the whole, the pressures in the 

21 repository differ insignificantly between these single-shaft calculations and the base case (see Figure 4-32). The 

22 peak pressure was still23.8 MPa; after 10,000 yr, pressures ranged from 5.4 to 22.3 MPa, compared with 5.8 to 

23 22.3 MPa in the base case. Because the transient pressure behavior in the repository differed little from the base 

24 case, other performance measures would also be expected to differ little. Plots of remaining corrodible content, 

25 biodegradable content, and total gas generated- Figures 4-33, 4-34, and 4-35, respectively- are nearly 

26 indistinguishable from their base case counterparts. Other results describing conditions in the waste are also very 

27 similar: pore volumes, cumulative brine consumption, and brine and gas saturations. These results are not 

28 surprising. The shaft is a relatively small region located more than 600 m from the waste-disposal region. Its 

29 diameter should not and does not have any significant effect on processes that occur in the waste, particularly 

30 because the behavior of the repository is largely determined by the amount of brine initially present and by marker 

31 bed permeability. Shaft diameter would be expected to have a noticeable effect only on flows up the shaft, although 

32 fluid flow in other regions should be considered. 

33 4.2.2 Brine Flow Behavior 

34 Cumulative brine flow from the repository, Figure 4-36, is virtually identical to the base case, Figure 4-9, which 

35 was expected because all other repository responses are unchanged. Plots of cumulative brine flow out each of the 
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Figure 4-31. Cumulative Gas Flow from DRZ into Shaft (at 30 °C; 0.10 I MPa). 
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Figure 4-32. Volume Average Pressure in the Waste Repository, Single Shaft Model. 
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Figure 4-33. Iron Remaining in the Waste Repository, Single Shaft Model. 
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Figure 4-34. Cellulose Remaining in the Waste Repository, Single Shaft Model. 

4-44 



4.2 Single-Shaft Geometry 

35 

30 
;> 
E 

«t, 25 
~ 

0 
as 
all 20 
a: 
0 
() 

15 
CIJ 
< 
(.!) 

~ 10 ::::> 
() 

5 

0 
0 1 2 3 4 5 6 7 8 9 10 

TIME {1 ()3 yr) 

TRI-6342-2799-0 

Figure 4-35. Cumulative Gas Volume Generated (at 30 oc; 0.10 I MPa), Single Shaft Model. 
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Figure 4-36. Cumulative Brine Flow from the Waste Repository, Single Shaft Model. (Positive values indicate 

flow away from the repository.) 
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4.2 Single-Shaft Geometry 

three anhydrite layers overlay plots of the base case exactly and are not repeated here. Where differences are 

2 expected is in flow up the shaft. The most apparent difference between the single-shaft results and the results with 

3 four shafts combined is in flows through the shaft seal, Figure 4-37. Comparing this with the earlier plot, Figure 4-

4 II, the flow of brine through the shaft seal is reduced by the smaller shaft cross section. The maximum net upward 

5 flow is now 3 m3 versus 25 m3 with four combined shafts. However, the minimum pore volume of the lower shaft, 

6 37 m3, is still 10 times the volume of brine that flowed up through the shaft seal, just as in the base case. Although 

7 the lower shaft pore volume is smaller with the single shaft, the amount of brine that flowed up the shaft is reduced 

8 proportionately. (Although there were a few realizations in which brine initially flowed downward but later 

9 reversed direction, as in the base case, the total upward flow was still less than 5 m3.) 

10 The amount of brine that flows out through the anhydrite layers is negligibly different when the shaft is 

11 modeled as a single shaft the size of the Salt Handling Shaft compared to modeling it as all four shafts combined. 

12 Brine flow up the shaft is proportionately smaller when a single shaft is used. Thus, shaft diameter has no effect on 

13 releases of contaminated brine as far as 40 CFR 191 8 is concerned. 

14 4.2.3 Gas Flow Behavior 

15 As with brine flow, gas flow is largely determined by the behavior of the repository. The shaft has only a 

16 minor impact on repository behavior, since it is more than 600 m away, whereas the anhydrite layers provide flow 

17 paths of much greater capacity. Thus, the same conclusions arrived at with the base case hold true for the single-

18 shaft case. Cumulative gas flows out each of the anhydrite layers are nearly identical with the base case: Maximum 

19 southward gas flows past the Disposal unit boundary in M8139 are 1.30 x 106m3 in both cases; southward flows 

20 out of anhydrite a+ bare 1.65 x 106 m3. Only in MBI38 are maximum flows slightly lower: 1.65 x 106m3 versus 

21 I. 72 x I 06 m3 in the base case. In the single-shaft calculations, gas flows into the Culebra in twelve realizations, 

22 compared with six realizations in the combined-shafts case. However, the maximum cumulative gas flow are now 

23 1.9 x I 04 m3, instead of 1.4 x I os m3 with combined shafts. With a single shaft, the average cumulative gas flow is 

24 5400 m3 (for 12 realizations), which is about one-fourth of the four-shaft average, 22,900 m3 (for 6 realizations). 

25 The main difference when using a smaller versus a larger shaft is the flow up through the shaft seal, Figure 4-

26 38. The obvious difference is the smaller cumulative flows through the seal. The maximum is now 30,000 m3, 

27 compared with 194,000 m3 in the base case. In both cases, there were 3 7 realizations in which the cumulative flow 

28 was greater than I m3. The average flow among those 37 was 4500 m3, compared with 12,400 m3 in the base case. 

29 4.3 Four-Shaft Equivalent Geometry without Dynamic Creep Closure 

30 This set of calculations is identical to the base case, with all four shafts combined into one, except that the 

31 repository does not undergo creep closure. Instead, the initial porosity is set at 19%, which is the median fmal 

32 closed porosity of the repository. Small changes in porosity are allowed as a result of compressibility effects. 

33 However, unlike the case of dynamic creep closure, in which the repository porosity varies from an initial value of 

34 66% to as low as 12%, the "fixed porosity" varies by no more than 1.2 percentage points from its initial value (i.e., 

35 from 19 to 20.2%). This has a major effect on the behavior of the repository, especially on pressures within the 

36 repository. However, the net effect over the 10,000-yr compliance period is negligible, because, ultimately, what 
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Figure 4-37. Cumulative Upward Brine Flow through Shaft Seal, Single Shaft Model 



4.3 Four-Shaft Equivalent Geometry without Dynamic Creep Closure 
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1 4. Gas and Brine Migration 

drives gas migration is the number of moles of gas generated in the waste, which is primarily dependent on the 
2 amount of brine present there initially. Conditional on the conceptual models and parameter distributions used in 

3 these analyses, results described have suggested that detailed modeling of the dynamics of creep closure may be 
4 unnecessary. 

5 4.3.1 Repository Behavior 

6 Pressures in the waste generally peak at much higher values than in the calculations with dynamic creep closure 
7 (Figure 4-39). In order to maintain the gas generation potential in the fixed porosity calculations to be the same as 
8 in the dynamic creep closure calculations, the same initial repository brine volume is used. This results in 
9 approximately the same amount of gas being generated. (Compare Figures 4-40 and 4-7). With dynamic creep 

10 closure, final porosities greater than the median value are often obtained, particularly when large amounts of gas are 
11 generated and pressures are relatively high. In fact, in one dynamic closure realization, the repository is forced open 
12 to 34% porosity after closing down to 21%. When the porosity in this realization is fixed at 19%, the pressure is 
13 proportionately higher. Instead of peaking at 23.8 MPa, it now peaks at 38.8 MPa. At the other extreme, some 
14 realizations that result in very low porosities with dynamic closure (as low as 11.6%) because little gas is generated 
15 now have lower pressures because the porosity is fixed at 19%. Over time, the differences become less significant. 
16 After I 0,000 yr, pressures within the repository range from 5.8 to 22.3 MPa using dynamic creep closure, compared 
17 with 4.0 to 29.2 MPa with fixed porosities. Even more similar are the averages over the 70 realizations: 14.9 MPa 
18 with dynamic closure versus 14.2 MPa with fixed porosity. Thus, it would be expected that a few realizations will 
19 display significantly different behavior, but that overall, the results using fixed porosity will not differ much from 
20 using dynamic creep closure. 

21 Other performance measures for waste behavior are less affected by the dynamics of porosity changes. Based 
22 on the data currently available, gas generation is modeled as a direct function only of brine saturation, not of 
23 pressure. As shown earlier, the amount of gas generated, as well as the rate, is strongly influenced by the amount of 
24 brine present initially and relatively little by the amount of brine that flows into the repository over time. Porosities 
25 and pressures therefore have little effect on the amount of gas generated. Since gas generation is unaffected, the 
26 amount of reactants remaining in the waste over time is also unaffected by how the porosity of the waste is modeled. 

21 4.3.2 Brine Flow Behavior 

28 Differences in how the waste porosity is modeled should manifest themselves in fluid flow behavior outside the 
29 waste, as a result of differences in peak pressures. Because the initial brine volume is fixed between the two sets of 
30 calculations, the initial brine saturation is about 3.5 times higher in the fixed-porosity calculations. Whereas the 
31 original brine saturations range from zero to 0.14, where the maximum is half the residual brine saturation, now the 
32 initial saturations ranges as high as 0.48, well above residual saturation. This enables brine to flow from the waste 
33 in several of the realizations from the start (Figure 4-41 ), in contrast to the dynamic closure model, in which brine 
34 could flow out of the waste only after the repository has crept shut enough to raise the brine saturation above 
35 residual. (Brine could also flow out after first flowing in; this behavior is seen in both models.) With the porosity 
36 fixed, the number of realizations in which there is a net positive flow of brine from the repository is larger (25 
37 versus 19), and the maximum outflow is greater (13,300 m3 compared with II ,400m3 with dynamic closure). 
38 While this constitutes a larger source of contaminated brine, the key measure remains the distance this brine flows 
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Figure 4-39. Volume Average Pressure in the Waste Repository, Fixed Waste Porosity Model. 
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Figure 4-40. Cumulative Gas Volume Generated (at 30 oc; 0.10 I MPa), Fixed Waste Porosity Model. 

4-52 



<?' 
E ..., 
0 ..... -w 
t-
(/) 

~ 
:::!: 
0 
a: u. 
3: 
0 
....J u. 
w 
z 
a: 
CD 

:::!: 
:::> 
(.) 

2 

0 

-1 

-2 

-3 
0 2 
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Figure 4-41. Cumulative Brine Flow from the Waste Repository, Fixed Waste Porosity Model. (Positive values 

indicate flow away from the repository.) 
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4. Gas and Brine Migration 

toward the disposal-unit boundaries, and whether it reached the boundaries. In the fixed porosity results, the 

2 maximum cumulative brine flows out each of the anhydrite layers in the southern direction are 7200 m3 out MB139 

3 (the lowest curve in Figure 4-42, outflow occurs only after approximately 600 yr), zero out anhydrite a + b layer 

4 (Figure 4-43), and 540m3 out MBI38 (Figure 4-44). These values differ little from the dynamic closure results 

5 reported in Section 4.1.2 (6700 m3 for MB 139, zero for anhydrite a+ b, and 520m3 for MB 138). In MB 139, the 

6 realization having the greatest outflow has an anhydrite porosity of 0.0041 and a residual saturation of 0.20, both 

7 sampled parameters. Thus, the residual brine in MB139 out to the disposal-unit boundary is 12,500 m3. Even if all 

8 of the brine flowing out MB139 is contaminated, it will not even occupy all the volume required for residual brine 

9 saturation, and will not reach the disposal-unit boundary. Residual brine occupies 2650 m3 of pore volume in 

10 MB138 between the repository and the southern boundary in the realization with the maximum brine outflow, so, 

11 again, the amount of potentially contaminated brine flowing south out MBI38 will not reach the boundary. The 

12 maximum upward brine flow through the shaft seal (Figure 4-45) is 58m3, somewhat more than the 40m3 in the 

13 dynamic closure calculation, but still not enough to fill the lower shaft to the top of the Salado. Thus, none of the 

14 brine flow performance measures shows any significant difference between dynamic creep closure and fixed waste 

15 porosity. 

16 4.3.3 Gas Flow Behavior 

17 Cumulative gas flows out the anhydrite layers and through the shaft seal are similarly unaffected by repository 

18 porosity dynamics. The high peak pressures that are obtained when the waste porosity is fixed occur because the 

19 low permeability of these pathways prevents significant outflow of gas from the waste. It is only when the 

20 permeability of the anhydrite is high that large volumes of gas can flow out these pathways, and in those cases, the 

21 driving pressure remains relatively low. As pointed out earlier, it is ultimately the amount of gas generated that 

22 causes the driving force for gas migration from the repository. After I 0,000 yr, the pore volume of the waste differs 

23 little regardless of how the pore volume dynamics are modeled because nearly the same final porosity is attained, so 

24 the quantity of gas generated and the permeability of flow paths away from the waste are the controlling factors in 

25 determining how far gas migrates. Figures 4-46, 4-47, 4-48, and 4-49 show the amount of gas that flows past the 

26 disposal-unit boundary in MBI39, anhydrite a+ b, MBl38, and the shaft seal, respectively. Comparing these with 

27 their counterparts in Section 4.1.3 shows that the number of realizations in which gas migrated past the boundary is 

28 the same and the total volumes are insignificantly different. Thus, none of the gas flow performance measures 

29 shows any significant difference between fixed waste porosity and dynamic creep closure as currently modeled. 

30 This conclusion may change when pressure-dependent fracturing of anhydrite interbeds is included in future 

31 performance assessments, potentially lowering peak repository pressures and allowing for additional gas migration. 
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Figure 4-42. Cumulative Brine Flow South out MB 139, Fixed Waste Porosity Model. (Positive values indicate 

flow southward away from the repository.) 
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Figure 4-43. Cumulative Brine Flow South out Anhydrite Layers a+ b, Fixed Waste Porosity Model. (Negative 

values indicate flow northward toward repository.) 
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Figure 4-44. Cumulative Brine Flow South out MBI38, Fixed Waste Porosity Model. (Negative values indicate 

flow northward toward repository.) 
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Figure 4-45. Cumulative Upward Brine Flow through Shaft Seal, Fixed Waste Porosity Model. (Positive values 

indicate flow upward through shaft seal.) 
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4.3 Four-Shaft Equivalent Geometry without Dynamic Creep Closure 
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Figure 4-46. Cumulative Gas Flow South in Marker Bed 139 Past the WIPP Boundary (at 30 °C; 0.10 I MPa), 

Fixed Waste Porosity Model. (Negative values indicate flow southward away from repository.) 
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Figure 4-47. Cumulative Gas Flow South in Anhydrite Layers a+ b Past the WIPP Boundary (at 30 oc; 0.101 

MPa), Fixed Waste Porosity Model. (Negative values indicate flow southward away from 

repository.) 
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Figure 4-48. Cumulative Gas Flow South in MB 138 Past the WIPP Boundary (at 30 oc; 0.10 I MPa), Fixed 

Waste Porosity Model. (Negative values indicate flow southward away from the repository.) 

4-61 



4. Gas and Brine Migration 
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5. UNCERTAINTY AND SENSITIVITY ANALYSIS RESULTS 

2 Uncertainty and sensitivity analyses were performed to determine factors that affect gas generation and 

3 movement of gas and brine away from the repository. The uncertainty and sensitivity analyses in this presentation 

4 use techniques based on Latin hypercube sampling, including examination of scatterplots, partial correlation 

5 analysis, and stepwise regression analysis. Specific performance measures examined were cumulative gas and brine 

6 flows out through the three anhydrite layers to the south of the repository, cumulative gas and brine flows up 

7 through the shaft seal and the distance that gas flowed out through the three anhydrite layers. Only the base case, in 

8 which the four shafts were combined into one, was analyzed. Gas and brine flows to the north of the repository 

9 were not analyzed because they were generally smaller and, therefore, of less importance from a regulatory 

10 standpoint. Also examined were various measures of the behavior of the repository itself, including cumulative gas 

II generation by means of corrosion and biodegradation, pressure in the repository, and repository pore volume. 

12 These were analyzed to show how gas generation is affected by variability in the sampled parameters, because gas 

13 generation is the driving force behind gas and brine migration away from the repository in the undisturbed scenario. 

14 The results show that the most important parameter affecting gas and brine migration from the repository is the 

15 initial brine saturation in the waste. This one parameter has the greatest impact on total gas generation, which 

16 effectively controls gas and brine flow into and out of the waste. Other important parameters include the gas-

17 generation rates for corrosion and biodegradation under inundated conditions and the biodegradation stoichiometry. 

18 These parameters also affect gas generation, but are secondary to initial brine content in determining the total 

19 amount of gas produced. Over the I 0,000-yr regulatory period, it is the total volume of gas generated, rather than 

20 transient behavior such as pressure in the repository, that most affects how far gas and brine migrate. Thus, rates of 

21 gas generation are most important only if sufficient brine is available to consume all the reactants in the waste. 

22 Biodegradation stoichiometry (i. e., the moles of gas produced per mole of cellulose consumed) is important 

23 because its sampled range extends to zero, which can completely nullify the effect of biodegradation. Because the 

24 amount of gas produced by biodegradation is directly proportional to the stoichiometric coefficient, gas generation 

25 by biodegradation can vary greatly, and, all other things being equal, this parameter can have a major impact. The 

26 only other parameter of significance was the shaft-seal permeability, which, for the range sampled, impacts gas 

27 flow, but not brine flow, up the shaft. These conclusions are valid only over the ranges of all the parameters used in 

28 the calculations and within the limits of the conceptual and numerical models. 

29 Numerous sampled parameters had no noticeable effect on any of the performance measures. These include all 

30 four of the relative permeability model parameters (Brooks-Corey exponent, Brooks-Corey weight factor, residual 

31 brine saturation, and residual gas saturation for all regions except the waste), the far-field pressure in MBI39, the 

32 shaft seal thickness, drift seal permeability, shaft porosity, and Culebra porosity. As modeled, drift seals were not 

33 effective; higher-permeability DRZ layers above and below the drift seals allowed gas and brine to flow around, 

34 rather than through the drift seals, so performance was insensitive the permeability of the seals. The porosity of the 

35 Culebra was also not tested adequately, because little gas and no brine from the waste reached the Culebra; when 

36 few realizations result in nonzero flow, the sensitivity to porosity cannot be properly analyzed. 
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5. Uncertainty and Sensitivity Analysis Results 

The remaining 10 sampled parameters had, at most, a minor effect on these performance measures. These 

2 parameters include: the gas-generation rates for corrosion and biodegradation under humid conditions; corrosion 

3 stoichiometry; the initial volume fractions ofbiodegradables and metals in the waste; the porosity of anhydrite 

4 interbeds; the DRZ porosity; the permeabilities of halite and the shaft seal during the first 200 yr; and the 

5 permeability of the shaft between the shaft seal and the Culebra during the first 200 yr. 

6 These results are strongly dependent on the conceptual models that are currently used. If the conceptual models 

7 were modified, the results could differ from those presented here. 

8 Each of the performance measures is discussed separately below. 

9 

10 5.1 Sensitivity Analysis Techniques 

11 The purpose of sensitivity analysis is to determine the relationships between the uncertainty in the independent 

12 variables used in an analysis and the uncertainty in the resultant dependent variables. Uncertainty analysis provides 

13 measures of the uncertainty in estimates for dependent variables of interest, including means, variances, and 

14 distribution functions. A formal uncertainty analysis is not presented here because such an analysis is not 

15 particularly useful in determining relationships among variables. However, uncertainty analysis is incorporated in 

16 the sensitivity analysis. This section describes briefly the sensitivity analysis techniques used, including 

17 scatterplots, stepwise regression analysis, and partial correlation analysis. A more detailed discussion of these 

18 techniques and their application to the WIPP project can be found in Helton et al. (1991). 

19 The generation of scatterplots is the simplest sensitivity analysis technique. This approach consists of 

20 generating plots of dependent variable value versus independent variable value, with each point on the plot 

21 representing one realization. When there is no relationship between the independent and dependent variable, the 

22 individual points will be randomly spread over the plot. In contrast, the existence of a well-defined relationship 

23 between the independent and dependent variable often will be revealed by the distribution of the individual points. 

24 The examination of such plots when Latin hypercube sampling is used can be particularly revealing because of the 

25 full stratification over the range of each independent variable. For each dependent variable examined in this 

26 chapter, scatterplots are presented only for the two most influential independent variables. As the contribution of 

27 additional independent variables to the variability of the dependent variable decreases, the distribution of points in 

28 the scatterplots becomes more random and less useful, so additional plots are not presented. 

29 In stepwise regression analysis, a sequence of regression models is constructed. The first regression model 

30 contains the single independent variable that has the largest impact on the dependent variable. The second 

31 regression model contains the two independent variables that have the largest impact on the dependent variable-

32 the independent variable from the first step plus whichever of the remaining variables has the largest impact on the 

33 variation not accounted for by the first step. Additional models in the sequence are constructed in the same manner 

34 until a point is reached at which further models are unable to increase meaningfully the amount of variation in the 

35 dependent variable that can be accounted for. The order in which the variables are selected in the stepwise 

36 procedure provides an indication of variable importance, with the most important variables being selected first, the 

37 next most important variable being selected second, and so on. The R2 values (coefficients of determination) 

38 indicate how much variation in the dependent variable can be accounted for by all variables selected through that 
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I another step in the regression analysis. When the variables are independent and uncorrelated, as they are assumed 

2 to be here, the differences in the R2 values for each step in the regression models equals the fraction of the total 

3 variability in the dependent variable that can be accounted for by the individual independent variable added at each 

4 step. When the variation about the regression model is small, the corresponding R2 value is close to I, which 

5 indicates that the regression model is accounting for most of the variability in the dependent variable. Conversely, 

6 an R2 value close to zero indicates that the regression model is not very successful in accounting for the variability 

7 in the dependent variable. In addition to R2 values, standardized regression coefficients (SRCs) in the individual 

8 regression models provide an indication of variable importance, and the sign of the SRC indicates whether the 

9 independent and dependent variable tend to increase and decrease together (a positive SRC) or tend to move in 

10 opposite directions (a negative SRC). 

I I The statistical program, STEPWISE (Iman et al., 1980; Rechard, 1992), was used to evaluate variable 

12 importance using the stepwise regression procedure on rank-transformed data. Regression analyses often perform 

13 poorly when the relationships between the independent and dependent variables are nonlinear. Poor linear fits to 

14 nonlinear data can often be avoided when the data are replaced with their corresponding ranks and the regression 

15 procedures are performed on these ranks (Iman and Conover, 1979). In most cases, the analyses were tried with 

16 both raw and ranked data. The rank regressions generally gave better results, meaning that the rank regression 

17 models could account for higher percentages of the observed variability in the dependent variables. Only the rank 

18 regression analyses are reported, although raw data are shown in the scatterplots. 

19 Stepwise regression analyses were performed on results at the end of the I 0,000-yr simulations. Tables 5-I and 

20 5-2 summarize the variables used in the stepwise regression analysis. It is necessary to have some criterion to stop 

21 the regression model construction process. These are discussed in Helton et. al. ( 1991 ). In the analyses reported 

22 here, an a-value of 0.02 was used to add a variable to the regression model and a value of 0.05 to drop a variable 

23 from the model. (The a-value is the probability of obtaining a stronger relationship than the one identified in the 

24 analysis as a result of chance variation.) In addition, the Predicted Error Sum of Squares (PRESS) criterion was 

25 used to protect against overfit. 

26 Partial correlation analysis provides measures of the linear relationship between a dependent variable and an 

27 independent variable when the linear effects of the other independent variables are removed. When a well-defined 

28 linear relationship exists between an independent variable and a dependent variable, the partial correlation 

29 coefficient will be close to +I or -I, regardless of the distribution assigned to the independent variable or the 

30 magnitude of the impact that the independent variable has on the dependent variable. A positive partial correlation 

31 coefficient indicates that two variables tend to increase and decrease together, whereas a negative correlation 

32 coefficient indicates that, as one variable increases, the other decreases. Partial correlation coefficients were 

33 calculated using time-dependent results, such as those shown in figures in Chapter 4, and show how the impact of 

34 different independent variables changes over time. These analyses complement the stepwise regression analyses, 

35 which provide more detailed statistics but at a single time. Note that because variables change in importance 

36 through time the regression analyses and partial correlation coefficient analyses may identify different variables as 

37 being important. 

38 The partial correlation analyses were done using the statistical module PCCSRC (Iman et al., 1985; Rechard, 

39 1992). As with the stepwise regression analyses, these analyses were performed on rank-transformed data. For 

40 each dependent variable, a plot of the partial rank correlation coefficients is presented that shows the time 

41 dependence of the coefficient for the four most influential independent variables. 
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5. Uncertainty and Sensitivity Analysis Results 

2 Table 5-1. Latin Hypercube Sampled Independent Variables Used in Stepwise Regression and Partial 

3 Correlation Analysesa 

4 

Independent LHS 
Variables No. Description 

BCBRSAT 13 Residual brine saturation in all regions except waste 

BCEXP 11 Brooks-Corey exponent 

BCFLG 12 Brooks-Corey/van Genuchten-Parker weighting factor 

BCGSSAT 14 Residual gas saturation in all regions except waste 

BKFLPOR 26 Porosity of backfill material in drifts, the experimental region, 

and in the shaft below the seal 

BRSAT 1 Initial brine saturation in waste 

CULPOR 27 Culebra porosity 

DSEALPRM 25 Permeability of drift seals 

GRCORHF 3 Humid corrosion rate factor 

GRCORI 2 Inundated corrosion rate 

GRMICHF 6 Humid biodegradation rate factor 

GRMICI 5 Inundated biodegradation rate 

MBPERM 15 Log of anhydrite interbeds permeability 

MBPOR 16 Undisturbed anhydrite interbeds porosity 

MBPRES 18 Far-field pressure in MB139 

SALPERM 10 Intact Salado halite permeability 

SEALPRM1 22 Initial shaft seal permeability 

SEALPRM2 23 Shaft seal permeability after 200 yr 
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Table 5-1. Latin Hypercube Sampled Independent Variables Used in Stepwise Regression and Partial 

2 Correlation Analyses (Concluded) 

3 

Independent LHS 
Variables No. Description 

SEALTHK 21 Shaft seal thickness 

SHFTPRM 24 Permeability of shaft-fill material above shaft seal 

STOICCOR 4 Corrosion stoichiometry factor 

STOICMIC 7 Biodegradation stoichiometric coefficient 

TZPORF 17 Factor used in calculating DRZ and transition zone porosity 

VMETAL 9 Initial volume fraction iron in waste 

VWOOD 8 Initial volume fraction cellulose in waste 

4 

5 a Ranges of values for independent variables are given in Table 3-1. Sampled values are given in 
6 Appendix B 

7 

8 

9 

10 Table 5-2. Latin Hypercube Sample Dependent Variables Used in Stepwise Regression and Partial 

II Correlation Analyses 

12 

Dependent 
Variables 

BIOCONT 

BRNANHSC 

BRNMB8SC 

Description 

Cellulose remaining in waste 

Cumulative brine flow south of repository out anhydrite layers a + b 

Cumulative brine flow south of repository out MB138 
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I Table 5-2. Latin Hypercube Sample Dependent Variables Used in Stepwise Regression and Partial 

2 Correlation Analyses (Continued) 

3 

5-6 

Dependent 
Variables 

BRNMB9SC 

BSHSLUPC 

BWSTC 

FECONT 

GASANHSC 

GASGENVC 

GASMBSSC 

GASMB9SC 

GASCULTC 

GDSTANHS 

GDSTCULS 

GDSTMBSS 

GDSTMB9S 

GSHSLUPC 

GWSTC 

PORVOLW 

PRESWAST 

QRGBIOVC 

QRGCORVC 

QRHCUMGB 

Description 

Cumulative brine flow south of repository out MB139 

Cumulative brine flow up through shaft seal 

Cumulative brine flow from waste 

Iron remaining in waste 

Cumulative gas flow south of repository out anhydrite layers a + b 

Cumulative gas generated by corrosion and biodegradation 

Cumulative gas flow south of repository out MB138 

Cumulative gas flow south of repository out MB139 

Cumulative gas flow into Culebra from shaft 

Distance from waste that gas flowed south in anhydrite layers a + b 

Distance from shaft that gas flowed south in Culebra 

Distance from waste that gas flowed south in MB138 

Distance from waste that gas flowed south in MB139 

Cumulative gas flow up through shaft seal 

Cumulative gas flow from waste 

Pore volume in waste 

Average pressure in waste 

Cumulative gas generated by inundated and humid biodegradation 

Cumulative gas generated by inundated and humid corrosion 

Cumulative gas generated by humid biodegradation 



5.2 Gas Generation and Repository Performance 

Table 5-2. Latin Hypercube Sample Dependent Variables Used in Stepwise Regression and Partial 

2 Correlation Analyses (Concluded) 

3 

Dependent 
Variables Description 

QRHCUMGC Cumulative gas generated by humid corrosion 

QRSCUMGB Cumulative gas generated by inundated biodegradation 

QRSCUMGC Cumulative gas generated by inundated corrision 

SBAVW Volume-average brine saturation in waste 

4 5.2 Gas Generation and Repository Performance 

5 In this section, factors that affect gas generation are examined. The focus is on parameters influencing 

6 corrosion and microbial degradation. In addition, variables that affect repository performance, including pressure, 

7 reactant concentrations, pore volume, and brine saturation, will be determined. Although gas generation and 

8 repository behavior are not compliance measures per se, it is useful to know how these are affected so that they can, 

9 if necessary, be controlled. 

10 5.2.1 Gas Generation from Inundated Corrosion 

II The regression analysis results in Table 5-3 are for cumulative gas generation resulting from inundated 

12 corrosion over I 0,000 yr. The first variable selected in the analysis is BRSA T, the initial brine saturation in the 

13 waste, which has a positive regression coefficient and can account for 49% of the variability in gas generation by 

14 inundated corrosion. The partial rank correlation coefficients shown in Figure 5-1 further support the 

15 dominatingeffect that initial brine saturation has on inundated corrosion. This result is discussed in Section 4.1.1, in 

16 which it is apparent even in the behavior of brine saturation in the repository over time that initial brine saturation is 

17 the controlling factor. 

18 The next variable selected in the regression analysis is GRCORHF, the humid corrosion rate factor that is 

19 multiplied by the inundated rate to give the actual humid corrosion rate. This variable has a negative regression 

20 coefficient, indicating that it has an inhibiting effect on gas generation by inundated corrosion. This effect 

21 continues increasingly over the I 0,000-yr simulation period, as shown in the plot of partial rank correlation 

22 coefficients in Figure 5-1. This increasing effect occurs because humid corrosion competes with inundated 

23 corrosion. It dominates inundated corrosion, especially later on, because inundated corrosion is limited by the 

24 amount of brine present. As long an any amount of brine is present, humid corrosion can proceed at a rate that is 

25 proportional to the gas saturation. Except at early times when the brine saturation is relatively large it is more 

26 common for the waste to be mostly dry, so humid corrosion will generate gas faster than inundated corrosion. The 

27 humid corrosion rate factor contributes another 20% of the variability in gas generation by inundated corrosion. 
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Figure 5-1. Scatterplots and partial rank correlation coefficients for gas generation from inundated corrosion. 
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The other two variables selected in the analysis, MBPERM (anhydrite permeability) and GRCORI (inundated 

2 corrosion rate), play a relatively minor role in affecting inundated corrosion. The small effect of the inundated 

3 corrosion rate on inundated corrosion is, in part, a result of the current model used for gas generation and corrosion, 

4 in which the inundated rate is proportional to the brine saturation. Because brine saturation tends to decrease over 

5 time, the net inundated rate decreases, becoming relatively unimportant after 10,000 yr. These results may not hold 

6 true using a different corrosion model, but sufficient data do not yet exist to warrant changing the model. 

7 Scatterplots relating cumulative gas generation to the two dominant variables, BRSA T and GRCORHF, are 

8 shown in Figure 5-l. While these two together account for 69% of the variability in gas generation by inundated 

9 corrosion, it is apparent from these plots that neither variable is a reliable predictor of gas generation, even though 

I 0 some correlation is evident. 

II 

12 

Table 5-3. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

Resulting from Inundated Corrosion (QRSCUMGC) 

13 

Step Variable 

1 BRSAT 

2 GRCORHF 

3 MBPERM 

4 GRCORI 

Description 

Initial brine saturation in waste 

Humid corrosion rate factor 

Log of anhydrite interbeds 

permeability 

Inundated corrosion rate 

SRca 

0.68 0.49 

-0.47 0.69 

0.25 0.75 

0.16 0.78 

14 a Standard regression coefficients (SRC) for variables in the regression model at each step 

15 b R2 value for the regression model at each step 

16 5.2.2 Gas Generation from Humid Corrosion 

17 Unlike gas generation by inundated corrosion, gas generation by humid corrosion is a fairly strong function of 

18 the rate of humid corrosion. (See Volume 3, Section 3.3.5 for a description ofthe current gas generation model and 

19 parameters used in the model.) In Table 5-4, the first variable selected in the regression analysis for gas generation 

20 by humid corrosion is GRCORHF, the factor multiplying the inundated rate to obtain the humid corrosion rate. 

21 This variable accounts for 64% of the variability in gas generation by humid corrosion. The next variable selected 

22 is the inundated corrosion rate, GRCORI. Together, these rate parameters account for 75% of the variability. The 

23 regression coefficient for GRCORI is positive now, because humid corrosion does not occur unless inundated 

24 corrosion is taking place at the same time. Recall that the corrosion model requires brine to be present for humid 

25 corrosion to occur, even though the humid corrosion rate is modeled as proportional to gas saturation. 
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I The initial brine saturation in the waste, BRSA T, is a less-important variable, accounting for only an additional 

2 8% of the variability in gas generation by humid corrosion. The plot of partial rank correlation coefficients in 

3 Figure 5-2 shows that BRSAT had a negative effect at first, becoming significantly positive only after about 3000 

4 yr. This results from the changing relative importance of inundated corrosion compared with humid corrosion. 

5 Initially, when the brine saturation is usually highest, the total reaction rate is dominated by the inundated reaction. 

6 Later, as the brine saturation in the waste decreases, having been consumed predominantly by inundated corrosion, 

7 humid corrosion becomes more important. 

8 Scatterplots of the first two variables selected in the regression analysis, Figure 5-2, show some clear trends for 

9 the first variable, GRCORHF. The correlation is much weaker for the second variable, GRCORI. 

IO Table 5-4. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

II Resulting from Humid Corrosion (QRHCUMGC) 

Step Variable Description SRC R2 

1 GRCORHF Humid corrosion rate factor 0.79 0.64 

2 GRCORI Inundated corrosion rate 0.32 0.75 

3 BRSAT Initial brine saturation in waste 0.29 0.83 

12 

13 5.2.3 Gas Generation from Inundated and Humid Corrosion 

14 When both inundated and humid corrosion are considered together, the regression analysis selects BRSA T first, 

15 accounting for 56% of the variability in gas generation by corrosion. This suggests that corrosion under inundated 

16 conditions contributes more to the amount of gas produced by corrosion than humid conditions, since BRSA T has a 

17 strong positive impact on inundated corrosion, but only a weak effect on humid corrosion. The scatterplot relating 

18 cumulative gas generation by corrosion to initial brine saturation in the waste, Figure 5-3, shows a clear trend, even 

19 more so than for inundated corrosion alone, with the amount of gas generated increasing as the initial brine 

20 saturation increases. The plot of partial rank correlation coefficients in Figure 5-3 shows that BRSA T has a strong 

21 effect throughout the I 0,000 yr, although other variables were slightly more important at first, when inundated 

22 corrosion was not yet inhibited by a lack of brine. 

23 The inundated corrosion rate, GRCORI, was selected next, accounting for an additional II% of the variability 

24 in gas generation by corrosion. The scatterplot relating cumulative gas generation by corrosion after 10,000 yr to 

25 inundated corrosion rate in Figure 5-3, however, shows only the slightest of trends to increasing gas generation as 

26 the rate increases. As shown in the plot of partial rank correlation coefficients, Figure 5-3, GRCORI has the greatest 

27 impact during the first 3000 yr, when adequate sources of brine remain from the initial brine saturation. Its 

28 influence gradually decreases from the start, as brine is consumed. 
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Figure 5-2. Scatterplots and partial rank correlation coefficients for gas generation from humid corrosion. 
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5.2 Gas Generation and Repository Performance 

The regression analysis (Table 5-5) selected three more variables as having some measurable effect on total gas 

2 generation by corrosion: MBPERM, the permeability of anhydrite interbeds; STOICCOR, a factor that determines 

3 the relative importance of two corrosion reactions and thus the stoichiometry for corrosion; and GRCORHF, the 

4 humid corrosion rate factor. Together, these three account for an additional I2% of the variability in gas generation 

5 by corrosion. The linear correlation with five variables accounts for 79% of the variability. STOICCOR has a 

6 negative correlation coefficient, indicating that as this variable increases, gas generation decreases. This occurs 

7 because the corrosion stoichiometric coefficient, or the moles of gas generated per mole of iron consumed, 

8 decreases as STOICCOR increases: the stoichiometric coefficient has a value of I .333 when STOICCOR is I .0, and 

9 a value of 1.0 when STOICCOR is 0. The minor effect of STOICCOR stems from the relatively narrow range of 

I 0 values taken by the stoichiometric coefficient. Anhydrite permeability has a small effect on gas generation by 

II affecting the amount of brine that can flow into the repository and contribute to additional corrosion. As discussed 

12 in Section 4. I .I, little brine flows into the waste in general, so the effect is not great. 

I3 Table 5-5. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

I4 Resulting from Both Inundated and Humid Corrosion (QRGCORVC) 

15 

Step Variable Description SRC R2 

1 BRSAT Initial brine saturation in waste 0.74 0.56 

2 GRCORI Inundated corrosion rate 0.33 0.67 

3 MBPERM Log of anhydrite interbeds 0.24 0.73 
permeability 

4 STOICCOR Corrosion stoichiometry factor -0.17 0.76 

5 GRCORHF Humid corrosion rate factor 0.16 0.79 

16 

17 5.2.4 Gas Generation from Inundated Biodegradation 

I 8 The sensitivity analysis done for gas generation by corrosion is repeated for gas generation by biodegradation. 

19 For inundated biodegradation, the regression analysis in Table 5-6 selected STOICMIC, the biodegradation 

20 stoichiometric coefficient, as the most important variable. This variable accounts for 36% of the variability in gas 

21 generation by inundated biodegradation. The scatterplot relating cumulative gas generation to this variable, Figure 

22 5-4, shows a definite trend, with the amount of gas generated increasing as STOICMIC increases. This result is 

23 exactly as expected, since this is the definition of the stoichiometric coefficient (moles of gas produced per mole of 

24 cellulose consumed). 
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5. Uncertainty and Sensitivity Analysis Results 

This analysis found eight variables having a measurable effect, although the additional influence of each of the 

2 last five is very slight. As with inundated corrosion, biodegradation under inundated conditions requires brine to be 

3 present, although biodegradation is currently assumed not to consume water. Thus, the next most important 

4 variable selected is BRSAT, which shows a trend similar to that for STOICMIC, but less pronounced. As expected, 

5 the inundated biodegradation rate, GRMICI, is one of the more important variables, but it is surprising that it 

6 accounts for only 8% of the variability in gas production by inundated biodegradation. As the partial rank 

7 correlation coefficient plot in Figure 5-4 shows, GRMICI was the dominant variable early, but its influenced 

8 decreased steadily over the first I 000 yr as brine in the waste was consumed. In addition, as seen earlier in Figure 

9 4-6, much of the cellulose in the waste was fully consumed within that same time period, which explains why the 

I 0 curves in the plot of partial rank correlation coefficients are flat after about 1500 yr. GRCORHF has a negative 

II regression coefficient, indicating that humid corrosion competes with inundated biodegradation by consuming brine 

12 needed for inundated biodegradation. As the partial rank correlation coefficient plot shows, GRCORHF becomes 

13 significant only after the microbial rate becomes less significant. At later times, humid corrosion tends to consume 

14 the remaining brine required for any further inundated biodegradation. 

15 Table 5-6. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

16 Resulting from Inundated Biodegradation (QRSCUMGB) 

17 

Step Variable Description SRC R2 

1 STOICMIC Biodegradation stoichiometric 0.61 0.36 
coefficient 

2 BRSAT Initial brine saturation in waste 0.42 0.53 

3 GRMICI Inundated biodegradation rate 0.28 0.61 

4 GRCORHF Humid corrosion rate factor -0.22 0.65 

5 BCEXP Brooks-Corey exponent 0.18 0.69 

6 GRMICHF Humid biodegration rate factor 0.20 0.72 

7 VWOOD Initial volume fraction cellulose -0.18 0.75 
in waste 

8 SEALPRM2 Shaft seal permeability after 0.17 0.78 
200 yr 

18 
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5. Uncertainty and Sensitivity Analysis Results 

5.2.5 Gas Generation from Humid Biodegradation 

2 The regression analysis in Table 5-7 is for cumulative gas generation by humid biodegradation. As with humid 

3 corrosion, humid biodegradation, as currently modeled, requires brine to be present. However, as with inundated 

4 biodegradation, it is assumed to consume no brine, in contrast to corrosion, in which both inundated and humid 

5 reactions consume brine. The first variable selected in the regression analysis is STOICMIC, the biodegradation 

6 stoichiometric coefficient. It accounts for only 29% of the variability in gas generation by humid biodegradation, 

7 making it somewhat less important here than in inundated biodegradation, although the scatterplot in Figure 5-5 still 

8 shows a clear trend. As it was under inundated conditions, STOICMIC is important because it strongly affects the 

9 amount of gas produced for a given amount of reactants. The second variable selected, GRMICHF (humid 

I 0 biodegradation rate factor), contributes nearly as much as STOICMIC to the variability in cumulative gas generation 

11 by humid biodegradation. The scatterplot for this variable also shows an apparent trend, but with more scatter than 

12 shown by STOICMIC. The partial rank correlation coefficients in Figure 5-5 show STOICMIC becoming more 

13 important apparently at the expense of the inundated biodegradation rate, GRMICI, which dominated at first. The 

14 inundated corrosion rate, GRCORI, has a very small positive effect on gas generation by humid biodegradation by 

15 consuming brine, thereby increasing the gas saturation, which results in more gas production under humid, rather 

16 than inundated conditions. 

17 Table 5-7. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

18 Resulting from Humid Biodegradation (QRHCUMGB) 

19 

Step Variable Description SRC R2 

1 STOICMIC Biodegradation stoichiometric 0.55 0.29 

coefficient 

2 GRMICHF Humid biodegradation rate factor 0.50 0.53 

3 GRMICI Inundated biodegradation rate 0.34 0.64 

4 GRCORI Inundated corrosion rate 0.20 0.68 

20 
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5. Uncertainty and Sensitivity Analysis Results 

5.2.6 Gas Generation from Inundated and Humid Biodegradation 

2 The regression analysis for cumulative gas generation by both inundated and humid biodegradation, shown in 

3 Table 5-8, selected STOICMIC as the dominant variable in determining the variability of gas generation. It 

4 accounts for 50% of the variability. The scatterplot relating gas generation to biodegradation stoichiometry, in 

5 Figure 5-6, confirms the strong influence that stoichiometry has on the amount of gas generated. Because 

6 STOICMIC was most influential under both inundated and humid conditions, this result is not surprising. 

7 The next variable selected, GRMICI, contributes another 14% to the variability in gas generation. GRMICI 

8 plays a measurably significant, if minor, role because a large portion of the gas produced by biodegradation takes 

9 place under inundated conditions. This can be deduced from Figures 4-2 and 4-6, which show the time-dependent 

I 0 behavior of brine saturation in the waste and cellulose content remaining in the waste, respectively. However, its 

II scatterplot indicates that the effect is not very strong. 

12 The influence of initial brine saturation, BRSA T, is understandable, because, in the absence of a large influx of 

13 brine from outside the waste, initial brine saturation essentially provides the driving force for biodegradation. 

14 However, it actually contributes very little to the variability of total gas generation from biodegradation, only 

15 4%.The partial rank correlation coefficients in Figure 5-6 show the same trends as for inundated and humid 

16 biodegradation separately, with the inundated rate, GRMICI, dominating at first, to be superseded later by 

17 STOICMIC. This ordering of influence consistently occurs because, as brine and reactants (cellulose) are depleted, 

18 the amount of gas produced per unit quantity of reactant has an increasingly greater impact on total gas generated, 

19 whereas the rate becomes irrelevant. Gas generation per unit of reactant, as measured by the stoichiometric 

20 coefficient, also has a far greater impact than potential. The original basis for potential, VWOOD (the volume 

21 fraction of cellulose in the initial inventory), has no discernible effect because the stoichiometry, which ranges from 

22 0.0 to 1.67, completely determines how much of this initial cellulose inventory will be converted to gas. This will 

23 be true as long as any cellulose is present initially. If the initial cellulose content of the waste were also varied over 
24 a range that extended to zero, it could possibly become as important as STOICMIC in determining the variability in 

25 Table 5-8. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 

26 Resulting from Both Inundated and Humid Biodegradation (QRGBIOVC) 

27 

Step Variable 

1 STOICMIC 

2 GRMICI 

3 BRSAT 

4 GRCORHF 

28 
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Description 

Biodegradation stoichiometric 

coefficient 

Inundated biodegradation rateor 

Initial brine saturation in waste 

Humid corrosion rate factor 

SRC 

0.70 

0.38 

0.23 

-0.18 

0.50 

0.64 

0.69 

0.72 
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5. Uncertainty and Sensitivity Analysis Results 

gas generation. However, cellulose will be present in some of the waste (as wood and paper products), and the 

2 fraction of cellulosics in the initial waste inventory, VWOOD, is assumed to range from 0.284 to 0.484. Therefore, 

3 the sampled value for initial cellulose content will always be nonzero, and its range will be relatively narrow 

4 compared to the currently assumed range of stoichiometric coefficients. 

5 The other two variables selected in the regression analysis contribute very little to the variability in gas 

6 generation. BRSA T continues to have some influence, but is dominated by the stoichiometry and inundated 

7 biodegradation rate. The correlation coefficient for GRCORHF is negative, indicating that it continues to show a 

8 competing effect on gas generation by consuming brine that must be present for biodegradation to take place. 

9 5.2. 7 Gas Generation from Corrosion and Biodegradation 

10 When gas generation by both corrosion and biodegradation are considered, the regression analysis, Table 5-9, 

II shows that the initial brine saturation of the waste is the dominant variable, accounting for 55% of the variability in 

12 the amount of gas generated. The plot of partial rank correlation coefficients in Figure 5-7 indicates that this is true 

13 almost from the beginning. The scatterplot relating the amount of gas generated to initial brine saturation (Figure 5-

14 7) shows a clear trend. The biodegradation stoichiometry, which is dominant in determining gas generation by 

15 biodegradation, also has a significant impact on the total gas generation, although the scatterp1ot is less convincing. 

16 The inundated biodegradation rate, GRMICI, is a major influence at first, but, as cellulose is rapidly consumed, its 

17 effect decreases greatly, as seen in the plot of partial rank correlation coefficients. The inundated corrosion rate is 

18 also a dominant variable at first, but its influence gradually decreases over time, as the amount of gas generated 

19 under more prevalent humid conditions increases. 

20 Anhydrite permeability continues to show up in the regression analysis. Accounting for 5% of the variability in 

21 gas generation, it is clearly not a dominant variable, but still cannot be ignored, because it controls the flow of brine 

22 into the waste as well as the flow of gas out of the repository. Gas flow does not affect gas generation directly, but 

23 when the pressure in the repository approaches that of the far field, it can strongly inhibit the influx of brine from 

24 outside the waste. Higher anhydrite permeability over the range of sampled values can allow the pressure in the 

25 repository to be relieved, in tum allowing more brine to flow inward. However, because the permeability is so low, 

26 little brine can flow under any circumstances, and these mechanisms are relatively unimportant. Thus, the overall 

27 impact of anhydrite permeability on gas generation is minor. Knowing that absolute permeability has only a small 

28 effect over the range of sampled values, it is understandable that relative permeability has no discernible effect. 

29 Neither of the relative permeability parameters, BCEXP and BCFLG, was selected in the stepwise regression 

30 analysis. Scatterplots relating cumulative gas generation to these two variables, Figure 5-8, show completely 

31 random scatter and suggest no trends. These results reinforce the conclusions that brine flow has little effect on gas 

32 generation and that the initial state of the waste, along with parameters directly affecting gas generation, largely 

33 control how much gas is generated. 
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5.2 Gas Generation and Repository Performance 

1.00 ...... ---,.----r--r--""T--T"""--r--.. 

!Z 0. 75 ~·-·-·- ""BRSAT . ~ ·-·-· ----, .... :.. R~!..--------'"='--.r.T"'oC.-._ w 
u 
u: 
u. 
w 
0 
u 
z 
0 

§ 
~ 

0.50 
._, __ .... _ .... " 
·. STOICMIC ..•.•. ·······\········· 

GRMICI 
025 

o.ooi-L-----------------1 

0 
u ! -0.25 

;t -050 

~ 
Q. -0 75 

"1 OO L.0'-0--1'-.5---:3"'":.0--4"'":.5:-----:6:'".0----:7:':.5:---9_.0 _ __. 

TIME (1o" yrs) 

Figure 5-7. Partial rank correlation coefficients for gas generation from corrosion and biodegradation. 

5-21 



5. Uncertainty and Sensitivity Analysis Results 
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5.2 Gas Generation and Repository Performance 

I Table 5-9. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production 
2 Resulting from Corrosion and Biodegradation (GASGENVC) 

3 

Step Variable Description SRC R2 

1 BRSAT Initial brine saturation in waste 0.73 0.55 

2 STOICMIC Biodegradation stoichiometric 0.32 0.66 
coefficient 

3 GRCORI Inundated corrosion rate 0.28 0.73 

4 MBPERM Log of anhydrite interbeds 0.20 0.78 
permeability 

5 GRMICI Inundated biodegradation rate 0.16 0.80 

6 STOICCOR Corrosion stoichiometry factor -0.15 0.83 

4 

5 5.2.8 Iron Remaining in the Waste 

6 Analysis of other performance measures will help to understand the behavior of the repository. Table 5- IO 

7 shows the regression analysis for iron content remaining in the waste, FECONT. Initial brine saturation in the 

8 waste, BRSA T, is the first variable selected, accounting for 61% of the variability in FECONT. The correlation 

9 coefficient is negative, indicating, as expected, that the more brine present initially in the waste, the less iron will 

I 0 remain after I 0,000 yr. The corrosion rate under inundated conditions, GRCORI, also has some influence, but the 

II rate is sufficiently high that if the waste were fully inundated at all times, all of the iron would be consumed in most 

12 realizations within I 0,000 yr. As seen earlier with gas generation, potentials become more important over the long 

13 term than rates. In the case of corrosion, initial brine content in the waste is one of these potentials, because so little 

14 brine flows in from outside the waste. Another potential measure, VMETAL, the initial volume fraction of 

15 corrodible metal in the waste, also shows up in the regression analysis, but accounts for only 3% of the variability in 
16 FECONT because the limiting potential is the amount of brine available. 

17 Anhydrite permeability, MBPERM, has a small effect, accounting for 4% of the variability in FECONT. The 

18 correlation coefficient is negative, so higher permeabilities result in more iron being consumed, indicating that brine 

19 influx does contribute to gas generation. However, because anhydrite permeability has so little influence on 

20 remaining iron content, it is clear that brine influx has at most a minor impact on gas generation. 
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5. Uncertainty and Sensitivity Analysis Results 

I The plot of partial rank correlation coefficients in Figure 5-9 illustrates the dominating effect that initial brine 

2 saturation has on the amount of iron remaining in the repository. 

3 The scatterplot relating iron content to initial brine saturation, Figure 5-9, shows the strong negative effect that 

4 brine saturation has on the amount of iron that remains after 10,000 yr. The relationship between remaining iron 

5 content and the next most influential variable, inundated corrosion rate, also in Figure 5-9, shows the large amount 

6 of random scatter typical of an independent variable that accounts for only II% of the variability of a dependent 

7 variable. 

8 Table 5-10. Stepwise Regression Analysis with Rank-Transformed Data for Iron Remaining in the 

9 Repository after 10,000 yr (FECONT) 

10 

Step Variable Description SRC 

1 BRSAT Initial brine saturation in waste -0.77 0.61 

2 GRCORI Inundated corrosion rate -0.33 0.72 

3 VMETAL Initial volume fraction iron in 0.20 0.75 

waste 

4 MBPERM Log of anhydrite interbeds -0.18 0.79 

permeability 

5 GRCORHF Humid corrosion rate factor -0.17 0.82 

II 

12 5.2.9 Cellulose Remaining in the Waste 

13 The amount of cellulose remaining after I 0,000 yr, BIOCONT, is not strongly dependent on any single 

14 variable. The most influential, GRMICI, accounts for only 29% of the variability in BIOCONT, as shown in the 

15 regression analysis in Table 5-11. BRSAT appears once again, with nearly as much influence as the biodegradation 

16 rate. The scatterplots for each of these two variables, Figure 5-I 0, show some correlation for GRMICI and less for 

17 BRSA T. The partial rank correlation coefficients in Figure 5-I 0 show that these variables, as well as STOICMIC, 

18 dominate at very early times, but their influence degrades over time. 
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in the rank plots with identical ranks result from the convention used to assign ranks to realizations 
with identical raw results [i.e., zero]). 
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5. Uncertainty and Sensitivity Analysis Results 

Table 5-11. Stepwise Regression Analysis with Rank-Transformed Data for Cellulosics Remaining in 

2 the Repository (BIOCONT) 

3 

Step Variable Description SRC R2 

1 GRMICI Inundated biodegradation rate -0.47 0.21 

2 BRSAT Initial brine saturation in waste -0.42 0.38 

3 GRCORHF Humid corrosion rate factor 0.25 0.45 

4 STOICMIC Biodegradation stoichiometric 0.25 0.51 

coefficient 

5 GRCORI Inundated corrosion rate 0.22 0.56 

4 

5 5.2.10 Repository Pore Volume 

6 Pore volume in the repository is of interest primarily as a measure of the impact of creep closure on repository 

7 performance. The stepwise regression analysis (Table 5-12) selected initial brine saturation in the waste as the first 

8 variable, accounting for 57% of the variability in PORVOLW. The strength of this correlation is confmned by the 

9 scatterplot shown in Figure 5-11, in which there is a clear trend to increasing the pore volume as the brine saturation 

10 increases. The effect is actually an indirect one. Higher initial brine saturation results in more gas being generated, 

II which in tum raises the pressure in the repository. This initially coincides with a decrease in pore volume. Thus, 

12 the partial rank correlation coefficient, Figure 5-11, shows that brine saturation initially has a negative correlation 

13 with pore volume. However, as seen in Figure 4-3, the porosity in the waste quickly reaches a miminum and then 

14 starts to increase again as the pressure continues to rise. The reduction in pore volume, in itself, contributes to this 

15 pressure rise. Three other variables influence the pressure measurably at early times: STOICMIC, GRCORI, and 

16 GRMICI. The impact of these variables decreases over time, leaving BRSAT to dominate over the 10,000-yr 

17 period, as the plot of partial rank correlations shows. According to the creep closure model as currently 

18 implemented, once the pressure begins to decline, the porosity is fixed (except for small compressibility effects). 

19 Thus, the pore volume at I 0,000 yr is strongly affected by the peak pressure attained, usually fairly early, which is 

20 heavily influenced by initial brine saturation. 
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Figure 5-l 0. Scatterplots and partial rank correlation coefficients for cellulose remaining in the waste. (Rows of 
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5.2 Gas Generation and Repository Performance 

I Table 5-12. Stepwise Regression Analysis with Rank-Transformed Data for Pore Volume in the Waste 
2 (PORVOLW) 

3 

Step Variable Description SRC R2 

1 BRSAT Initial brine saturation in waste 0.75 0.57 

2 STOICMIC Biodegradation stoichiometric 0.28 0.65 
coefficient 

3 GRCORI Inundated corrosion rate 0.23 0.70 

4 GRMICI Inundated biodegradation rate 0.22 0.75 

4 5.2.11 Average Brine Saturation in the Waste 

5 The stepwise regression analysis (Table 5-13) found seven variables that have some impact on the average 

6 brine saturation in the waste, SBA VW. However, none of them alone contributes greatly to the variability. 
7 Scatterplots of the two variables that affect SBAVW most strongly, Figure 5-12, confirm that the relationships are 

8 weak. The plot of partial rank correlation coefficients shows that, at first, initial brine saturation in the waste 

9 dominates; by definition, there should be a perfect correlation initially. Later, as corrosion consumed brine, the 

10 inundated corrosion rate has a strong influence. However, by 10,000 yr, no variable dominates, even though many 

II have some small effect. 

12 Table 5-13. Stepwise Regression Analysis with Rank-Transformed Data for Average Brine Saturation in 
13 the Waste (SBAVW) 

14 

Step Variable Description SRC R2 

1 BRSAT Initial brine saturation in waste 0.39 0.14 

2 GRCORI Inundated corrosion rate -0.36 0.26 

3 TZPORF Factor used in calculating DRZ -0.29 0.35 
and transition zone porosity 
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Figure 5-12. Scatterplots and partial rank correlation coefficients for average brine saturation in the waste. (Rows 
of points in the rank plots with identical ranks result from the convention used to assign ranks to 
realizations with identical raw results [i.e., zero]). 
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5.2 Gas Generation and Repository Performance 

I Table 5-13. Stepwise Regression Analysis with Rank-Transformed Data for Average Brine Saturation in 

2 the Waste (SBAVW) (Concluded) 

3 

Step 

4 

5 

6 

7 

Variable 

SALPERM 

Description 

Intact Salado halite 

permeability 

STOICCOR Corrosion stoichiometry factor 

SHFTPRM Permeability of shaft-fill 

material above shaft seal 

BCFLG Brooks-Corey/van Genuchten­

Parker weighting factor 

4 5.2.12 Pore Pressure in the Waste 

SRC 

0.29 0.41 

-0.28 0.49 

0.23 0.54 

-0.23 0.59 

5 Because the pressure in the waste results from gas generation, the variables that affect gas generation, reactant 

6 content, and pore volume should also affect pressure. The regression analysis, Table 5-14, confirms this. Once 

7 again, the dominant variable is the initial brine saturation in the waste, accounting for 62% of the variability in 

8 repository pressure. The scatterplot relating pressure to initial brine saturation shows the strong correlation between 

9 them. Two other variables have only minor impacts, although their influence was considerably greater at early 

I 0 times, as shown by the partial rank correlation coefficients in Figure 5-13 

II Table 5-14. Stepwise Regression Analysis with Rank-Transformed Data for Average Pore Pressure in the 

12 Waste (PRESWAST) 

13 

Step 

1 

2 

3 

Variable Description 
----~------------------

BRSAT Initial brine saturation in waste 

STOICMIC Biodegradation stoichiometric 

coefficient 

GRMICI Inundated biodegradation rate 

SRC 

0.79 0.62 

0.24 0.68 

0.21 0.72 
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Figure 5-13. Scatterplots and partial rank correlation coefficients for pore pressure in the waste. 



5.3 Brine Flow 

5.3 Brine Flow 

2 A key perfonnance measure for the WIPP under undisturbed conditions is the amount of contaminants (either 
3 radionuclides or hazardous chemical constituents) in brine that flows beyond the disposal unit boundaries. In the 
4 absence of actual modeling of contaminant transport, surrogate key measures are simply the amounts of brine that 

5 flow out the various flow paths from the repository, including the three anhydrite layers and the sealed shafts. In 
6 this section, these perfonnance measures are examined to detennine which sampled parameters affect them. This 

7 analysis provides insight into which parameters require more attention (and perhaps more measured data), and 

8 which conceptual features of the model may require more sophisticated treatment. It also identifies parameters or 

9 conceptual models that are not important and can therefore be further simplified. 

10 5.3.1 Cumulative Net Brine Flow from the Repository 

II In Table 5-15, the regression analysis for cumulative net brine flow from the repository selected the initial brine 
12 saturation of the waste as the first variable. The scatterplot relating brine flow to brine saturation, Figure 5-14, 

13 shows brine flow tending to increase as initial brine saturation increases. Net brine flows out of the repository range 
14 from -24,000 m3 to+ II ,400m3, implying that some minimum initial brine saturation is necessary for brine to flow 

15 out of the waste. Because the initial brine saturation is at most half of the residual brine saturation of the waste, the 
16 initial saturation itself is not sufficient to cause flow from the waste. Rather, when more brine is present initially, 

17 less inflow is required to exceed residual before allowing brine to flow out. Also affecting this correlation is the 
18 creep closure model. Brine saturation is increased more rapidly and residual saturation is reached more quickly, 

19 allowing some of the initial brine content of the waste to flow out in some realizations. Under these circumstances, 
20 it is not necessary for any brine to flow in first, although, as seen in Figure 4-9, this does occur in some realizations. 
21 The partial rank correlation coefficients in Figure 5-14 confinn that BRSAT is the dominant variable affecting net 
22 flow from the waste. 

23 Anhydrite porosity accounts for an additional 8% of the variability in brine flow from the waste. It has a 
24 negative correlation coefficient, indicating that brine outflow decreases as the anhydrite porosity increases. Higher 
25 porosities allow more brine to flow in toward the repository because the storage capacity of the anhydrite is greater, 
26 so the distance over which the brine must travel is less. Similarly, brine flowing out of the repository must displace 

27 brine in the anhydrite over a greater distance when the porosity is lower. 

28 Anhydrite penneability also has a small influence on brine flow from the waste. It has a negative correlation 
29 coefficient, as anhydrite porosity does, for the same reasons. High penneabilities contribute to brine flow in from 
30 the far field. This brine inflow eventually fills the DRZ enough to allow brine to flow into the waste, where it may 
31 be consumed by corrosion. Although some brine does flow out of the repository in some realizations, it most often 
32 occurs because creep closure has increased the brinesaturation in the waste independently of brine inflow from the 
33 far field. Thus, anhydrite penneability enhances brine flow into the waste, and inhibits outflow by filling the DRZ 

34 that surrounds the repository with brine. 
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Figure 5-14. Scatterplots and partial rank correlation coefficients for cumulative net brine flow from the repository. 
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5.3 Brine Flow 

Table 5-15. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Brine Flow 
2 from the Repository (BWSTC) 

3 

Step 

1 

2 

3 

4 

Variable 

BRSAT 

MBPOR 

Description 

Initial brine saturation in waste 

Undisturbed anhydrite 
interbeds porosity 

MBPERM Log of anhydrite interbeds 

permeability 

BCBRSAT Residual brine saturation in all 

regions except waste 

4 5.3.2 Cumulative Net Brine Flow Out MB139 

SRC 

0.72 0.53 

-0.30 0.61 

-0.24 0.67 

0.18 0.70 

5 The stepwise regression analysis (Table 5-16) for cumulative net brine flow out MB 139 to the south of the 

6 repository (from Cell 8 to Cell 7 in Figure 2-2) selected BRSA T as the first variable. It accounts for 45% of the 

7 variability in brine flow. The scatterplot relating MB 139 brine flow to initial waste brine saturation, in Figure 5-15, 

8 shows that brine flow out is negative in most realizations, that is, brine flows toward the repository. Generally, the 

9 inward brine flow is greatest when the initial brine saturation is lowest because less gas is generated in the waste, 

I 0 leaving the pressure in the waste lower, and thereby offering less resistance to brine flow from the far field. 

II Anhydrite permeability is also an influential parameter affecting brine flow in MB 139, accounting for an 

12 additional 16% ofthe variability in brine flow. The scatterplot in Figure 5-15 shows that when the permeability is 

13 high, net brine outflow is more likely to be negative, or toward the repository, especially at early times when the 

14 pressure gradient from the far field to the repository is greatest. This is the same effect that was seen on the 

15 cumulative brine flow from the waste. Intermediate values of permeability (I o-ts to 10-20 m2) can allow some 

16 outward flow, which is a concern from a regulatory standpoint. In these cases, creep closure and gas generation 

17 may reverse the pressure gradient while elevating the waste brine saturation to the point where brine can flow from 

18 the waste. If the rate at which these processes take place is faster than the rate of brine inflow through MBI39 when 

19 the anhydrite permeability is intermediate in value, brine flow out MB 139 will result. When the permeability is less 

20 than I o-20 m2, brine movement in the anhydrite layers tends to become insignificant. The partial rank correlation 

21 coefficients show that permeability is more important at early times, but its influence gradually decreases over the 

22 first 2000 yr. This occurs because, when there is a large quantity of brine flow, it generally takes place early, when 

23 the waste pressure is still very low and the pressure gradient from the far field to the waste is largest. As the 

24 pressure in the waste builds, the relative importance of permeability decreases compared with the initial brine 

25 saturation, which strongly influences pressure buildup. 
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Figure 5-l S. Scatterplots and partial rank correlation coefficients for cumulative net brine flow out MB 139. 



5.3 Brine Flow 

I The third variable selected in the regression analysis, TZPORF, is a measure of the DRZ porosity. It has a 

2 small negative effect on brine flow out MB 139 for the same reason that BCBRSA T affects brine flow from the 

3 repository, BWSTC. A high DRZ porosity constitutes a larger storage capacity in the DRZ, effectively damping out 

4 the interchange of fluids between the repository and the anhydrite layers. For brine flow out MB 139 to occur, the 

5 DRZ must first fill at least to residual saturation with brine. Whether that brine comes from initial inflow from 
6 MB139 or, as it must eventually, from the waste, the more pore volume in the DRZ, the longer brine flow out 

7 MB139 will be delayed. 

8 Anhydrite porosity and halite permeability each account for 3% ofthe variability in brine flow out MBI39. 

9 Higher porosity tends to result in greater brine flows by providing more source and sink capacity close to the 

10 repository. Higher halite permeability allows brine to flow vertically out of the anhydrite layer and into halite 

II instead of through the anhydrite, thus reducing flow out MBI39. 

12 Table 5-16. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Brine Flow 
13 South into MB139 (BRNMB9SC) 

14 

Step 

1 

2 

3 

4 

5 

Variable Description 
----~--------------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 
permeability 

TZPORF Factor used in calculating DRZ 
and transition zone porosity 

MBPOR Undisturbed anhydrite interbeds 
porosity 

SALPERM Intact Salado halite permeability 

15 5.3.3 Cumulative Net Brine Flow Out Anhydrite a + b 

SRC 

0.65 0.45 

-0.35 0.61 

-0.26 0.68 

0.17 0.71 

-0.18 0.74 

16 Brine flow out through the anhydrite a + b layer differs in one major respect from flow in MB 139: there is no 

17 net outward brine flow in any of the 70 realizations. Brine flows in early when the pressure gradient from the far 

18 field to the waste is high. But this brine either flows into the repository or ends up further down in the DRZ or 
19 MB 139. When the pressure in the waste exceeds the far-field pressure, there is no "pool" of brine at the repository 

20 end of anhydrite a + b to flow back out. Anhydrite permeability, as might be expected, is the dominant variable 

21 affecting brine flow. The scatterplot (Figure 5-16) shows that, as with MBI39, cumulative flows into the waste can 
22 be large when the anhydrite permeability is greater than w-IS m2, and are nearly zero when the permeability is less 
23 than I o-20 m2. 
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Figure 5-16. Scatterplots and partial rank correlation coefficients for cumulative net brine flow out anhydrite a + b. 
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5.3 Brine Flow 

I Although the regression analysis (Tables 5-17) indicates that the initial brine saturation also has a moderate 

2 influence on brine flow in anhydrite a+ b, the scatterplot in Figure 5-16 suggests that the effect is not really very 

3 predictable. Intermediate values of brine saturation can result in large flows toward the repository, but low values 

4 of initial brine saturation have a more consistent effect. When there is little brine in the waste, the back pressure 

5 created in the waste remains low, allowing more brine to flow inward through anhydrite a+ b. The plot of partial 

6 rank correlation coefficients in Figure 5- I 6 indicates that the effect of initial waste brine saturation grows slightly 

7 over 10,000 yr, while the influence of permeability starts high and remains steady. 

8 Other gas-generation-related variables also have a small effect, essentially contributing to the increase in back 

9 pressure that eventually stops the flow of brine through anhydrite a+ b. As in MB 139, higher halite permeability 

I 0 tends to reduce flow through the anhydrite layer by allowing some brine to enter the halite instead of continuing to 

II flow through the anhydrite. 

12 Table 5-17. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Brine Flow 

13 South into Anhydrite Layers a+ b (BRNANHSC) 

14 

Step Variable Description SRC 

MBPERM Log of anhydrite interbeds -0.64 0.46 
permeability 

2 BRSAT Initial brine saturation in waste 0.52 0.74 

3 GRMICI Inundated biodegradation rate 0.23 0.79 

4 SAL PERM Intact Salado halite permeability -0.17 0.82 

5 STOICMIC Biodegradation stoichiometric 0.12 0.84 
coefficient 

6 GRCORI Inundated corrosion rate 0.12 0.85 

15 5.3.4 Cumulative Net Brine Flow Out MB138 

16 The regression analysis for net brine flow out MB 138, Table 5-18, shows that the initial brine saturation in the 

17 waste and anhydrite permeability are about equally influential variables, although neither one provides a very strong 

18 correlation. Scatterplots for these variables in Figure 5-17 look very similar to those for the same variables in 

19 anhydrite a+ b. The partial rank correlation coefficients, Figure 5-17, show similar trends, although the effect of 

20 permeability decreases slightly more over time than for anhydrite a+ b. 
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Figure 5-17. Scatterplots and partial rank correlation coefficients for cumulative net brine flow out MB 138. 
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5.3 Brine Flow 

Table 5-18. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Brine Flow 

2 South into MB138 (BRNMB8SC) 

3 

Step 

1 

2 

3 

Variable Description 
----~-------------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 
permeability 

STOICMIC Biodegradation stoichiometric 
coefficient 

SRC 

0.51 

-0.51 

0.22 

4 5.3.5 Cumulative Net Brine Flow Upward through Shaft Seal 

0.27 

0.52 

0.57 

5 The stepwise regression analysis (Table 5-19) performed for cumulative net upward flow of brine through the 

6 shaft seal, BSHSLUPC, shows that the dominant variable is the permeability during the first 200 yr of the shaft 

7 above the shaft seal but below the Culebra (SHFTPRM), not the long-term shaft seal permeability, as one might 

8 expect. However, this accounts for only 33% of the variability in brine flow through the shaft seal. Shaft seal 

9 permeability during the first 200 yr (SEALPRM I) is nearly as important, contributing another 26% to the variability 

I 0 in brine flow. Scatterplots in Figure 5-18 confirm that neither variable alone is very strongly correlated to brine 

II flow. Shaft permeability during the first 200 yr (SHFTPRM) was sampled from a range that is nearly identical to 

12 the range of seal permeability for that same time period. Because that portion of the shaft is 319 to 389 m long 

13 compared to 30 to I 00 m for the shaft seal (a sampled parameter, SEAL THK), it is reasonable to believe that 

14 permeability of the lower shaft is slightly more significant than seal permeability in determining brine flow through 

15 the seal. However, the impact of these variables is somewhat distorted because most ofthe cumulative flow through 

16 the shaft seal was downward drainage by gravity during the first 200 yr. In more than half of the realizations, the 

17 flow direction eventually reverses. Upward flow that takes place over the last 9000 yr or so is small compared to 

18 the initial downward surge, but is potentially much more important to regulatory compliance. (See Section 4.1.2 for 

19 additional discussion ofbrine flow.) 

20 Halite permeability has an additional effect, but it is of secondary importance. Because of the large surface area 

21 of the shaft-halite interface, some brine drains into the shaft from the surrounding halite, even though the highest 

22 surge of brine occurred during the 50-yr disposal phase. That brine was removed from the simulation at time zero 

23 (reflecting evaporation before the repository is sealed), leaving a depressurized zone around the shaft at time zero. 

24 Despite this, when the permeability of halite is sufficiently high, some seepage from the Salado into the shaft often 

25 continues, as seen in Figure 4-24. This contributes to the downward flow of brine through the shaft seal, but should 

26 not greatly impact upward flow. 

27 
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5.4 Gas Flow 

I All three variables have negative correlation coefficients, indicating that larger values result in larger downward 

2 flows. The process being observed here is gravity drainage, which would be aided by higher seal and shaft 

3 permeabilities. If only the upward component ofbrine flow during 10,000 yr was analyzed, positive correlation 

4 coefficients would be expected. 

5 Table 5-19. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Brine Flow 

6 Upward through Shaft Seal (BSHSLUPC) 

7 

Step 

1 

2 

3 

Variable 

SHFTPRM 

Description 

Permeability of shaft-fill 

material above shaft seal 

SEALPRM1 Initial shaft seal permeability 

SALPERM Intact Salado halite 

permeability 

8 5.4 Gas Flow 

SRC 

-0.58 0.33 

-0.51 0.59 

-0.34 0.71 

9 A key performance measure for the WIPP under undisturbed conditions is the amount of volatile organic 

I 0 compounds (VOCs) dissolved in gas that flows beyond the disposal unit boundaries. Because transport of VOCs 

I I has not yet been modeled using the two-phase flow model, measures discussed here are the amount and distance that 

12 gas flows out the various flow paths from the repository, including the three anhydrite layers and the sealed shaft 

13 leading to the Culebra. These measures provide insight into which parameters control migration of VOCs, which 

14 parameters require more attention (and perhaps more measured data), and which conceptual features of the model 

15 may require more sophisticated treatment. Two-phase flow modeling also provides insight into parameters or 

16 conceptual models that are not important and can therefore be further simplified or omitted in future performance 

17 assessments. 

18 5.4.1 Cumulative Net Gas Flow Out MB139 

19 The first three performance measures to be examined are the cumulative flows southward out each of the 

20 anhydrite layers. The stepwise regression analysis for flow out MB 139, shown in Table 5-20, selected BRSA T, the 

21 initial brine saturation in the waste, as the first variable. The correlation is not strong, but it is reasonable that the 

22 key parameter affecting gas generation plays an important role in determining how much gas flows out MB 139. 

23 The second variable selected, the permeability of the anhydrite layers, is also an obvious choice to affect gas flow. 

24 Another gas-generation parameter, the biodegradation stoichiometric coefficient, STOICMIC, also has a small 

25 effect. Altogether, the three variables selected account for only half of the variability in cumulative gas flow. The 

26 scatterplots for the first two variables, BRSA T and MBPERM, in Figure 5-19, illustrate the relatively poor 
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5.4 Gas Flow 

correlation between cumulative gas flows and each variable. The partial rank correlation coefficients in Figure 5-19 

2 show that BRSA Twas most important over the last 9000 yr, but that it really does not dominate the other variables. 

3 Very early on, all three variables actually had small negative correlation coefficients, with higher values resulting in 

4 smaller gas flows out MB 139. However, the effects may have been too small to be significant at that time because 

5 almost no gas had flowed out in any realization. One interesting feature that shows up in the scatterplots is that 

6 there appear to be cutoff values in both BRSA T and MBPERM below which there is no gas flow out MB 139. For 

7 BRSAT, this value is about 4% initial brine saturation in the waste. When the initial brine saturation is too low, 

8 insufficient gas is generated to raise the pressure in the repository and push gas out the anhydrite layers. For 

9 anhydrite permeability, the cutoff is about w-20 m2, the same value below which brine flow becomes insignificant. 

10 Table 5-20. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Gas Flow 
II South into MB139 (GASMB9SC) 

12 

Step 

1 

2 

3 

Variable Description 
----~-------------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 
permeability 

STOICMIC Biodegradation stoichiometric 
coefficient 

13 5.4.2 Cumulative Net Gas Flow Out Anhydrite a+ b 

SRC 

0.49 0.25 

0.41 0.43 

0.27 0.50 

14 The regression analysis for cumulative gas flow south out through anhydrite layers a + b, in Table 5-21, also 

15 selected BRSA T as the first variable. The correlation is somewhat stronger than it was in MB 139. Because gas 

16 flow is not competing with brine outflow, gas generation, which is largely controlled by the initial brine saturation, 

17 has a more direct impact on gas flow. Anhydrite permeability and biodegradation stoichiometry were again 

18 selected. Together, these three account for 66% of the variability in gas flow out anhydrite a + b. Gas generation, 

19 again, has a strong influence on the amount of gas that flows out the anhydrite layer. The plot of partial rank 

20 correlation coefficients, Figure 5-20, shows that BRSAT and MBPERM dominate in determining the cumulative gas 

21 flows over the last 8000 yr. Scatterplots of BRSAT and MBPERM, in Figure 5-20, show lower limits below which 

22 gas does not flow out anhydrite a+ b, the values again being 4% for brine saturation and I o-20 m2 for permeability. 
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Figure 5-20. Scatterplots and partial rank correlation coefficients for cumulative net gas flow out anhydrite a+ b. 
(Rows of points in the rank plots with identical ranks result from the convention used to assign ranks 
to realizations with identical raw results [i.e., zero]). 
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5.4 Gas Flow 

Table 5-21. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Gas Flow Out 

2 Anhydrite Layers a + b (GASANHSC) 

3 

Step 

1 

2 

3 

4 

Variable Description 
----~-------------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 

permeability 

STOICMIC Biodegradation stoichiometric 

coefficient 

GRCORI Inundated corrosion rate 

4 5.4.3 Cumulative Net Gas Flow Out MB138 

SRC 

0.59 0.37 

0.50 0.61 

0.22 0.66 

0.20 0.69 

5 The regression analysis for cumulative gas flow south out through MB 138, Table 5-22, as for the other two 

6 anhydrite layers, selected BRSA T and MBPERM as the two most important variables affecting gas flow (Figure 

7 5-21 ). Two other gas generation parameters, STOICMIC and GRCORI (inundated corrosion rate), also made small 

8 contributions to the variability of gas flow out MB 138. Comments made above regarding the other two anhydrite 

9 layers apply also to MB 138. 

I 0 One other parameter, BCFLG, which is the weighting factor that determines which relative permeability model 

I I to use, showed a small influence in all three anhydrite layers (but only in the plots of partial rank correlation 

12 coefficients for MB 139 and anhydrite a +b). When BCFLG = 0, the van Genuchten-Parker model is used; when 

13 BCFLG = I, the Brooks-Corey model is used. In MB 139, BCFLG had a positive correlation coefficient, whereas in 

14 anhydrite a + b and in MB 138, it had a negative correlation. It is positive during the first 500 yr or so in all three 

15 layers, but there is almost no gas flow during this period in any realization. Therefore, the high value that seems to 

16 dominate all other variables over that time period is apparently spurious. Once gas flows have started in most 

17 realizations, the influence of BCFLG quickly becomes insignificant. 
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Figure 5-21. Scatterplots and partial rank correlation coefficients for cumulative net gas flow out of MB 138. (Rows 
of points in the rank plots with identical ranks result from the convention used to assign ranks to 
realizations with identical raw results [i.e., zero]). 
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5.4 Gas Flow 

Table 5-22. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Gas Flow Out 

2 MB138 (GASMB8SC) 

3 

Step Variable Description SRC 

1 BRSAT Initial brine saturation in waste 0.58 0.34 

2 MBPERM Log of anhydrite interbeds 0.53 0.61 
permeability 

3 BCFLG Brooks-Corey/van Genuchten- -0.22 0.64 
Parker weighting factor 

4 STOICMIC Biodegradation stoichiometric 0.20 0.68 

coefficient 

5 GRCORI Inundated corrosion rate 0.17 0.71 

4 5.4.4 Distance Gas Flows Out Anhydrite Layers 

5 Three additional performance measures test the possible impact of the storage capacity of various regions. 

6 These measures are the distances that gas flows out each of the three anhydrite layers. Factors that affect storage or 

7 retention of fluids would be expected to influence how far gas can flow. 

8 The results of the stepwise regression analyses and partial rank correlation analyses continue to show that the 

9 initial brine saturation in the waste is the most important variable affecting how far gas flows away from the 

I 0 repository. No storage factors, such as anhydrite porosity and DRZ porosity, and no retention parameters, such as 

II residual saturations, have any measurable effect on the distance that gas migrates from the repository. 

12 The stepwise regression analysis for distance that gas flows out MB 139, shown in Table 5-23, selected BRSA T 

13 as the first variable. Although it has greater influence than any other variable, its impact is fairly weak, accounting 

14 for only 27% of the variability in gas flow distance. Nearly as influential is anhydrite permeability. As seen in 

15 preceding analyses, initial brine saturation in the waste results in the main driving force for gas migration away from 

16 the repository, whereas anhydrite permeability determines the ease with which gas flows out as it is generated. 

17 Scatterplots relating gas flow distance to these two variables, Figure 5-22, confirm the slight trends in the raw data. 

18 Gas migration distances appear at a small number of fixed values. These are the distances from the repository to the 

19 outer edge of the grid cells in the mesh, as shown in Table 4-1. Gas is assumed to have reached that distance when 

20 the saturation in a grid cell exceeds 1.0 x w-12. Volumes of gas in grid cells at this minimum saturation are 

21 extremely small (i.e., less than one m3). 

22 
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Figure 5-22. Scatterplots and partial rank correlation coefficients for distance gas flows out MB 139. (Rows of 
points in the rank plots with identical ranks result from the convention used to assign ranks to 
realizations with identical raw results [i.e., zero]). 
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5.4 Gas Flow 

The next variable selected in the regression analysis is the relative penneability model weight factor, BCFLG. 

2 This variable has a negative regression coefficient, indicating that gas migration distance tends to be less when 

3 BCFLG = I (i. e., when the Brooks-Corey model is used), and migration distances tend to be greater when the van 

4 Genuchten-Parker model is used. The effect is minor, but seems to stem from the differences in capillary pressure 

5 between the two models. Unlike the Brooks-Corey model, the van Genuchten-Parker model uses a threshold 

6 capillary pressure of zero, so there is no minimum gas pressure required for flow to occur. The slightly greater ease 

7 with which gas flow is initiated using the van Genuchten-Parker model results in greater migration distances. 

8 The last variable selected in the regression analysis is STOICMIC, the biodegradation stoichiometric 

9 coefficient. Although its influence is slight, it contributes to the driving force behind gas migration in the same way 

I 0 that BRSA T does. 

II The plots of partial rank correlation coefficients shown in Figure 5-22 indicate that the influence ofthe first 

12 three variables increases slowly over at least the last 8000 yr. The inundated corrosion rate shows some impact 

13 during the first 3000 yr, but its influence wanes after that. 

14 Table 5-23. Stepwise Regression Analysis with Rank-Transformed Data for Distance Gas Flows Out 

15 MB139 (GDSTMB9S) 

16 

Step 

1 

2 

3 

4 

17 

Variable 

BRSAT 

MBPERM 

Description 

Initial brine saturation in waste 

Log of anhydrite interbeds 

permeability 

BCFLG Brooks-Corey/van Genuchten­

Parker weighting factor 

STOICMIC Biodegradation stoichiometric 

coefficient 

SRC 

0.52 0.27 

0.45 0.46 

-0.36 0.56 

0.21 0.60 

18 The regression analysis (Table 5-24) for gas migration distance out through anhydrite a+ b is essentially 

I9 identical to that of MB 139, but with slightly better correlations. 

20 The regression analysis (Table 5-25) for gas migration distance out through MB 138 is also nearly identical to 

21 that of MB I39 and anhydrite a + b, but with still slightly better correlations. An additional gas generation 

22 parameter has been added, although its effect is barely measurable. 
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5. Uncertainty and Sensitivity Analysis Results 

Table 5-24. Stepwise Regression Analysis with Rank-Transformed Data for Gas Migration Distance South 

2 Out Anhydrite Layers a+ b (GDSTANHS) 

3 

Step 

1 

2 

3 

4 

4 

Variable Description 
----~----------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 
permeability 

BCFLG Brooks-Corey/van Genuchten­
Parker weighting factor 

STOICMIC Biodegradation stoichiometric 
coefficient 

SRC 

0.59 0.34 

0.45 0.53 

-0.35 0.62 

0.24 0.68 

5 Table 5-25. Stepwise Regression Analysis with Rank-Transformed Data for Gas Migration Distance South 
6 Out MB138 (GDSTMB8S) 

7 

Step 

1 

2 

3 

4 

8 

5-52 

Variable Description 
----~----------------

BRSAT Initial brine saturation in waste 

MBPERM Log of anhydrite interbeds 

permeability 

BCFLG Brooks-Corey /van Genuchten­

Parker weighting factor 

STOICMIC Biodegradation stoichiometric 

coefficient 

SRC 

0.58 0.34 

0.51 0.57 

-0.41 0.71 

0.19 0.75 



5.4 Gas Flow 

I The regression analysis for gas migration distance out through the Culebra, shown in Table 5-26, selected 

2 BCFLG as the most influential variable, although its effect is minor. The low values of R2 are obtained because 

3 only eight realizations resulted in gas migration distances from the shaft into the Culebra that were greater than zero. 

4 With so few non-zero responses, little significance can be assigned to this analysis. 

5 Table 5-26. Stepwise Regression Analysis with Rank-Transformed Data for Gas Migration Distance South 

6 Out the Culebra (GDSTCULS) 

7 

Step 

1 

2 

3 

Variable 

BCFLG 

Description 

Brooks-Corey/van Genuchten­

Parker weighting factor 

BCEXP Brooks-Corey exponent 

SALPERM Intact Salado halite permeability 

SRC 

-0.49 

-0.35 

0.27 

8 5.4.5 Cumulative Net Gas Flow Upward through Shaft Seal 

0.18 

0.29 

0.36 

9 Two more crucial performance measures are flow through the shaft seal and flow into the Culebra layer of the 

I 0 BRAG FLO model. Since the lower shaft is assumed to have zero residual gas saturation, any amount of gas that 

II gets through the shaft seal can, in principle, reach the Culebra layer, which is outside the disposal unit boundary. 

12 (The top of the Salado Fonnation is the boundary for purposes of evaluating gas migration.) Cumulative flow into 

13 the Culebra, GASCUL TC (which is actually measured from the Culebra shaft seal into the Culebra), is greater than 

14 zero in 6 of the 70 realizations. Flows range from 109 to 136,000 m3. 

15 The regression analysis for cumulative gas flow through the shaft seal, Table 5-27, once again selected the 

16 initial brine saturation in the waste as the first variable. As in the anhydrite analyses, the correlation between gas 

17 flow and brine saturation is not particularly strong, but the scatterplot, Figure 5-23, shows an apparent minimum 

18 value of brine saturation (6%) below which no gas flows through the shaft seal. This again stems from a minimum 

19 gas and pressure generation required for gas to migrate beyond the repository. The plot of partial rank correlation 

20 coefficients, Figure 5-23, shows that BRSAT is the dominant variable over the full I 0,000 yr. Together with 

21 STOICMIC, gas generation parameters account for at least 47% of the variability in gas flow through the shaft seal. 
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Figure 5-23. Scatterplots and partial rank correlation coefficients for cumulative net gas flow upward through the 
shaft seal. (Rows of points in the rank plots with identical ranks result from the convention used to 
assign ranks to realizations with identical raw results [i.e., zero]). 
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5.4 Gas Flow 

I Table 5-27. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Upward Gas 

2 Flow through Shaft Seal (GSHSLUPC) 

3 

Step 

1 

2 

3 

Variable Description 
----~-------------------

BRSAT Initial brine saturation in waste 

SEALPRM2 Shaft seal permeability after 

200 yr 

STOICMIC Biodegradation stoichiometric 

coefficient 

4 5.4.6 Cumulative Net Gas Flow Upward into the Culebra 

SRC 

0.60 0.37 

0.50 0.60 

0.31 0.70 

5 The regression analysis for cumulative net gas flow into the Culebra from the Culebra shaft seal, in Table 5-28, 

6 selected the penneability of the shaft seal after 200 yr as the first variable. As expected, the higher the penneability, 

7 the more gas flowed into the Culebra. The correlation is not strong, accounting for only 30% of the variability in 

8 GASCUL TC, but this is largely a result of the few occurrences of flow into the Culebra; there were only six 

9 realizations in which there was any significant flow. (Two more realizations had minute quantities of gas flow into 

I 0 the Culebra- enough to result in measurable gas migration distances.) Whereas five of these ranged from II 0 m3 

II to I 070 m3, there was one realization that resulted in 136,000 m3. The scatterplots shown in Figure 5-24 illustrate 

12 how this correlation is unduly weighted by a single outlying data point, although the regression analysis supports 

13 intuitively finding that seal penneability and parameters that control gas generation have the most influence on the 

14 amount of gas that flows into the Culebra. The partial rank correlation coefficients, Figure 5-24, indicate that the 

15 influence ofthese two parameters is growing with time. The step-like behavior ofthe curves is indicative of the few 

16 realizations in which flow into the Culebra actually resulted. 

17 Table 5-28. Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Net Gas Flow into 

18 the Culebra (GASCUL TC) 

19 

Step 

1 

2 

Variable Description 
----~-------------------

SEALPRM2 Shaft seal permeability after 

200 yr 

BRSAT Initial brine saturation in waste 

SRC 

0.55 0.30 

0.38 0.45 
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Figure 5-24. Scatterplots and partial rank correlation coefficients for cumulative net gas flow upward through the 
shaft seal. (Rows of points in the rank plots with identical ranks result from the convention used to 
assign ranks to realizations with identical raw results [i.e., zero]). 
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6. SUMMARY AND CONCLUSIONS 

2 Conclusions based on these analyses are conditional on the modeling assumptions and parameter-value 

3 distributions used in the 199 2 preliminary P A. These analyses do not represent a final performance assessment, 

4 and results should not be used for comparisons to regulatory standards. The 1992 P A modeling system does not 

5 yet include all potentially important physical processes that may affect disposal-system performance (e.g., pressure-

s dependent fracturing of anhydrites and effects of possible channeling of fluid flow are not included in 1992, and 

7 will be included in future PAs), nor are all portions of the data base complete. Results are presented here to 

8 provide interim guidance to the WIPP Project as it plans for a final compliance evaluation. 

9 Of the 25 parameters that were selected for sampling in the analyses of undisturbed performance, 6 have 

1 o significant effects on the performance measures considered. These 6 parameters are listed in Table 6-1 as "very 

11 important," reflecting their potential impact on gas and brine migration from the repository. The single most 

12 important parameter, as shown in the sensitivity analyses described in Chapter 5 of this volume, is the initial brine 

13 saturation in the waste. Few data arc available for this parameter (see Section 2.4 of this volume), but for the range 

14 of values sampled here, the initial water content of the waste effectively controls the amount of gas that is 

15 generated. The total amount of gas generated, in tum, controls how much gas flows out through the various 

16 release pathways. Unless the overall gas-generation rate is very small, the full gas-generation potential allowed by 

17 the amount of water initially present will be realized over 10,000 yr. Unless the permeability of the anhydrite 

18 layers is near the lower limit of the sampled range, this time period is sufficient for gas to flow to the disposal-unit 

19 boundaries as long as enough water is initially present to generate the amount of gas required to flow that far. The 

20 other five parameters listed as "very important" also play a major role in influencing gas and brine migration from 

21 the repository, but their effect is secondary to that of the initial brine saturation. The range of initial brine 

22 saturation currently used does not have a sound basis in measured data, and is expected to change. Because this 

23 one parameter so dominates the undisturbed performance, a different range of values may produce different results, 

24 and even the conclusions with the strongest statistical support in this report should be regarded as preliminary. 

25 Most of the other sampled parameters had a smaller impact on gas and brine migration, and are listed as 

26 "important" in Table 6-l. These parameters each appear in only a few of the regression analyses reported in 

27 Chapter 5. Their importance, however, is conditional on the conceptual models used to describe the repository and 

28 its surroundings, and may change in future analyses as conceptual models are refined. 

29 The final category of parameters listed in Table 6-1, "less important," includes those that were not identified in 

30 any of the regression analyses reported in Chapter 5. Conditional on all assumptions of the 1992 PA, the 

31 distributions used for these parameters had no effect on the undisturbed performance measures considered. 

32 Essentially any value could have been selected from the distributions and used as a fixed value throughout without 

33 affecting performance, implying that, unless conceptual models change significantly, these parameters could be 

34 omitted from future samplings if the present ranges are shown to be defensible. However, these conclusions apply 

35 only to undisturbed performance; some parameters that are insignificant here (e.g., Culebra matrix porosity) may 

36 be more important in assessing performance following human intrusion. 
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6. Summary and Conclusions 

1 Table 6-1. Importance of Sampled Parameters with Respect to 40 CFR 268.6. Results apply only to 
2 undisturbed performance of the repository (no human intrusion), and are conditional on 
3 modeling assumptions, the choice of parameters sampled, and the assumed parameter-value 
4 distributions. Comparable results for 40 CFR 191 B (disturbed performance) can be found in 
5 Volume 4 of this report. 
6 

* 

6-2 

Parameter Name Parameter Description 

Very Important Parameters (listed in order of importance) 

BRSAT 
MBPERM 
STOICMIC 
GRCORI 
GRMICI 
SEALPERM2 

Initial brine saturation in waste* 
Salado anhydrite permeability 
Biodegradation stoichiometric coefficient 
Corrosion gas-generation rate, inundated conditions 
Biodegradation gas-generation rate, inundated conditions 
Shaft seal permeability after 200 yr 

Important Parameters (lisited in alphabetical order) 

BCFLG 
GRCORHF 
GRMICHF 
MBPOR 
SALPERM 
SEALPERM1 
SHFTPRM 
STOICCOR 
TZPORF 
VMETAL 
VWOOD 

Brooks-Corey/van Genuchten-Parker pointer 
Corrosion gas-generation rate factor, humid conditions 
Biodegradation gas-generation rate factor, humid conditions 
Salado anhydrite porosity 
Salado halite permeability 
Shaft seal permeability, 0-200 yr 
Lower shaft permeability, 0-200 yr 
Corrosion stoichiometric coefficient 
Transition zone and DRZ porosity factor 
Initial volume fraction of metals and glass in waste 
Initial volume fraction of combustibles in waste 

Less Important Parameters (listed in alphabetical order) 

BCBRSAT 
BCEXP 
BCGSSAT 
BKFLPOR 
CULPOR 
DSEALPRM 
MBPRES 
SEALTHK 

Residual brine saturation in Salado Fm. 
Brooks-Corey relative permeability model exponent 
Residual gas saturation in Salado Fm. 
Porosity of backfill in drifts, experimental region, and shaft below seal 
Matrix porosity of Culebra 
Drift and panel seal permeability 
Far-field pressure in Salado Fm. 
Shaft seal vertical thickness 

Importance of initial brine saturation in the waste may be highly sensitive to the assumed 
parameter-value distribution. See text for additional information. 
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Appendix A:. Memorandum Regarding Reference Data 

2/17/93 

WIPP Performance Assessment Dept. 6342 

Ray E. Finley, 6121, and Palmer Vaughn, 6342 

Seal and Backfill Information 

A series of meetings was held between the Repository Isolation Systems Dept. (6121) and the 
WIPP Performance Assessment Dept. (6342) personnel to develop seal and backfill parameters 
for the 1993 gas migration calculations to be performed by Dept. 6342. Estimates for seal and 
backfill parameters were developed from available literature for two time periods: 0-200 
years, and 200-10,000 years. The modeling to be done by 6342 requires upper and lower 
bound estimates, and in some cases "best guess" estimates for each parameter of interest for 
each time period. Table I (attached) lists the various seal and backfill locations and 
parameters required for the Gas Migration calculations. 

The estimates listed in Table I assume that the water-bearing-zone seals are effective at 
limiting water inflow into the facility .. Also, these estimates do not take into consideration the 
DRZ in the surrounding halite or in the interbeds (primarily MB 139). 

It should be stressed that the values in Table I are estimates and could change as our 
understanding of the nature and behavior of the seal materials changes. Also, the estimates are 
limited by the assumptions used in the reference materials. 

Implicit in Table I are various assumptions of correlations between certain parameters; e.g., 
porosities are correlated to permeabilities, although the correlation is not stated. The threshold 
capillary pressure is assumed to be correlated to permeability. 

Although the values shown in Table I represent the current best estimates, modeling 
constraints and the need to be more consistent in making assumptions resulted in some changes 
in values. The values actually used in the calculations are shown in Table 2. Correlations 
implicit in Table I were clarified and are shown more explicitly in Table 2. In particular, 
note that porosities are correlated to the log of permeabilities. 

Initial brine saturations were originally assumed to correspond to 5-8 wt% of the salt and 
backfill. However, given the ranges of porosities in Table 2 and using values of bulk density 
and brine density measured for WIPP halite and Salado brine (2140 kg/ms and 1230 kg/ms, 
respectively, it was found that 5-8 wt% brine corresponds to more than 90% brine saturation. 
The lowest brine saturation corresponds to 5 wt% brine added to halite having a compacted 
porosity of 9%. If 5 wto/o brine is added to crush halite having a porosity of 9% after 
compaction, the pore space will be 90% saturated with brine. Rather than sample a narrow 
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range of initial brine saturations in the backfill/seal/shaft components (90- 1 00%) a fixed value 
of 100% is assumed ( 1.0, Table 2). 

In Table 1, the porosity of the Shaft Seal is shown changing after 200 years, and the Shaft Fill 
porosity differs from that of the Shaft Seal. Furthermore, it is anticipated that the Shaft Fill 
porosity will become identical to that of the Shaft Seal after 200 years. However, these 
changes create problems in modeling because they constitute instantaneous changes in brine 
mass that introduce mass balance errors into the calculations. It is difficult to rationalize these 
errors, which are artifacts of the model. To avoid this difficulty, the porosities of these two 
materials will be assumed to be equal and constant in time, rather than changing at 200 years. 
This is expected to result in more accurate results even though the porosity change that is 
actually believed to occur is ignored. 

The parameter values listed in Table 1 were developed from information contained in the 
following references: 

Arguello, J.G., 1988, "WIPP Panel Entryway Seal - Numerical Simulation of Seal Composite 
Interaction for Preliminary Design Evaluation," SAND87-2804, Sandia National Laboratories, 
Albuquerque, NM. 

Butcher, B.M., 1991, "The Advantages of a Salt/Bentonite Backfill for Waste Isolation Pilot 
Plant Disposal Rooms," SAND90-3074, Sandia National Laboratories, Albuquerque, NM. 

Ehgartner, B., 1990, "Geomechanical Analyses in Support of the Waste Isolation Pilot Plant 
(WIPP)," SAND90-0285, Sandia National Laboratories, Albuquerque, NM. 

Ehgartner, B., 1991, "A Coupled Mechanical/Hydrological Model for WIPP Shaft Seals," 
SAND90-2826, Sandia National Laboratories, Albuquerque, NM. 

Finley, R.E., and J .R. Tillerson, 1992, "WIPP Small Scale Seal Performance Tests - Status and 
Impacts" SAND91-2247, Sandia National Laboratories, Albuquerque, NM. 

Morgan, H.S., 1987, "TRU Storage Room Calculation with Stratigraphy," Memo to D.E. 
Munson, December 9, 1987, Sandia National Laboratories, Albuquerque, NM. 

Nowak, E.J ., J .R. Tillerson, and T.M. Torres, 1990, "Initial Reference Seal System Design: 
Waste Isolation Pilot Plant," SAND90-0355, Sandia National Laboratories, Albuquerque, NM. 

Stormont, J.C., and C.L. Howard, 1987, "Development, Implementation, and Early Results: 
Test Series C of the Small-Scale Seal Performance Tests," SAND87-2203, Sandia National 
Laboratories, Albuquerque, NM. 

Weatherby, J.R., W.T. Brown, and B.M. Butcher, 1991, "The Closure of WIPP Disposal Rooms 
Filled with Various Waste and Backfill Combination," Proceedings of the 33rd U.S. Rock 
Mechanics Symposium, A.A. Balkema, Pub. 
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Table 1. Parameter Values Initially Determined for Use in Gas Migration Calculations Using 
BRAG FLO. 

Material 
Time Period I 

0-200 yrs 

Shaft Seal 
Permeability (m2) 
Porosity 

5.0xi0-16 > I.Oxi0-18 > l.Oxi0-19 

12% > 9% > 7% 
Brine saturation 
Capillary pressure 
Length (m) 

Shaft Fill 
Permeability (m2) 
Porosity 
Brine saturation 
Capillary pressure 

Backfill/Experimental/Lower Shaft 
Permeability (m2) 
Porosity 
Brine saturation 
Capillary pressure 

Culebra Seal 
Permeability (m2) 
Porosity 
Brine saturation 
Capillary pressure 

Panel Seals 
Permeability (m2) 
Porosity 
Brine saturation 
Capillary pressure 

5%- 8% (wt.) 
Correlation 

30- 90 

l.OxiO -16 - I.Oxi0-19 
16%- 7% 

5% - 8% (wt.) 
Correlation 

l.Oxi0-15- I.Oxi0-17 
2% < 10% < 12% 
5%- 8% (wt.) 

Correlation 

l.Oxi0-18 
Values for concrete 

100% 
Correlation 

l.Oxi0-18 - l.Oxi0-21 
5%-9% 
5%- 8% 

Time Period 2 
200-10,000 yrs 

I. Ox I 0-18 - I. Ox 1 o-21 
9%- 1% 

Correlation 
Remainder of Shaft 

Same 
as 

Shaft 
Seal 

l.Oxi0-16 - I.Oxi0-17 
I% - 7.5% 

Correlation 

Same 
as 

Shaft 
Fill 

Same 
as 

Time 
Period 1 

Note: All values based on water-bearing zone seals being effective at minimizing inflow and 
no significant contribution to saturation from halite. 
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Table 2. Modified Parameter Values to be Used in Gas Migration Calculations Using 
BRAG FLO. 

Material/Property 

Shaft Seal 
Permeability (m2) 
Porosity 
Brine saturation 
Length (m) 

Shaft Fill 
Permeability (m2) 
Porosity 
Brine saturation 

Backfill/Experimental/Lower Shaft 
Permeability (m2) 
Porosity 
Brine saturation 

Culebra Seal 
Permeability (m2) 
Porosity 
Brine saturation 
Length (m) 

Panel Seals 
Permeability (m2) 
Porosity 
Brine saturation 

Time Period I 
0-200 yrs 

l.Ox10-19 - 5.0x10-16 
Same as period 2 

1.00 
30 - 100 

l.Oxi0-19 - l.Ox10-15 
same as Shaft Seal 

1.00 

l.OxJ0-15 
0.01 - 0.075 

1.00 

I.Oxi0-18 
0.208 

wo 
7.7 

I.Oxi0-21 - l.OxJ0-18 
0.05 - 0.09 

1.00 

Note: I) "Brine saturation" is Initial Brine Saturation. 

Time Period 2 
200-10,000 yrs 

1.0x10-21 - l.Ox10-18 
0.01 - 0.09 

Rest of Upper Shaft 

Same as 
Shaft Seal 

Same as 
Period 1 

Same as 
Shaft Seal 

7.7 

Same as 
Period 1 

2) Porosity of Shaft Seal (Period 2) correlated linearly to Jog of Shaft Seal permeability 
(Period 2). 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations 

Halite 

( 1) Permeability 
k 

(2) Porosity 

(3) Compressibility 

P! 

g 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

= 10k 
= Sampled variable 

(LHS variable # 1 0) 
LHS distribution type: Cumulative 
Range: -24.0 to -19.0 

= Sampled anhydrite porosity 
(LHS variable #16) 
LHS distribution type: Cumulative 
Range: 1.0 x IQ-3 to 3.0 x 10-2 

~ (p:;~- ilt J 
= Specific storage 
= 1.4 x w-6 
= Salado brine fluid density 
= 1.23 X 103 

= Acceleration due to gravity 
=9.79 
=Porosity 

= Salado brine fluid compressibility 
= 2.5 X 10-10 

=Sampled Brooks-Corey exponent 
(LHS variable #II) 
LHS distribution type: Cumulative 
Range: 2.0 X w-2 to 1.0 

= Sampled residual brine saturation 
(LHS variable #13) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

= Sampled residual gas saturation 
(LHS variable #14) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

= Sampled Brooks-Corey weighting factor 
(LHS variable #12) 
LHS distribution type: Delta 
Range: 0.0 to 1.0 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability )-o·346 

[dimensionless] 

[Pa-l] 

[m-1] 

[dimensionless] 
[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Initial Disturbed Rock Zone (DRZ) 
(Initial DRZ used during time period of -50 years to 0 years) 

(1) Permeability = 1.0 x w-t7 

(2) Porosity = Sampled anhydrite porosity 
(LHS variable #16) 
LHS distribution type: Cumulative 
Range: 1.0 X w-3 to 3.0 X w-2 

(3) Compressibility = (p:;<P - {31 J 
S5 =Specific storage 

= 1.4 x w-6 
P! = Salado brine fluid density 

= 1.23 X 1Q3 
g = Acceleration due to gravity 

=9.79 
l/J = Porosity 

f3J = Salado brine fluid compressibility 
= 2.5 X 10-10 

( 4) BCEXP = Sampled halite Brooks-Corey exponent 
(LHS variable # 11) 
LHS distribution type: Cumulative 
Range: 2.0 x 10-2 to 1.0 

(5) BCBRSAT =Sampled halite residual brine saturation 
(LHS variable #13) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

( 6) BCGSSA T = Sampled halite residual gas saturation 
(LHS variable #14) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 

= 0.56 · (Permeability)-0346 
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[dimensionless] 

[Pa-l] 

[m-1] 

[dimensionless] 
[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Transition Zone 

( 1) Permeability 
k 

= lOk 

= Sampled variable 
(LHS variable #15) 
LHS distribution type: Cumulative 
Range: -21.0 to -16.0 

(2) Porosity = Sampled anhydrite porosity 
(LHS variable #16) 
LHS distribution type: Cumulative 
Range: 1.0 X lQ-3 to 3.0 X w-2 

(3) Compressibility = ( P :;~ - f3 1 J 
Ss =Specific storage 

= 1.4 X lQ-6 

P! = Salado brine fluid density 
= 1.23 X 1Q3 

g = Acceleration due to gravity 
= 9.79 

l/J = Porosity 

f3t = Salado brine fluid compressibility 
= 2.5 X lQ-10 

(4) BCEXP =Sampled halite Brooks-Corey exponent 
(LHS variable # 11) 
LHS distribution type: Cumulative 
Range: 2.0 x lQ-2 to 1.0 

(5) BCBRSAT = Sampled halite residual brine saturation 
(LHS variable #13) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(6) BCGSSAT =Sampled halite residual gas saturation 
(LHS variable #14) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT =Brooks-Corey Threshold Capillary Pressure 

= 0.56 · (Permeability)-0·346 

[dimensionless] 

[Pa-l] 

[m-1] 

[dimensionless] 

[Pa- 1] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table 8-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Anhydrite 

(I) Permeability 
k 

= 10k 
= Sampled variable 

(LHS variable #15) 
LHS distribution type: Cumulative 
Range: -21.0 to -16.0 

(2) Porosity =Sampled variable [dimensionless] 
(LHS variable #16) 
LHS distribution type: Cumulative 
Range: 1.0 x IQ-3 to 3.0 x IQ-2 

(3) Compressibility = ( p :;~~ - fJ 1 ) [Pa-l] 

Ss =Specific storage [m-1] 
= 1.0 X IQ-6 

P! =Salado brine fluid density [kgfm3] 
= 1.23 X IQ3 

g =Acceleration due to gravity [mfs2] 
=9.79 

tP =Porosity [dimensionless] 

f3J = Salado brine fluid compressibility 
= 2.5 X IQ-10 

(4) BCEXP =Sampled halite Brooks-Corey exponent [dimensionless] 
(LHS variable #II) 
LHS distribution type: Cumulative 
Range: 2.0 X I o-2 to 1.0 

(5) BCBRSAT =Sampled halite residual brine saturation [dimensionless] 
(LHS variable #13) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(6) BCGSSAT =Sampled halite residual gas saturation [dimensionless] 
(LHS variable #14) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(7) BCFLG = Sampled SALADO Brooks-Corey weighting 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Anhydrite (Concluded) 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability f-D·346 
[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Cavity 1 
(Cavity 1 used to describe waste-emplacement region during time period of -50 years to 0 
years) 

(1) Permeability = 1.0 x 10-10 

(2) Porosity = 1.0 

(3) Compressibility = 0.0 

(4) BCEXP =Sampled halite Brooks-Corey exponent 
(LHS variable #11) 
LHS distribution type: Cumulative 
Range: 2.0 x 10-2 to 1.0 

(5) BCBRSA T = Residual brine saturation 
=0.0 

(6) BCGSSA T =Residual gas saturation 
=0.0 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT =Brooks-Corey Threshold Capillary Pressure 
=0.0 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Culebra 1 
(Culebra 1 used during time period of -50 years to 0 years) 

( 1) Permeability 

(2) Porosity 

(3) Compressibility 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

= 0.0 

= Sampled Culebra porosity 
(LHS variable #43) 
LHS distribution type: Data 
Range: 5.80565 x lQ-2 to 2.5250 x lQ-1 

= 0.0 

=Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
=0.2 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 
= 0.0 

[dimensionless] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Cavity 2 
(Cavity 2 used to describe excavated volume other than waste-emplacement region during 
time period of -50 years to 0 years) 

( 1) Permeability 

(2) Porosity 

(3) Compressibility 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

B-10 

= 1.0 X 1Q-10 

= 1.0 

=0.0 

= Sampled halite Brooks-Corey exponent 
(LHS variable #11) 
LHS distribution type: Cumulative 
Range: 2.0 x 1 Q-2 to 1.0 

= Residual brine saturation 
=0.0 

= Residual gas saturation 
=0.0 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 
=0.0 

[dimensionless] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Waste 
(Waste replaces Cavity I at time=O years) 

(1) Permeability = 1.0 x 10-13 

(2) Porosity = 6.601785 x 10-1 

(3) Compressibility = 1.6 x 10-9 

(4) BCEXP =Brooks-Corey exponent 
= 2.89 

(5) BCBRSAT = Residual brine saturation 
= 2.76 X 10-1 

(6) BCGSSAT =Residual gas saturation 
=0.7 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 
= 0.0 

(9) Initial Iron (Fe) Concentration: 

[dimensionless] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 

[kgfm3] 

_ WTDRMET · (WTFRFEjVDRUM) · ro · VWASTE + WTFECONT 

VREPOS 

WTDRMET 

WTFRFE 

VDRUM 

VWASTE 

WTFECONT 

VREPOS 

= Mass of contents of one drum of metal+glass [kg] 
=64.5 
= Mass fraction of corrodable metal in 

metal+glass [dimensionless] 
= 0.7210021 
=Volume fraction of metal (i.e. Fe) [dimensionless] 
= Sampled variable (LHS variable #9) 

LHS distribution type: Normal 
Range: 2.76 x 10-1 to 4.76 x 10-1 

=Volume (internal capacity) of one drum [m3] 
= 0.21 
=Design volume of waste in repository [m3] 
= 1.75564 X 105 
= Mass of Fe in containers [kg] 
= 2.6132656 X 107 
= Total excavated storage volume of repository [m3] 
= 4.36023214418 X 105 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Waste (Continued) 
(Waste replaces Cavity 1 at time=O years) 

( 1 0) Initial Cellulose Concentration: [kgfm3] 

= 

= 

WTDRCOMB 

WTFRB/0 

VWASTE 

VDRUM 

WTBIOCONT 

VREPOS 

CONCB/0/ 
WTDRCOMB 0 WTFRB/0 ° w 0 (VWASTE/VDRUM) + WTBIOCONT 

VREPOS 

= Mass of contents of one drum of combustibles [kg] 
=4000 
= Mass fraction of biodegradables in 

combustibles [dimensionless] 
= 005546459 
=Volume fraction of combustibles [dimensionless] 
=Sampled variable (LHS variable #8) 

LHS distribution type: Normal 
Range: 2084 x 10-1 to 4084 x 10-1 

=Design volume of waste in repository [m3] 
= 1.75564 X 105 
=Volume (internal capacity) of one drum [m3] 
=0021 
= Mass of biodegradables in containers [kg] 
=000 
=Total excavated storage volume of repository [m3] 
= 4.36023214418 X 105 

( 11) Gas Production Rate, Corrosion, Inundated [mol Fe/(m3·s)] 

B-12 

ASDRUM 

DRPANEL 

VPANELX 

4.0-w 

300 
(J.) 

= A 
0 

(ASDRUM 0 DRPANEL) 
((400- w)/300) 0 VPANELX 

= Sampled variable 
(LHS variable #2) 
LHS distribution type: Cumulative 
Range: 000 to 1.3 x 10-8 

= Surface area of corrodable metal per drum 
= 6.0 
= Number of Drums in one Panel 
= 8.606362 X }04 
= Excavated volume of one panel 
= 46097 06458546 

= Anoxic Iron Corrosion Stoichiometry 

= Sampled variable 
(LHS variable #4) 
LHS distribution type: Uniform 
Range: 0.0 to loO 

[mol Fe/(m2·s)] 

[dimensionless] 

[dimensionless] 

[dimensionless] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Waste (Continued) 
(Waste replaces Cavity 1 at time=O years) 

( 12) Gas Production Rate, Microbial, Inundated: [mol cellulose/(m3·s)] 

CONCB/01 

WTDRCOMB 

WTFRB/0 

(JJ 

VWASTE 

VDRUM 

WTBIOCONT 

VREPOS 

STOIMIC 

= ,t. CONCBIOflsToiMIC 

= Sampled variable 
(LHS variable #5) 
LHS distribution type: Cumulative 
Range: 0.0 to 1.6 X 1 o-8 

= Initial Cellulose Concentration 
(same as equation (1 0) ) 

[mol cellulose/(kg·s)] 

WTDRCOMB · WTFRB/0 · ro · (VWASTE/VDRUM) + WTBIOCONT 
=--------------------~------~----~------------

VREPOS 

= Mass of contents of one drum of combustibles [kg] 
=40.0 
= Mass fraction of biodegradables in 

combustibles [dimensionless] 
= 0.5546459 
=Volume fraction of combustibles [dimensionless] 
= Sampled variable (LHS variable #8) 

LHS distribution type: Normal 
Range: 2.84 x to-1 to 4.84 x I0-1 

=Design volume of waste in repository [m3] 
= 1.75564 X 105 
=Volume (internal capacity) of one drum [m3] 
= 0.21 
= Mass of biodegradables in containers [kg] 
=0.0 
= Total excavated storage volume of repository [m3] 
= 4.36023214418 X 105 
= Microbial Stoichiometry 
= Sampled variable 

(LHS variable #7) 
LHS distribution type: Uniform 
Range: 0.0 to 1.67 

[dimensionless] 

(13) Humidity Factor, Corrosion= Sampled variable [dimensionless] 
(LHS variable #3) 
LHS distribution type: Cumulative 
Range: 0.0 to 0.5 

(14) Humidity Factor, Microbial= Sampled variable [dimensionless] 
(LHS variable #6) 
LHS distribution type: Uniform 
Range: 0.0 to 0.2 

B-13 



Appendix B: BRAGFLO Reference Tables 

Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Waste (Concluded) 
(Waste replaces Cavity 1 at time=O years) 

5 A . I C . S . h. 4·0 - m ( 1 ) nox1c ron orros10n tmc 10metry = ---
3.0 

= Sampled variable (LHS variable #4) 
LHS distribution type: Uniform 
Range: 0.0 to 1.0 

(16) Microbial Stoichiometry = Sampled variable 
(LHS variable #7) 

B-14 

LHS distribution type: Uniform 
Range: 0.0 to 1.67 

[dimensionless] 

[dimensionless] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Final Disturbed Rock Zone (DRZ) 
(Final DRZ replaces Initial DRZ at time=O years) 

( 1) Permeability 
k 

(2) Porosity 

cpA 

(0 

= 10* 
=Sampled variable (LHS variable #10) 

LHS distribution type: Cumulative 
Range: -24.0 to -19.0 

= C/J A + W(O. 06- C/J A) 
= Sampled anhydrite 

(LHS variable #16) 

= Sampled variable 
(LHS variable # 17) 
LHS distribution type: Uniform 
Range: 0.0 to 1.0 

(3) Compressibility = (p:;<P- Jl1 J 
Ss = Specific storage 

= 1.4 X lQ-6 

PJ = Salado brine fluid density 
= 1.23 X 1Q3 

g = Acceleration due to gravity 
=9.79 

cp = Porosity 

/3J =Salado brine fluid compressibility 
= 2.5 x w-w 

( 4) BCEXP = Sampled halite Brooks-Corey exponent 
(LHS variable #11) 
LHS distribution type: Cumulative 
Range: 2.0 X 1 o-2 to 1.0 

(5) BCBRSAT =Sampled halite residual brine saturation 
(LHS variable #13) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(6) BCGSSAT = Sampled halite residual gas saturation 
(LHS variable #14) 
LHS distribution type: Uniform 
Range: 0.0 to 0.4 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

[dimensionless] 
[dimensionless] 

[dimensionless] 

[Pa-l] 

[m-1] 

[kgfm3] 

[dimensionless] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Final Disturbed Rock Zone (DRZ) (Concluded) 
(Final DRZ replaces Initial DRZ at time=O years) 

(8) BC_PCT 

B-16 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 · (Permeability)-{)·346 
[Pa] 



Appendix 8: BRAGFLO Reference Tables 

Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Culebra 
(Culebra replaces Culebra 1 at time=O years) 

(1) Permeability 

1( 

J1 

P! 

g 

(2) Porosity 

(3) Compressibility 

s 

t 

P! 

cp 
g 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

ICJl = 
Ptg 

=Hydraulic Conductivity 
= 2.24 x w-7 

= Culebra brine viscosity 
= 1.0 x w-3 

= Culebra brine fluid density 
= 1.09x 103 
= Acceleration due to gravity 
=9.79 

= Sampled variable 
(LHS variable #43) 
LHS distrribution type: Data 
Range: 5.80565 x 10-2 to 2.52500 x 10-1 

s 
= tpfcpg- f3t 

=Storage coefficient(= Specific storage 
x thickness) 

= 2.0 x w-s 
= Culebra layer thickness 
=7.7 
= Culebra brine fluid density 
= 1.09 X 1Q3 

=Porosity 
= Acceleration due to gravity 
=9.79 
= Culebra brine fluid compressibility 
= 2.5 X 10-10 

= Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
=0.2 

= Brooks-Corey weighting factor 
= 1.0 

[m/s] 

[kg/(m·s)] 

[kgfm3] 

[dimensionless] 

[Pa-l] 

[dimensionless] 

[m] 

[kgfm3] 

[dimensionless] 
[mfs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Culebra (Concluded) 
(Culebra replaces Culebra 1 at time=O years) 

(8) BC_PCT 

B-18 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability )-0·346 
[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Shaft Seal 
(Shaft Seal, Upper Shaft, Lower Shaft, Backfill, Culebra Seal, and Experimental Region 
replaces Cavity 2 at time=O years) 

(1) Permeability 

(2) Porosity 

(1) 

(3) Compressibility 

Ss 

P! 

¢ 
g 

f3J 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

= Sampled variable 
(LHS variable #22) 
LHS distribution type: Lognormal 
Range: 1.0 x lQ-19 to 5.0 x lQ-16 

= ( LOGIOw ~1~0GJO(l.Ox10-21) -21 )(0.09- 0.01) + 0.01 
LOG10 (l.Oxl0 ) - LOG10 (l.Ox10 ) 

[dimensionless] 

= Sampled variable [m2] 
(LHS variable #23) 
LHS distribution type: Lognormal 
Range: 1.0 x lQ-21 to 1.0 x lQ-18 

= (P:;~ -P,) 
= Specific storage 
= 1.4 X lQ-6 

= Salado brine fluid density 
= 1.23 X 1Q3 

=Porosity 
= Acceleration due to gravity 
=9.79 

= Salado brine fluid compressibility 
= 2.5 X lQ-10 

= Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
=0.0 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability )-o·346 

[Pa-l] 

[m-l] 

[kg!m3] 

[dimensionless] 
[mfs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Upper Shaft 
(Shaft Seal, Upper Shaft, Lower Shaft, Backfill, Culebra Seal, and Experimental Region 
replaces Cavity 2 at time=O years) 

( 1) Permeability 

(2) Porosity 

(J) 

(3) Compressibility 

Ss 

P! 

(/) 

g 

f3J 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

B-20 

= Sampled variable 
(LHS variable #24) 
LHS distribution type: Lognormal 
Range: 1.0 x I0-19 to 5.0 x I0-15 

= ( LOGwm --~~OGw(l.Oxl0-21) -21 )(0.09- 0.01) + 0.01 
LOG10 (l.Ox10 ) - LOG10 (l.Ox10 ) 

[dimensionless] 
= Sampled variable [m2] 

(LHS variable #23) 
LHS distribution type: Lognormal 
Range: 1.0 x I0-21 to 1.0 x I0-18 

= (P:;~ -P,) 
= Specific storage 
= 1.4 X 10-6 

= Salado brine fluid density 
= 1.23 X 103 
=Porosity 
= Acceleration due to gravity 
=9.79 
= Salado brine fluid compressibility 
= 2.5 X 10-10 

= Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
=0.0 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 · {Permeability)-0·346 

[Pa-l] 

[m-1] 

[kg/m3] 

[dimensionless] 
[mJs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Lower Shaft 
(Shaft Seal, Upper Shaft, Lower Shaft, Backfill, Culebra Seal, and Experimental Region 
replaces Cavity 2 at time=O years) 

(1) Permeability = 1.0 x IQ-15 

(2) Porosity = Sampled variable 
(LHS variable #26) 
LHS distribution type: Uniform 
Range: 1.0 x 10-2 to 7.5 x 10-2 

(3) Compressibility = (p:;q,- f31 J 
Ss = Specific storage 

= 1.4 X IQ-6 

P! = Salado brine fluid density 
= 1.23 X IQ3 

</J = Porosity 
g = Acceleration due to gravity 

=9.79 

f3t = Salado brine fluid compressibility 
= 2.5 X lQ-10 

(4) BCEXP =Brooks-Corey exponent 
=0.7 

(5) BCBRSAT =Residual brine saturation 
=0.2 

(6) BCGSSAT =Residual gas saturation 
=0.0 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability )-o·346 

[dimensionless] 

[Pa-l] 

[m-'1 

[dimensionless] 
[rnJs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued: 

Backfill 
(Shaft Seal, Upper Shaft, Lower Shaft, Backfill, Culebra Seal, and Experimental Region 
replaces Cavity 2 at time=O years) 

( 1) Permeability = 1.0 X 1 o-15 

(2) Porosity = Sampled LOWER SHAFf porosity 
(LHS variable #26) 
LHS distribution type: Uniform 
Range: 1.0 x lQ-2 to 7.5 x lQ-2 

(3) Compressibility ~ ( p :;I'> - f3 1 J 
Ss = Specific storage 

= 1.4 X lQ-6 

PJ = Salado brine fluid density 
= 1.23 X 1Q3 

l/J = Porosity 
g = Acceleration due to gravity 

=9.79 
f3J = Salado brine fluid compressibility 

= 2.5 X lQ-10 

( 4) BCEXP = Brooks-Corey exponent 
= 0.7 

(5) BCBRSA T = Residual brine saturation 
=0.2 

(6) BCGSSAT = Residual gas saturation 
= 0.0 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability )-0·346 

B-22 

[dimensionless] 

[Pa-l] 

[m-1] 

[dimensionless] 
[rnJs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Experimental Region 
(Shaft Seal, Upper Shaft, Lower Shaft, Backfill, Culebra Seal, and Experimental Region 
replaces Cavity 2 at time=O years) 

( 1) Permeability 

(2) Porosity 

(3) Compressibility 

Ss 

Pt 

q, 
g 

f3t 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

= 1.0 X lQ-15 

= Sampled Lower Shaft porosity 
(LHS variable #26) 
LHS distribution type: Uniform 
Range: 1.0 x 10-2 to 7.5 x 10-2 

-(~-/3 J - Ptgl/J I 

= Specific storage 
= 1.4 X lQ-6 

= Salado brine fluid density 
= 1.23 X 1Q3 

=Porosity 
= Acceleration due to gravity 
=9.79 
= Salado brine fluid compressibility 
= 2.5 X lQ-10 

= Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
= 0.0 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 · (Permeability)-0·346 

[dimensionless] 

[Pa-l] 

[m-1] 

[dimensionless] 
[rnJs2] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 

B-23 



Appendix B: BRAGFLO Reference Tables 

Table B-1. Variable Parameters for Volume 5 BRAGFLO Callculations (Continued) 

Shaft Seal2 
(Shaft Seal 2 replaces Culebra Seal, Upper Shaft, and Shaft Seal at time=200 years) 

( 1) Permeability 

(2) Porosity 

(1) 

(3) Compressibility 

PJ 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

B-24 

= Sampled Shaft Seal permeability 
(LHS variable #22) 
LHS distribution type: Lognormal 
Range: 1.0 x lQ-19 to 5.0 x lQ-16 

= ( LOGJOm -=~~OGJO(l.Ox10-2t) -21 ](0.09- 0.01) + 0.01 
LOG10 (l.Ox10 ) - LOG10 (l.Ox10 ) 

= Sampled variable 
(LHS variable #23) 
LHS distribution type: Lognormal 
Range: 1.0 x 10-21 to 1.0 x lQ-18 

= (p:~~ -PI J 
= Specific storage 
= 1.4 x w-6 

= Salado brine fluid density 
= 1.23 X 1Q3 

=Porosity 
= Acceleration due to gravity 
=9.79 
= Salado brine fluid compressibility 
= 2.5 X lQ-10 

= Brooks-Corey exponent 
=0.7 

= Residual brine saturation 
=0.2 

= Residual gas saturation 
=0.0 

= Brooks-Corey weighting factor 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure 

= 0.56 · (Permeability)-0·346 

[dimensionless] 
[dimensionless] 

[dimensionless] 
[rnfs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Continued) 

Panel Seal 

( 1) Permeability 

(2) Porosity 

(3) Compressibility 

Ss 

P! 

cfJ 
g 

f3J 

(4) BCEXP 

(5) BCBRSAT 

(6) BCGSSAT 

(7) BCFLG 

(8) BC_PCT 

= Sampled variable 
(LHS variable #25) 
LHS distribution type: Lognormal 
Range: 1.0 x IQ-21 to 1.0 x IQ-18 

=(LOG10(Permeability)- LOGw(l.Oxi0-21 ))(o.o9 _ O.OS) + o.o5 
LOG10(I.Ox1Q-18)- LOG10(I.Ox1Q-21) 

[dimensionless] 

= (p:;¢ -PI J [Pa-l] 

= Specific storage [m-1] 

= 1.4 X IQ-6 

= Salado brine fluid density [kgfm3] 
= 1.23 X 1Q3 

=Porosity [dimensionless] 

= Acceleration due to gravity [m/s2] 
= 9.79 
= Salado brine fluid compressibility [Pa-l] 

= 2.5 X IQ-10 

=Brooks-Corey exponent [dimensionless] 
= 0.7 

= Residual brine saturation [dimensionless] 
=0.2 

= Residual gas saturation [dimensionless] 
=0.0 

= Brooks-Corey weighting factor [dimensionless] 
= 1.0 

= Brooks-Corey Threshold Capillary Pressure [Pa] 

= 0.56 · (Permeability)-{)·346 
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Table B-1. Variable Parameters for Volume 5 BRAGFLO Calculations (Concluded) 

Culebra Seal 

(1) Permeability = 1.0 x I0-18 

(2) Porosity = 0.2 

(3) Compressibility = ( p :;¢ -{3 1 ) 

Ss = Specific storage 
= 1.4 X IQ-6 

Pi = Salado brine fluid density 
= 1.23 X 1Q3 

cp =Porosity 
g = Acceleration due to gravity 

=9.79 
f3J = Salado brine fluid compressibility 

= 2.5 X lQ-10 

(4) BCEXP =Brooks-Corey exponent 
=0.7 

(5) BCBRSAT = Residual brine saturation 
=0.2 

(6) BCGSSAT =Residual gas saturation 
=0.0 

(7) BCFLG = Brooks-Corey weighting factor 
= 1.0 

(8) BC_PCT = Brooks-Corey Threshold Capillary Pressure 

= 0.56 ·(Permeability r-o346 

B-26 

[dimensionless] 

[Pa-l] 

[kgfm3] 

[dimensionless] 
[rnfs2] 

[Pa-l] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[dimensionless] 

[Pa] 
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Table B-2. 1992 BRAGFLO Computed Variable Values for ANHYDRITE 

Run 
NQ, ~ Permeability Compressibility B..CEXf BCBRSAT BCGSSAT .ocaG B..C..E.CI 

I 2.8660x I o-2 1.4125x IQ- 18 2.64 76x I o-9 9.6790 8.7890x!Q·2 2.3300xJ0·1 0.0000 8.4002x I o5 
2 6.9900x IQ-3 1.6982x I o-20 1.1631 x 10-8 4.9660x 10-1 1.4570x 10·1 1.2590x 10·1 1.0000 3.8780x 106 
3 2.8970x I o-2 9.1201 x 10· 19 2.6166x 10-9 6. 7900x 10 -I 1.8490x I o- 1 2.1660x 10-1 1.0000 9.7730xl05 
4 5.6130xi0-3 5.0119xi0·20 1.4545x 10-8 5.1820 1.7260x 10·1 1.8900x I o-I 1.0000 2.6668xl06 

5 2.0560x w-2 1.1482x 1o-2o 3.7891xJ0·9 4.0710xi0·1 J.9880x 1 o- 1 1.4590x w-' 1.0000 4.4405x 106 
6 1.3750x 10-2 1.5136x Io-2° 5.7896x 10-9 6.1420 3.3170x IQ-I 4.7930xl0·2 0.0000 4.0356xl06 

7 2.5930x I o-2 1.7783x 10·20 2.9526x 10-9 1.0990 3.5430x 10·2 1.6220x 10·1 0.0000 3.8167x 106 

8 3.1850x 10·3 1.8197xl0· 19 2.5824x I o-8 6.4480 3.8660xi0·1 2.8520x I o-2 1.0000 1.7070x 1Q6 
9 2. 7270x I o-2 1.2303x I o-20 2.7953xl0-9 4.2610x I o- 1 3.4080x 10" 1 1.8690x 10·1 1.0000 4.3356xl06 

10 9.6770xlo-3 5.2481 X J0-1 8 8.3317x I o-9 1.5170 7.9000xio-2 3.4810xl0·1 1.0000 5.3342xJ05 
II 2.5730x I o-3 1.3183x I0-2° 3.2026x 10"8 5.1250x I o- 1 2.7170xl0· 1 2.0030x 10" 1 0.0000 4.2332xl06 

12 9.8270x 10-3 2.2387x w- 19 8.2007x 10·9 7.4960 1.41 OOx 10· 1 2.8620x 10·1 1.0000 1.5889xi06 
13 1.6610x I o-2 4.8978x I o-20 4.7497xlo-9 2.2490 3.6500x 10· 1 2.9370x I o-1 1.0000 2.6881xl06 
14 1.9600x 10"2 I.OOOOx I o-2° 3.9870x 10"9 3.0620x 10·1 8.3660x 10"3 1.7360x 10·1 1.0000 4.6579xl06 
15 1.1590x w-3 2.0893x I o-20 7 .1402x 10-8 4.4620x 10· 1 2.3100xJ0· 1 3.8350xi0·1 0.0000 3.6097xl06 

16 5.8700x 10"3 5.1286xlo-19 1.3897x J0-8 5.3590x 10·1 3. 7890x 10· 1 2.1720x 10·1 1.0000 1.1927x 106 

17 2.3950x I o-2 5. 7544x 10-20 3.2174x 10"9 5.9190 I.IJ30x 10·1 3.8060x 10·1 0.0000 2.5423xl06 

18 6.1370x!0-3 6.6069x I o-20 1.3282x 10"8 5.8730x 10-1 2.9470xi0- 1 8.6120x I o-3 0.0000 2.4236x 106 

19 6.2550x I o-3 4.5709x I o-20 !.3026x I o-8 2.0050 1.1640xl0-1 1.6670x 10·1 1.0000 2.7531xl06 

20 I. 7070x I o-2 4.4668x J0-20 4.6150xl0·9 6. 7090x 10·1 1.2940x 10-1 3.2110xl0·1 1.0000 2.7752x106 

21 2.3500x I Q-2 1.1481 x 10-19 3.2838x I o-9 2.2590x w- 1 1.9770x I o-2 2.2330x I o- 1 0.0000 2.00 18x I 06 

22 2.6030x I o-2 7.4131 )( IQ-20 2. 9403x 10-9 1.4340 2.1830x 10· 1 1.8710x 10-2 1.0000 2.3290xl06 

23 2.9920x 10-2 3.5481 x 10-20 2 .5256x 10·9 7.0990 2.3880xl0· 1 4 .5230x 10-2 1.0000 3 .0053x 106 
24 1.4710x 10"2 6.!660x I o-20 5.3955x I o-9 4.3270xio- 1 6.1270xi0-2 2.6430xio- 1 1.0000 2.4823xl06 

25 2.4720x 10·2 3.2359x I o-20 3.1094x JQ-9 2.7610 3.0510x w- 1 9.9900x 10"2 1.0000 3.1026xi06 
26 1.8820x 10-2 2.3988x I o-20 4.1626xi0-9 5.2660 2.4700x IQ-1 6.8060x I o-2 1.0000 3.4412xJ06 
27 2.2740x I o-3 2.!878x I o-20 3.6269x I o-8 8.3330 2.1280xi0- 1 7.5730x w-2 1.0000 3.5526xl06 

28 2.8830x I o-3 1.9499x 10·20 2.8555x 10"8 7.9460 3.4740xi0· 1 1.5270x 10"1 0.0000 3.6970xl06 

29 1.2680xi0-2 3.0903x I o-20 62993xJ0·9 6.0410xl0·1 3.3040x w- 1 3.5780x 10·1 1.0000 3.1525xl06 

30 8.7910xi0-3 7.4131 x 1 o-2o 9 .1966x w-9 2.0040xJ0· 1 1.4050x I o-2 1.5530x I0- 1 0.0000 2.3290xl06 

31 I. 7650x I o-2 3.2359xJo·21 4.4551 x 10·9 3.3160xlo-1 2.1130xl0· 1 2.4050x I o- 1 1.0000 6.8822xl06 

32 2.0930x I o-2 1.0471xl0·2° 3.7177xl0·9 8.8800 3.1430xl0·1 3.7550x IQ-1 1.0000 4.5842x J06 
33 6.6640x 10-3 4.6774xl0-1 9 1.2212x 10-8 5 .2200x 10" 1 I.0530x 10-1 3.4190xl0-l 1.0000 1.2313x 106 

34 9.1030x!0-3 1.2303x I o-2° 8.8728x 10"9 8.6520 2.5150x 10·1 3 .6280x w- 1 0.0000 4.3356xl06 

35 2.4230x I o-3 2.8184x I o-2° 3.4024x I o-8 3.9470xlo· 1 2.9070x I o- 1 1.3390x 10"1 1.0000 3.2545x 106 

36 2.7120x 10-2 1.9953x I o-2° 2.8121 x 1 o-9 2.7500x 10·1 3.7090xJ0·1 3.6960xi0-1 1.0000 3.6677xl06 

37 5.0960x!0-3 2.5704x I o-20 1.6046x I o-8 6.9780 2.2650x I o- 1 3.0790x I o-2 1.0000 3.3599xl06 

38 1.8940x 10"3 1.5!36x 10- 19 4.3596x w-8 2.9640 ). 7810x 10-1 3.9620x w- 1 1.0000 1.8193x 106 

39 1.0090x I o-2 5.6234x I o-2° 7. 9804x w-9 2.6060xl0· 1 1.6330x 10·1 3. 7240x 10·2 1.0000 2.5626xl06 

40 2.2760x I o-2 2.0893x w- 19 3.3987x I o-9 2.4160x 10·1 2.4340x I 0· 1 !.II OOx 10· 1 1.0000 1.6273x 106 

41 1.8020x I o-2 3.9811xl0· 19 4.3585x I o-9 5.7490x 10·1 1.3340x 10· 1 1.0650x I o- 1 1.0000 1.3019x 106 
42 2.1990xl0-2 2.3442x10·21 3.5265x w-9 5 .4840x I o-1 3. 9640x w- 1 3. 3500x IQ-1 0.0000 7.6943xl06 

43 5.1790x I o-3 2.6915xl0· 19 I.5785x w-8 4.0000 3.9070xl0· 1 1.2040x I o- 1 0.0000 1.4908x 106 
44 3.9010x1Q-3 5.3703x I o-20 2.1038x w-8 3.6050xl0· 1 2.5980x 10· 1 5. 7350x 10·2 0.0000 2.6038xl06 

45 9.3870x lQ-3 9.7724x 10-20 8.5968x I o-9 3.2390xi0-1 1.5830x w· 1 9.4190x lQ-2 1.0000 2.1166x106 

46 2.8280x w-2 1.6596x w-20 2.6865x I o-9 4.6060xi0-1 6.5170x w-2 2.3880x w- 1 1.0000 3.9090xl06 
47 6.5700x 10"3 9.1201 x 10·20 1.2390x I o-8 3.4760 3.1780xl0· 1 2.6060x 10-1 1.0000 2.1678x1Q6 
48 2.2390x I o-2 1.4125x 10-20 3.4590x I o-9 7.7080 4.5510x lQ-2 2.0750x 10· 1 0.0000 4.1332xl06 
49 1.6820x I o-3 6.9183xl0· 19 4.9123xi0·8 3.7530x w- 1 5.0110x 10·2 6.9900x IQ-2 1.0000 1.0753x 106 
50 1.2890x I o-2 2.4547x w-20 6.1926x I o-9 3.5390x I o- 1 1.8990x 10· 1 I. 9850x 10· 1 1.0000 3.4139x 106 
51 7.8440x w-3 4.0738xl0· 17 1.033 7x 10-8 5.6000x10· 1 2.3180x IQ-2 1.1810x 10·2 1.0000 2.6250xi05 
52 4.7130x1Q-3 8. 7097x 1 o-2o 1.7370x I o-8 3.2370 1.5040x I0- 1 3.8860xl0· 1 0.0000 2.2027xi06 
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Table B-2. 1992 BRA GFLO Computed Variable Values for ANHYDRITE (Concluded) 

Run 
M2.. ~ f!<I!!l!<i!l!ilil:i ~QIDI2mSil!ilil:i ~ B~BBSAI B~QSSAI BQ:l& JlUcr 

53 1.5900x I o-2 7.7625x J0-1 9 4.9729x w-9 6.7410 2.8470x 10·1 1.8060x I o· 1 1.0000 1.0334x!06 

54 1.4500x I o·2 1.4454x I o-20 5.4772x J0-9 4.7200x w-1 1.6590x 10·1 2.7290xJ0· 1 0.0000 4.1004xJ06 
55 2.0030x I o·2 1.0233xi0·17 3.8960x 10·9 6.5030x I o·1 3.2450xio-1 3.0330x JO·I 0.0000 4.2338x JOS 
56 1.1650x 10·2 1.0965x I o-20 6.8783x I o-9 4.8480 9 .2770x I o·2 5.2210x 10·2 0.0000 4.5118xl06 

57 4.5630x I o-3 5.2481xJ0·21 1.7950x w-s 9.2110 5.1160xi0-3 2.7770xJ0· 1 1.0000 5.8219x106 

58 8.7110x w-3 3.3884xJ0·19 9.2833xio-9 6.4060x 10·1 3.4880xJ0·1 3.2980xJ0·1 1.0000 1.3766xJ06 
59 2.5160x I o-2 7 .9433x I o-20 3.0507x w-9 8.9580 8.5120x I o·2 3.1270xJ0·1 1.0000 2.2740xl06 

60 8.2600x I o-3 9.5499x J0·20 9.8038x 10·9 9.8620 7 .0380x I o-2 8.1940x I o-2 1.0000 2.1336xJ06 
61 7 .3840x I o·3 4.1687xJ0·20 1.0997x 10·8 8.0490xJ0·1 2.7910xJ0· 1 1.3890x w-1 1.0000 2.8423x 106 

62 1.2250x I o-2 5.4954x J0· 19 6.5292x I o-9 2.8630x w-1 3.5990x I o- 1 2.5120x 10·1 1.0000 1.1645xl06 

63 4.1 090x I o-3 9 .5499x 10·17 1.9961 X J0·8 3.7540 2.00 lOx 10·1 2.8360xJ0· 1 0.0000 1.9548x JOS 
64 3.7390x 10·3 2.6915x I o·2° 2.1960x 10·8 2.4950 2.9320x I o-2 8.7020xJ0·2 1.0000 3.3068xl06 

65 7.4700xJ0·3 3.7153xJ0·20 1.0867x I o·8 2.5410x 10·1 2.6410xJ0· 1 3.5100xJ0·1 1.0000 2.9578xl06 

66 3.5330x 10·3 3.9811 X J0·20 2.3255x JO·S 6.9150xJO·I 1.2380x JO·I 3.1630x 10·1 0.0000 2.8879x 106 
67 8.1910xi0·3 1.3804x 10·19 9.8885xJ0·9 5.5890 5.6350xJ0·2 2.5370x 10·1 0.0000 I.8782x 106 

68 1.0760x 10·2 6.7608x J0·20 7.4679xJ0·9 4.5200 3.0240xJ0·1 2.9970xJ0· 1 0.0000 2.4044x 106 

69 1.5190xi0·2 3.3113x 10·20 5.2171xi0·9 4.3270 3.7150x 10·1 4.8390x 10·3 1.0000 3.0780x106 

70 1.4890x I o-3 1.3490x 10·21 5.5522x JO·S 6.2770x I o·1 1.0130x 10·1 1.1920x10·1 1.0000 9.3155xl06 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for ANHYDRITE 

Run 
.t:fu. ~ Penneability Compressibility l!CEXf BCBRSAT BCGSSAT .IKELQ ~ 

I 68. 66. 3. 69. 16. 41. I. 5. 
2 24. 16. 47. 21. 26. 23. 24. 55. 
3 69. 65. 2. 34. 33. 38. 24. 6. 
4 18. 37. 53. 52. 31. 34. 24. 34. 
5 54. 8. 17. 15. 35. 26. 24. 63. 
6 42. 14. 29. 56. 59. 9. I. 57. 
7 63. 17. 8. 37. 7. 29. I. 54. 
8 9. 54. 62. 57. 68. 5. 24. 17. 
9 66. 9. 5. 16. 60. 33. 24. 61. 
10 34. 67. 37. 39. 14. 61. 24. 4. 
II 7. II. 64. 22. 48. 36. I. 60. 
12 35. 56. 36. 61. 25. 51. 24. 15. 
13 47. 36. 24. 41. 64. 52. 24. 35. 
14 52. 5. 19. 8. 2. 31. 24. 66. 
15 I. 20. 70. 18. 41. 68. I. 51. 
16 19. 61. 52. 24. 67. 39. 24. 10. 
17 60. 40. II. 55. 20. 67. I. 31. 
18 20. 42. 51. 28. 52. 2. I. 29. 
19 21. 35. 50. 40. 21. 30. 24. 36. 
20 48. 34. 23. 33. 23. 57. 24. 37. 
21 59. 51. 12. 2. 4. 40. I. 20. 
22 64. 44. 7. 38. 39. 4. 24. 26. 
23 70. 30. I. 60. 42. 8. 24. 41. 
24 44. 41. 27. 17. II. 47. 24. 30. 
25 61. 28. 10. 43. 54. 18. 24. 43. 
26 51. 22. 20. 53. 44. 12. 24. 49. 
27 5. 21. 66. 64. 38. 14. 24. 50. 
28 8. 18. 63. 63. 61. 27. I. 53. 
29 40. 27. 31. 29. 58. 63. 24. 44. 
30 31. 44. 40. I. 3. 28. I. 26. 
31 49. 3. 22. 10. 37. 43. 24. 68. 
32 55. 6. 16. 66. 55. 66. 24. 65. 
33 23. 60. 48. 23. 19. 60. 24. II. 
34 32. 9. 39. 65. 45. 64. I. 61. 
35 6. 26. 65. 14. 51. 24. 24. 45. 
36 65. 19. 6. 6. 65. 65. 24. 52. 
37 16. 24. 55. 59. 40. 6. 24. 47. 
38 4. 53. 67. 44. 32. 70. 24. 18. 
39 36. 39. 35. 5. 29. 7. 24. 32. 
40 58. 55. 13. 3. 43. 20. 24. 16. 
41 50. 59. 21. 27. 24. 19. 24. 12. 
42 56. 2. 15. 25. 70. 59. I. 69. 
43 17. 57. 54. 48. 69. 22. ). 14. 
44 12. 38. 59. 12. 46. II. ). 33. 
45 33. 50. 38. 9. 28. 17. 24. 21. 
46 67. 15. 4. 19. 12. 42. 24. 56. 
47 22. 48. 49. 46. 56. 46. 24. 23. 
48 57. 12. 14. 62. 8. 37. ). 59. 
49 3. 63. 68. 13. 9. 13. 24. 8. 
50 41. 23. 30. II. 34. 35. 24. 48. 
51 27. 69. 44. 26. 5. 3. 24. 2. 
52 15. 47. 56. 45. 27. 69. ). 24. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for ANHYDRITE (Concluded) 

Run 
~ ~ Permeability Compressibility ru:EXr BCBRSAT BCGSSAT OCElli I!.C.KI 

53 46. 64. 25. 58. 50. 32. 24. 7. 
54 43. 13. 28. 20. 30. 48. I. 58. 
55 53. 68. 18. 32. 57. 54. I. 3. 
56 38. 7. 33. 51. 17. 10. I. 64. 
57 14. 4. 57. 68. I. 49. 24. 67. 
58 30. 58. 41. 31. 62. 58. 24. 13. 
59 62. 46. 9. 67. 15. 55. 24. 25. 
60 29. 49. 42. 70. 13. 15. 24. 22. 
61 25. 33. 46. 36. 49. 25. 24. 38. 
62 39. 62. 32. 7. 63. 44. 24. 9. 
63 13. 70. 58. 47. 36. 50. I. I. 
64 II. 25. 60. 42. 6. 16. 24. 46. 

65 26. 31. 45. 4. 47. 62. 24. 40. 
66 10. 32. 61. 35. 22. 56. I. 39. 
67 28. 52. 43. 54. 10. 45. I. 19. 

68 37. 43. 34. 50. 53. 53. I. 28. 

69 45. 29. 26. 49. 66. I. 24. 42. 
70 2. I. 69. 30. 18. 21. 24. 70. 
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Table B-2 1992 BRAGFLO Computed Variable Values for BACKFll..L 

Run 
lS.Q.. ~ ~,UD,i!bilil:t !.:Qml2rmibilil:t ~ B!.:BB.SAI .IKQSSAI OCf1.& B.C..KI 

I 2.4490x w-2 I.OOOOxJ0·15 4.4974xJQ·9 7.0000xJ0·1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

2 1.1240x I o·2 I.OOOOx JO·I5 1.0094x J0·8 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

3 5.1030x I o·2 I.OOOOxJ0·15 2.0283x I o-9 7.0000x I 0·1 2.0000x JO· 1 0.0000 1.0000 8.6734xl04 

4 1.6070x I o·2 I.OOOOx JO·I5 6.9848x 10·9 7.0000xJ0·1 2.0000x J0-1 0.0000 1.0000 8.6734xl04 

5 4.3250xJ0·2 I.OOOOxJQ·15 2.4381 x 1 o·9 7 .OOOOx I o· I 2.0000x I Q· 1 0.0000 1.0000 8.6734x 104 

6 5.8630x J0·2 I.OOOOxJO·I5 I. 7330x I 0·9 7.0000xJ0· 1 2.0000x I0-1 0.0000 1.0000 8.6734xl04 

7 6.6520x I o·2 I.OOOOxJQ·I5 1.4978x I o·9 7 .OOOOx I o· I 2.0000x I Q· 1 0.0000 1.0000 8.6734x 104 

8 3.6140xJ0·2 I.OOOOxiQ·15 2.9670xJ0·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

9 1.9210x I 0·2 1.0000xJ0·15 5.8022xJ0·9 7.0000x 10·1 2.0000x I 0·1 0.0000 1.0000 8.6734xl04 

10 4.7300xi0·2 1.0000xiQ·I5 2.2080x I 0·9 7.0000xi0· 1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

II 6. 7690x I 0·2 I.OOOOxJO·I5 1.4676x 10·9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

12 2.5040x I o·2 I.OOOOxJQ·15 4.3931xJ0·9 7.0000xJO·I 2.0000x I 0·1 0.0000 1.0000 8.6734xl04 

13 7 .0630x I 0·2 I.OOOOxi0· 15 1.3961 )( J0·9 7.0000xJ0· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

14 4.0420x J0·2 I.OOOOxJO·I5 2.6264x 10·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

15 2.1150xi0·2 1.0000xi0·15 5.2470x JQ·9 7.0000xi0· 1 2.0000x 10· 1 0.0000 1.0000 8.6734xl04 

16 7.2500x 10·2 1.0000xJ0·15 1.3536x I o·9 7 .OOOOx JQ· I 2.0000x JO· 1 0.0000 1.0000 8.6734xl04 

17 4.9250xJ0·2 I.OOOOxJ0· 15 2.1107x 10·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

18 1.3450x 10·2 I.OOOOx J0· 15 8.3941 x 1 o·9 7.0000xJ0·1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

19 7 .4520x I 0·2 1.0000xi0·15 1.310 I x 10·9 7 .OOOOx JO· I 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

20 3.7170xJ0·2 I.OOOOxiQ-15 2.8779x I o·9 7.0000x 10·1 2.0000x I Q·l 0.0000 1.0000 8.6734xl04 

21 5.5630x 10·2 I.OOOOxJO·I5 1.8399x I 0·9 7.0000xi0·1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

22 4.4090xJ0·2 I.OOOOx JQ-15 2.3869x I 0·9 7 .OOOOx 10· I 2.0000x I o· I 0.0000 1.0000 8.6734xl04 

23 6.0 I OOx I o·2 I.OOOOxJ0· 15 1.6845x I o·9 7.0000x 10·1 2.0000x 10· 1 0.0000 1.0000 8.6734xl04 

24 6. 9800x I 0·2 I.OOOOxJO·I5 1.4157x I o-9 7.0000xi0·1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

25 6.1100x10·2 I.OOOOxiQ·I5 1.6528x I o·9 7.0000x I o·1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

26 5.6930x J0·2 I.OOOOxJ0·15 I. 7922x 10·9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

27 2.8620xlo·2 1.0000xi0·15 3.8123xi0·9 7 .OOOOx 10·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

28 4.1490x J0·2 1.0000xi0·15 2.5522x I o-9 7 .OOOOx 10· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

29 1.4260x J0·2 1.0000xiQ·15 7.9031xi0·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

30 3.2140xJ0·2 I.OOOOxJQ·15 3.3674x 10·9 7.0000x JQ·I 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

31 2.6760x I o-2 I.OOOOx JQ-15 4.0946x I o·9 7.0000xJ0· 1 2.0000x JQ· I 0.0000 1.0000 8.6734xl04 

32 3.9190xi0·2 I.OOOOx 10· 15 2. 7166x w·9 7 .OOOOx JQ·I 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

33 4.5660xJQ·2 I.OOOOxi0· 15 2.2963x I o·9 7.0000xJ0·1 2.0000xi0-1 0.0000 1.0000 8.6734xl04 

34 3.4580x J0·2 I.OOOOxJO·I5 3.1121 x w·9 7 .OOOOx 10· 1 2.0000xi0·1 0.0000 1.0000 8.6734x 104 

35 3.8780xi0·2 I.OOOOxJO·I5 2.7480xlo·9 7.0000xJ0·1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

36 4.6630x J0·2 1.0000xJO·I5 2.2433x J0·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

37 1.6500xJ0·2 l.OOOOxJO·I 5 6. 7962x J0·9 7.0000xJ0·1 2.0000x I Q· 1 0.0000 1.0000 8.6734xl04 

38 6.7530x JQ-2 I.OOOOxJQ·15 1.4716x I o·9 7.0000xi0· 1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

39 6.2320x I Q·2 I.OOOOxlo-1 5 1.6156x I o·9 7.0000xlo·1 2.0000x I Q· 1 0.0000 1.0000 8.6734x 104 

40 5.4740x 1Q·2 I.OOOOx 10·15 1.8739x I o·9 7.0000xi0· 1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

41 6.3580x I o-2 I.OOOOxJQ·15 1.5786x 10·9 7.0000xi0·1 2.0000x10·1 0.0000 1.0000 8.6734x 104 

42 7.1460xJQ·2 I.OOOOxJQ·15 1.3770x I o·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

43 4.4580xiQ·2 l.OOOOx 1Q·15 2.3580x w·9 7.0000xi0· 1 2.0000x1o·1 0.0000 1.0000 8.6734xl04 

44 7 .3870x I 0·2 1.0000x10·15 1.3239x w·9 7.0000xJo·1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

45 2.9730x 1Q·2 I.OOOOx IQ-15 3.6606xJo·9 7 .OOOOx 1Q·l 2.0000x w·1 0.0000 1.0000 8.6734xl04 

46 1.2610x 1Q·2 I.OOOOx 10·15 8. 9699x w·9 7.0000xi0·1 2.0000x I o·1 0.0000 1.0000 8.6734x104 

47 6.051 Ox I Q·2 I.OOOOx IQ·15 1.6714xi0·9 7.QOOOx1Q·l 2.0000x10·1 0.0000 1.0000 8.6734x 104 

48 3.3090xiQ·2 1.0000x10·15 3.2635xi0·9 7.0000xi0· 1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

49 4 .1760x J0·2 l.OOOOxiQ·15 2.5341 x 1 o·9 7.QOOOxlQ·I · 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

50 3.0510xi0·2 l.OOOOx 1Q·15 3.5606x w·9 7.QOOOxlQ·I 2.0000x I o·1 0.0000 1.0000 8.6734xl04 

51 1.8180x I Q·2 1.0000xiQ·15 6.1451 x w·9 7.0000xlo· 1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

52 6.5110x I Q·2 l.OOOOx 10· 15 1.5356x I o·9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 
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Table B-2 1992 BRAGFLO Computed Variable Values for BACKFILL (Concluded) 

Run 
N2. ~ Penneabj)jty Compressibility ~ BCBRSAT BCGSSAT ~ H££.cr 

53 2.0520x I o-2 I.OOOOx J0-15 5.4158x I o-9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

54 6.4400x I o-2 I.OOOOx 10·15 1.5553x I o-9 7 .oooox 1 o-1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

55 2.6330x I o-2 I.OOOOx J0-15 4. 1656x 10·9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

56 3.5470x I o-2 1.0000xJ0·15 3.0278x I o-9 7.0000xlo-l 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

57 1.9820x I o-2 I.OOOOx J0-15 5.6159x J0·9 7 .OOOOx JO·I 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

58 2.3880x I o-2 I.OOOOxJ0· 15 4.6186x I o·9 7 .OOOOx JO·I 2.0000x w-1 0.0000 1.0000 8.6734xl04 

59 5.7990x w-2 I.OOOOxJ0· 15 1.7549x 10·9 7 .oooox 1 o-1 2.0000xto·1 0.0000 1.0000 8.6734x 104 

60 6.9150x J0-2 1.0000xJ0·15 1.4313x I o-9 7.0000xiO·I 2.0000x10·1 0.0000 1.0000 8.6734x 104 

61 1.5400x I o·2 1.0000xJO·I5 7 .2995x w-9 7.0000xto· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

62 2. 7890x I o-2 1.0000xJ0·15 3.9186xi0-9 7.0000x 10·1 2.0000x I 0·1 0.0000 1.0000 8.6734xl04 

63 5.2340x I 0·2 I.OOOOxJ0-1 5 1.9713xJ0·9 7 .OOOOx I o·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

64 5.3500xto·2 I.OOOOx J0-15 1.9231 x 1 o-9 7 .OOOOx 10·1 2.0000xto·1 0.0000 1.0000 8.6734xl04 

65 1.0820x J0·2 I.OOOOx I o· 15 1.0495x I o-8 7 .OOOOx I o-1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

66 5.0410x J0·2 1.0000xJ0·15 2.0563x I o-9 7.0000xJ0·1 2.0000x I 0·1 0.0000 1.0000 8.6734x104 

67 3.3230x I o-2 I.OOOOx 10·15 3.2487x I 0·9 7 .OOOOx JO·I 2.0000xiO·I 0.0000 1.0000 8.6734xl04 

68 2.2660x I o-2 I.OOOOx I o- 15 4.8807x I o-9 7 .OOOOx I o-1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

69 4.8950x w-2 I.OOOOx I 0· 15 2.125lxl0·9 7.0000xJ0·1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

70 5.3660xto·2 I.OOOOxJ0- 15 1.9166xJ0·9 7 .OOOOx I o-1 2.0000x I 0· 1 0.0000 1.0000 8.6734xl04 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for BACKALL 

Run 
~ ~ f~ans;l!l2ilirx CQm~rmil2i!il:t: H..C.EXf BCBRSAI IKQSSAI lKEl.Q H.C..fcr 

I 16. I. 55. I. I. I. I. I. 
2 2. I. 69. I. I. I. I. I. 
3 45. I. 26. I. I. I. I. I. 
4 7. I. 64. I. I. I. I. I. 
5 36. I. 35. I. I. I. I. I. 
6 53. I. 18. I. I. I. I. I. 
7 61. I. 10. I. I. I. I. I. 
8 29. I. 42. I. I. I. I. I. 
9 10. I. 61. I. I. I. I. I. 
10 41. I. 30. I. I. I. I. I. 
II 63. I. 8. I. I. I. I. I. 
12 17. I. 54. I. I. I. I. I. 
13 66. I. 5. I. I. I. I. I. 
14 33. I. 38. I. I. I. I. I. 
15 13. I. 58. I. I. I. I. I. 
16 68. I. 3. I. I. I. I. I. 
17 43. I. 28. I. I. I. I. I. 
18 4. I. 67. I. I. I. I. I. 
19 70. I. I. I. I. I. I. I. 
20 30. I. 41. I. I. I. I. I. 
21 50. I. 21. I. I. I. I. I. 
22 37. I. 34. I. I. I. I. I. 
23 54. I. 17. I. I. I. I. I. 
24 65. I. 6. I. I. I. I. I. 
25 56. I. 15. I. I. I. I. I. 
26 51. I. 20. I. I. I. I. I. 
27 21. I. 50. I. I. I. I. I. 
28 34. I. 37. I. I. I. I. I. 
29 5. I. 66. I. I. I. I. I. 
30 24. I. 47. I. I. I. I. I. 
31 19. I. 52. I. I. I. I. I. 
32 32. I. 39. I. I. I. I. I. 
33 39. I. 32. I. I. I. I. I. 
34 27. I. 44. I. I. I. I. I. 
35 31. I. 40. I. I. I. I. I. 
36 40. I. 31. I. I. I. I. I. 
37 8. I. 63. I. I. I. I. I. 
38 62. I. 9. I. I. I. I. I. 
39 57. I. 14. I. I. I. I. I. 
40 49. I. 22. I. I. I. I. I. 
41 58. I. 13. I. I. I. I. I. 
42 67. I. 4. I. I. I. I. I. 
43 38. I. 33. I. I. I. I. I. 
44 69. I. 2. I. I. I. I. I. 
45 22. I. 49. I. I. I. I. I. 
46 3. I. 68. I. I. I. I. I. 
47 55. I. 16. I. I. I. I. I. 
48 25. I. 46. I. I. I. I. I. 
49 35. I. 36. I. I. I. I. I. 
50 23. I. 48. I. I. I. I. I. 

51 9. I. 62. I. I. I. I. I. 
52 60. I. II. I. I. I. I. I. 
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Table B-2 1992 BRAGR..O Ranks of Computed Variable Values for BACKFILL (Concluded) 

Run 
N2. ~ Permeability Compressibility B.CEXf BCBRSAT BCGSSAT liCEl.Q B..C..£cr 

53 12. I. 59. I. I. I. I. I. 
54 59. I. 12. I. I. I. I. I. 
55 18. I. 53. I. I. I. I. I. 
56 28. I. 43. I. I. I. I. I. 
57 II. I. 60. I. I. I. I. I. 
58 15. I. 56. I. I. I. I. I. 
59 52. I. 19. I. I. I. I. I. 
60 64. I. 7. I. I. I. I. I. 
61 6. I. 65. I. I. I. I. I. 
62 20. I. 51. I. I. I. I. I. 
63 46. I. 25. I. I. I. I. I. 
64 47. I. 24. I. I. I. I. I. 
65 I. I. 70. I. I. I. I. I. 
66 44. I. 27. I. I. I. I. I. 
67 26. I. 45. I. I. I. I. I. 
68 14. I. 57. I. I. I. I. I. 
69 42. I. 29. I. I. I. I. I. 
70 48. I. 23. I. I. I. I. I. 
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Table B-2 1992 BRAGFLO Computed Variable Values for CAVITY _I 

Run 
NQ.. ~ E~:rm~:i!bilit:.: ~Qffi~[mibilil:t ~ B~BBSAI BCGSSAI B.crLQ IK...Ecr 

I 1.0000 I.OOOOxi0-10 0.0000 9.6790 0.0000 0.0000 1.0000 0.0000 
2 1.0000 I.OOOOxlo- 10 0.0000 4.9660x 10·1 0.0000 0.0000 1.0000 0.0000 
3 1.0000 I.OOOOxi0-10 0.0000 6.7900x 10'1 0.0000 0.0000 1.0000 0.0000 
4 1.0000 I.OOOOx J0-10 0.0000 5.1820 0.0000 0.0000 1.0000 0.0000 
5 1.0000 I.OOOOxi0- 10 0.0000 4.0710xJ0· 1 0.0000 0.0000 1.0000 0.0000 
6 1.0000 I.OOOOx J0·1 o 0.0000 6.1420 0.0000 0.0000 1.0000 0.0000 
7 1.0000 I.OOOOxi0-10 0.0000 1.0990 0.0000 0.0000 1.0000 0.0000 
8 1.0000 I.OOOOx 10·10 0.0000 6.4480 0.0000 0.0000 1.0000 0.0000 
9 1.0000 I.OOOOxi0- 10 0.0000 4.2610xi0· 1 0.0000 0.0000 1.0000 0.0000 
10 1.0000 I.OOOOxJ0·10 0.0000 1.5170 0.0000 0.0000 1.0000 0.0000 
II 1.0000 I.OOOOxJO·IO 0.0000 5.1250xJ0· 1 0.0000 0.0000 1.0000 0.0000 
12 1.0000 I.OOOOx J0-10 0.0000 7.4960 0.0000 0.0000 1.0000 0.0000 
13 1.0000 I.OOOOx I 0· 10 0.0000 2.2490 0.0000 0.0000 1.0000 0.0000 
14 1.0000 1.0000xi0·10 0.0000 3.0620xJ0·1 0.0000 0.0000 1.0000 0.0000 
15 1.0000 I.OOOOx 10·10 0.0000 4.4620x 10· 1 0.0000 0.0000 1.0000 0.0000 
16 1.0000 I.OOOOx J0-10 0.0000 5.3590xJ0·1 0.0000 0.0000 1.0000 0.0000 
17 1.0000 I.OOOOx J0·10 0.0000 5.9190 0.0000 0.0000 1.0000 0.0000 
18 1.0000 I.OOOOx 10·10 0.0000 5.8730xlo-1 0.0000 0.0000 1.0000 0.0000 
19 1.0000 I.OOOOx 10·10 0.0000 2.0050 0.0000 0.0000 1.0000 0.0000 
20 1.0000 I.OOOOx I o· 10 0.0000 6.7090xJ0· 1 0.0000 0.0000 1.0000 0.0000 
21 1.0000 I.OOOOx J0-10 0.0000 2.2590x I 0· 1 0.0000 0.0000 1.0000 0.0000 
22 1.0000 I.OOOOxi0- 10 0.0000 1.4340 0.0000 0.0000 1.0000 0.0000 
23 1.0000 I.OOOOx 10· 10 0.0000 7.0990 0.0000 0.0000 1.0000 0.0000 
24 1.0000 I.OOOOx 10·10 0.0000 4.3270x I o- 1 0.0000 0.0000 1.0000 0.0000 
25 1.0000 I.OOOOx J0-10 0.0000 2.7610 0.0000 0.0000 1.0000 0.0000 
26 1.0000 I.OOOOx I o-10 0.0000 5.2660 - 0.0000 0.0000 1.0000 0.0000 
27 1.0000 I.OOOOxi0- 10 0.0000 8.3330 0.0000 0.0000 1.0000 0.0000 
28 1.0000 I.OOOOx 10· 10 0.0000 7.9460 0.0000 0.0000 1.0000 0.0000 
29 1.0000 I.OOOOxi0- 10 0.0000 6.041 Ox 10· 1 0.0000 0.0000 1.0000 0.0000 
30 1.0000 I.OOOOx I0-10 0.0000 2.0040x 10·1 0.0000 0.0000 1.0000 0.0000 
31 1.0000 I.OOOOxi0- 10 0.0000 3.3I60xl0·1 0.0000 0.0000 1.0000 0.0000 
32 1.0000 I.OOOOx 10·10 0.0000 8.8800 0.0000 0.0000 1.0000 0.0000 
33 1.0000 I.OOOOxJ0·10 0.0000 5.2200x w- 1 0.0000 0.0000 1.0000 0.0000 
34 1.0000 I.OOOOx J0-10 0.0000 8.6520 0.0000 0.0000 1.0000 0.0000 
35 1.0000 I.OOOOxi0- 10 0.0000 3.9470x w- 1 0.0000 0.0000 1.0000 0.0000 
36 1.0000 I.OOOOxJ0·10 0.0000 2.7500x 10·1 0.0000 0.0000 1.0000 0.0000 
37 1.0000 I.OOOOxi0- 10 0.0000 6.9780 0.0000 0.0000 1.0000 0.0000 
38 1.0000 I.OOOOxi0- 10 0.0000 2.9640 0.0000 0.0000 1.0000 0.0000 
39 1.0000 I.OOOOx I o- 10 0.0000 2.6060x 10·1 0.0000 0.0000 1.0000 0.0000 
40 1.0000 I.OOOOx I o- 10 0.0000 2.4160x 10· 1 0.0000 0.0000 1.0000 0.0000 
41 1.0000 I.OOOOx J0-10 0.0000 5.7490xJ0· 1 0.0000 0.0000 1.0000 0.0000 
42 1.0000 I.OOOOxi0- 10 0.0000 5.4840xlo-1 0.0000 0.0000 1.0000 0.0000 
43 1.0000 I.OOOOxJ0·10 0.0000 4.0000 0.0000 0.0000 1.0000 0.0000 
44 1.0000 1.0000xi0· 10 0.0000 3.6050xi0· 1 0.0000 0.0000 1.0000 0.0000 
45 1.0000 I.OOOOx I 0· 10 0.0000 3.2390x J0-1 0.0000 0.0000 1.0000 0.0000 
46 1.0000 I.OOOOx IQ-10 0.0000 4.6060x I o-I 0.0000 0.0000 1.0000 0.0000 
47 1.0000 I.OOOOxi0-10 0.0000 3.4760 0.0000 0.0000 1.0000 0.0000 
48 1.0000 I.OOOOx J0-10 0.0000 7.7080 0.0000 0.0000 1.0000 0.0000 
49 1.0000 1.0000xi0·10 0.0000 3.7530xJ0·1 0.0000 0.0000 1.0000 0.0000 
50 1.0000 I.OOOOxJ0- 10 0.0000 3.5390xJ0· 1 0.0000 0.0000 1.0000 0.0000 
51 1.0000 I.OOOOx I o- 10 0.0000 5.6000xi0-1 0.0000 0.0000 1.0000 0.0000 
52 1.0000 I.OOOOxi0- 10 0.0000 3.2370 0.0000 0.0000 1.0000 0.0000 

·• 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for CAVITY _I (Concluded) 

Run 
NQ. ~ ~~;rm~;al:!ilit:x CQIDI;l~~~il:!ilil:X .B.CEX£ BCBBSAI BCGSSAT liCEl.Q lK..£cr 

53 1.0000 I.OOOOx w-10 0.0000 6.7410 0.0000 0.0000 1.0000 0.0000 
54 1.0000 I.OOOOx JQ-10 0.0000 4.7200xi0-1 0.0000 0.0000 1.0000 0.0000 
55 1.0000 I.OOOOxi0- 10 0.0000 6.5030x I o-1 0.0000 0.0000 1.0000 0.0000 
56 1.0000 I.OOOOxi0-10 0.0000 4.8480 0.0000 0.0000 1.0000 0.0000 
57 1.0000 I.OOOOxJQ-10 0.0000 9.2110 0.0000 0.0000 1.0000 0.0000 
58 1.0000 I.OOOOxJQ-10 0.0000 6.4060x 10·1 0.0000 0.0000 1.0000 0.0000 
59 1.0000 I.OOOOx JQ-10 0.0000 8.9580 0.0000 0.0000 1.0000 0.0000 
60 1.0000 I.OOOOxi0-1° 0.0000 9.8620 0.0000 0.0000 1.0000 0.0000 
61 1.0000 I.OOOOxJ0- 10 0.0000 8.0490xJ0-1 Q_OOOO 0.0000 1.0000 o_oooo 
62 1.0000 I.OOOOxi0- 10 0.0000 2.8630x.J0-1 0.0000 0.0000 1.0000 0.0000 
63 1.0000 LOOOOxi0- 10 0.0000 3.7540 0.0000 0.0000 1.0000 0.0000 
64 1.0000 I.OOOOxi0-10 0.0000 2.4950 0.0000 0.0000 1.0000 o_oooo 
65 1.0000 I.OOOOx I Q-10 0.0000 2.541 Ox JQ-1 0.0000 0.0000 1.0000 0.0000 
66 1.0000 I.OOOOxiQ-10 Q_OOOO 6.9150xi0-1 0.0000 0.0000 1.0000 0.0000 
67 1.0000 I.OOOOx I o-10 0.0000 5.5890 0.0000 0.0000 1.0000 0.0000 
68 )_0000 I.OOOOxJ0-10 0.0000 4.5200 0.0000 0.0000 1.0000 0.0000 
69 1.0000 I.OOOOxi0-10 0.0000 4.3270 0.0000 Q_OOOO 1.0000 0.0000 
70 )_0000 I.OOOOx I o-10 0.0000 6.2770xi0- 1 0.0000 0.0000 1.0000 0.0000 
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Appendix 8: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for CAVITY _I 

Run 
NQ. ~ Penneability Compressibility ~ BCBRSAT BCGSSAT ru:.J:LQ .liC...£IT 

I I. I. I. 69. I. I. I. I. 
2 I. I. I. 21. I. I. I. I. 
3 I. I. I. 34. I. I. I. I. 
4 I. I. I. 52. I. I. I. I. 
5 I. I. I. 15. I. I. I. I. 
6 I. I. I. 56. I. I. I. I. 
7 I. I. I. 37. I. I. I. I. 
8 I. I. I. 57. I. I. I. I. 
9 I. I. I. 16. I. I. I. I. 
10 I. I. I. 39. I. I. I. I. 
II I. I. I. 22. I. I. I. I. 
12 I. I. I. 61. I. I. I. I. 
13 I. I. I. 41. I. I. I. I. 
14 I. I. I. 8. I. I. I. I. 
15 I. I. I. 18. I. I. I. I. 
16 I. I. I. 24. I. I. I. I. 
17 I. I. I. 55. I. I. I. I. 
18 I. I. I. 28. I. I. I. I. 
19 I. I. I. 40. I. I. I. I. 
20 I. I. I. 33. I. I. I. I. 
21 I. I. I. 2. I. I. I. I. 
22 I. I. I. 38. I. I. I. I. 
23 I. I. I. 60. I. I. I. I. 
24 I. I. I. 17. I. I. I. I. 
25 I. I. I. 43. I. I. I. I. 
26 I. I. I. 53. I. I. I. I. 
27 I. I. I. 64. I. I. I. I. 

28 I. I. I. 63. I. I. I. I. 
29 I. I. I. 29. I. I. I. I. 
30 I. I. I. I. I. I. I. I. 
31 I. I. I. 10. I. I. I. I. 
32 I. I. I. 66. I. I. I. I. 
33 I. I. I. 23. I. I. I. I. 
34 I. I. I. 65. I. I. I. I. 
35 I. I. I. 14. I. I. I. I. 
36 I. I. I. 6. I. I. I. I. 
37 I. I. I. 59. I. I. I. I. 
38 I. I. I. 44. I. I. I. I. 
39 I. I. I. 5. I. I. I. I. 
40 I. I. I. 3. I. I. I. I. 
41 I. I. I. 27. I. I. I. I. 
42 I. I. I. 25. I. I. I. I. 
43 I. I. I. 48. I. I. I. I. 
44 I. I. I. 12. I. I. I. I. 
45 I. I. I. 9. I. I. I. I. 
46 I. I. I. 19. I. I. I. I. 
47 I. I. I. 46. I. I. I. I. 
48 I. I. I. 62. I. I. I. I. 
49 I. I. I. 13. I. I. I. I. 
50 I. I. I. II. I. I. I. I. 
51 I. I. I. 26. I. I. I. I. 
52 I. I. I. 45. I. I. I. I. 
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Table B-2 1992 BRAGA..O Ranks of Computed Variable Values for CAVITY _I (Concluded) 

Run 
~ ~ Penneabilitv Compressjbility liCEXe BCBRSAT BCGSSAT lllJ:LQ B.£..£cr 

53 I. I. I. 58. I. I. I. I. 
54 I. I. I. 20. I. I. I. I. 
55 I. I. I. 32. I. I. I. I. 
56 I. I. I. 51. I. I. I. I. 
57 I. I. I. 68. I. I. I. I. 
58 I. I. I. 31. I. I. I. I. 
59 I. I. I. 67. I. I. I. I. 
60 I. I. I. 70. I. I. I. I. 
61 I. I. I. 36. I. I. I. I. 
62 I. I. I. 7. I. I. I. I. 
63 I. I. I. 47. I. I. I. I. 
64 I. I. I. 42. I. I. I. I. 
65 I. I. I. 4. I. I. I. I. 
66 I. I. I. 35. I. I. I. I. 
67 I. I. I. 54. I. I. I. I. 
68 I. I. I. 50. I. I. I. I. 
69 I. I. I. 49. I. I. I. I. 
70 I. I. I. 30. I. I. I. I. 
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Table B-2 1992 BRAG FLO Computed Variable Values for CAVITY _2 

Run 
NQ. ~ Es:cnel!t!ilil:t CQWI2[S:Ssit!ilil:t ~ HCBBSAI BCQSSAI .1.!.CELQ ru::..KI 

I 1.0000 I.OOOOx 1 o-10 0.0000 9.6790 0.0000 0.0000 1.0000 0.0000 
2 1.0000 I.OOOOx 10·10 0.0000 4.9660xi0· 1 0.0000 0.0000 1.0000 0.0000 
3 1.0000 I.OOOOx I 0· 10 0.0000 6. 7900x w-1 0.0000 0.0000 1.0000 0.0000 
4 1.0000 I.OOOOxi0- 10 0.0000 5.1820 0.0000 0.0000 1.0000 0.0000 
5 1.0000 I.OOOOx JQ-10 0.0000 4.0710xi0·1 0.0000 0.0000 1.0000 0.0000 
6 1.0000 I.OOOOxi0-10 0.0000 6.1420 0.0000 0.0000 1.0000 0.0000 
7 1.0000 I.OOOOx 10·10 0.0000 1.0990 0.0000 0.0000 1.0000 0.0000 
8 1.0000 1.0000xl0·10 0.0000 6.4480 0.0000 0.0000 1.0000 0.0000 
9 1.0000 1.0000xi0·10 0.0000 4.2610x J0• 1 0.0000 0.0000 1.0000 0.0000 
10 1.0000 I.OOOOx 10·10 0.0000 1.5170 0.0000 0.0000 1.0000 0.0000 
II 1.0000 I.OOOOx 10·10 0.0000 5.1250xl0· 1 0.0000 0.0000 1.0000 0.0000 
12 1.0000 I.OOOOxi0-10 0.0000 7.4960 0.0000 0.0000 1.0000 0.0000 
13 1.0000 I.OOOOxJO·IO 0.0000 2.2490 0.0000 0.0000 1.0000 0.0000 
14 1.0000 I.OOOOx I 0·10 0.0000 3.0620xl0·1 0.0000 0.0000 1.0000 0.0000 
15 1.0000 I.OOOOxi0-10 0.0000 4.4620xi0· 1 0.0000 0.0000 1.0000 0.0000 
16 1.0000 I.OOOOx I 0·10 0.0000 5.3590xi0· 1 0.0000 0.0000 1.0000 0.0000 
17 1.0000 I.OOOOxJO·IO 0.0000 5.9190 0.0000 0.0000 1.0000 0.0000 
18 1.0000 I.OOOOxi0-10 0.0000 5.8730xJ0· 1 0.0000 0.0000 1.0000 0.0000 
19 1.0000 I.OOOOxi0- 10 0.0000 2.0050 0.0000 0.0000 1.0000 0.0000 
20 1.0000 I.OOOOx 10·10 0.0000 6.7090x w-1 0.0000 0.0000 1.0000 0.0000 
21 1.0000 I.OOOOx 10·10 0.0000 2.2590x 10·1 0.0000 0.0000 1.0000 0.0000 
22 1.0000 I.OOOOxi0- 10 0.0000 1.4340 0.0000 0.0000 1.0000 0.0000 
23 1.0000 I.OOOOx 10·10 0.0000 7.0990 0.0000 0.0000 1.0000 0.0000 
24 1.0000 I.OOOOx IQ-10 0.0000 4.3270x 10·1 0.0000 0.0000 1.0000 0.0000 
25 1.0000 1.0000xi0·10 0.0000 2.7610 0.0000 0.0000 1.0000 0.0000 
26 1.0000 I.OOOOx 10·10 0.0000 5.2660 0.0000 0.0000 1.0000 0.0000 
27 1.0000 I.OOOOxi0- 10 0.0000 8.3330 0.0000 0.0000 1.0000 0.0000 
28 1.0000 I.OOOOxi0- 10 0.0000 7.9460 0.0000 0.0000 1.0000 0.0000 
29 1.0000 I.OOOOxiO·IO 0.0000 6.041 Ox 10·1 0.0000 0.0000 1.0000 0.0000 
30 1.0000 I.OOOOx 10·10 0.0000 2.0040xJ0· 1 0.0000 0.0000 1.0000 0.0000 
31 1.0000 I.OOOOx 10·10 0.0000 3.3160xi0· 1 0.0000 0.0000 1.0000 0.0000 
32 1.0000 I.OOOOxJO·IO 0.0000 8.8800 0.0000 0.0000 1.0000 0.0000 
33 1.0000 I.OOOOx I 0· 10 0.0000 5.2200xJ0· 1 0.0000 0.0000 1.0000 0.0000 
34 1.0000 I.OOOOx )Q·IO 0.0000 8.6520 0.0000 0.0000 1.0000 0.0000 
35 1.0000 I.OOOOx 10·10 0.0000 3.9470x 1Q· 1 0.0000 0.0000 1.0000 0.0000 
36 1.0000 I.OOOOx 10·10 0.0000 2.7500xlo-l 0.0000 0.0000 1.0000 0.0000 
37 1.0000 I.OOOOx I 0·10 0.0000 6.9780 0.0000 0.0000 1.0000 0.0000 
38 1.0000 1.0000xi0·10 0.0000 2.9640 0.0000 0.0000 1.0000 0.0000 
39 1.0000 I.OOOOx 10·10 0.0000 2.6060xi0· 1 0.0000 0.0000 1.0000 0.0000 
40 1.0000 I.OOOOx I o·10 0.0000 2.4160xi0·1 0.0000 0.0000 1.0000 0.0000 
41 1.0000 I.OOOOx JQ-10 0.0000 5.7490xi0·1 0.0000 0.0000 1.0000 0.0000 
42 1.0000 I.OOOOx I o-10 0.0000 5.4840xJ0· 1 0.0000 0.0000 1.0000 0.0000 
43 1.0000 I.OOOOx I o-10 0.0000 4.0000 0.0000 0.0000 1.0000 0.0000 
44 1.0000 I.OOOOxi0- 10 0.0000 3 .6050x I o· 1 0.0000 0.0000 1.0000 0.0000 
45 1.0000 1.0000xi0· 10 0.0000 3.2390x J0• 1 0.0000 0.0000 1.0000 0.0000 
46 1.0000 I.OOOOxiO·IO 0.0000 4.6060xJ0· 1 0.0000 0.0000 1.0000 0.0000 
47 1.0000 I.OOOOx 10·10 0.0000 3.4760 0.0000 0.0000 1.0000 0.0000 
48 1.0000 I.OOOOx I o·10 0.0000 7.7080 0.0000 0.0000 1.0000 0.0000 
49 1.0000 I.OOOOxJO·IO 0.0000 3.7530xi0·1 0.0000 0.0000 1.0000 0.0000 
50 1.0000 I.OOOOx J0·10 0.0000 3.5390x 10·1 0.0000 0.0000 1.0000 0.0000 
51 1.0000 I.OOOO:d 0· 10 0.0000 5.6000xJ0· 1 0.0000 0.0000 1.0000 0.0000 
52 1.0000 I.OOOO:dO·IO 0.0000 3.2370 0.0000 0.0000 1.0000 0.0000 
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Table B-2 1992 BRAGFLO Computed Variable Values for CAVITY _2 (Concluded) 

Run 
N2. ~ E!:DDI:i!bilil~ !:;Qml2rmibilil~ ~ BCBRSAI BCQSSAI IiCEL.Q Bl:.KI 

53 1.0000 I.OOOOx J0-10 0.0000 6.7410 0.0000 0.0000 1.0000 0.0000 
54 1.0000 I.OOOOxi0-10 0.0000 4.7200x.J0· 1 0.0000 0.0000 1.0000 0.0000 
55 1.0000 I.OOOOx.J0·10 0.0000 6.5030x 10·1 0.0000 0.0000 1.0000 0.0000 
56 1.0000 1.0000xJ0·10 0.0000 4.8480 0.0000 0.0000 1.0000 0.0000 
57 1.0000 I.OOOOx.J0·10 0.0000 9.2110 0.0000 0.0000 1.0000 0.0000 
58 1.0000 I.OOOOx J0-10 0.0000 6.4060x10· 1 0.0000 0.0000 1.0000 0.0000 
59 1.0000 I.OOOOx.I0-10 0.0000 8.9580 0.0000 0.0000 1.0000 0.0000 
60 1.0000 I.OOOOx JO·I 0 0.0000 9.8620 0.0000 0.0000 1.0000 0.0000 
61 1.0000 1.0000x.I0·10 0.0000 8.0490x10· 1 0.0000 0.0000 1.0000 0.0000 
62 1.0000 I.OOOOx w- 10 0.0000 2.8630x.J0·1 0.0000 0.0000 1.0000 0.0000 
63 1.0000 I.OOOOxJ0·10 0.0000 3.7540 0.0000 0.0000 1.0000 0.0000 
64 1.0000 I.OOOOxJ0-10 0.0000 2.4950 0.0000 0.0000 1.0000 0.0000 
65 1.0000 I.OOOOx J0-10 0.0000 2.5410x.J0· 1 0.0000 0.0000 1.0000 0.0000 
66 1.0000 I.OOOOx.IO·IO 0.0000 6.9150x.I0· 1 0.0000 0.0000 1.0000 0.0000 
67 1.0000 I.OOOOx J0· 10 0.0000 5.5890 0.0000 0.0000 1.0000 0.0000 
68 1.0000 I.OOOOx J0-1 o 0.0000 4.5200 0.0000 0.0000 1.0000 0.0000 
69 1.0000 I.OOOOx.J0·10 0.0000 4.3270 0.0000 0.0000 1.0000 0.0000 
70 1.0000 I.OOOOx.J0·10 0.0000 6.2770x.J0·1 0.0000 0.0000 1.0000 0.0000 
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Table B-2 1992 BRAG FLO Ranks of Computed Variable Values for CAVITY _2 

Run 
~ ~ Permeability Compressibility B..CEX£ BCBRSAT BCGSSAT .B.CELQ .IK..£cr 

I I. I. I. 69. I. I. I. I. 
2 I. I. I. 21. I. I. I. I. 
3 I. I. I. 34. I. I. I. I. 
4 I. I. I. 52. I. I. I. I. 
5 I. I. I. 15. I. I. I. I. 
6 I. I. I. 56. I. I. I. I. 
7 I. I. I. 37. I. I. I. I. 
8 I. I. I. 57. I. I. I. I. 
9 I. I. I. 16. I. I. I. I. 
10 I. I. I. 39. I. I. I. I. 
II I. I. I. 22. I. I. I. I. 
12 I. I. I. 61. I. I. I. I. 
13 I. I. I. 41. I. I. I. I. 
14 I. I. I. 8. I. I. I. I. 
15 I. I. I. 18. I. I. I. I. 
16 I. I. I. 24. I. I. I. I. 
17 I. I. I. 55. I. I. I. I. 
18 I. I. I. 28. I. I. I. I. 
19 I. I. I. 40. I. I. I. I. 
20 I. I. I. 33. I. I. I. I. 
21 I. I. I. 2. I. I. I. I. 
22 I. I. I. 38. I. I. I. I. 
23 I. I. I. 60. I. I. I. I. 
24 I. I. I. 17. I. I. I. I. 
25 I. I. I. 43. I. I. I. I. 
26 I. I. I. 53. I. I. I. I. 
27 I. I. I. 64. I. I. I. I. 
28 I. I. I. 63. I. I. I. I. 
29 I. I. I. 29. I. I. I. I. 
30 I. I. I. I. I. I. I. I. 
31 I. I. I. 10. I. I. I. I. 
32 I. I. I. 66. I. I. I. I. 
33 I. I. I. 23. I. I. I. I. 
34 I. I. I. 65. I. I. I. I. 
35 I. I. I. 14. I. I. I. I. 
36 I. I. I. 6. I. I. I. I. 
37 I. I. I. 59. I. I. I. I. 
38 I. I. I. 44. I. I. I. I. 
39 I. I. I. 5. I. I. I. I. 
40 I. I. I. 3. I. I. I. I. 
41 I. I. I. 27. I. I. I. I. 
42 I. I. I. 25. I. I. I. I. 
43 I. .I. I. 48. I. I. I. I. 
44 I. I. I. 12. I. I. I. I. 
45 I. I. I. 9. I. I. I. I. 
46 I. I. I. 19. I. I. I. I. 
47 I. I. I. 46. I. I. I. I. 
48 I. I. I. 62. I. I. I. I. 
49 I. I. I. 13. I. I. I. I. 
50 I. I. I. II. I. I. I. I. 
51 I. I. I. 26. I. I. I. I. 
52 I. I. I. 45. I. I. I. I. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for CAVITY_2 (Concluded) 

Run 
NQ. ~ Penneability Compressibility ~ BCBRSAT BCGSSAT .ru:.ELQ ~ 

53 I. I. I. 58. I. I. I. I. 
54 I. I. I. 20. I. I. I. I. 
55 I. I. I. 32. I. I. I. I. 
56 I. I. I. 51. I. I. I. I. 
57 I. I. I. 68. I. I. I. I. 
58 I. I. I. 31. I. I. I. I. 
59 I. I. I. 67. I. I. I. I. 
60 I. I. I. 70. I. I. I. I. 
61 I. I. I. 36. I. I. I. I. 
62 I. I. I. 7. I. I. I. I. 
63 I. I. I. 47. I. I. I. I. 
64 I. I. I. 42. I. I. I. I. 
65 I. I. I. 4. I. I. I. I. 
66 I. I. I. 35. I. I. I. I. 
67 I. I. I. 54. I. I. I. I. 
68 I. I. I. 50. I. I. I. I. 
69 I. I. I. 49. I. I. I. I. 
70 I. I. I. 30. I. I. I. I. 

B-42 



Appendix 8: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRA 

Run 
N2. ~ f~[l])~llbilil:t CQID~~~~ibilil:t .ru:EX£ l!CBRSAI IKQSSAI B!:fLQ KKI 

I 1.1430x!O-I 2.0991xJQ-I 4 1.8795x I o-9 7.0000x 10-I 2.0000x I Q- I 2.0000x 10-I 1.0000 3.0253x!04 

2 1.8220x!Q-I 2.099lxi0-I4 1.0859x I o-9 7.0000xJo-I 2.0000x 10-I 2.0000xJo-I 1.0000 3.0253xl04 

3 1.7260xi0-I 2.0991xi0-I 4 1.1602x I o-9 7.0000xlo-I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253xl04 

4 1.2840x I Q- I 2.0991xJQ-I 4 1.6457x 10·9 7.0000x 10-I 2.0000x 10-I 2.0000x 10· I 1.0000 3.0253x 104 

5 1.2200x Jo-I 2.099lx10-I 4 1.7451xi0-9 7.0000xiQ-I 2.0000x I Q- I 2.0000xi0-I 1.0000 3.0253xl04 

6 I. 7830x I Q- I 2.0991xiQ-I 4 1.115lxl0·9 7.0000xi0-I 2.0000x 10-I 2.0000x I Q- I 1.0000 3.0253xl04 

7 1.2060x 10-I 2.0991 x 10· I4 I. 7683x 10-9 7.0000xlo-I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253x 104 

8 1.0450x I Q- I 2.099lxi0-I 4 2.0792x I o-9 7.0000x 10-I 2.0000x I Q- I 2.0000x 10-I 1.0000 3.0253xl04 

9 1.2100xJO-I 2.0991xJQ-I 4 I. 7616x 10-9 7.0000x 10-I 2.0000x 10-I 2.0000x 10-I 1.0000 3.0253x 104 

10 1.6340x 10-I 2.0991 x 10-I4 1.2396x I o-9 7.0000xJQ-I 2.0000x I Q-I 2.0000x 10-I 1.0000 3.0253x104 

II 1.7880x!O-I 2.0991xi0-I 4 1.1113x 10-9 7.0000xiQ-I 2.0000x 10-I 2.0000x 10-I 1.0000 3.0253xl04 

12 1.3740x 10-I 2.0991xiQ-I 4 1.5215x I o-9 7.0000xlo-I 2.0000xi0-I 2.0000x 10-1 1.0000 3.0253xl04 

13 1.1150x 10·1 2.0991 x 10· I4 1.9330x!0·9 7.0000x 10-I 2.0000x I Q- I 2.0000x 10- I 1.0000 3.0253x 104 

14 1.2590x I Q- I 2.0991xi0-I 4 1.6833x I o-9 7.0000x 10-I 2.0000xiQ-I 2.0000x 10· I 1.0000 3.0253xl04 

15 1.0750x!Q-I 2.0991xiQ-I 4 2.0142x 10-9 7.0000xJo-I 2.0000xi0-I 2.0000x 10· I 1.0000 3.0253x104 

16 1.2290x 10-I 2.0991xi0-I 4 I. 7305x I o-9 7.0000xJQ-I 2.0000x I Q- I 2.0000x I o-1 1.0000 3.0253x104 

17 1.4460x!O-I 2.0991xi0-I 4 1.4333x 10·9 7.0000xi0-I 2.0000xiQ·I 2.0000x I o- I 1.0000 3.0253xl04 

18 1.7820x 10-I 2.0991xiQ-I 4 1.1159x 10·9 7.0000xiQ-I 2.0000x I Q- I 2.0000xJo-I 1.0000 3.0253x104 

19 7 .6020x I o-2 2.0991xJQ-I 4 2.9519x 10·9 7.0000x10·I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253xl04 

20 2.0520x 10-I 2.0991xiQ-I 4 9.3619x 10-IO 7.0000x 10-I 2.0000x JQ- I 2.0000x 10-I 1.0000 3.0253xl04 

21 1.0500x!0·1 2.0991xi0-I 4 2.0682x I o-9 7.0000xJQ-I 2.0000x I o- I 2.0000x JQ-I 1.0000 3.0253xl04 

22 J.3110x 10· I 2.0991xi0-I 4 1.6066x I o-9 7.0000xJQ-I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253x 104 

23 1.4220xiQ-I 2.0991xiQ-I 4 1.4617x I o-9 7.0000x JQ-I 2.0000xJO·I 2.0000x I Q- I 1.0000 3.0253x104 

24 1.4510x 10-I 2.0991 x 1 o- I4 1.4275x I o-9 7.0000xJQ-I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253x 104 

25 2.0340x JQ-I 2.0991xJO-I 4 9.4668x JQ-IO 7 .OOOOx JO· I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253x 104 

26 2.0780x I Q- I 2.0991xiQ-I 4 9.2134x JQ-IO 7.0000xiQ-I 2.0000xiQ-I 2.0000x 10-I 1.0000 3.0253xl04 

27 1.6470x 10-I 2.0991xJ0-1 4 1.2279x I Q-9 7.0000xiQ-I 2.0000x I Q- I 2.0000x 10-I 1.0000 3.0253xl04 

28 1.8890xiQ-I 2.0991xi0-I 4 1.0385x I o-9 7.0000x JQ-I 2.0000x JQ-I 2.0000x 10· I 1.0000 3.0253xl04 

29 1.5540x I Q- I 2.0991xlo-I 4 1.3163x I o-9 7.0000xiQ·I 2.0000xiQ-I 2.0000x I Q- I 1.0000 3.0253xl04 

30 1.6620xiQ-I 2.0991xJO-I 4 1.2145x w-9 7.0000xJO·I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253xl04 

31 1.0200x I Q- I 2.0991xiQ-I 4 2.1363x I o-9 7.0000x JQ-I 2.0000x I o- I 2.0000x 10· I 1.0000 3.0253xl04 

32 1.2240x I Q·l 2.0991xi0-I 4 I. 7386x I o-9 7.0000x 10·1 2.0000xl0·1 2.0000xlo-I 1.0000 3.0253xl04 

33 1.2550xiQ-I 2.0991xiQ-I 4 1.6895x w-9 7.0000x JQ-I 2.0000x I Q- I 2.0000x 10-I 1.0000 3.0253x 104 

34 1.4580x I Q- I 2.0991xi0-I4 1.4195x I o-9 7.0000xiQ-I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253xl04 

35 2.0210xiQ-I 2.0991xiQ-I 4 9.5438x JQ-IO 7.0000x 10·1 2.0000x I o- I 2.0000x I Q- I 1.0000 3.0253xl04 

36 1.7180xiQ-I 2.0991xiQ-I4 1.1668x I Q·9 7.0000x 10-I 2.0000x I o- I 2.0000x 10-I 1.0000 3.0253xl04 

37 1.0990x I o- I 2.0991xiQ-I 4 1.9648xi0-9 7.0000xi0-I 2.0000xJO-I 2.0000x I Q- I 1.0000 3.0253xl04 

38 1.1960x IQ-I 2.0991xiQ-I 4 I. 7852x I o-9 7.0000x JQ-I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253xl04 

39 1.3280xi0-I 2.0991xi0-I 4 1.5829x I 0·9 7.0000xiQ-I 2.0000xiQ-I 2.0000x 10· I 1.0000 3.0253xl04 

40 1.9160xi0-I 2.0991xiQ-I 4 1.0204x w-9 7.0000x JQ-I 2.0000xiQ-I 2.0000x 10· I 1.0000 3.0253xl04 

41 1.4310xiQ-I 2.0991xiQ-I 4 1.4510x I o-9 7.0000xiQ-I 2.0000xiQ-I 2.0000x 10-I 1.0000 3.0253x 104 

42 9 .5620x I o-2 2.0991xiQ-I 4 2.2955x I o-9 7.0000xi0-I 2.0000x I Q- I 2.0000x 10· I 1.0000 3.0253x 104 

43 1.2150xi0-I 2.0991xi0-I 4 I. 7533x w-9 7.0000x JQ-I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253xl04 

44 1.5930x I Q- I 2.0991xi0-I 4 1.2780x I o-9 7.0000x 10-I 2.0000x I Q- I 2.0000x I Q- I 1.0000 3.0253xi04 

45 1.6170x 10-1 2.0991xi0-I 4 1.2553x w-9 7.0000xi0-I 2.0000xiQ-I 2.0000x10-I 1.0000 3.0253x I 04 

46 1.3680x 10-I 2.0991xi0-I 4 1.5293x I o-9 7.0000xlo-I 2.0000x 10· I 2.0000x 10·I 1.0000 3.0253x 104 

47 7.9990x 10-2 2.0991xi0-I 4 2.7930x 10·9 7.0000x10·I 2.0000x I Q- I 2.0000x 10-I 1.0000 3.0253xl04 

48 1.4620x I Q- I 2.0991x10-I4 1.4149x I Q·9 7.0000xlo-I 2.0000x I Q- I 2.0000x I Q· I 1.0000 3.0253xi04 

49 1.2310x I Q- I 2.0991x1Q·I 4 1.7273x w-9 7.0000xi0-I 2.0000x I Q- I 2.0000x 10·I 1.0000 3.0253xl04 

50 6.4050x 10·2 2.0991xiO·I4 3.5502x I o-9 7.0000xlo·I 2.0000xJQ-I 2.0000x JQ- I 1.0000 3.0253x 104 

51 1.0650x 10- I 2.0991xiQ-I 4 2.0355x I o-9 7.0000xlo·I 2.0000x I o· I 2.0000x I Q- I 1.0000 3.0253x 104 

52 2.4520x I Q- I 2.0991x10-I 4 7.4268x 10·IO 7.0000xiO·I 2.0000x I o- I 2.0000x JQ-I 1.0000 3.0253x!04 
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Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRA (Concluded) 

Run 
NQ., ~ Es:rnu~i!l:!ilil:x: C!2WI.l[mil:!ilil:x: ru:EX£ lKBRSAI BCGSSAI .ru:R.Q ~ 

53 1.6180x to-1 20099\ld0-14 lo2544x I Qo9 700000x\0-1 2o0000x!Oo1 200<)()()x I 0° 1 100000 3o0253x 104 
54 2ol840x!0-1 200991x!0· 14 8o6449xl0· 10 700000x!Qo1 200000x 10·1 200000x 10° 1 100000 300253x 104 

55 1.7930x!0·1 200991x!0·14 lol075x 10·9 7 oOOOOx I o-1 200000x 10·1 200000x 10° 1 100000 300253xl04 

56 1.6170x I 0° 1 200991x 10° 14 1.2553x I o-9 7 OOOOOx I 0° 1 200000x I o-1 200000x 10° 1 100000 300253xl04 

57 1.4880x 10·1 200991xl0° 14 lo3858x I 0°9 700000x 10·1 2o0000x I o-1 200000x 10·1 100000 300253xl04 

58 1.7840x!0·1 200991x!0·14 1.1144xl0°9 700000x!Qo1 200000x I o-1 2o0000x 10° 1 100000 300253xl04 

59 1.4090xi001 2o0991x!0·14 1.4775x I 0°9 700000xl0°1 200000x I 0°1 2o0000x 10·1 loOOOO 300253x104 

60 907870x!0·2 200991xl0° 14 2o2370xi009 7o0000x 10·1 200000x I 0° 1 2 o()()()()x 10 ° 1 100000 300253xl04 

61 1.1710x 10° 1 2o0991xl0° 14 1.8286x I 0°9 700000xl0·1 200000x 10°1 200000x10·1 100000 3o0253xl04 

62 1.7810x!0·1 200991xl0° 14 1.1167x!Oo9 700000xl0°1 200000x10·1 2 0 ()()()()x 10 · 1 100000 300253xl04 

63 1.1510x 10·1 200991x 10° 14 1.8647x 10°9 7.0000xl0°1 200000x!Qo1 2o0000x I o-1 100000 300253x 104 

64 1.6240x I 0° 1 200991x!0·14 1.2488x I o-9 7 OOOOOx 10·1 200000x I o-1 200000xl0° 1 100000 3.0253x104 

65 1.0040x I o-1 20099lx10° 14 201744x 10°9 700000x!Q·l 200000x!0·1 200000xl0°1 loOOOO 3o0253xl04 

66 200620x I o-1 200991x!0· 14 903043xl0° 10 700000xl0°1 2o0000x I 0° 1 200000x!0- 1 100000 300253xl04 

67 203870x I o-t 2o0991x!0·14 7 0697lx IQ·IO 7 OOOOOx 10· 1 200000xl0· 1 200000x I o- 1 1.0000 300253xl04 

68 1.2380x!0·1 2.099lx10° 14 1.716lx!0·9 700000xl0· 1 2o0000x I o-1 200000x 10·1 100000 300253xl04 

69 17800x!0·1 200991x!0· 14 1.1175x 10-9 7.0000xl0·1 2o0000x 10·1 200000x!0·1 100000 3o0253xl04 

70 1.6170x!0·1 200991x!0· 14 1.2553x I o-9 7.0000xto-1 200000x!0·1 200000xl0· 1 1.0000 300253xl04 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for CULEBRA 

Run 
NIL ~ Penneability Compressibility !KE.Xf BCBRSAT BCGSSAT lKEW ~ 

I 14. I. 57. I. I. I. I. I. 
2 60. I. II. I. I. I. I. I. 
3 52. I. 19. I. I. I. I. I. 
4 28. I. 43. I. I. I. I. I. 
5 21. I. 50. I. I. I. I. I. 
6 56. I. 15. I. I. I. I. I. 
7 18. I. 53. I. I. I. I. I. 
8 8. I. 63. I. I. I. I. I. 
9 19. I. 52. I. I. I. I. I. 
10 48. I. 23. I. I. I. I. I. 
II 58. I. 13. I. I. I. I. I. 
12 32. I. 39. I. I. I. I. I. 
13 13. I. 58. I. I. I. I. I. 
14 27. I. 44. I. I. I. I. I. 
15 II. I. 60. I. I. I. I. I. 
16 23. I. 48. I. I. I. I. I. 
17 36. I. 35. I. I. I. I. I. 
18 55. I. 16. I. I. I. I. I. 
19 2. I. 69. I. I. I. I. I. 
20 65. I. 6. I. I. I. I. I. 
21 9. I. 62. I. I. I. I. I. 
22 29. I. 42. I. I. I. I. I. 
23 34. I. 37. I. I. I. I. I. 
24 37. I. 34. I. I. I. I. I. 
25 64. I. 7. I. I. I. I. I. 
26 67. I. 4. I. I. I. I. I. 

27 49. I. 22. I. I. I. I. I. 
28 61. I. 10. I. I. I. I. I. 
29 41. I. 30. I. I. I. I. I. 

30 50. I. 21. I. I. I. I. I. 
31 7. I. 64. I. I. I. I. I. 
32 22. I. 49. I. I. I. I. I. 
33 26. I. 45. I. I. I. I. I. 
34 38. I. 33. I. I. I. I. I. 
35 63. I. 8. I. I. I. I. I. 
36 51. I. 20. I. I. I. I. I. 
37 12. I. 59. I. I. I. I. I. 
38 17. I. 54. I. I. I. I. I. 
39 30. I. 41. I. I. I. I. I. 
40 62. I. 9. I. I. I. I. I. 
41 35. I. 36. I. I. I. I. I. 
42 4. I. 67. I. I. I. I. I. 
43 20. I. 51. I. I. I. I. I. 
44 42. I. 29. I. I. I. I. I. 
45 43. I. 26. I. I. I. I. I. 
46 31. I. 40. I. I. I. I. I. 
47 3. I. 68. I. I. I. I. I. 
48 39. I. 32. I. I. I. I. I. 
49 24. I. 47. I. I. I. I. I. 
50 I. I. 70. I. I. I. I. I. 
51 10. I. 61. I. I. I. I. I. 
52 70. I. I. I. I. I. I. I. 

B-45 



Appendix B: BRAG FLO Reference Tables 

Table 8-2 1992 BRAGFLO Ranks of Computed Variable Values for CULEBRA (Concluded) 

Run 
N2. ~ PermeabiHty Compressibility JKEXf BCBRSAT BGSSAT B.CELQ lK...£cr 

53 46. I. 25. I. I. I. I. I. 
54 68. I. 3. I. I. I. I. I. 
55 59. I. 12. I. I. I. I. I. 
56 43. I. 26. I. I. I. I. I. 
57 40. I. 31. I. I. I. I. I. 
58 57. I. 14. I. I. I. I. I. 
59 33. I. 38. I. I. I. I. I. 
60 5. I. 66. I. I. I. I. I. 
61 16. I. 55. I. I. I. I. I. 
62 54. I. 17. I. I. I. I. I. 
63 15. I. 56. I. I. I. I. I. 
64 47. I. 24. I. I. I. I. I. 
65 6. I. 65. I. I. I. I. I. 
66 66. I. 5. I. I. I. I. I. 
67 69. I. 2. I. I. I. I. I. 
68 25. I. 46. I. I. I. I. I. 
69 53. I. 18. I. I. I. I. I. 
70 43. I. 26. I. I. I. I. I. 
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Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRA I 

Run 
l'Y2. ~ Perrneabili ty Compressibility B.CEXf BCBRSAT BCGSSAT ruJ:l.Q B..C.KI 

I 1.1430x I 0· 1 0.0000 0.0000 7.0000x 10·1 2.0000xJ0· 1 2.0000x 10·1 1.0000 0.0000 
2 1.8220x I Q·1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000x 10·1 1.0000 0.0000 
3 L7260xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000x I o-1 1.0000 0.0000 
4 L2840xJ0· 1 0.0000 0.0000 7 .oooox J0· 1 2.0000xJ0·1 2.0000x 10·1 1.0000 0.0000 
5 1.2200x 10·1 0.0000 0.0000 7 .OOOOx I o- 1 2.0000x 10·1 2.0000x 10·1 1.0000 0.0000 
6 1.7830xJ0·1 0.0000 0.0000 7.0000x JQ-1 2.0000xJ0· 1 2.0000x 10·1 1.0000 0.0000 
7 L2060xJ0·1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000xJ0· 1 1.0000 0.0000 
8 1.0450xJ0·1 0.0000 0.0000 7.0000xJ0·1 2.0000x 10·1 2.0000x I o-1 1.0000 0.0000 
9 L2100x!0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000x 10·1 1.0000 0.0000 
10 1.6340x 10·1 0.0000 0.0000 7.0000x 10· 1 2.0000xJ0· 1 2.0000xJ0· 1 1.0000 0.0000 
II 1.7880xJ0·1 0.0000 0.0000 7.0000x 10·1 2.0000x I Q-1 2.0000x JQ-1 1.0000 0.0000 
12 1.3740xJ0·1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000x 10·1 1.0000 0.0000 
13 Lll50x!0·1 0.0000 0.0000 7 .OOOOx 10· 1 2.0000x J0·1 2.0000x I 0· 1 1.0000 0.0000 
14 1.2590x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xto·1 2.0000x 10·1 1.0000 0.0000 
15 1.0750x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000xJ0· 1 1.0000 0.0000 
16 L2290xJ0· 1 0.0000 0.0000 7.0000xJ0·1 2.0000x 10·1 2.0000x 10·1 1.0000 0.0000 
17 L4460xJ0· 1 0.0000 0.0000 7.0000x JO·I 2.0000x 10·1 2.0000x I o- 1 1.0000 0.0000 
18 1.7820xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xJ0· 1 1.0000 0.0000 
19 7 .6020x I o-2 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xto·1 1.0000 0.0000 
20 2.0520xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x I 0· 1 2.0000x I o-1 1.0000 0.0000 
21 1.0500xJ0·1 0.0000 0.0000 7 .OOOOx 10· 1 2.0000x J0· 1 2.0000x 10·1 1.0000 0.0000 
22 1.31 !Ox J0· 1 0.0000 0.0000 7.0000x 10·1 2.0000x J0· 1 2.0000xJ0·1 1.0000 0.0000 
23 1.4220xJ0·1 0.0000 0.0000 7.0000xJ0· 1 2.0000x J0· 1 2.0000xJ0·1 1.0000 0.0000 
24 1.4510x 10·1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000x I 0· 1 1.0000 0.0000 
25 2.0340x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x I o- 1 2.0000x I o- 1 1.0000 0.0000 
26 2.0780xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000x I o-1 1.0000 0.0000 
27 1.6470xl0·1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xJ0· 1 1.0000 0.0000 
28 1.8890xJ0·1 0.0000 0.0000 7.0000xJ0· 1 2.0000x J0·1 2.0000x 10·1 1.0000 0.0000 
29 1.5540x I o- 1 0.0000 0.0000 7.0000xJ0·1 2.0000x 10·1 2.0000x I Q-1 1.0000 0.0000 
30 1.6620x 10·1 0.0000 0.0000 7.0000x JQ-1 2.0000xJ0· 1 2.0000x 10·1 1.0000 0.0000 
31 1.0200x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x I Q· 1 2.0000x I o- 1 1.0000 0.0000 
32 1.2240x I o- 1 0.0000 0.0000 7 .OOOOx J0·1 2.0000xJ0· 1 2.0000xto·1 1.0000 0.0000 
33 1.2550xt0·1 0.0000 0.0000 7.0000xJ0·1 2.0000x I 0·1 2.0000x I o- 1 1.0000 0.0000 
34 1.4580x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xJ0·1 1.0000 0.0000 
35 2.0210xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000x I Q- 1 1.0000 0.0000 
36 1.7I80x 10· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0·1 2.0000xJ0· 1 1.0000 0.0000 
37 1.0990x J0- 1 0.0000 0.0000 7 .OOOOx 10· 1 2.0000xJ0· 1 2.0000x JQ-1 1.0000 0.0000 
38 1.1960x I Q- 1 0.0000 0.0000 7.0000x 10·1 2.0000x JQ- 1 2.0000x I Q·l 1.0000 0.0000 
39 1.3280x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x I o- 1 2.0000x I o-1 1.0000 0.0000 
40 1.9160x!0· 1 0.0000 0.0000 7.0000xJO-I 2.0000xJ0·1 2.0000x JQ-1 1.0000 0.0000 
41 1.4310x I o- 1 0.0000 0.0000 7.0000xto· 1 2.0000x I 0· 1 2.0000x I o-1 1.0000 0.0000 
42 9 .5620x I o-2 0.0000 0.0000 7.0000xJ0· 1 2.0000x I 0· 1 2.0000x I o- 1 1.0000 0.0000 
43 L2!50xJ0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0·1 2.0000x I Q-l 1.0000 0.0000 
44 1.5930x I Q-1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000x I o- 1 1.0000 0.0000 
45 1.6170x!0· 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xJ0· 1 1.0000 0.0000 
46 1.3680x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x w- 1 2.0000x I Q-l 1.0000 0.0000 
47 7.9990xJ0·2 0.0000 0.0000 7.0000xi0· 1 2.0000x I o- 1 2.0000xJ0· 1 1.0000 0.0000 
48 1.4620x I o- 1 0.0000 0.0000 7.0000xJ0· 1 2.0000x 10·1 2.0000xJ0· 1 1.0000 0.0000 
49 1.23 !Ox 10· 1 0.0000 0.0000 7.0000xto· 1 2.0000x J0- 1 2.0000x w- 1 1.0000 0.0000 
50 6.4050x J0-2 0.0000 0.0000 7.0000xJ0· 1 2.0000xJ0· 1 2.0000x I 0· 1 1.0000 0.0000 
51 1.0650x I Q- 1 0.0000 0.0000 7.0000xlo· 1 2.0000x 10·1 2.0000xJ0· 1 1.0000 0.0000 
52 2.4520x JQ-1 0.0000 0.0000 7.0000xJ0· 1 2.0000x I o-1 2.0000x I o- 1 1.0000 0.0000 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRAI (Concluded) 

Run 
N2. ~ ~s:m:nl:abilit~ CQffillrl:S~ibilit~ ~ BCBRSAI BCGSSAI JiCELQ IK..fiT 

53 1.6180x!0-1 0.0000 0.0000 7.0000xi0· 1 2.0000x w- 1 2.0000x I o- 1 1.0000 0.0000 
54 2.1840xi0· 1 0.0000 0.0000 7 .oooox 1 o- 1 2.0000x I o-t 2.0000x I o- 1 1.0000 0.0000 
55 1.7930x w-t 0.0000 0.0000 7 .OOOOx 10· 1 2.0000x I0- 1 2.0000x I o- 1 1.0000 0.0000 
56 1.6170xl0-1 0.0000 0.0000 7.0000xi0- 1 2.0000x w-t 2.0000x I o-1 1.0000 0.0000 
57 1.4880xi0-1 0.0000 0.0000 7 .OOOOx I o-t 2.0000x w- 1 2.0000xi0· 1 1.0000 0.0000 
58 1.7840x 10·1 0.0000 0.0000 7 .OOOOx I o- 1 2.0000x I o- 1 2.0000x w- 1 1.0000 0.0000 
59 1.4090x 10·1 0.0000 0.0000 7.0000xi0· 1 2.0000x I o- 1 2.0000x w-t 1.0000 0.0000 
60 9.7870x w-2 0.0000 0.0000 7.0000xi0· 1 2.0000xi0- 1 2.0000x I o-t 1.0000 0.0000 
61 1.1710x 10·1 0.0000 0.0000 7.0000x I0- 1 2.0000x 10·1 2.0000x 10·1 1.0000 0.0000 
62 1.7810x!O-I 0.0000 0.0000 7 .OOOOx 1 o- 1 2.0000x w-t 2.0000x I o-1 1.0000 0.0000 
63 1.1510xl0-1 0.0000 0.0000 7.0000xi0- 1 2.0000x I o-t 2.0000x w- 1 1.0000 0.0000 
64 1.6240x I o- 1 0.0000 0.0000 7 .OOOOx I o- 1 2.0000x 10·1 2.0000xio-t 1.0000 0.0000 
65 I.0040x w- 1 0.0000 0.0000 7.0000xi0· 1 2.0000x 10·1 2.0000x I o- 1 1.0000 0.0000 
66 2.0620x 10·1 0.0000 0.0000 7 .OOOOx I o- 1 2.0000x I o- 1 2.0000x I o- 1 1.0000 0.0000 
67 2.3870x I o- 1 0.0000 0.0000 7 .OOOOx I o- 1 2.0000xi0· 1 2.0000x I o-t 1.0000 0.0000 
68 1.2380xi0·1 0.0000 0.0000 7 .oooox w- 1 2.0000x I o- 1 2.0000x I o- 1 1.0000 0.0000 
69 1.7800xi0· 1 0.0000 0.0000 7.0000xio-t 2.0000x w- 1 2.0000xio- 1 1.0000 0.0000 
70 1.6170xi0·1 0.0000 0.0000 7 .OOOOx 10· 1 2.0000xi0· 1 2.0000xi0·1 1.0000 0.0000 
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Appendix B: BRAGFLO Reference Tables 

Table B-2 1992 BRAG FLO Ranks of Computed Variable Values for CULEBRA I 

Run 
!iQ.. ~ Penneabj!ity Compressibility B..CEXf BCBRSAT BCGSSAT Jll:.ELQ .B.£...Ecr 

I 14. I. I. I. I. I. I. I. 
2 60. I. I. I. I. I. I. I. 
3 52. I. I. I. I. I. I. I. 
4 28. I. I. I. I. I. I. I. 
5 21. I. I. I. I. I. I. I. 
6 56. I. I. I. I. I. I. I. 
7 18. I. I. I. I. I. I. I. 
8 8. I. I. I. I. I. I. I. 
9 19. I. I. I. I. I. I. I. 
10 48. I. I. I. I. I. I. I. 
II 58. I. I. I. I. I. I. I. 
12 32. I. I. I. I. I. I. I. 
13 13. I. I. I. I. I. I. I. 
14 27. I. I. I. I. I. I. I. 
15 II. I. I. I. I. I. I. I. 
16 23. I. I. I. I. I. I. I. 
17 36. I. I. I. I. I. I. I. 
18 55. I. I. I. I. I. I. I. 
19 2. I. I. I. I. I. I. I. 
20 65. I. I. I. I. I. I. I. 
21 9. I. I. I. I. I. I. I. 
22 29. I. I. I. I. I. I. I. 
23 34. I. I. I. I. I. I. I. 
24 37. I. I. I. I. I. I. I. 
25 64. I. I. I. I. I. I. I. 
26 67. I. I. I. I. I. I. I. 

27 49. I. I. I. I. I. I. I. 
28 61. I. I. I. I. I. I. I. 
29 41. I. I. I. I. I. I. I. 
30 50. I. I. I. I. I. I. I. 
31 7. I. I. I. I. I. I. I. 
32 22. I. I. I. I. I. I. I. 
33 26. I. I. I. I. I. I. I. 
34 38. I. I. I. I. I. I. I. 
35 63. I. I. I. I. I. I. I. 
36 51. I. I. I. I. I. I. I. 
37 12. I. I. I. I. I. I. I. 
38 17. I. I. I. I. I. I. I. 
39 30. I. I. I. I. I. I. I. 
40 62. I. I. I. I. I. I. I. 
41 35. I. I. I. I. I. I. I. 
42 4. I. I. I. I. I. I. I. 
43 20. I. I. I. I. I. I. I. 
44 42. I. I. I. I. I. I. I. 
45 43. I. I. I. I. I. I. I. 
46 31. I. I. I. I. I. I. I. 
47 3. I. I. I. I. I. I. I. 
48 39. I. I. I. I. I. I. I. 
49 24. I. I. I. I. I. I. I. 
50 I. I. I. I. I. I. I. I. 
51 10. I. I. I. I. I. I. I. 
52 70. I. I. I. I. I. I. I. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFl.O Ranks of Computed Variable Values for CULEBRA I (Concluded) 

Run 
tm ~ Penneability Compressibility ~ BCBRSAT BCGSSAT ru:a& ~ 

53 46. I. I. I. I. I. I. I. 
54 68. I. I. I. I. I. I. I. 
55 59. I. I. I. I. I. I. I. 
56 43. I. I. I. I. I. I. I. 
57 40. I. I. I. I. I. I. I. 
58 57. I. I. I. I. I. I. I. 
59 33. I. I. I. I. I. I. I. 
60 5. I. I. I. I. I. I. I. 
61 16. I. I. I. I. I. I. I. 
62 54. I. I. I. I. I. I. I. 
63 15. I. I. I. I. I. I. I. 
64 47. I. I. I. I. I. I. I. 
65 6. I. I. I. I. I. I. I. 
66 66. I. I. I. I. I. I. I. 
67 69. I. I. I. I. I. I. I. 
68 25. I. I. I. I. I. I. I. 
69 53. I. I. I. I. I. I. I. 
70 43. I. I. I. I. I. I. I. 
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Appendix 8: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRA_SEAL 

Run 
N2. fQrQ.sili: f!:nD!:i!bilil~ CQml;!~ssibilil~ .B.CEXf BCBRSAI BCQSSAI oc.ELQ B.C...£cr 

I 2.0000x I0- 1 I.OOOOxi0· 18 3.3131x10· 10 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 
2 2.0000x I o- 1 I.OOOOx J0-18 3.3131xi0· 10 7.0000xl0·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 
3 2.0000x I o-1 1.0000xi0·18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 
4 2.0000x 10·1 I.OOOOx IQ-18 3.3131xJ0· 10 7.0000xl0·1 2.0000x I o-1 0.0000 1.0000 9.4665xJ05 
5 2.0000xJ0·1 I.OOOOx I o- 18 3.3131xl0· 10 7.0000xi0·1 2.0000x J0· 1 0.0000 1.0000 9.4665x 105 

6 2.0000x10·1 I.OOOOx J0-18 3.3131xi0· 10 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 9.4665x J05 
7 2.0000x I Q- 1 I.OOOOx I o- 18 3.3131xJ0· 10 7.0000xi0·1 2.0000x I Q-1 0.0000 1.0000 9.4665x 105 
8 2.0000x I o-1 I.OOOOx I o-18 3.3131xi0·10 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 9.4665xiQ5 
9 2.0000x I o-1 I.OOOOxiQ·18 3.3131xi0· 10 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 9.4665x J05 
10 2.0000x I o- 1 I.OOOOxi0- 18 3.3131xl0· 10 7.0000xi0-1 2.0000x 10·1 0.0000 1.0000 9.4665x 1Q5 
II 2.0000x10·1 I.OOOOxiQ·18 3.3131xi0· 10 7.0000x 10·1 2.0000x I Q- 1 0.0000 1.0000 9.4665xl05 

12 2.0000x 10·1 I.OOOOx I o- 18 3.3131xi0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665x J05 
13 2.0000x J0-1 I.OOOOx J0-18 3.3131xi0· 10 7.0000xJ0-1 2.0000x I Q- 1 0.0000 1.0000 9.4665xiQ5 
14 2.0000x J0-1 I.OOOOxiQ-18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665x J05 
15 2.0000x 10·1 I.OOOOx IQ-18 3.3131xi0· 10 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 9.4665x 1Q5 
16 2.0000x I Q-1 I.OOOOxiQ-18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

17 2.0000x I o-1 I. OOOOx J0-18 3.3131xi0· 10 7 .OOOOx 10·1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

18 2.0000x 10·1 1.0000xi0·18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665x 1Q5 
19 2.0000x J0-1 I.OOOOx J0-18 3.3131xlo- 10 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 9.4665xi05 
20 2.0000x10·1 I.OOOOx IQ-18 3.3131xJ0·10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665xi05 
21 2.0000xi0·1 I.OOOOx J0-18 3.3131xl0· 10 7.0000xJ0-1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

22 2.0000x I o-1 I.OOOOxiQ·18 3.3131xlo- 10 7.0000x 10·1 2.0000xiQ-1 0.0000 1.0000 9.4665x 1Q5 
23 2.0000x I o- 1 I.OOOOx IQ-18 3.3131xl0· 10 7.0000x 10·1 2.0000x J0-1 0.0000 1.0000 9.4665x 105 
24 2.0000x 10·1 I.OOOOxi0- 18 3.3131xJ0· 10 7.0000x 10·1 2.0000x10·1 0.0000 1.0000 9.4665x 105 

25 2.0000x I o- 1 I.OOOOx J0-18 3.3131xl0· 10 7.0000xlo-1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 
26 2.0000xio- 1 I.OOOOxJQ-18 3.3131xl0· 10 7.0000x 10•1 2.0000x I o- 1 0.0000 1.0000 9.4665xl05 

27 2.0000x I Q-1 I.OOOOxJ0-18 3.3131x1Q·10 7.0000xlo-1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

28 2.0000x1o· 1 I.OOOOxiQ-18 3.3131xJ0· 10 7.0000x 10·1 2.0000xi0·1 0.0000 1.0000 9.4665x 1Q5 
29 2.0000x I o-1 I.OOOOx 10· 18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

30 2.0000xJ0·1 I.OOOOx I o- 18 3.3131xJ0· 10 7.0000xlo-1 2.0000x10·1 0.0000 1.0000 9.4665xl05 

31 2.0000xJ0·1 I.OOOOx J0-18 3.3131xl0· 10 1.0000x w-1 2.0000xJ0·1 0.0000 1.0000 9.4665x J05 
32 2.0000xJ0·1 I.OOOOx 10·18 3.3131xi0· 10 7.0000xJ0·1 2.0000x10·1 0.0000 1.0000 9.4665xJ05 
33 2.0000x I o-1 I.OOOOxi0- 18 3.3131xJ0· 10 7.0000xlo- 1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

34 2.0000xJ0·1 I.OOOOx JQ-18 3.3131xl0· 10 7.0000xi0·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 

35 2.0000xJ0·1 I.OOOOx JQ-18 3.3131xJ0· 10 7.0000xi0· 1 2.0000x JQ- 1 0.0000 1.0000 9.4665xiQ5 
36 2.0000x I Q-1 I.OOOOx IQ-18 3.3131xl0· 10 7.0000xJ0·1 2.0000x10·1 0.0000 1.0000 9.4665x105 
37 2.0000x 10·1 I.OOOOx JQ-18 3.3131xJ0· 10 7.0000xi0·1 2.0000xi0·1 0.0000 1.0000 9.4665xl05 

38 2.0000x I Q- 1 I.OOOOxi0- 18 3.313lxJ0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

39 2.0000xJ0·1 I.OOOOx 10·18 3.3131xi0·10 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 9.4665x 105 

40 2.0000xi0·1 I.OOOOx 10· 18 3.3131xi0- 10 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

41 2.0000xi0· 1 I.OOOOx I o- 18 3.3131xJ0· 10 7 .OOOOx I o- 1 2.0000x10·1 0.0000 1.0000 9.4665x 105 

42 2.0000x I o-1 I.OOOOx 10· 18 3.3131xJ0· 10 7.0000xl0·1 2.0000xJ0·1 0.0000 1.0000 9.4665xl05 
43 2.0000x I o-1 I.OOOOxJ0·18 3.3131xl0· 10 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

44 2.0000xJ0· 1 I.OOOOx JQ-18 3.313lxi0· 10 7 .OOOOx 10·1 2.0000x10· 1 0.0000 1.0000 9.4665xl05 

45 2.0000x 10·1 I.OOOOx IQ-18 3.3131xi0· 10 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 

46 2.0000xi0·1 I.OOOOx IQ-18 3.3131xl0· 10 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

47 2.0000xi0·1 I.OOOOx I o-18 3.3131xi0· 10 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 9.4665x 105 

48 2.0000x 10·1 I.OOOOxiQ·18 3.313lx1Q· 10 7.0000x 10·1 2.0000x10·1 0.0000 1.0000 9.4665xl05 

49 2.0000xi0·1 I.OOOOxi0· 18 3.3131xl0· 10 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

50 2.0000x 10" 1 I.OOOOx 10·18 3.3131xi0· 10 7.0000x10· 1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 

51 2.0000x 10·1 1.0000x1Q·18 3.3131xi0· 10 7.0000x 10·1 2.0000x10·1 0.0000 1.0000 9.4665x 105 

52 2.0000xlo-1 I.OOOOxJQ·18 3.313lxi0· 10 7.0000xl0·1 2.0000x 10·1 0.0000 1.0000 9.4665xl05 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for CULEBRA_SEAL (Concluded) 

Run 
N!2.. ~ ~~llD~llbilit:t CQIDllrl:~sibilil:t B.C.EX£ l!CBBSAI BCQSSAI OCELQ IK..KI 

53 2.0000x I0-1 I.OOOOxi0-1 8 3.313Jxl0•10 7.0000xlo-l 2.0000x I o-1 0.0000 1.0000 9.4665x 105 
54 2.0000xJ0·1 I.OOOOx J0·18 3.313lxl0·10 7 .OOOOx 10·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 
55 2.0000xJ0·1 I.OOOOx JO·I8 3.313lxiO·IO 7.0000xJ0·1 2.0000x I o·1 0.0000 1.0000 9.4665xi05 
56 2.0000x I o-1 I.OOOOxJO·I8 3.313lxl0·10 7 .OOOOx IQ-1 2.0000x I o-1 0.0000 1.0000 9.4665x J05 
57 2.0000x 10·1 I.OOOOxJO·I8 3.313lxi0- 10 7.0000xJ0·1 2.0000xio-1 0.0000 1.0000 9.4665xi05 
58 2.0000x I0-1 I.OOOOx 10·18 3.3131x IQ-IO 7.0000xJ0·1 2.0000x w-1 0.0000 1.0000 9.4665x 105 
59 2.0000xiO-I I.OOOOxi0- 18 3.3131xi0- 10 7.0000x w-1 2.0000x I o-1 0.0000 1.0000 9.4665xi05 
60 2.0000x I o- 1 I.OOOOx w- 18 3.3131xl0·10 7.0000xJ0·1 2.0000x w-1 0.0000 1.0000 9.4665x 1Q5 
61 2.0000xio-1 I.OOOOx JO·I8 3.313lxi0- 10 7.0000xJ0·1 2.0000x w-1 0.0000 1.0000 9.4665x 105 

62 2.0000xJ0·1 I.OOOOx 10·18 3.3131xl0· 10 7.0000xiO-I 2.0000xJ0·1 0.0000 1.0000 9.4665xi05 
63 2.0000x I o- 1 I.OOOOx w- 18 3.3131xl0· 10 7 .OOOOx I0- 1 2.0000x I o-1 0.0000 1.0000 9.4665xJ05 
64 2.0000xio-l I.OOOOxi0- 18 3.3131xl0· 10 7.0000xJ0·1 2.0000xio-1 0.0000 1.0000 9.4665x 105 

65 2.0000x I o-1 I.OOOOxi0-18 3.313lxl0· 10 7.0000x w-1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 

66 2.0000xio-1 I.OOOOx w- 18 3.313lxl0·10 7.0000xJ0·1 2.0000xio-1 0.0000 1.0000 9.4665xl05 
67 2.0000x I o- 1 I.OOOOx I0-1 8 3.3131xi0· 10 7 .OOOOx I0- 1 2.0000x I o-1 0.0000 1.0000 9.4665x 105 

68 2.0000xio-1 I.OOOOxi0-1 8 3.313lxl0·1° 7.0000xJ0·1 2.0000xio- 1 0.0000 1.0000 9.4665xl05 

69 2.0000xi0- 1 I.OOOOx 10· 18 3.313lxiO-IO 7.0000xJ0·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 
70 2.0000xJ0·1 I.OOOOxJ0· 18 3.3131xl0·10 7.0000xJ0·1 2.0000x w-1 0.0000 1.0000 9.4665xl05 
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Table B-2 1992 BRAG FLO Ranks of Computed Variable Values for CULEBRA_SEAL 

Run 
N2, ~ Penneabi!ity Compressjbj !jty B..CEXf BCBRSAT BCGSSAT B.crLQ lK...P.CI 

I I. I. I. I. I. I. I. I. 
2 I. I. I. I. I. I. I. I. 
3 I. I. I. I. I. I. I. I. 
4 I. I. I. I. I. I. I. I. 
5 I. I. I. I. I. I. I. I. 
6 I. I. I. I. I. I. I. I. 
7 I. I. I. I. I. I. I. I. 
8 I. I. I. I. I. I. I. I. 
9 I. I. I. I. I. I. I. I. 
10 I. I. I. I. I. I. I. I. 
II I. I. I. I. I. I. I. I. 
12 I. I. I. I. I. I. I. I. 
13 I. I. I. I. I. I. I. I. 
14 I. I. I. I. I. I. I. I. 
15 I. I. I. I. I. I. I. I. 
16 I. I. I. I. I. I. I. I. 
17 I. I. I. I. I. I. I. I. 
18 I. I. I. I. I. I. I. I. 
19 I. I. I. I. I. I. I. I. 
20 I. I. I. I. I. I. I. I. 
21 I. I. I. I. I. I. I. I. 
22 I. I. I. I. I. I. I. I. 
23 I. I. I. I. I. I. I. I. 
24 I. I. I. I. I. I. I. I. 
25 I. I. I. I. I. I. I. I. 
26 I. I. I. I. I. I. I. I. 
27 I. I. I. I. I. I. I. I. 
28 I. I. I. I. I. I. I. I. 
29 I. I. I. I. I. I. I. I. 
30 I. I. I. I. I. I. I. I. 
31 I. I. I. I. I. I. I. I. 
32 I. I. I. I. I. I. I. I. 
33 I. I. I. I. I. I. I. I. 
34 I. I. I. I. I. I. I. I. 
35 I. I. I. I. I. I. I. I. 
36 I. I. I. I. I. I. I. I. 
37 I. I. I. I. I. I. I. I. 
38 I. I. I. I. I. I. I. I. 
39 I. I. I. I. I. I. I. I. 
40 I. I. I. I. I. I. I. I. 
41 I. I. I. I. I. I. I. I. 
42 I. I. I. I. I. I. I. I. 
43 I. I. I. I. I. I. I. I. 
44 I. I. I. I. I. I. I. I. 
45 I. I. I. I. I. I. I. I. 
46 I. I. I. I. I. I. I. I. 
47 I. I. I. I. I. I. I. I. 
48 I. I. I. I. I. I. I. I. 
49 I. I. I. I. I. I. I. I. 
50 I. I. I. I. I. I. I. I. 
51 I. I. I. I. I. I. I. I. 
52 I. I. I. I. I. I. I. I. 
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Table B-2 1992 BRAG FLO Ranks of Computed Variable Values for CULEBRA_SEAL (Concluded) 

Run 
N2. ~ Permeabi!ity Compressibility ru:.EXf BCBRSAT BCGSSAT H.C.ELQ lK:KI 

53 I. I. I. I. I. I. I. I. 
54 I. I. I. I. I. I. I. I. 
55 I. I. I. I. I. I. I. I. 
56 I. I. I. I. I. I. I. I. 
57 I. I. I. I. I. I. I. I. 
58 I. I. I. I. I. I. I. I. 
59 I. I. I. I. I. I. I. I. 
60 I. I. I. I. I. I. I. I. 
61 I. I. ). ). ). ). ). ). 

62 ). ). ). I. I. I. ). ). 

63 I. ). ). I. ). ). ). ). 

64 ). ). ). I. ). I. I. I. 
65 ). ). ). I. I. ). ). ). 

66 ). ). ). ). ). I. ). ). 

67 ). ). ). I. I. ). ). I. 
68 ). ). ). I. I. ). ). ). 

69 ). ). ). I. I. ). I. I. 
70 ). I. I. I. I. ). I. ). 
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Table B-2 1992 BRAGFLO Computed Variable Values for EXPERIMENTAL_REGION 

Run 
N.Q.. ~ Permeability Compressibility lK:EXf BCBRSAT BCGSSAT OCfLQ .lKfiT 

I 2.4490x I o-2 1.0000xJ0·15 4.4974x 10·9 7.0000xl0·1 2.0000xl0-1 0.0000 1.0000 8.6734x 104 

2 1.1240x I o-2 I.OOOOx Jo·15 1.0094x JQ-8 7.0000xlo-1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

3 5.1030x 10·2 1.0000xl0·15 2.0283x 10"9 7.0000xl0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

4 1.6070x 10·2 l.OOOOx 10·15 6.9848x 10·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

5 4.3250xi0·2 l.OOOOx 10·15 2.4381 x 1 o-9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

6 5.8630x I o-2 l.OOOOx 10-15 I. 7330x I o-9 7.0000xi0-J 2.0000x 10-1 0.0000 1.0000 8.6734xl04 

7 6.6520x 10·2 l.OOOOxJ0· 15 1.4978x I o-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

8 3.6140x 10·2 l.OOOOx 10·15 2.9670x 10-9 7.0000xJ0-1 2.0000x 10-1 0.0000 1.0000 8.6734x 104 

9 I. 9210x I o-2 l.OOOOxJ0·15 5.8022x 10"9 7.0000xl0·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

10 4.7300x 10·2 l.OOOOx JQ-15 2.2080x 10·9 7.0000xi0· 1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

II 6. 7690x I o-2 l.OOOOxlo-15 1.4676x I o-9 7.0000x I o-1 2.0000x I 0·1 0.0000 1.0000 8.6734x 104 

12 2.5040x I o-2 I.OOOOx 10· 15 4.3931 x 1 o-9 7 .oooox J0· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

13 7.0630x 10-2 I.OOOOxJo-15 1.3961 X J0·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

14 4.0420xJ0·2 l.OOOOx 10·15 2.6264x I o-9 7.0000xl0·1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

15 2.1150x I o-2 l.OOOOx I o- 15 5.2470xi0·9 7.0000xJ0· 1 2.0000x 10-1 0.0000 1.0000 8.6734xl04 

16 7.2500x 10-2 I.OOOOx 10· 15 1.3536x I o-9 7 .oooox 10·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

17 4.9250x I o-2 l.OOOOxJ0·15 2.1107x I o-9 7.0000xJ0·1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

18 1.3450x I o-2 l.OOOOx 10·15 8.3941xi0·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

19 7 .4520x I o-2 I.OOOOxlo-15 1.3101xi0-9 7.0000xl0·1 2.0000x 10-1 0.0000 1.0000 8.6734xl04 

20 3.7170xi0·2 I.OOOOxlo-15 2.8779x 10·9 7 .oooox 10" 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

21 5.5630xi0·2 I.OOOOx I0-15 1.8399x I o-9 7.0000xi0-1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

22 4.4090x I o-2 l.OOOOx 10-15 2.3869x I o-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

23 6.01 OOx I o-2 l.OOOOxlo-15 1.6845x 10·9 7.0000x10·1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

24 6.9800x I o-2 I.OOOOx 10·15 1.4157x I o-9 7.0000xi0-1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

25 6.11 OOx 10·2 l.OOOOx I o- 15 1.6528x 10·9 7.0000xl0- 1 2.0000x w-1 0.0000 1.0000 8.6734x 104 

26 5.6930x I o-2 I.OOOOxi0- 15 I. 7922x I o-9 7.0000xi0· 1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

27 2.8620x I o-2 I.OOOOxlo- 15 3.8123x 10·9 7.0000xJO·I 2.0000x10·1 0.0000 1.0000 8.6734xl04 

28 4.1490xi0·2 I.OOOOx 10·15 2.5522x I o-9 7 .OOOOx I o- 1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

29 1.4260x I o-2 1.0000xl0·15 7.9031 X JQ-9 7.0000xl0· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

30 3.2140xJ0·2 l.OOOOxJ0·15 3.3674xl0-9 7.0000x J0-1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

31 2.6760x I o-2 l.OOOOx 10-15 4.0946x I o-9 7.0000xl0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

32 3.9190xJ0·2 l.OOOOx I o-15 2.7166xJ0·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

33 4.5660xi0·2 l.OOOOx Jo· 15 2.2963x 10-9 7 .oooox w- 1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

34 3.4580x I o-2 I.OOOOx I o- 15 3.112lxl0·9 7.0000xJ0·1 2.0000x 10-1 0.0000 1.0000 8.6734xl04 

35 3.8780x 10·2 1.0000x10·15 2.7480xi0·9 7.0000xl0·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

36 4.6630x I o-2 I.OOOOxi0- 15 2.2433x I o-9 7.0000xi0· 1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

37 1.6500x I o-2 1.0000xi0·15 6. 7962x I o-9 7 .OOOOx 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

38 6.7530x 10-2 I.OOOOxi0-15 1.4716xi0·9 7.0000xi0·1 2.0000xl0·1 0.0000 1.0000 8.6734x 104 

39 6.2320x I o-2 I.OOOOxlo-15 1.6156x 10·9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 8.6734x 104 

40 5.4740xi0-2 I.OOOOx JQ-15 1.8739x I o-9 7.0000xlo-1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

41 6.3580x I o-2 I.OOOOxlo-15 1.5786x I o-9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

42 7 .1460x I o-2 I.OOOOx I o- 15 1.3770x I o-9 7 .OOOOx I o- 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

43 4.4580x I o-2 I.OOOOx 10·15 2.3580x 10·9 7.0000xi0-1 2.0000xi0· 1 0.0000 1.0000 8.6734xl04 

44 7 .3870x I o-2 I.OOOOx 10·15 1.3239x 10"9 7.0000xl0· 1 2.0000x 10-1 0.0000 1.0000 8.6734x I 04 

45 2.9730x I o-2 I.OOOOxi0- 15 3.6606x I o-9 7.0000xi0·1 2.0000xi0·1 0.0000 1.0000 8.6734xl04 

46 1.2610x I 0-2 I.OOOOx 10· 15 8. 9699x I o-9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

47 6.051 Ox I o-2 I.OOOOxi0-15 1.6714x 10·9 7.0000xi0· 1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

48 3.3090x I o-2 I.OOOOx I o- 15 3.2635xi0·9 7.0000xi0·1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

49 4.1760x 10·2 I.OOOOx I o- 15 2.5341xl0·9 7.0000xi0· 1 2.0000xi0·1 0.0000 1.0000 8.6734x 104 

50 3.0510x 10·2 l.OOOOx J0-15 3.5606x I o-9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

51 1.8180x I o-2 l.OOOOxJ0·15 6.1451x I0-9 7.0000x 10· 1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

52 6.51 IOxi0-2 I.OOOOxlo-15 I .5356x I o-9 7.0000xi0·1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 
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Table B-2 1992 BRAG FLO Computed Variable Values for EXPERIMENT AL_REGION (Concluded) 

Run 
M2. ~ ~s:;[)]]~l!bilil:i CQIDj;l[!;SSibilil:i ~ BCBB.SAI BCQSSAI B.C.EI..Q B.C£cr 

53 2.0520x 10"2 I.OOOOx 10·15 5.4158x I o-9 7.0000x10·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

54 6.4400x I o-2 I.OOOOx 10-15 1.5553x I o-9 7.0000xJQ·l 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

55 2.6330x 10·2 l.OOOOxiQ·15 4.1656xl0·9 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

56 3.5470xJ0·2 I.OOOOx Jo-ts 3 .0278x I o-9 7.0000xJ0·1 2.0000x I o-t 0.0000 1.0000 8.6734xl04 

57 1.9820x I o-2 I.OOOOxJ0· 15 5.6159xl0·9 7 .OOOOx I o-t 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

58 2.3880x 10·2 l.OOOOx J0· 15 4.6186xJ0·9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 8.6734x!04 

59 5.7990xl0·2 l.OOOOxJ0· 15 1.7549x 10"9 7.0000xJ0· 1 2.0000x10· 1 0.0000 1.0000 8.6734x 104 

60 6.9150xi0-2 I.OOOOx 10·15 1.4313x 10"9 7 .OOOOx I o- 1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

61 1.5400x 10·2 I.OOOOxJ0· 15 7.2995xJo·9 7.0000xl0· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

62 2.7890xJ0·2 I.OOOOx!Q-15 3.9186xJ0·9 7 .OOOOx I o-1 2.0000x1o· 1 0.0000 1.0000 8.6734xl04 

63 5.2340xJ0·2 I.OOOOx Io- 15 1.9713x I o-9 7.0000xJ0·1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

64 5.3500x I o-2 I.OOOOxi0- 15 1.9231 x 1 o-9 7 .OOOOx I o-1 2.0000xl0·1 0.0000 1.0000 8.6734x 104 

65 1.0820x I Q-2 l.OOOOxJ0· 15 1.0495x 10·8 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

66 5.0410x I o-2 I.OOOOx 10·15 2.0563x I o-9 7 .oooox 10·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

67 3.3230x I o-2 l.OOOOx Jo-ts 3.2487x I o-9 7 .OOOOx 10-1 2.0000xJ0·1 0.0000 1.0000 8.6734x!04 

68 2.2660x I o-2 I.OOOOx 10·15 4.8807x 10"9 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

69 4.8950x I o-2 I.OOOOx!Q-15 2.1251x 10·9 7.0000xl0·1 2.0000x10·1 0.0000 1.0000 8.6734xl04 

70 5 .3660x JQ-2 l.OOOOxJ0· 15 1.9166xl0·9 7.0000xJQ·l 2.0000xJ0·1 0.0000 1.0000 8.6734x 104 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for EXPERIMENTAL_REGION 

Run 
N2.. fQrQllt.y Penneabjlity CompressjbiliJy .lli:EX£ BCBRSAT BCGSSAT ru:;aQ .B.Qll 

I 16. I. 55. I. I. I. I. I. 
2 2. I. 69. I. I. I. I. I. 
3 45. I. 26. I. I. I. I. I. 
4 7. I. 64. I. I. I. I. I. 
5 36. I. 35. I. I. I. I. I. 
6 53. I. 18. I. I. I. I. I. 
7 61. I. 10. I. I. I. I. I. 
8 29. I. 42. I. I. I. I. I. 
9 10. I. 61. I. I. I. I. I. 
10 41. I. 30. I. I. I. I. I. 
II 63. I. 8. I. I. I. I. I. 
12 17. I. 54. I. I. I. I. I. 
13 66. I. 5. I. I. I. I. I. 
14 33. I. 38. I. I. I. I. I. 
15 13. I. 58. I. I. I. I. I. 
16 68. I. 3. I. I. I. I. I. 
17 43. I. 28. I. I. I. I. I. 
18 4. I. 67. I. I. I. I. I. 
19 70. I. I. I. I. I. I. I. 
20 30. I. 41. I. I. I. I. I. 
21 50. I. 21. I. I. I. I. I. 
22 37. I. 34. I. I. I. I. I. 
23 54. I. 17. I. I. I. I. I. 
24 65. I. 6. I. I. I. I. I. 
25 56. I. 15. I. I. I. I. I. 
26 51. I. 20. I. I. I. I. I. 
27 21. I. 50. I. I. I. I. I. 
28 34. I. 37. I. I. I. I. I. 
29 5. I. 66. I. I. I. I. I. 
30 24. I. 47. I. I. I. I. I. 
31 19. I. 52. I. I. I. I. I. 
32 32. I. 39. I. I. I. I. I. 
33 39. I. 32. I. I. I. I. I. 
34 27. I. 44. I. I. I. I. I. 
35 31. I. 40. I. I. I. I. I. 
36 40. I. 31. I. I. I. I. I. 
37 8. I. 63. I. I. I. I. I. 
38 62. I. 9. I. I. I. I. I. 
39 57. I. 14. I. I. I. I. I. 
40 49. I. 22. I. I. I. I. I. 
41 58. I. 13. I. I. I. I. I. 
42 67. I. 4. I. I. I. I. I. 
43 38. I. 33. I. I. I. I. I. 
44 69. I. 2. I. I. I. I. I. 
45 22. I. 49. I. I. I. I. I. 
46 3. I. 68. I. I. I. I. I. 
47 55. I. 16. I. I. I. I. I. 
48 25. I. 46. I. I. I. I. I. 
49 35. I. 36. I. I. I. I. I. 
50 23. I. 48. I. I. I. I. I. 
51 9. I. 62. I. I. I. I. I. 
52 60. I. II. I. I. I. I. I. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for EXPERIMENTAL_REGION (Concluded) 

Run 
IiQ, ~ Penneabjlity Compressjbi I jty llCEXE BCBRSAT BCGSSAT B..l:.EL.Q B..C£cr 

53 12. I. 59. I. I. I. I. I. 
54 59. I. 12. I. I. I. I. I. 
55 18. I. 53. I. I. I. I. I. 
56 28. I. 43. I. I. I. I. I. 
57 II. I. 60. I. I. I. I. I. 
58 15. I. 56. I. I. I. I. I. 
59 52. I. 19. I. I. I. I. I. 
60 64. I. 7. I. I. I. I. I. 
61 6. I. 65. I. I. I. I. I. 
62 20. I. 51. I. I. I. I. I. 
63 46. I. 25. I. I. I. I. I. 
64 47. I. 24. I. I. I. I. I. 
65 I. I. 70. I. I. I. I. I. 
66 44. I. 27. I. I. I. I. I. 
67 26. I. 45. I. I. I. I. I. 
68 14. I. 57. I. I. I. I. I. 
69 42. I. 29. I. I. I. I. I. 
70 48. I. 23. I. I. I. I. I. 
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Table B-2 1992 BRAGFLO Computed Variable Values for FlNAL_SALADO_DRZ 

Run 
till. ~ f!:llll!:llbilitt CQm.l2rmibilil:x: ~ BCBBSAI IKQSSAI .liCEl..Q a.crcr 
I 2.9338x I o-2 l.OOOOxJQ·15 3.7128xlQ-9 9.6790 8.7890x 10·2 2.3300x 10·1 1.0000 8.6734xl04 

2 3.2244x I o-2 l.OOOOxJQ·15 3.3557x 10·9 4.9660xJQ·I 1.4570x I Q- I 1.2590xJ0·1 1.0000 8.6734xl04 

3 5.1 073x JQ-2 l.OOOOx J0-15 2.0264x I Q-9 6. 7900x JO· I 1.8490x JQ- I 2.1660xJ0·1 1.0000 8.6734xl04 

4 5.9880xi0-2 l.OOOOx w-15 1.6916x I Q-9 5.1820 1.7260xJ0·1 1.8900xJ0·1 1.0000 8.6734xl04 

5 2.3095x I o-2 l.OOOOxJQ·I5 4.784lx J0-9 4.0710xJ0· 1 1.9880xJ0·1 1.4590xJ0·1 1.0000 8.6734xl04 

6 5.8159xJ0·2 l.OOOOxlQ-15 1.7490xJ0-9 6.1420 3.3170xJ0·1 4.7930x J0-2 1.0000 8.6734xl04 

7 3.5160xJ0·2 l.OOOOxJ0-15 3.0567x I o-9 1.0990 3.5430xJQ-2 1.6220xJ0·1 1.0000 8.6734x 104 

8 3.5393x 10·2 l.OOOOx J0-15 3.0349x J0-9 6.4480 3.8660xJ0·1 2.8520x I Q-2 1.0000 8.6734xl04 

9 4.1674xJ0·2 l.OOOOxlQ-15 2.5398x I o-9 4.2610xJ0·1 3.4080x I o-1 I. 8690x JO· I 1.0000 8.6734xl04 

10 2.4250x I o-2 l.OOOOxJQ-15 4.5442x I Q-9 1.5170 7.9000x 10·2 3.4810xJ0·1 1.0000 8.6734xl04 

II 3.8769x I Q-2 l.OOOOx J0-15 2.7488xJQ-9 5.1250xJ0·1 2.7170xJ0·1 2.0030x I Q- 1 1.0000 8.6734x 104 

12 3.7282x 10·2 l.OOOOx J0-15 2.8685x I 0·9 7.4960 1.4100xl0·1 2.8620xJ0·1 1.0000 8.6734xl04 

13 I. 9799x I o-2 l.OOOOxlQ-15 5.6222x 10·9 2.2490 3.6500xJo·1 2.9370x J0-1 1.0000 8.6734xl04 

14 3.7667xJQ-2 1.0000xJ0·15 2.8366x I Q-9 3.0620xJ0·1 8.3660xJQ-3 1.7360x I o-1 1.0000 8.6734xl04 

15 5.1892x I o-2 l.OOOOxJ0· 15 1.9905xJ0-9 4.4620x I Q- 1 2.3100xJ0·1 3.8350xJ0· 1 1.0000 8.6734xl04 

16 4.6976x 10·2 l.OOOOx J0-15 2.2249x 10·9 5.3590xJ0· 1 3. 7890x 10· 1 2.1720xJ0·1 1.0000 8.6734xl04 

17 5.4383x I o-2 l.OOOOxlQ-15 1.8878x JQ-9 5.9190 1.1130xl0·1 3.8060xJ0·1 1.0000 8.6734x 104 

18 2.6960x I o-2 l.OOOOxJ0- 15 4.0623x I o-9 5.8730xJ0·1 2.9470xlo-1 8.6120xlQ-3 1.0000 8.6734xl04 

19 4.8939x I o-2 l.OOOOxJ0-15 2.1257xJ0·9 2.0050 1.1640x I o-1 1.6670x I Q·l 1.0000 8.6734xl04 

20 4.8916xlQ-2 l.OOOOxJ0· 15 2.1268x I Q-9 6.7090xJ0·1 1.2940x 10· 1 3.2110xJ0·1 1.0000 8.6734xl04 

21 3.1377x J0-2 l.OOOOxJ0- 15 3.4554x 10·9 2.2590x 10· 1 1.9770xJ0·2 2.2330x I o-1 1.0000 8.6734xl04 

22 5.0492x w-2 l.OOOOxJ0-15 2.0526x I o-9 1.4340 2.1830x I o-1 1.8710x I o-2 1.0000 8.6734xl04 

23 5.4561 x 1 o-2 l.OOOOx ]Q· I 5 1.8808x 10·9 7.0990 2.3880x 10· 1 4.5230x I o-2 1.0000 8.6734x 104 

24 2.3356x I o-2 l.OOOOxlQ-15 4. 7279x JQ-9 4.3270xJ0· 1 6.1270x I o-2 2.643Qx 10· I 1.0000 8.6734xl04 

25 5.5692x 10·2 l.OOOOxJ0· 15 1.8376x I Q-9 2.7610 3.0510xJ0·1 9.9900x I o-2 1.0000 8.6734xl04 

26 5.1986x 10·2 l.OOOOxJ0-15 1.9864x 10·9 5.2660 2.4700x 10·1 6.8060x I o-2 1.0000 8.6734xl04 

27 3.1097xJ0·2 l.OOOOxJ0- 15 3.4888x I o-9 8.3330 2.1280xJ0·1 7 .5730x I o-2 1.0000 8.6734xl04 

28 1.4826x I o-2 I. OOOOx JO· I 5 7.5917xJ0·9 7.9460 3.4740xJ0· 1 1.527Qx JO· I 1.0000 8.6734x 104 

29 1.813lx J0-2 l.OOOOx JQ- 15 6.1623x JQ-9 6.0410xJ0· 1 3.3040xJ0· 1 3.5780xJ0·1 1.0000 8.6734x 104 

30 5.5555x I o-2 l.OOOOx I o-15 1.8427x I o-9 2.0040x I Q- 1 I .4050x I o-2 1.5530x I Q- 1 1.0000 8.6734xl04 

31 3.3857x]0·2 1.0000xJ0·15 3.1839x 10·9 3.3160xJ0·1 2.1130xl0·1 2.4050xJ0·1 1.0000 8.6734xl04 

32 5.7726xJ0·2 l.OOOOxJ0-1 5 1.7640x I Q-9 8.8800 3.1430xJO-I 3.7550xJ0·1 1.0000 8.6734xl04 

33 5.9040x JQ-2 l.OOOOx I o- 15 1.7192xJ0-9 5.2200xJ0·1 1.0530x I Q- 1 3.4190xJ0·1 1.0000 8.6734xl04 

34 3.8766x 10·2 1.0000xJ0·15 2.749] X ]Q-9 8.6520 2.5150x I Q- 1 3.6280x JO· 1 1.0000 8.6734xl04 

35 4.7477xJQ-2 l.OOOOx I o-15 2.1988x 10·9 3.9470xlo- 1 2.9070xJ0·1 1.3390x I Q- I 1.0000 8.6734xl04 

36 4. 7765x I o-2 l.OOOOxJ0- 15 2.1840x I o-9 2.7500xJo· 1 3.7090x 10·1 3.6960xJ0·1 1.0000 8.6734xl04 

37 3.4118xJ0·2 l.OOOOx JO· I 5 3.1576x I o-9 6.9780 2.2650x I Q- 1 3.0790x J0-2 1.0000 8.6734xl04 

38 3.9355x J0·2 l.OOOOx I Q-1 5 2.7042x 10·9 2.9640 1.7810xi0·1 3.9620xJ0·1 1.0000 8.6734xl04 

39 4.3649x I o-2 l.OOOOx JQ·15 2.4136xJQ·9 2.6060xJ0· 1 I .6330x I Q· 1 3.7240x 10·2 1.0000 8.6734xl04 

40 2.6845x I o-2 l.OOOOxJ0· 15 4.0808x I o-9 2.4160x 10·1 2.4340x I o· 1 l.IIOOx 10·1 1.0000 8.6734x 104 

41 2.4393x I 0·2 l.OOOOxJQ-15 4.5163x JQ-9 5.7490xlo-1 J.3340x JO-I 1.0650x I Q- 1 1.0000 8.6734xl04 

42 3.7631 X ]Q·2 l.OOOOx ]Q· IS 2.8395x I o-9 5.4840xJ0·1 3.9640x 10·1 3.3500xJ0·1 1.0000 8.6734xl04 

43 2.823lxJ0-2 1.0000xJO·I5 3.8682x 10·9 4.0000 3.9070xJ0-1 1.2040x I Q-1 1.0000 8.6734x 104 

44 I. 7825x I o-2 l.OOOOx JO· IS 6.2725x I o-9 3.6050xJ0·1 2.5980xJ0·1 5.7350xJ0·2 1.0000 8.6734x 104 

45 2.3493x I o·2 1.0000xJ0·15 4.6989xJo-9 3.2390xJ0· 1 1.5830x I Q· 1 9.4190x J0-2 1.0000 8.6734xl04 

46 5.67llxl0-2 l.OOOOx I Q·IS 1.8001 x 1 o-9 4.6060xlo-1 6.5170x I o-2 2.3880x 10·1 1.0000 8.6734xl04 

47 1.4114x 10·2 1.0000xJO·I5 7.9872xJQ·9 3.4760 3.1780x 10·1 2.6060x I o· 1 1.0000 8.6734xl04 

48 5.7247x 10·2 l.OOOOx JQ-15 I. 7809x J0·9 7.7080 4.5510xJ0-2 2.0750xJ0·1 1.0000 8.6734xl04 

49 5.6909x I o-2 l.OOOOxJ0- 15 I. 7930x I o·9 3.7530xJ0· 1 5.0110x I o-2 6.9900x J0-2 1.0000 8.6734x 104 

50 4.5726x I 0·2 l.OOOOxi0- 15 2.2926x I o-9 3.5390x I Q- 1 1.8990x 10·1 I. 9850x I o- 1 1.0000 8.6734xl04 

51 2.3898x I o-2 l.OOOOx I o-15 4.6150xiQ·9 5.6000xJ0·1 2.3180x I o-2 1.1810x I 0·2 1.0000 8.6734x104 

52 4.5974x I 0·2 l.OOOOx IQ·15 2.2789x I o-9 3.2370 1.5040x 10·1 3.8860x J0-1 1.0000 8.6734xl04 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for FINAL_SALADO_DRZ (Concluded) 

Run 
NQ, ~ f~llD~ilbilil): ~Qml2r~ssibilil): ~ B~BRSAI B~GSSAI ru:.ELG acrcr 

53 3.0815xi0-2 I.OOOOx JQ-15 3 .5230x w-9 6.7410 2.8470x I0-1 1.8060x!0-1 1.0000 8.6734xl04 

54 3 .0693x I o-2 I.OOOOx w-ts 3.5379x I0-9 4.7200xi0-1 1.6590xi0-1 2.7290xi0-1 1.0000 8.6734x 104 

55 4.0163xi0-2 l.OOOOxl0- 15 2.6448x I o-9 6.5030x I0-1 3.2450xi0-1 3.0330xi0-1 1.0000 8.6734xl04 

56 5.2274x I o-2 I.OOOOx IQ-15 1.974) X IQ-9 4.8480 9 .2770x I0-2 5.2210xi0-2 1.0000 8.6734xl04 

57 7.0516x Io-3 I.OOOOxJ0·15 1.6238x I o-8 9.2110 5.1160xl0-3 2.7770xlo-t 1.0000 8.6734xl04 

58 2.5041 x 1 o-2 I.OOOOx I0- 15 4.3928x I o-9 6.4060x I o-1 3.4880x I o-1 3.2980xi0-1 1.0000 8.6734xl04 

59 2.8428x I o-2 I.OOOOxi0- 15 3.8398x I o-9 8.9580 8.5120x I o-2 3.1270x I o-1 1.0000 8.6734xl04 

60 3.9407x I o-2 I.OOOOx JQ-15 2.7003x I o-9 9.8620 7 .0380x IQ-2 8.1940xi0-2 1.0000 8.6734xl04 

61 1.6302x I o-2 I.OOOOx I o-1 5 6.8816x I o-9 8.0490x I0-1 2.7910x I0-1 1.3890x I0-1 1.0000 8.6734x 104 

62 2.9951 x w-2 I.OOOOxi0-15 3.6318x w-9 2.8630x I0-1 3.5990xi0-1 2.5120xi0-1 1.0000 8.6734x 104 

63 4.1109xi0-2 I.OOOOxi0- 15 2.5782x I o-9 3.7540 2.00 lOx I0-1 2.8360x I o-1 1.0000 8.6734x104 

64 3.0137x I o-2 I.OOOOx IQ-15 3.6079x w-9 2.4950 2.9320xio-2 8.7020x I o-2 1.0000 8.6734xl04 

65 3.8978x I o-2 I.OOOOxi0-15 2.7328x I o-9 2.541 Ox I0-1 2.6410xi0-1 3.5100xi0-1 1.0000 8.6734xl04 

66 3.7103xJ0-3 I.OOOOxi0-15 3.1085x w-8 6.9150xi0-1 1.2380xi0-1 3.1630x I0-1 1.0000 8.6734xl04 

67 2.0750x I0-2 I.OOOOx Jo-15 5.3531xi0-9 5.5890 5 .6350x I o-2 2.53 70x I o-1 1.0000 8.6734x 104 

68 3 .6434x I o-2 I.OOOOxi0-15 2.94llxl0·9 4.5200 3.0240xio-1 2.9970xi0-1 1.0000 8.6734xl04 

69 2.3166x I o-2 I.OOOOx Io-15 4.7686xio-9 4.3270 3.7150xi0-1 4.8390x I o-3 1.0000 8.6734xl04 

70 3.6159xi0-3 I.OOOOxi0- 15 3.1903x I0-8 6.2770x I0- 1 1.0130xi0-1 1.1920x I0-1 1.0000 8.6734x 104 
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Appendix B: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for FINAL_SALADO_DRZ 

Run 
~ ~ Penneability Compressibility ~ BCBRSAT BCGSSAT l!.CEL.Q ru:.ecr 

I 23. I. 48. 69. 16. 41. I. I. 
2 30. I. 41. 21. 26. 23. I. I. 
3 56. I. 15. 34. 33. 38. I. I. 
4 70. I. I. 52. 31. 34. I. I. 
5 II. I. 60. 15. 35. 26. I. I. 
6 68. I. 3. 56. 59. 9. I. I. 
7 33. I. 38. 37. 7. 29. I. I. 
8 34. I. 37. 57. 68. 5. I. I. 

9 46. I. 25. 16. 60. 33. I. I. 
10 16. I. 55. 39. 14. 61. I. I. 
II 40. I. 31. 22. 48. 36. I. I. 
12 36. I. 35. 61. 25. 51. I. I. 

13 9. I. 62. 41. 64. 52. I. I. 

14 38. I. 33. 8. 2. 31. I. I. 

15 57. I. 14. 18. 41. 68. I. I. 

16 50. I. 21. 24. 67. 39. I. I. 
17 60. I. II. 55. 20. 67. I. I. 
18 20. I. 51. 28. 52. 2. I. I. 

19 54. I. 17. 40. 21. 30. I. I. 

20 53. I. 18. 33. 23. 57. I. I. 
21 29. I. 42. 2. 4. 40. I. I. 

22 55. I. 16. 38. 39. 4. I. I. 
23 61. I. 10. 60. 42. 8. I. I. 

24 13. I. 58. 17. II. 47. I. I. 

25 63. I. 8. 43. 54. 18. I. I. 
26 58. I. 13. 53. 44. 12. I. I. 

27 28. I. 43. 64. 38. 14. I. I. 

28 5. I. 66. 63. 61. 27. I. I. 
29 8. I. 63. 29. 58. 63. I. I. 

30 62. I. 9. I. 3. 28. I. I. 

31 31. I. 40. 10. 37. 43. I. I. 

32 67. I. 4. 66. 55. 66. I. I. 

33 69. I. 2. 23. 19. 60. I. I. 
34 39. I. 32. 65. 45. 64. I. I. 
35 51. I. 20. 14. 51. 24. I. I. 

36 52. I. 19. 6. 65. 65. I. I. 
37 32. I. 39. 59. 40. 6. I. I. 
38 42. I. 29. 44. 32. 70. I. I. 

39 47. I. 24. 5. 29. 7. I. I. 
40 19. I. 52. 3. 43. 20. I. I. 
41 17. I. 54. 27. 24. 19. I. I. 
42 37. I. 34. 25. 70. 59. I. I. 
43 21. I. 50. 48. 69. 22. I. I. 
44 7. I. 64. 12. 46. II. I. I. 
45 14. I. 57. 9. 28. 17. I. I. 
46 64. I. 7. 19. 12. 42. I. I. 
47 4. I. 67. 46. 56. 46. I. I. 
48 66. I. 5. 62. 8. 37. I. I. 
49 65. I. 6. 13. 9. 13. I. I. 
50 48. I. 23. II. 34. 35. I. I. 

51 15. I. 56. 26. 5. 3. I. I. 
52 49. I. 22. 45. 27. 69. I. I. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for FlNAL_SALADO_DRZ (Concluded) 

Run 
N2. ~ ~cnm::ilbilit:i CQml:!rmil:!ilil:i l!.CEX£ BCBRSAT JKQSSAT B.CEl& B..C£cr 

53 27. I. 44. 58. 50. 32. I. I. 
54 26. I. 45. 20. 30. 48. I. I. 
55 44. I. 27. 32. 57. 54. I. I. 
56 59. I. 12. 51. 17. 10. I. I. 
57 3. I. 68. 68. I. 49. I. I. 
58 18. I. 53. 31. 62. 58. I. I. 
59 22. I. 49. 67. 15. 55. I. I. 
60 43. I. 28. 70. 13. 15. I. I. 
61 6. I. 65. 36. 49. 25. I. I. 
62 24. I. 47. 7. 63. 44. I. I. 
63 45. I. 26. 47. 36. 50. I. I. 
64 25. I. 46. 42. 6. 16. I. I. 
65 41. I. 30. 4. 47. 62. I. I. 
66 2. I. 69. 35. 22. 56. I. I. 
67 10. I. 61. 54. 10. 45. I. I. 
68 35. I. 36. 50. 53. 53. I. I. 
69 12. I. 59. 49. 66. I. I. I. 
70 I. I. 70. 30. 18. 21. I. I. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for INITIAL_SALADO_DRZ 

Run 
N2. ~ Penn~:abilit:x !:;Qm!lrmibilit:x B.CEXf IKBRSAI B!:QSSAI ~ B..acr 

I 2.8660xi0-2 I.OOOOx JQ-17 3. 8066x I o-9 9.6790 8.7890x w-2 2.3300xi0-1 1.0000 4.2676x 105 
2 6.9900x w-3 I.OOOOx JQ-17 1.6383x I o-8 4.9660xi0·1 1.4570x 10·1 1.2590x 10·1 1.0000 4.2676x1Q5 
3 2.8970x I o-2 I.OOOOx IQ-17 3.7632xi0-9 6.7900xl0· 1 1.8490xi0·1 2.1660xi0-1 1.0000 4.2676x 105 

4 5.6130xi0-3 I.OOOOxi0- 17 2.0463x I o-8 5.1820 1.7260xi0·1 1.8900x I0-1 1.0000 4.2676x 105 

5 2.0560xi0-2 I.OOOOxi0-17 5.4048x IQ-9 4.0710xi0·1 1.9880xl0·1 1.4590x IQ-1 1.0000 4.2676xJ05 
6 1.3750x I0-2 I.OOOOx IQ-17 8.2055xi0-9 6.1420 3.3170xi0·1 4.7930x w-2 1.0000 4.2676x 105 

7 2.5930x I o-2 I.OOOOxi0- 17 4.2337x I o-9 1.0990 3.5430xi0-2 1.6220x I o-1 1.0000 4.2676x J05 
8 3.1850x I o-3 I.OOOOxi0- 17 3 .6253x w-8 6.4480 3.8660xJ0·1 2.8520x I o-2 1.0000 4.2676xJ05 
9 2. 7270x I o-2 I.OOOOx IQ-17 4.0134x 10·9 4.2610xi0·1 3.4080x IQ-1 1.8690xiO-I 1.0000 4.2676x1Q5 
10 9.6770x I o-3 I.OOOOxi0- 17 1.1764x I o-8 1.5170 7.9000xi0-2 3.4810xi0-1 1.0000 4.2676xl05 

II 2.5730x I o-3 I.OOOOxi0- 17 4.4936x I o-8 5.1250x 10·1 2.7170xl0·1 2.0030xJ0·1 1.0000 4.2676x1Q5 
12 9.8270x 10·3 I.OOOOx IQ-17 1.1581 x w-8 7.4960 1.4100xi0·1 2.8620x 10·1 1.0000 4.2676x1Q5 
13 1.6610xl0·2 I.OOOOx IQ-17 6.7496xJo-9 2.2490 3.6500x I o-1 2.9370x 10·1 1.0000 4.2676xl05 

14 1.9600xi0-2 I.OOOOx IQ-17 5.6818xi0-9 3.0620xi0-1 8.3660x I o-3 1.7360xi0-1 1.0000 4.2676x 105 

15 1.1590x w-3 I.OOOOxi0- 17 I.0006x10·7 4 .4620x I o- 1 2.3100xi0·1 3.8350xJ0·1 1.0000 4.2676xl05 

16 5.8700x I o-3 I.OOOOx IQ-17 1.9556x IQ-8 5.3590x 10·1 3.7890x 10·1 2.1720x 10·1 1.0000 4.2676xl05 

17 2.3950x I o-2 I.OOOOx IQ-17 4.6044x w-9 5.9190 1.1130xi0·1 3.8060x w-1 1.0000 4.2676x1Q5 
18 6.1370x I o-3 I.OOOOxi0- 17 1.8695x I o-8 5.8730x 10·1 2.9470x 10·1 8.6120x IQ-3 1.0000 4.2676xl05 

19 6.2550x IQ-3 I.OOOOxi0- 17 1.8337x JQ-8 2.0050 1.1640xl0·1 1.6670x 10·1 1.0000 4.2676xl05 

20 1.7070x I o-2 I.OOOOx 10·17 6.5609x I o-9 6. 7090x 10·1 I. 2940x 10·1 3.2110xJ0·1 1.0000 4.2676xJ05 
21 2.3500x I o-2 I.OOOOx 10·17 4.6974x w-9 2.2590x I o- 1 1.9770x I o-2 2.2330x I o-1 1.0000 4.2676xl05 

22 2.6030x I o-2 I.OOOOxi0- 17 4.2165x1Q-9 1.4340 2.1830x 10·1 1.871 Ox I o-2 1.0000 4.2676xl05 

23 2. 9920x 10·2 I.OOOOx 10·17 3.6358x I o-9 7.0990 2.3880xJ0·1 4.5230x I o-2 1.0000 4.2676xl05 

24 1.4710x w-2 I.OOOOx 10· 17 7.6537xi0-9 4.3270x I o- 1 6.1270x I o-2 2.6430x w-1 1.0000 4.2676xl05 

25 2.4720x I o-2 I.OOOOx 10· 17 4.4532x I o-9 2.7610 3.0510xl0· 1 9.9900xJ0·2 1.0000 4.2676xl05 

26 1.8820x I 0-2 l.OOOOx I0- 17 5.9276x I o-9 5.2660 2.4700x 10·1 6.8060x 10·2 1.0000 4.2676x 105 

27 2.2740x I o-3 I.OOOOxi0- 17 5.0877xJ0·8 8.3330 2.1280xi0- 1 7 .5730x I o-2 1.0000 4.2676x J05 
28 2.8830x I o-3 I.OOOOxi0- 17 4.0077x I o-8 7.9460 3.4740xio-1 1.5270x I o-1 1.0000 4.2676xi05 
29 1.2680x I o-2 I.OOOOx Jo- 17 8.9190xi0·9 6.0410x 10·1 3.3040xi0· 1 3.5780x 10·1 1.0000 4.2676xl05 

30 8.7910xi0-3 I.OOOOxi0- 17 1.2975x I o-8 2.0040xi0-1 1.4050x J0·2 1.5530x 10·1 1.0000 4.2676xJ05 
31 I. 7650x I o-2 I.OOOOxi0- 17 6.3371xJ0·9 3.3160x 10·1 2.1130xiO-I 2.4050xiO-I 1.0000 4.2676x 1Q5 
32 2.0930x I o-2 I.OOOOx I0-17 5.3048xi0·9 8.8800 3.1430xi0·1 3.7550x 10·1 1.0000 4.2676xl05 

33 6.6640xi0-3 I.OOOOxi0- 17 1.7196x 10-8 5.2200xi0-1 1.0530x IQ-1 3.4190x I o-1 1.0000 4.2676xJ05 
34 9.1030xl0·3 I.OOOOxJO·I7 1.2522x I o-8 8.6520 2.5150x w- 1 3.6280xJ0·1 1.0000 4.2676xl05 

35 2.4230x I o-3 I.OOOOx I o- 17 4.7733xi0-8 3.9470xi0- 1 2.9070xJ0·1 1.3390x 10·1 1.0000 4.2676x 105 

36 2. 7120x w-2 I.OOOOxi0- 17 4.0370x w-9 2.7500xiO-I 3.7090x1Q·I 3.6960x I 0-1 1.0000 4.2676x 105 

37 5.0960xi0-3 I.OOOOxi0- 17 2.2564x w-8 6.9780 2.2650x I o- 1 3.0790xlo-2 1.0000 4.2676x 105 

38 I. 8940x I o-3 l.OOOOxi0- 17 6.1135x w-8 2.9640 1.7810xi0-1 3.9620xi0-1 1.0000 4.2676xl05 

39 1.0090x 10·2 I.OOOOxi0-17 1.1273x I o-8 2.6060xi0-1 1.6330x 10·1 3.7240x IQ-2 1.0000 4.2676x 105 

40 2.2760xi0-2 I.OOOOx I 0- 17 4.8582x I o-9 2.4160x 10·1 2.4340x 10·1 I.IIOOx I0-1 1.0000 4.2676x 105 

41 1.8020xi0-2 I.OOOOxi0- 17 6.2019xJ0·9 5.7490xi0- 1 1.3340x 10·1 1.0650xi0-1 1.0000 4.2676xl05 

42 2.1990x I o-2 I.OOOOxi0- 17 5.0371 X J0-9 5.4840x10· 1 3.9640xJ0· 1 3 .3500x 10·1 1.0000 4.2676x 105 

43 5.1790x JQ-3 l.OOOOxi0- 17 2.2199x 10·8 4.0000 3.9070xi0· 1 1.2040x I 0-1 1.0000 4.2676xl05 

44 3.9010xi0·3 I.OOOOxi0-17 2.9553x I o-8 3.6050xi0-1 2.5980x I o- 1 5.7350x 10·2 1.0000 4.2676x 105 

45 9.3870x JQ-3 l.OOOOx IQ-17 1.2135x I o-8 3.2390xi0- 1 1.5830x I o- 1 9.4190x I o-2 1.0000 4.2676x 105 

46 2.8280x IQ-2 I.OOOOxi0- 17 3.8611x1Q-9 4.6060xi0-1 6.5170x I o-2 2.3880xi0-1 1.0000 4.2676xl05 

47 6.5700x I o-3 I.OOOOx 10·17 1.7446xi0-8 3.4760 3.1780x I o-1 2.6060x 10·1 1.0000 4.2676x 105 

48 2.2390x 10·2 I.OOOOxi0- 17 4.9426xJ0-9 7.7080 4.5510x I o-2 2.0750x 10·1 1.0000 4.2676xl05 

49 1.6820x w-3 I.OOOOxi0-1 7 6.8872x I o-8 3.7530x 10·1 5.0110x 10·2 6.9900x I o-2 1.0000 4.2676x 105 

50 1.2890x I o-2 I.OOOOx I o- 17 8. 7696x I o-9 3.5390xJ0· 1 1.8990x 10·1 I. 9850x I o-1 1.0000 4.2676xl05 

51 7 .8440x I o-3 I.OOOOxi0- 17 1.4572x I o-8 5.6000xi0- 1 2.3180xi0-2 1.1810x w-2 1.0000 4.2676xl05 

52 4.7130xJ0·3 I.OOOOxi0- 17 2.4418xi0-8 3.2370 1.5040x 10·1 3.8860xi0- 1 1.0000 4.2676xl05 
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Table B-2 1992 BRAGFLO Computed Variable Values for INITIAL_SALADO_DRZ (Concluded) 

Run 
t!Q.. ~ fj;[JD!;!ll:!ilil:t: CQm~rmil:!ilit:t: ~ IKBBSAI J:KQSSAI .ru:a& RcrQ 

53 1.5900x I 0·2 l.OOOOxi0-1 7 7.0621 X 10·9 6.7410 2.8470x 10·1 1.8060x I o· 1 1.0000 4.2676xl05 
54 1.4500x I o·2 l.OOOOxi0-17 7.7681x10·9 4.7200x10· 1 1.6590x 10·1 2.7290xlo-1 1.0000 4.2676x10~ 

55 2.0030x 10·2 1.0000xi0·17 5.5544x 1Q·9 6.5030x I o· 1 3.2450x IQ-1 3.0330xlo-1 1.0000 4.2676xl05 

56 1.1650x I 0·2 l.OOOOxi0- 17 9.7296x 10-9 4.8480 9.2770x 10·2 5.2210xlo-2 1.0000 4.2676x 105 
57 4.5630xi0·3 I.OOOOx 10-11 2.5229x 10·8 9.2110 5.1160xi0·3 2.7770xlo-1 1.0000 4.2676xi05 
58 8.7110xi0-3 I.OOOOx 10·17 1.3097xi0-8 6.4060x1Q·1 3.4880x w- 1 3.2980xlo-1 1.0000 4.2676xl05 

59 2.5160xi0-2 I.OOOOxi0- 17 4.3709x 1Q·9 8.9580 8.5120x1Q·2 3.1270x10·1 1.0000 4.2676x105 

60 8.2600x I 0· 3 l.OOOOxi0- 17 1.3825x 10·8 9.8620 7.0380x 10·2 8.1940xlo-2 1.0000 4.2676xl05 

61 7.3840x IQ-3 1.0000xl0·17 1.5495x w-8 8.0490xlo-1 2.7910x10· 1 1.3890xi0·1 1.0000 4.2676xl05 

62 1.2250x I o-2 l.OOOOxi0- 17 9 .2408x I o·9 2.8630x 10· 1 3.5990x10· 1 2.5120x I o-1 1.0000 4.2676xl05 

63 4.1090xi0-3 1.0000xi0·17 2.8045x I o-8 3.7540 2.0010xi0· 1 2.8360xi0· 1 1.0000 4.2676xl05 
64 3.7390xi0-3 l.OOOOx I o- 17 3.0845x I o-8 2.4950 2.9320x 10·2 8.7020x IQ-2 1.0000 4.2676xl05 

65 7 .4700x IQ-3 l.OOOOx I o- 17 1.5314x 10·8 2.5410x 10· 1 2.6410x 10·1 3.5100xi0·1 1.0000 4.2676xl05 

66 3.5330xi0·3 I.OOOOxi0· 17 3.2658x 10·8 6.9150x 10·1 1.2380x 10·1 3.1630xi0·1 1.0000 4.2676xl05 

67 8.1910x10·3 l.OOOOx I o· 17 1.3944x 10·8 5.5890 5.6350x I o-2 2.5370xi0· 1 1.0000 4.2676xl05 

68 1.0760x I 0·2 l.OOOOx I o- 17 1.0555x IQ-8 4.5200 3.0240xi0·1 2.9970xi0-1 1.0000 4.2676x 105 

69 1.5190x I 0·2 1.0000x10· 17 7 .4039x 10·9 4.3270 3.7150x10·1 4.8390x I o-3 1.0000 4.2676xl05 
70 1.4890xi0·3 l.OOOOx 10· 17 7.7831x10·8 6.2770xi0-1 1.0130xi0· 1 1.1920x I o·1 1.0000 4.2676x 105 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for INITIAL_SALADO_DRZ 

Run 
NQ., ~ Penneabjlity Compressjbj lity l!CEXr BCBRSAT BCGSSAT B.C.ELQ ~ 

I 68. I. 3. 69. 16. 41. I. I. 
2 24. I. 47. 21. 26. 23. I. I. 
3 69. I. 2. 34. 33. 38. I. I. 
4 18. I. 53. 52. 31. 34. I. I. 
5 54. I. 17. 15. 35. 26. I. I. 
6 42. I. 29. 56. 59. 9. I. I. 
7 63. I. 8. 37. 7. 29. I. I. 
8 9. I. 62. 57. 68. 5. I. I. 
9 66. I. 5. 16. 60. 33. I. I. 
10 34. I. 37. 39. 14. 61. I. I. 
II 7. I. 64. 22. 48. 36. I. I. 
12 35. I. 36. 61. 25. 51. I. I. 
13 47. I. 24. 41. 64. 52. I. I. 
14 52. I. 19. 8. 2. 31. I. I. 
15 I. I. 70. 18. 41. 68. I. I. 
16 19. I. 52. 24. 67. 39. I. I. 
17 60. I. II. 55. 20. 67. I. I. 
18 20. I. 51. 28. 52. 2. I. I. 
19 21. I. 50. 40. 21. 30. I. I. 
20 48. I. 23. 33. 23. 57. I. I. 
21 59. I. 12. 2. 4. 40. I. I. 
22 64. I. 7. 38. 39. 4. I. I. 
23 70. I. I. 60. 42. 8. I. I. 
24 44. I. 27. 17. II. 47. I. I. 
25 61. I. 10. 43. 54. 18. I. I. 
26 51. I. 20. 53. 44. 12. I. I. 
27 5. I. 66. 64. 38. 14. I. I. 
28 8. I. 63. 63. 61. 27. I. I. 
29 40. I. 31. 29. 58. 63. I. I. 
30 31. I. 40. I. 3. 28. I. I. 
31 49. I. 22. 10. 37. 43. I. I. 
32 55. I. 16. 66. 55. 66. I. I. 
33 23. I. 48. 23. 19. 60. I. I. 
34 32. I. 39. 65. 45. 64. I. I. 
35 6. I. 65. 14. 51. 24. I. I. 
36 65. I. 6. 6. 65. 65. I. I. 
37 16. I. 55. 59. 40. 6. I. I. 
38 4. I. 67. 44. 32. 70. I. I. 
39 36. I. 35. 5. 29. 7. I. I. 
40 58. I. 13. 3. 43. 20. I. I. 
41 50. I. 21. 27. 24. 19. I. I. 
42 56. I. 15. 25. 70. 59. I. I. 
43 17. I. 54. 48. 69. 22. I. I. 
44 12. I. 59. 12. 46. II. I. I. 
45 33. I. 38. 9. 28. 17. I. I. 
46 67. I. 4. 19. 12. 42. I. I. 
47 22. I. 49. 46. 56. 46. I. I. 
48 57. I. 14. 62. 8. 37. I. I. 
49 3. I. 68. 13. 9. 13. I. I. 
50 41. I. 30. II. 34. 35. I. I. 
51 27. I. 44. 26. 5. 3. I. I. 
52 15. I. 56. 45. 27. 69. I. I. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for INITIAL_SALADO_DRZ (Concluded) 

Run 
N2. ~ Permeability Compressibility ru:&Xf BCBRSAT BCGSSAT .l!Q:1& &:fcr 

53 46. I. 25. 58. 50. 32. I. I. 
54 43. I. 28. 20. 30. 48. I. I. 
55 53. I. 18. 32. 57. 54. I. I. 
56 38. I. 33. 51. 17. 10. I. I. 
57 14. I. 57. 68. I. 49. I. I. 
58 30. I. 41. 31. 62. 58. I. I. 
59 62. I. 9. 67. 15. 55. I. I. 
60 29. I. 42. 70. 13. 15. I. I. 
61 25. I. 46. 36. 49. 25. I. I. 
62 39. I. 32. 7. 63. 44. I. I. 
63 13. I. 58. 47. 36. 50. I. I. 
64 II. I. 60. 42. 6. 16. I. I. 
65 26. I. 45. 4. 47. 62. I. I. 
66 10. I. 61. 35. 22. 56. I. I. 
67 28. I. 43. 54. 10. 45. I. I. 
68 37. I. 34. 50. 53. 53. I. I. 
69 45. I. 26. 49. 66. I. I. I. 
70 2. I. 69. 30. 18. 21. I. I. 
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Table B-2 1992 BRAGFLO Computed Variable Values for LOWER_SHAFr 

Run 
1:fu, ~ f~;nns:ill2ilil:t !:2m12rmil2ilit;x ~ BCBBSAI BCQSSAI B..crl.Q .B.C.ecr 

I 2.4490x I o-2 I.OOOOx 10-15 4.4974x I o-9 7.0000xJQ·I 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

2 1.1240x I o-2 I.OOOOxJ0- 15 1.0094x I Q-8 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

3 5.1030x I o-2 I.OOOOx 10-15 2.0283x I o-9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

4 1.6070x I o-2 I.OOOOxJ0·15 6. 9848x 10·9 7.0000x J0· 1 2.0000xl0· 1 0.0000 1.0000 8.6734xl04 

5 4 .3250x I o-2 I.OOOOx 10-15 2.4381 X I o-9 7.0000xJQ-1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

6 5.8630x I o-2 I.OOOOx 10-15 I. 7330x 10·9 7.0000x J0· 1 2.0000x J0· 1 0.0000 1.0000 8.6734x 104 

7 6.6520x I o-2 I.OOOOx 10·15 1.4978x I o-9 7.0000xJ0·1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

8 3.6J40xJ0·2 I.OOOOxJO·I5 2.9670x 10·9 7.0000xJ0·1 2.0000xl0·1 0.0000 1.0000 8.6734xl04 

9 I. 9210x I o-2 I.OOOOx JQ-15 5.8022x w-9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

10 4.7300x 10·2 I.OOOOxJ0· 15 2.2080x 10·9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

II 6.7690x I o-2 I.OOOOx 10-15 1.46 76x 10·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

12 2.5040x I o-2 I.OOOOxJO·I5 4.393JxJ0·9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

13 7 .0630x I o-2 I.OOOOx 10·15 1.3961 x 10·9 7.0000x 10·1 2.0000x J0· 1 0.0000 1.0000 8.6734xl04 

14 4.0420x I o-2 I.OOOOx 10-15 2.6264x 10-9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

15 2.1150x 10·2 I.OOOOx 10·15 5.2470xl0·9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

16 7.2500x 10·2 I.OOOOx 10·15 1.3536x 10·9 7.0000x 10·1 2.0000xl0·1 0.0000 1.0000 8.6734x 104 

17 4.9250xJ0·2 I.OOOOx 10·15 2.1107x Jo-9 7.000Qx1Q·1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

18 1.3450x I o-2 I.OOOOxJO·I5 8.3941 x 1 o-9 7.0000xJ0· 1 2.0000x J0· 1 0.0000 1.0000 8.6734x 104 

19 7.4520xJ0·2 I.OOOOxJO·I5 1.3101xl0·9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 8.6734x 104 

20 3.7170xJ0·2 I.OOOOx 10-15 2.8779x 10·9 7.0000x J0·1 2.0000xJO·I 0.0000 1.0000 8.6734xl04 

21 5.5630xJ0·2 I.OOOOx I o-15 1.8399x 10·9 7.0000x I o-1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

22 4.4090x I o·2 I.OOOOxJ0· 15 2.3869x I o-9 7.0000x J0· 1 2.0000x J0· 1 0.0000 1.0000 8.6734xl04 

23 6.0 I OOx I o-2 1.0000xl0·15 1.6845x I o-9 7.0000xJ0·1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

24 6.9800x 10"2 1.0000xJ0·15 1.4157x 10·9 7.0000xl0·1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

25 6.1100xl0·2 I.OOOOxiQ-15 1.6528x I o-9 7.0000xi0·1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

26 5.6930x I o·2 I.OOOOx JQ-15 1.7922x 10·9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

27 2.8620xJ0·2 I.OOOOx 10· 15 3.8123xl0·9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

28 4.1490xJ0·2 I.OOOOxJ0· 15 2.5522x I o-9 7.0000x10· 1 2.0000xJ0·1 0.0000 1.0000 8.6734x 104 

29 1.4260x I o-2 I.OOOOx I o- 15 7.9031 X JQ·9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 8.6734x 104 

30 3.2140xJ0·2 I.OOOOx 10·15 3.3674x 10·9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

31 2.6760x 10·2 1.0000xJ0·15 4.0946x I o-9 7.0000xl0·1 2.0000x I o- 1 0.0000 1.0000 8.6734xl04 

32 3.9190xJ0·2 I.OOOOx JQ·15 2. 7166x 10·9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

33 4.5660x 10"2 I.OOOOxJ0· 15 2.2963x I 0·9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

34 3.4580x 10"2 I.OOOOx JQ·15 3. 1 121 x 1 o-9 7.0000x I o-1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

35 3.8780x I o·2 1.0000xJ0·15 2.7480xiQ·9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

36 4.6630xJ0·2 1.0000xJ0·15 2.2433x I o-9 7.0000xJ0·1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

37 1.6500x I o-2 I.OOOOx I Q-l5 6.7962x 10·9 7.0000xJ0· 1 2.0000x I 0·1 0.0000 1.0000 8.6734xl04 

38 6. 7530x I o-2 I.OOOOxiQ-15 1.4716xJ0·9 7.0000xi0· 1 2.0000xJ0· 1 0.0000 1.0000 8.6734x 104 

39 6.2320x 10·2 1.0000xJO·I5 1.6156x 10·9 7.0000x 10" 1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

40 5.4740xJ0·2 I.OOOOxiQ-15 1.8739x I 0·9 7.0000xJ0·1 2.0000xJ0· 1 0.0000 1.0000 8.6734x 104 

41 6.3580x I o·2 I.OOOOx 10·15 1.5786x 10·9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 8.6734x 104 

42 7.1460xJ0·2 1.0000xJO·I5 1.3770x I 0·9 7.0000xJ0·1 2.0000x J0· 1 0.0000 1.0000 8.6734xl04 

43 4.4580xJ0·2 1.0000xJO·I5 2.3580xJQ·9 7.0000xJ0· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

44 7.3870xi0·2 I.OOOOx I Q-15 1.3239x I o-9 7.0000xi0· 1 2.0000xJ0·1 0.0000 1.0000 8.6734xl04 

45 2.9730x I o-2 I.OOOOxJO·I5 3.6606x 10·9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 8.6734x104 

46 1.26 lOx 10"2 I.OOOOx I o-15 8.9699x I o-9 7.0000xJo· 1 2.0000xJ0·1 0.0000 1.0000 8.6734x 104 

47 6.0510xJ0·2 I.OOOOxJ0· 15 1.6714x 10·9 7.0000xJ0·1 2.0000xJ0· 1 0.0000 1.0000 8.6734x 104 

48 3.3090xi0·2 I.OOOOx I 0· 15 3.2635x I o-9 7.0000xJ0· 1 2.0000x1o· 1 0.0000 1.0000 8.6734x 104 

49 4.1760xJ0·2 1.0000xJ0·15 2.5341xJ0·9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

50 3.0510xJ0·2 I.OOOOx JQ-15 3. 5606x I o-9 7.0000xJ0· 1 2.0000x 10-1 0.0000 1.0000 8.6734x 104 

51 1.8180x I o- 2 I.OOOOxJ0- 15 6.1451xl0·9 7.0000xJ0· 1 2.0000x10·1 0.0000 1.0000 8.6734x 104 

52 6.5110x I o-2 I.OOOOxi0- 15 1.5356x I o-9 7.0000xJo·1 2.0000x I o· 1 0.0000 1.0000 8.6734xl04 
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Table B-2 1992 BRAGFLO Computed Variable Values for LOWER_SHAFT (Concluded) 

Run 
.liQ, ~ E!:[JD!:i!l:!ilit~ !:2m12rmil2ilit~ ~ H!:BBSAI B!:QSSAI JlCfl.Q ru:;KI 

53 2.0520x 10·2 I.OOOOx 10· 15 5.4158x 10"9 7.0000xl0· 1 2.0000x 10·1 0.0000 1.0000 8.6734x 104 

54 6.4400x I o-2 I.OOOOx 10-15 1.5553x 10"9 7.0000xl0· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

55 2.6330x I o-2 1.0000xl0·15 4.1656x 10·9 7.0000xi0· 1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

56 3.5470xio-2 I.OOOOx 10·15 3.0278x w-9 7.0000x 10·1 2.0000xl0· 1 0.0000 1.0000 8.6734xl04 

57 1.9820x 10·2 I.OOOOx Jo-15 5 .6159x 10-9 7.0000xl0· 1 2.0000x 10· 1 0.0000 1.0000 8.6734xl04 

58 2.3880x I o-2 I.OOOOx 10-15 4.6186x 10·9 7 .OOOOx 10·1 2.0000xl0·1 0.0000 1.0000 8.6734x 104 

59 5.7990x 10·2 I.OOOOx 10·15 1.7549x 10-9 1 .oooox 1 o· 1 2.0000xJ0· 1 0.0000 1.0000 8.6734xl04 

60 6. 9150x 10·2 I.OOOOx 10-15 1.4313x 10·9 7 .OOOOx 10· 1 2.0000x I o-1 0.0000 1.0000 8.6734xl04 

61 1.5400x I o-2 1.0000xl0·15 7.2995xl0·9 1 .oooox 1 o- 1 2.0000xl0· 1 0.0000 1.0000 8.6734xl04 

62 2.7890x I o-2 I.OOOOx I0-1 5 3.9186xl0·9 7.0000xl0· 1 2.0000x I o-1 0.0000 1.0000 8.6734x 104 

63 5.2340x I o-2 1.0000xl0·15 1.9713x 10·9 7 .OOOOx 10· 1 2.0000xl0· 1 0.0000 1.0000 8.6734xl04 

64 5.3500x I o·2 1.0000xl0·15 1.923) X 10·9 7 .oooox 1 o- 1 2.0000xl0· 1 0.0000 1.0000 8.6734x 104 

65 1.0820x I o-2 I.OOOOx 10· 15 1.0495x I o-8 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 8.6734xl04 

66 5.0410x I o-2 I.OOOOx 10-15 2.0563x I o-9 1 .oooox 1 o- 1 2.0000xl0· 1 0.0000 1.0000 8.6734x 104 

67 3.3230x I o-2 I.OOOOx 10· 15 3.2487x I o-9 7.0000xl0· 1 2.0000xl0-l 0.0000 1.0000 8.6734xl04 

68 2.2660x I o-2 1.0000xl0·15 4.8807xJ0·9 7.0000xJ0· 1 2.0000xl0· 1 0.0000 1.0000 8.6734xl04 

69 4.8950x 10·2 I.OOOOx 10· 15 2.1251 x w-9 7 .oooox 10·1 2.0000x 10· 1 0.0000 1.0000 8.6734xl04 

70 5.3660x 10"2 I.OOOOxi0- 15 1.9166x I o-9 7.0000xJO·I 2.0000x 10·1 0.0000 1.0000 8.6734xl04 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for LOWER_SHAFT 

Run 
N2.. ~ Penneability Compressibility ~ BCBRSAT BCGSSAT acrLQ ll.Cfcr 

I 16. I. 55. I. I. I. I. I. 
2 2. I. 69. I. I. I. I. I. 
3 45. I. 26. I. I. I. I. I. 
4 7. I. 64. I. I. I. I. I. 
5 36. I. 35. I. I. I. I. I. 
6 53. I. 18. I. I. I. I. I. 
7 61. I. 10. I. I. I. I. I. 
8 29. I. 42. I. I. I. I. I. 
9 10. I. 61. I. I. I. I. I. 
10 41. I. 30. I. I. I. I. I. 
II 63. I. 8. I. I. I. I. I. 
12 17. I. 54. I. I. I. I. I. 
13 66. I. 5. I. I. I. I. I. 
14 33. I. 38. I. I. I. I. I. 

15 13. I. 58. I. I. I. I. I. 
16 68. I. 3. I. I. I. I. I. 

17 43. I. 28. I. I. I. I. I. 
18 4. I. 67. I. I. I. I. I. 
19 70. I. I. I. I. I. I. I. 
20 30. I. 41. I. I. I. I. I. 
21 50. I. 21. I. I. I. I. I. 

22 37. I. 34. I. I. I. I. I. 
23 54. I. 17. I. I. I. I. I. 
24 65. I. 6. I. I. I. I. I. 

25 56. I. 15. I. I. I. I. I. 
26 51. I. 20. I. I. I. I. I. 

27 21. I. 50. I. I. I. I. I. 

28 34. I. 37. I. I. I. I. I. 

29 5. I. 66. I. I. I. I. I. 
30 24. I. 47. I. I. I. I. I. 
31 19. I. 52. I. I. I. I. I. 

32 32. I. 39. I. I. I. I. I. 

33 39. I. 32. I. I. I. I. I. 

34 27. I. 44. I. I. I. I. I. 

35 31. I. 40. I. I. I. I. I. 

36 40. I. 31. I. I. I. I. I. 
37 8. I. 63. I. I. I. I. I. 

38 62. I. 9. I. I. I. I. I. 

39 57. I. 14. I. I. I. I. I. 

40 49. I. 22. I. I. I. I. I. 

41 58. I. 13. I. I. I. I. I. 

42 67. I. 4. I. I. I. I. I. 

43 38. I. 33. I. I. I. I. I. 

44 69. I. 2. I. I. I. I. I. 

45 22. I. 49. I. I. I. I. I. 

46 3. I. 68. I. I. I. I. I. 

47 55. I. 16. I. I. I. I. I. 

48 25. I. 46. I. I. I. I. I. 

49 35. I. 36. I. I. I. I. I. 

50 23. I. 48. I. I. I. I. I. 

51 9. I. 62. I. I. I. I. I. 

52 60. I. II. I. I. I. I. I. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for LOWER_SHAFT (Concluded) 

Run 
~ fQrQ£i.ty Penneability Compressibility ~ BCBRSAT BCGSSAT lKEl& OCKI 

53 12. I. 59. I. I. I. I. I. 
54 59. I. 12. I. I. I. I. I. 
55 18. I. 53. I. I. I. I. I. 
56 28. I. 43. I. I. I. I. I. 
57 II. I. 60. I. I. I. I. I. 
58 15. I. 56. I. I. I. I. I. 
59 52. I. 19. I. I. I. I. I. 
60 64. I. 7. I. I. I. I. I. 
61 6. I. 65. I. I. I. I. I. 
62 20. I. 51. I. I. I. I. I. 
63 46. I. 25. I. I. I. I. I. 
64 47. I. 24. I. I. I. I. I. 
65 I. I. 70. I. I. I. I. I. 
66 44. I. 27. I. I. I. I. I. 
67 26. I. 45. I. I. I. I. I. 
68 14. I. 57. I. I. I. I. I. 
69 42. I. 29. I. I. I. I. I. 
70 48. I. 23. I. I. I. I. I. 
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Appendix B: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for PANEL_SEAL 

Run 
~ ~ Pemu:abilit:r: CQmlm:~sibilit:r: .B.C.EXE BCBBSAI HCQSSAI ruE.Q B.C.fCI 

I 6.4546x I o-2 1.2330x J0-20 1.5512x J0-9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 4.3323xJ06 
2 6. 9050x I o-2 2.6840x I o-20 1.4337x 10·9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 3.3100xl06 

3 6.426 7x w-2 1.1750x 10·20 1.5591 X J0·9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 4.4051xl06 
4 7 .4080x w-2 6.3970x I o-20 1.3194x 10'9 7.0000x 10'1 2.0000x 10·1 0.0000 1.0000 2.4509x 106 

5 7.0423x w-2 3.4020xlo-20 1.4009x I Q-9 7.0000xiO-I 2.0000x I o- 1 0.0000 1.0000 3.0494xl06 

6 6.7501xlo-2 2.0540x 10·20 1.4 724x 10'9 7.0000x 10'1 2.0000x 10'1 0.0000 1.0000 3.6310xl06 

7 6. 7660x I o-2 2.1110x 10·20 1.4683x I o-9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 3.5968x 106 

8 7.4185xlo-2 6.5140x 10·20 1.3172x 10'9 7.0000x 10-1 2.0000x 10'1 0.0000 1.0000 2.4356xl06 

9 6. 7849x I o-2 2.1810x 10·20 1.4636x 10'9 7.0000xi0· 1 2.0000x10·1 0.0000 1.0000 3.5564xl06 

10 6.5015x 10·2 1.3370x w-20 1.5382x 10·9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 4.2126xl06 

II 8.3154xi0-2 3.0660xi0-19 1.1482x 10·9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 1.4251 X 106 

12 6.0920x I o-2 6.5920x I o-21 1.6584x I o-9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 5.3803x 106 

13 6.2562x I o-2 8.7530xl0·21 1.6084x I o-9 7.0000x 10'1 2.0000xi0-1 0.0000 1.0000 4.8776xl06 

14 7.7689x 10'2 1.1930xi0·19 1.2465x 10·9 7.0000xi0· 1 2.0000xJ0· 1 0.0000 1.0000 1.9755xl06 

15 7.4789xJ0·2 7 .2300x 10-20 1.3046x 10·9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 2.3492xl06 

16 8.6557x 10·2 5.5180xl0· 19 1.0932x I o-9 7.0000xiO-I 2.0000x 10·1 0.0000 1.0000 1.1629x 106 

17 6.0226x I o-2 5.8470x 10-2! 1.6805x I o-9 7.0000xl0· 1 2.0000x 10·1 0.0000 1.0000 5.6083x 106 

18 7.2424x J0-2 4.8060xi0·20 1.3553x 10·9 7.0000xiO-I 2.0000xi0-1 0.0000 1.0000 2.7058xJ06 

19 7.8301xlo-2 1.3260x w- 19 1.2348x I o-9 7.0000xJO·I 2.0000x 10·1 0.0000 1.0000 1.9045xl06 

20 6.2783x I o-2 9.0940x w-21 1.60 18x 10'9 7.0000xi0-1 2.0000xi0- 1 0.0000 1.0000 4.8135xl06 

21 5.9353x I o-2 5.0290x 10'21 1.7088x J0-9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 5.9085xl06 

22 7 0 7349x w-2 1.1250xl0· 19 1.2531 x 10·9 7.0000xJ0· 1 2.0000x I o- 1 0.0000 1.0000 2.0160xl06 

23 6.3790x 10·2 1.0820x I o-20 1.5726x I o-9 7.0000x JO·I 2.0000x w-1 0.0000 1.0000 4.5326xl06 

24 7 .6220x w-2 9.2570x 10'20 1.2754x 10'9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 2.1567xl06 

25 5.7045xJ0·2 3.3760x w-21 J. 7881 X J0-9 7.0000xi0-1 2.0000xJ0·1 0.0000 1.0000 6.7820x 106 

26 7 .1304x w-2 3.9610xl0·20 1.3805x I o-9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 2.8930xl06 

27 6.6134x 10'2 1.6220x I o-20 1.5080x I o-9 7.0000xi0- 1 2.0000x I o- 1 0.0000 1.0000 3.9401xl06 

28 8.3995x J0-2 3.5450xJ0· 19 1.1342x 10'9 7.0000x w- 1 2.0000x w-1 0.0000 1.0000 1.3553xl06 

29 7.0821 x w-2 3.6440x w-20 1.3916x 10·9 7.0000xl0· 1 2.0000x I o-1 0.0000 1.0000 2.9777xl06 

30 8.0747x w-2 2.0230x w- 19 1.1898x J0-9 7.0000x I o- 1 2.0000x 10·1 0.0000 1.0000 1.6456xl06 

31 6.6460x I o-2 1.7160x 10·20 1.4994x 10'9 7.0000x 10·1 2.0000x1o· 1 0.0000 1.0000 3.8641x 106 

32 7.9457x 10'2 1.6190x 10· 19 1.2132x 10'9 7.0000xi0- 1 2.0000x w-1 0.0000 1.0000 1.7774xl06 

33 6.1584x I o-2 7 .3930x I o-21 1.6379x J0-9 7 .oooox w-1 2.0000x10· 1 0.0000 1.0000 5.1710xl06 

34 6.8752x I o-2 2.5490x I o-20 1.4410x 10·9 7.0000xi0-1 2.0000xJ0· 1 0.0000 1.0000 3.3696xl06 

35 5.7582x J0-2 3.7040x J0-2 1 1. 7691 x 10·9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 6.5679xl06 

36 6.6807x I o-2 1.8220x 10·20 1.4903x 10·9 7.0000xJ0· 1 2.0000xi0· 1 0.0000 1.0000 3.7848x 106 

37 6.3385x I o-2 1.0090x I o-20 1.5842x I o-9 7.0000xiO-I 2.0000x w-1 0.0000 1.0000 4.6435xl06 

38 6.0375xJ0·2 6.0000x I o-21 1.6757x I o-9 7 .OOOOx 10·1 2.0000xJ0· 1 0.0000 1.0000 5.5584x 106 

39 6.9617x J0-2 2. 9600x I o-20 1.4200x I o-9 7.0000xiO-I 2.0000x w-1 0.0000 1.0000 3.1998xl06 

40 7 .1929x 10-2 4.4120xlo-20 1.3664x I o-9 7.0000xJ0· 1 2.0000x w- 1 0.0000 1.0000 2.7870x 106 

41 8.5712x I o-2 4.7690x 10· 19 1.1064x 10'9 7 .oooox 10· 1 2.0000x w-1 0.0000 1.0000 1.2231 X 106 

42 6.1966x w-2 7.8970xJ0·21 1.6262x I o-9 7.0000xi0- 1 2.0000x 10·1 0.0000 1.0000 5.0544xl06 

43 8.0322x I o-2 1.8800xJ0· 19 1.1975x I o-9 7.0000xJO-I 2.0000x 10' 1 0.0000 1.0000 1.6878x 106 

44 6.8201xJ0·2 2.3180x I o-20 1.4547x J0-9 7.0000xl0-l 2.0000x10· 1 0.0000 1.0000 3.4822x 106 

45 6.9955x 10·2 3.1380x 10·20 1.4120x I o-9 7.0000x JO·l 2.0000xJ0· 1 0.0000 1.0000 3.1358x106 

46 7 .6523x I o-2 9.7550x w-20 1.2693x w-9 7.0000xJO·I 2.0000xJ0· 1 0.0000 1.0000 2.1180xi06 
47 6. 7080x w-2 1.9100xJ0·20 1.4832x w-9 7.0000xi0- 1 2.0000x10·1 0.0000 1.0000 3.7235xl06 

48 7.55901\ 1 o-2 8.3030x w-20 1.2881 x w-9 7.0000xi0- 1 2.0000x 10'1 0.0000 1.0000 2.2394xl06 

49 5.5156xJ0·2 2.4360xJ0·21 1.8579x I o-9 7.00001\I0- 1 2.0000x I o- 1 0.0000 1.0000 7.5927xi06 
50 7 .3176x 10·2 5.4730xi0·20 1.3388x I o-9 7.0000xi0- 1 2.0000x 10'1 0.0000 1.0000 2.5868x 106 

51 7.0199xlo·2 3.2730x I o-20 1.4062x I o-9 7.0000xJ0· 1 2.0000x w- 1 0.0000 1.0000 3.0904xl06 

52 7.1211xlo-2 3.8980x 10·20 1.3826x w-9 7.0000xJ0·1 2.0000x1o·1 0.0000 1.0000 2.9091xl06 
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Table B-2 1992 BRAGFLO Computed Variable Values for PANEL_SEAL (Concluded) 

Run 
N2. ~ Penn!<lll!ilil): ~QmJ,m;~~il!ilil): JiCfXf D~DB.SAI D~QSSAI ru:ELQ B.Cfcr 

53 8.1495x I o-2 2.3020xJO·I9 1.1766x 10·9 7.0000xJ0·1 2.0000x w-1 0.0000 1.0000 1.5736xl06 

54 7 .8822x I o-2 1.4510xl0·19 1.2250x J0-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 1.8461xl06 

55 8.2516x 10·2 2.7460x 10·19 1.1590x I o-9 7.0000xio-1 2.0000xJ0·1 0.0000 1.0000 1.4805xJ06 

56 6.5560x 1 o-2 1.4690x I o-20 1.5234x 1 o-9 7.0000x w-1 2.0000x w-1 0.0000 1.0000 4.0775xl06 

57 7 .4885x I o-2 7.3510x J0·20 1.3026x I o-9 7.0000xJ0·1 2.0000xJo-1 0.0000 1.0000 2.3358xl06 

58 5.1492x I o-2 1.2940xi0-21 2.0079x I o-9 7 .oooox 1 o- 1 2.0000x w-1 0.0000 1.0000 9.4506xl06 

59 9 .OOOOx 10·2 I.OOOOx w-18 1.0418x 10·9 7.QOOOxJ0·1 2.0000x I o-1 0.0000 1.0000 9.4665xl05 

60 5.5835x I o-2 2.7390x 1 o-21 1.8323x 10·9 7.0000x w-1 2.0000x I o-1 0.0000 1.0000 7.2909xl06 

61 7.6860xJ0-2 1.0340xi0-19 1.2626x J0-9 7.0000xJ0·1 2.0000x w- 1 0.0000 1.0000 2.0757xl06 

62 7.1746xi0-2 4.2750x 10·20 1.3705x w-9 7.0000x 10·1 2.0000x1o·1 0.0000 1.0000 2.8176xl06 

63 7.3762x J0-2 6.0550x w-20 1.3262x I 0-9 7.0000xJO·I 2.0000x 10·1 0.0000 1.0000 2.4979xJ06 

64 7.5663x 10·2 8.4080x I o-20 1.2866x I0-9 7.0000x 10·1 2.0000xJ0·1 0.0000 1.0000 2.2297xl06 

65 7 .3045x I o-2 5.3500xJ0·20 1.3417x J0-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 2.6072xl06 

66 5.1070xJ0-2 1.2030x 10·21 2.0265x I o-9 7 .oooox 1 o-1 2.0000x w-1 0.0000 1.0000 9.6921xl06 

67 7 .2562x I o-2 4.9220x I o-20 1.3523x 10·9 7 .oooox J0-1 2.0000x w-1 0.0000 1.0000 2.6835xl06 

68 6.9149xJ0·2 2. 7300x I o-20 1.4313x I o-9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 3.2906xl06 

69 5.8844xlo-2 4.6060x I o-21 I. 7258x w-9 7 .OOOOx 10·1 2.0000x.1o· 1 0.0000 1.0000 6.0909xl06 

70 6.5148xJ0·2 1.3680x w-20 1.5346x I o-9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 4.1793xl06 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for PANEL_SEAL 

Run 
&!.. ~ Permeabjl ity Compressjbjljty ~ BCBRSAT BCGSSAT Brn.& lKfCI 

I 19. 19. 52. ). I. ). I. 52. 
2 32. 32. 39. ). ). ). ). 39. 
3 18. 18. 53. ). ). ). I. 53. 
4 48. 48. 23. I. I. ). I. 23. 
5 37. 37. 34. ). I. ). ). 34. 
6 27. 27. 44. ). I. ). I. 44. 
7 28. 28. 43. I. ). ). I. 43. 
8 49. 49. 22. ). ). ). I. 22. 
9 29. 29. 42. I. I. ). I. 42. 
10 20. 20. 51. I. ). ). I. 51. 
II 66. 66. 5. I. I. ). I. 5. 
12 II. II. 60. I. I. ). I. 60. 
13 14. 14. 57. I. I. ). I. 57. 
14 58. 58. 13. I. ). ). I. 13. 
15 50. 50. 21. I. I. ). ). 21. 
16 69. 69. 2. I. I. ). I. 2. 
17 9. 9. 62. ). ). ). I. 62. 
18 43. 43. 28. I. I. ). I. 28. 
19 59. 59. 12. I. I. ). ). 12. 
20 15. 15. 56. I. I. ). I. 56. 
21 8. 8. 63. I. I. ). I. 63. 
22 57. 57. 14. I. I. ). I. 14. 
23 17. 17. 54. I. I. ). I. 54. 
24 54. 54. 17. I. I. ). I. 17. 
25 5. 5. 66. I. ). ). ). 66. 
26 40. 40. 31. I. I. ). I. 31. 
27 23. 23. 48. ). ). ). I. 48. 
28 67. 67. 4. I. I. ). ). 4. 
29 38. 38. 33. I. I. ). I. 33. 
30 63. 63. 8. I. ). I. I. 8. 
31 24. 24. 47. I. I. ). I. 47. 
32 61. 61. 10. I. I. ). I. 10. 
33 12. 12. 59. I. I. ). I. 59. 
34 31. 31. 40. ). I. ). I. 40. 
35 6. 6. 65. I. I. I. I. 65. 
36 25. 25. 46. I. I. ). ). 46. 
37 16. 16. 55. I. I. ). ). 55. 
38 10. 10. 61. I. I. ). I. 61. 
39 34. 34. 37. I. I. I. I. 37. 
40 42. 42. 29. I. I. ). I. 29. 
41 68. 68. 3. I. I. ). I. 3. 
42 13. 13. 58. I. ). I. I. 58. 
43 62. 62. 9. I. I. ). I. 9. 
44 30. 30. 41. I. I. ). I. 41. 
45 35. 35. 36. I. ). ). I. 36. 
46 55. 55. 16. ). I. ). I. 16. 
47 26. 26. 45. I. I. ). ). 45. 
48 52. 52. 19. I. I. I. I. 19. 
49 3. 3. 68. ). ). ). I. 68. 
50 46. 46. 25. I. I. ). I. 25. 
51 36. 36. 35. ). ). I. I. 35. 
52 39. 39. 32. ). I. ). I. 32. 
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Table B-2 1992 BRAG FLO Ranks of Computed Variable Values for PANEL_SEAL (Concluded) 

Run 
~ ~ PenneabWty CompressjbiHty ~ BCBRSAT BCGSSAT BQ:LQ ru:£cr 

53 64. 64. 7. I. I. I. I. 7. 
54 60. 60. II. I. I. I. I. II. 
55 65. 65. 6. I. I. I. I. 6. 
56 22. 22. 49. I. I. I. I. 49. 
57 51. 51. 20. I. I. I. I. 20. 
58 2. 2. 69. I. I. I. I. 69. 
59 70. 70. I. I. I. I. I. I. 
60 4. 4. 67. I. I. I. I. 67. 
61 56. 56. 15. I. I. I. I. 15. 
62 41. 41. 30. I. I. I. I. 30. 
63 47. 47. 24. I. I. I. I. 24. 
64 53. 53. 18. I. I. I. I. 18. 
65 45. 45. 26. I. I. I. I. 26. 
66 I. I. 70. I. I. I. I. 70. 
67 44. 44. 27. I. I. I. I. 27. 
68 33. 33. 38. I. I. I. I. 38. 
69 7. 7. 64. I. I. I. I. 64. 
70 21. 21. 50. I. I. I. I. 50. 
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Table B-2 1992 BRAGFLO Computed Variable Values for SALADO 

Run 
~ ~ ~!;llll!:i!hilii:t C2m"'rmihilit:t B.CEXf BCBRSAI BCQSSAI llC.ElQ acrcr 
I 2.8660x 1 o-2 3.6308xJ0·21 3.8066x 10-9 9.6790 8.7890xlo-2 2.3300x 10-1 0.0000 6.6135xl06 
2 6.9900x t o-3 9.7724x 10-21 1.6383x I o-8 4.9660x 10-1 1.4570x 10-1 1.2590x 10'1 1.0000 4.6951xt06 
3 2.8970x I o-2 1.3183x 10·21 3.7632x 10-9 6.7900xl0· 1 1.8490x 10'1 2.1660x 10-1 1.0000 9.3900xi06 
4 5.6130xi0-3 1.5136x 10·21 2.0463x I o-8 5.1820 1.7260x 10·1 1.8900x I o- 1 1.0000 8.9517x 106 
5 2.0560x I o-2 2.8840x I o-22 5.4048x 10-9 4.0710x 10·1 1.9880x w- 1 1.4590x w-1 1.0000 1.5887xl07 

6 1.3 750x I o-2 7.2444x 10-24 8.2055x I o-9 6.1420 3.3170xl0·1 4.7930x I o-2 0.0000 5.6837x 107 

7 2.5930x I o-2 1.1481 X 10·22 4.2337xi0-9 1.0990 3.5430xlo-2 1.6220x w- 1 0.0000 2.1849x 107 

8 3 .1850x 10-3 4.8978x I o-22 3.6253x I o-8 6.4480 3.8660xi0·1 2.8520x w-2 1.0000 1.3227x 107 

9 2.7270xi0-2 4.7863x I o-24 4.0134xJ0-9 4.2610x 10-1 3.4080x 10-1 1.8690x 10· 1 1.0000 6.5601xl07 

10 9.6770xlo-3 3.9811xi0-21 1.1764x I o-8 1.5170 7.9000x 10'2 3.4810xi0-1 1.0000 6.4060xl06 

II 2.5730x I o-3 7.7625xJ0-2 1 4.4936x I o-8 s .12s0x 10·1 2.7170xi0- 1 2.0030x w- 1 0.0000 5.0845xl06 

12 9.8270x 10-3 9.1201xi0·21 1.1581x I0-8 7.4960 1.4100x10·1 2.8620x I o-1 1.0000 4.8087xl06 

13 1.661 Ox 10-2 8.7096x w-24 6.7496xl0-9 2.2490 3.6500x w- 1 2.9370xi0· 1 1.0000 5.3327x 107 

14 1.9600x I o-2 7 .0795x I o-23 5.6818x I o-9 3.0620xl0·1 8.3660x I o-3 1.7360x w- 1 1.0000 2.5828x 107 

15 1.1590x 10-3 3.0200x w-24 1.0006x w-7 4.4620Jdo- 1 2.31 OOx w-1 3.8350xlo-1 0.0000 7.6932xl07 

16 5.8700x 10-3 I.9953x 10'21 1.9556x w-s 5.3590xiO-I 3.7890x w-1 2.1720x 10-1 1.0000 8.1356x 106 

17 2.3950x w-2 1.2882x I o-22 4.6044x 10-9 5.9190 1.1130x 10-1 3.8060x 10-1 0.0000 2.0996xl07 

18 6.1370x 10-3 6.7608x I o-22 1.8695x I o-8 5.8730x w- 1 2.9470x w-1 8.6120xJ0-3 0.0000 1.1831 X 107 

19 6.2550x I o-3 3.9811 x w-23 1.8337x I o-8 2.0050 1.1640xl0·1 1.66 70x w- 1 1.0000 3.1520xl07 

20 1.7070x I o-2 1.8197x 10·20 6.5609x w-9 6.7090xlo-1 1.2940x 10'1 3.2110xi0·1 1.0000 3.7864xi06 
21 2.3500x I o-2 2.8840x I o-20 4.6974x I o-9 2.2590xlo-1 1.9770x w-2 2.2330x I o- 1 0.0000 3.2287xl06 

22 2.6030x I o-2 5.4954x I o-21 4.2165xi0-9 1.4340 2.1830xlo-1 1.8710x w-2 1.0000 5.7299xl06 

23 2.9920x 10-2 5.4954x I o-22 3.6358x I o-9 7.0990 2.3880x I o-1 4.5230x 10'2 1.0000 1.2710x 107 

24 1.471 Ox I o-2 1.2023x I o-21 7.6537x 10-9 4.3270xlo- 1 6.1270x 10'2 2.6430x w-1 1.0000 9.6941xl06 

25 2.4720x J0-2 7.0795x w-21 4.4532x 10·9 2.7610 3.0510xi0·1 9.9900x w-2 1.0000 5.2491xl06 

26 1.8820x I0-2 I. 7378x I0-21 5.9276x I0-9 5.2660 2.4700xlo- 1 6.8060x w-2 1.0000 8.5339xl06 

27 2.2740x I o-3 5.1286x w-22 5.0877x I o-8 8.3330 2.1280x w- 1 7.5730x w-2 1.0000 1.3018xl07 

28 2.8830x I o-3 4.5709x I o-22 4.0077xi0-8 7.9460 3.4740x w- 1 1.5270xiO-I 0.0000 1.3547x 107 

29 1.2680x I o-2 2.3442x I0-21 8.9190xi0·9 6.04101.10' 1 3 .3040x I o- 1 3.5780xlo-1 1.0000 7.6943xl06 

30 8.7910x 10-3 7.9433x 10·22 1.2975x I o-8 2.0040xlo- 1 1.4050xi0-2 1.5530x I o- 1 0.0000 1.1189x 107 

31 1.7650x I o-2 3.3884x I o-22 6.3371 x w-9 3.3160xi0·1 2.1130x!0-1 2.4050x I o- 1 1.0000 1.5025x 107 

32 2.0930x I o-2 6.1660x w-21 5.3048x I o-9 8.8800 3.1430x w- 1 3.7550x JQ-1 1.0000 5.5061xl06 
33 6.6640x I o-3 t.OOOOxJ0-21 1.7196xi0-8 5.2200xJ0· 1 1.0530xi0· 1 3.4190x w-1 1.0000 1.0332x 107 

34 9.1030x w-3 2.3988x I o-22 1.2522x J0-8 8.6520 2.5150xi0· 1 3.6280x w- 1 0.0000 1.6932x 107 

35 2.4230x I o-3 3.0903xlo-21 4.7733xJ0-8 3.9470xlo-1 2.9070xJ0· 1 1.3 390x 10·1 1.0000 6.9928xi06 
36 2. 7120x I0-2 1.5849x I o-22 4.0370xlo-9 2.7500x 10-1 3.7090x w- 1 3.6960x 10· 1 1.0000 1.9543xl07 

37 5.0960xi0-3 8.5114xi0-22 2.2564xi0-8 6.9780 2.2650x I o- 1 3.0790x I o-2 1.0000 1.0925xl07 

38 1.8940x I o-3 5.1286xJ0·21 6.1135xi0-8 2.9640 1.7810x 10·1 3.9620xlo-1 1.0000 5.8685xl06 

39 1.0090x I o-2 7 .5858x I o-22 1.1273x I o-8 2.6060x 10' 1 1.6330x I o- 1 3.7240xl0·2 1.0000 1.1369xl07 

40 2.27601.10-2 2.5704x 10·23 4.8582xlo-9 2.4160xJ0·1 2.4340x I o-1 I.IIOOxi0- 1 1.0000 3.6671xl07 

41 1.8020xi0-2 5.8884x J0-21 6.2019xi0·9 5.7490xlo-l I .3340x I o-1 1.0650x w-1 1.0000 5.5946xl06 

42 2.1990xl0·2 6.3096x I o-22 5.0371xJ0·9 5.4840x I o- 1 3.9640x w- 1 3.3500x w- 1 0.0000 1.2117xl07 

43 5.1790x I o-3 2.454 7x I o-21 2.2199x I o-s 4.0000 3.9070x 10'1 1.2040x w-1 0.0000 7.5727xl06 

44 3.9010xi0-3 3.9811xi0-21 2.9553x w-8 3.6050xlo- 1 2.5980x w-1 5 .7350x JQ-2 0.0000 6.4060xl06 

45 9.3870x I o-3 2.8840x 10·21 1.2135x I o-8 3.2390xlo- 1 1.5830x w- 1 9 .4190x w-2 1.0000 7.1619xJ06 
46 2.8280x I o-2 t.04 11 x 10·24 3.8611 X 10·9 4.6060xJ0· 1 6.5170xiQ-2 2.3880x I o- 1 1.0000 1.1099x 108 
47 6.5700x I o-3 5.7544x 10·20 I. 7446x 10·8 3.4760 3.1780xi0·1 2.6060x 10'1 1.0000 2.5423xl06 

48 2.2390x I0-2 2.8184xJ0-21 4.9426xlo-9 7.7080 4.5510x w-2 2.0750xl0· 1 0.0000 7.2192xl06 

49 1.6820x I Q-3 1.9953x I o-22 6.88721. w-8 3.7530xlo- 1 5.0110x w-2 6.9900x I o-2 1.0000 1.8046xl07 

50 1.2890x 10-2 1.8621 X J0-22 8.7696xi0·9 3.5390xJ0·1 1.8990xi0·1 1.9850x w- 1 1.0000 1.8483xl07 

51 7.8440xlo-3 8.7096x J0-21 1.4572x J0·8 5.6000xJ0-1 2.3180x I o-2 1.1810x 10'2 1.0000 4.8859x 106 

52 4.7130xi0-3 1.9953x 10·21 2.4418x I0-8 3.2370 1.5040x 10'1 3.8860x I o- 1 0.0000 8.1356xl06 
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Appendix B: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for SALADO (Concluded) 

Run 
& ~ f~nn~atlilit~ CQWI:!Il:SSitlili1~ ru:fXf B!:BBSAI B!:QSSAI BQ:kQ IiCfcr 

53 1.5900x I o-2 4.6774x 10·2l 7.0621xi0·9 6.7410 2.8470x 10·1 1.8060x 10· 1 1.0000 6.0585x106 

54 1.4500x I o-2 3.7154x10·22 7.7681x.10·9 4.7200xJ0·1 1.6590x 10·1 2.7290x10· 1 0.0000 1.4554x 107 

55 2.0030xlo·2 1.4125x 10·22 5.5544x 10·9 6.5030x J0· 1 3.2450x10·1 3 .03 30x 10·1 0.0000 2.0337xl07 

56 1.1650x J0·2 1.6596x I o-24 9.7296xi0·9 4.8480 9.2770x w-2 5 .2210x I o-2 0.0000 9.4639x 107 

57 4.5630x I o-3 3.8904x I o-22 2.5229x I o-8 9.2110 5.1160xJ0·3 2.7770x 10·1 1.0000 1.4324xl07 

58 8.7110x 10·3 2.1878x I o-23 1.3097x I o-8 6.4060xi0· 1 3.4880xJO·I 3.2980x 10·1 1.0000 3.8775x107 

59 2.5160x 1 o-2 1.4791 X I o-23 4.3709x 10·9 8.9580 8.5120x 10·2 3.1270x 10·1 1.0000 4.4398x107 

60 8.2600x I o-3 9.1201xi0·23 1.3825x 10·8 9.8620 7 .0380x I o-2 8.1940x J0·2 1.0000 2.3661xl07 

61 7 .3840x I o-3 I.D715xi0·2l 1.5495x I o-s 8.0490x I 0·1 2.7910xJO·I 1.3890x 10·1 1.0000 1.0088x 107 

62 1.2250x I o-2 1.2303x w-22 9 .2408x I o-9 2.8630x 10· 1 3.5990xJ0·1 2.5120xi0· 1 1.0000 2.1333xl07 

63 4.1090xJ0·3 3.0903xi0·22 2.8045xi0·8 3.7540 2.0010x10· 1 2.8360xi0·1 0.0000 1.5511xl07 

64 3.7390xi0·3 1.6982x I o-22 3.0845x I o·S 2.4950 2.9320xi0·2 8.7020x 10·2 1.0000 1.9081x107 

65 7.4700x 10·3 1.5488x 10·21 1.5314x I o·S 2.5410x I 0· 1 2.6410x I o·t 3.5100x 10·1 1.0000 8.8807xJ06 
66 3.5330xi0·3 4.8978x I o-23 3.2658x 10·8 6.9150xi0· 1 1.2380x 10·1 3.1630x10·1 0.0000 2.9339xl07 

67 8.1910xi0·3 1.1482x I 0·21 1.3944x J0·8 5.5890 5.6350x 10·2 2.5370x 10·1 0.0000 9.8498xi06 
68 1.0760x I o-2 2.2387x I o·22 1.0555x I o-8 4.5200 3.0240xJ0·1 2.9970x 10·1 0.0000 1.7342xl07 

69 1.5190x I o-2 2.5704x I o-22 7 .4039x I o·9 4.3270 3.7150x10·1 4.8390x I o·3 1.0000 1.6532x 107 

70 1.4890x I o-3 2.5704x.J0·24 7.7831 X 10·8 6.2770x I o· 1 1.0130xi0·1 1.1920x I o-t 1.0000 8.1344xl07 
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Appendix 8: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFl...O Ranks of Computed Variable Values for SALADO 

Run 
N2.. ~ Permeability Compressibility ~ BCBRSAT BCGSSAT B..Cfl& lK.KI 

I 68. 55. 3. 69. 16. 41. ]. 16. 
2 24. 67. 47. 21. 26. 23. 24. 4. 
3 69. 44. 2. 34. 33. 38. 24. 27. 
4 18. 45. 53. 52. 31. 34. 24. 26. 
5 54. 26. 17. 15. 35. 26. 24. 45. 
6 42. 6. 29. 56. 59. 9. ]. 65. 
7 63. 15. 8. 37. 7. 29. ]. 56. 
8 9. 32. 62. 57. 68. 5. 24. 39. 

9 66. 5. 5. 16. 60. 33. 24. 66. 
10 34. 56. 37. 39. 14. 61. 24. 14. 

II 7. 64. 64. 22. 48. 36. I. 7. 

12 35. 66. 36. 61. 25. 51. 24. 5. 

13 47. 7. 24. 41. 64. 52. 24. 64. 
14 52. 13. 19. 8. 2. 31. 24. 58. 

15 I. 4. 70. 18. 41. 68. I. 67. 

16 19. 48. 52. 24. 67. 39. 24. 22. 

17 60. 17. II. 55. 20. 67. I. 54. 

18 20. 36. 51. 28. 52. 2. I. 35. 

19 21. II. 50. 40. 21. 30. 24. 60. 

20 48. 68. 23. 33. 23. 57. 24. 3. 

21 59. 69. 12. 2. 4. 40. I. 2. 

22 64. 60. 7. 38. 39. 4. 24. II. 

23 70. 34. I. 60. 42. 8. 24. 37. 

24 44. 43. 27. 17. II. 47. 24. 28. 

25 61. 63. 10. 43. 54. 18. 24. 8. 
26 51. 47. 20. 53. 44. 12. 24. 24. 

27 5. 33. 66. 64. 38. 14. 24. 38. 

28 8. 31. 63. 63. 61. 27. I. 40. 

29 40. 50. 31. 29. 58. 63. 24. 21. 

30 31. 38. 40. I. 3. 28. I. 33. 

31 49. 28. 22. 10. 37. 43. 24. 43. 

32 55. 62. 16. 66. 55. 66. 24. 9. 

33 23. 40. 48. 23. 19. 60. 24. 31. 

34 32. 24. 39. 65. 45. 64. I. 47. 

35 6. 54. 65. 14. 51. 24. 24. 17. 

36 65. 19. 6. 6. 65. 65. 24. 52. 

37 16. 39. 55. 59. 40. 6. 24. 32. 

38 4. 59. 67. 44. 32. 70. 24. 12. 

39 36. 37. 35. 5. 29. 7. 24. 34. 

40 58. 10. 13. 3. 43. 20. 24. 61. 
41 50. 61. 21. 27. 24. 19. 24. 10. 

42 56. 35. 15. 25. 70. 59. I. 36. 

43 17. 51. 54. 48. 69. 22. I. 20. 

44 12. 56. 59. 12. 46. II. I. 14. 

45 33. 53. 38. 9. 28. 17. 24. 18. 

46 67. I. 4. 19. 12. 42. 24. 70. 

47 22. 70. 49. 46. 56. 46. 24. I. 
48 57. 52. 14. 62. 8. 37. I. 19. 

49 3. 22. 68. 13. 9. 13. 24. 49. 
50 41. 21. 30. II. 34. 35. 24. 50. 

51 27. 65. 44. 26. 5. 3. 24. 6. 

52 15. 48. 56. 45. 27. 69. I. 22. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for SALADO (Concluded) 

Run 
lS.2.. ~ Permeability Compressibility ~ BCBRSAT BCGSSAT l!.C.EUi l.!CKI 

53 46. 58. 25. 58. 50. 32. 24. 13. 
54 43. 29. 28. 20. 30. 48. I. 42. 
55 53. 18. 18. 32. 57. 54. I. 53. 
56 38. 2. 33. 51. 17. 10. I. 69. 
57 14. 30. 57. 68. I. 49. 24. 41. 
58 30. 9. 41. 31. 62. 58. 24. 62. 
59 62. 8. 9. 67. 15. 55. 24. 63. 
60 29. 14. 42. 70. 13. 15. 24. 57. 
61 25. 41. 46. 36. 49. 25. 24. 30. 
62 39. 16. 32. 7. 63. 44. 24. 55. 
63 13. 27. 58. 47. 36. 50. I. 44. 
64 II. 20. 60. 42. 6. 16. 24. 51. 
65 26. 46. 45. 4. 47. 62. 24. 25. 
66 10. 12. 61. 35. 22. 56. I. 59. 
67 28. 42. 43. 54. 10. 45. I. 29. 
68 37. 23. 34. 50. 53. 53. I. 48. 
69 45. 25. 26. 49. 66. I. 24. 46. 
70 2. 3. 69. 30. 18. 21. 24. 68. 
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Appendix 8: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for SHAFf_SEAL 

Run 
t!Q. f2mll!.Y P~llll~!lt!ilil>: CQmlm::ssit!ilil:x: ~ BC~BSAI BCQSSAT IKRQ B£ecr 

I 5.6433x I o-2 3.2690xJ0- 17 1.81 02x 10-9 7.0000xJo-1 2.0000x I o- 1 0.0000 1.0000 2.8327x 105 
2 4.3305x I o-2 1.2730x I o- 17 2.434 7x I o-9 7.0000xio- 1 2.0000x I o-1 0.0000 1.0000 3.9257x 105 
3 4.0073x I o-2 5.5560xl0- 17 2.6512x I o-9 7.0000x 10·1 2.0000x 10-1 0.0000 1.0000 2.3578xJQ5 
4 5.8422x 10·2 1.8260xJ0- 17 1.7400x 10-9 7.0000xl0- 1 2.0000x I o-1 0.0000 1.0000 3.4650xJQ5 
5 3.5889x I o-2 4.6190xJ0·19 2.9895x I o-9 7.0000xJ0- 1 2.0000x I o- 1 0.0000 1.0000 1.2367x 106 
6 4.8739x I o-2 9.4430x 10· 18 2.1354x I o-9 7.0000x 10·1 2.0000xl0- 1 0.0000 1.0000 4.3531xJ05 
7 1.8565x I o-2 3.4350xJ0- 17 6.0 125x I o-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 2.7846xJQ5 
8 3.3804x 10·2 1.1320xi0-18 3.1893x I o-9 7.0000xJ0-1 2.0000x I o- 1 0.0000 1.0000 9.0690xJQ5 
9 8.2847xio-2 3.6880xl0- 19 1.1533x I o-9 7.0000xl0-1 2.0000x 10·1 0.0000 1.0000 1.3368xJQ6 
10 4.8961xJ0-2 7.9740xi0- 18 2.1246x I o-9 7.0000x 10-1 2.0000x I o-1 0.0000 1.0000 4.6154xl05 
II 6.0343x I Q-2 3.8050x JQ-1 8 1.6767x I o-9 7.0000xJ0- 1 2.0000x I o-1 0.0000 1.0000 5.9619xl05 
12 5.5800xJ0-2 2.0750x 10· 17 1.8336x I o-9 7.0000xJ0- 1 2.0000x 10·1 0.0000 1.0000 3.3151xJ05 

13 7.2964x 10-2 4.9500xJ0- 17 1.3434x I o-9 7.0000x 10·1 2.0000xJ0-1 0.0000 1.0000 2.4539x 105 
14 6.0840x I o-2 4.9160xl0-1 8 1.6610x I o-9 7.0000xJ0- 1 2.0000xJ0-1 0.0000 1.0000 5.4562xJQ5 

15 5.0585x I o-2 4.2050x 10· 18 2.0484x I o-9 7.0000xJ0- 1 2.0000xi0- 1 0.0000 1.0000 5.7592x 105 

16 3.507 4x I o-2 1.0530x Io- 18 3.0648x 10·9 7.0000xl0- 1 2.0000x 10·1 0.0000 1.0000 9.2988xJQ5 

17 5.7146xl0·2 6.8710xJ0· 19 I. 7845x I o-9 7.0000xJ0- 1 2.0000xJ0- 1 0.0000 1.0000 1.0779xJ06 

18 8.2074x I o-2 2.9880xl0- 18 1.1666x I o-9 7.0000xJo- 1 2.0000xJ0- 1 0.0000 1.0000 6.4820xJQ5 

19 6.372) X 10·2 7.1460xJ0- 17 1.5746x I o-9 7.0000x 10·1 2.0000x 10·1 0.0000 1.0000 2.16llxl05 

20 1.6736x I o-2 4.5930x J0- 18 6.6967x I o-9 7.0000xJ0-1 2.0000x I o- 1 0.0000 1.0000 5.5860x 105 

21 4.7082x I0-2 I. 9I90x I o- 18 2.2194xi0-9 7.0000x I0- 1 2.0000xl0- 1 0.0000 1.0000 7.5552x 105 

22 4.6655x I o-2 4.3250xJQ-1 7 2.2420x I o-9 7.0000xl0-1 2.0000x 10·1 0.0000 1.0000 2.5712x 105 

23 5.0975x I0-2 1.7220xi0-18 2. 0308x I o-9 7.0000xJ0- 1 2.0000xio- 1 0.0000 1.0000 7.8437x 105 

24 6.8520x I o-2 5.2090xJ0- 19 1.4468x I o-9 7.0000xJo- 1 2.0000x I o-1 0.0000 1.0000 1.1863x 106 

25 5.1999xJ0-2 1.1040x10- 16 1.9859x I o-9 7.0000x 10-1 2.0000x I o- 1 0.0000 1.0000 1.8592x 105 

26 4.1033x I o-2 1.4510x J0- 19 2.5834x I Q-9 7.0000xJ0- 1 2.0000xl0- 1 0.0000 1.0000 1.8461x 106 

27 6.1762xi0-2 1.1630x I o- 19 1.6324x I o-9 7.0000xJ0-1 2.0000x I o- 1 0.0000 1.0000 1.9930xJ06 

28 3.7132xi0-2 1.0480xi0- 17 2.88llxi0-9 7.0000xio- 1 2.0000x I o- 1 0.0000 1.0000 4.1990xl05 

29 6.9933xJo-2 4.0080xi0· 18 1.4125x 10-9 7 .oooox 10-1 2.0000x 10·1 0.0000 1.0000 5.8557x 105 

30 4.7777x IQ-2 7.9680xJ0- 17 2.1834x I o-9 7.0000x 10·1 2.0000x I o-1 0.0000 1.0000 2.0812xJ05 

31 2.2998x 10·2 1.9610x 10-!7 4.8054x I o-9 7.0000xJ0- 1 2.0000xi0- 1 0.0000 1.0000 3.3806x 105 

32 4.5772x w-2 5.0000x 10-16 2.2901 x 1 o-9 7.0000xio- 1 2.0000xlo- 1 0.0000 1.0000 1.1024x 105 

33 5.3975x 10·2 8.1000x JQ-1 9 1.9040x J0-9 7.0000xl0- 1 2.0000x I o- 1 0.0000 1.0000 1.0182x 106 

34 6.6056x I o-2 7.5340xJ0- 18 1.510 1 x 1 o-9 7.0000xJ0-1 2.0000x J0- 1 0.0000 1.0000 4.7069x 105 

35 2.5859x I o-2 1.1420x J0- 17 4.2460xJQ-9 7.0000xiQ-1 2.0000x 10·1 0.0000 1.0000 4.0760xJQ5 

36 2.7519xJ0-2 2.6550x J0-1 8 3.9748x J0-9 7.0000xJQ-1 2.0000xlo- 1 0.0000 1.0000 6.7525xJQ5 

37 4.9770xi0-2 1.4690x JQ-1 7 2.0860x I o-9 7.0000xl0- 1 2.0000x 10·1 0.0000 1.0000 3.7359x 105 

38 4.2030x 10·2 1.2620x J0- 18 2.5162x I o-9 7.0000xJ0- 1 2.0000x I o- 1 0.0000 1.0000 8.7342xJQ5 

39 3.8123x I o-2 2.4400xJ0-16 2.7997x JQ-9 7.0000xio-1 2.0000x Io- 1 0.0000 1.0000 1.4130x 105 

40 6.2212x I o-2 8.6700x I0- 18 1.6188x JQ-9 7.0000xJ0- 1 2.0000x 10-1 0.0000 1.0000 4.4837x 105 

41 6.2879x I o-2 6.0530x IQ- 19 1.5990x I o-9 7.0000x 10-1 2.0000x 10·1 0.0000 1.0000 1.1262x 106 

42 5.5614xi0-2 9.7010x I0- 19 I.8405x 10·9 7.0000xl0- 1 2.0000x10· 1 0.0000 1.0000 9.5664x 105 

43 3.3383x w-2 2.1950xi0- 17 3.2327x I o-9 7.0000xl0- 1 2.0000x I o- 1 0.0000 1.0000 3.2513x 105 

44 7.4798x J0-2 1.4780x 10· 18 1.3044x 10·9 7.0000xJo- 1 2.0000xi0- 1 0.0000 1.0000 8.2695x 105 

45 6.5132xi0-2 2.7170xi0- 17 1.5350x I o-9 7.0000xi0- 1 2.0000xl0- 1 0.0000 1.0000 3.0199x 105 

46 4.5591x I0-2 2.0720x 10· 18 2.3001xl0·9 7.0000xi0- 1 2.0000x 10-1 0.0000 1.0000 7.3573x 105 

47 7 .6297x I o-2 3.9130xi0- 17 1.2738x JQ-9 7.0000xi0- 1 2.0000xlo- 1 0.0000 1.0000 2.6618x 105 

48 9.0000x I0-2 1.6990x I0- 17 1.0418x I o-9 7.0000x10- 1 2.0000xlo- 1 0.0000 1.0000 3.5526x 105 

49 7.8712xi0-2 2.3260xi0- 18 1.2271 x 1 o-9 7.0000x 10·1 2.0000xlo- 1 0.0000 1.0000 7.0687x 105 

50 2.2704x I o-2 2.8780xi0-1 7 4.8708x I o-9 7 .OOOOx I0- 1 2.0000x 10-1 0.0000 1.0000 2.9604xi05 

51 2.8140xi0-2 2.3210xi0- 18 3.8816x I o-9 7.0000xl0- 1 2.0000x 10·1 0.0000 1.0000 7.0740xl05 

52 4.2389x I o-2 1.5210xi0-18 2.4928x I o-9 7.0000xi0- 1 2.0000x I o- 1 0.0000 1.0000 8.1879xl05 
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Table B-2 1992 BRAGFLO Computed Variable Values for SHAFT_SEAL (Concluded) 

Run 
NQ. ~ E'DD!d!llilil:'i CQffiJ2[,SSillilil~ OCEXf BCBBSAI BCQSSAI ru:ELQ liCKI 

53 5.8188xlo-2 6.3790x. w- 18 1.7480x 10·9 7 .OOOOx I o-1 2.0000x w-1 0.0000 1.0000 4.9859xl05 
54 6.7354x w-2 !.55 !0x w- 17 1.4762x w-9 7.0000x w-1 2.0000x10·1 0.0000 1.0000 3.6664xJ05 
55 3.9083x w-2 3.5290xi0· 18 2.7248xlo-9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 6.1193xl05 

56 6.6469x I o-2 s.I660x. w- 18 1.4991 x w-9 7.0000xlo-l 2.0000x 10·1 0.0000 1.0000 4.5775xl05 

57 5.3429x I o-2 5.3740x. w- 18 1.9260x I o-9 7.0000xi0·1 2.0000x I o- 1 0.0000 1.0000 5.2906xl05 

58 5.4958x I o-2 9.3590xi0· 17 1.8655x I o-9 7.0000xlo·1 2.0000xiO·I 0.0000 1.0000 1.9685xl0s 
59 5.2762x I o-2 5.7450x.I0· 18 1.9535x w-9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 5.1698x lQ5 
60 2.9620x w-2 3.1910xl0· 18 3.6751 x w-9 7.0000xi0·1 2.0000x10·1 0.0000 1.0000 6.3362xiOS 
61 4.0430x w-2 2.8000x w- 18 2.6256x w-9 7 .oooox w-1 2.0000x w-1 0.0000 1.0000 6.6294xl05 
62 4.4173x w-2 6.3220x. w- 17 2.3820x I o-9 7.0000x w- 1 2.0000x10· 1 0.0000 1.0000 2.2547xi05 
63 5.9404x I o-2 1.2980x w-16 1.7071 x w-9 7 .oooox 1 o- 1 2.0000x I o-1 0.0000 1.0000 1.7579xi05 
64 3.2463x I o-2 5.8550xlo· 18 3.3314xi0·9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 5.1360xlQ5 
65 7 .1865x 10·2 2.4680x w-17 1.3678x w-9 7 .oooox w-1 2.0000x10·1 0.0000 1.0000 3.1220xi05 
66 4.5003x I o-2 6.8400xl0· 18 2.3335x w-9 7.0000xlo-I 2.0000x I0-1 0.0000 1.0000 4.8670xi05 
67 3.1590xlo-2 1.1240xi0·17 3.4304xi0·9 7.0000x w-1 2.0000x w-1 0.0000 1.0000 4.0985xl05 

68 l.OOOOxlo-2 2.4420xi0· 19 1.1376x w-8 7.0000xi0·1 2.0000x1o· 1 0.0000 1.0000 1.5418x 106 
69 5.1572xlo-2 1.3260x I o- 17 2.0044x w-9 7.0000xlo-l 2.0000x10· 1 0.0000 1.0000 3.8707xi05 
70 3.7917xi0·2 2.0800x w- 16 2.8162xi0·9 7 .OOOOx 10·1 2.0000x I o-1 0.0000 1.0000 1.4933x 105 
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Table B-2 1992 BRAGR..O Ranks of Computed Variable Values for SHAFT_SEAL 

Run 
NQ. ~ Permeability Compressibility OC&Xf BCBRSAT BCGSSAT OCELQ B..Cfcr 

I 46. 56. 25. I. I. I. I. 15. 
2 25. 44. 46. I. I. I. I. 27. 
3 20. 61. 51. I. I. I. I. 10. 
4 49. 49. 22. I. I. I. I. 22. 
5 15. 5. 56. I. I. I. I. 66. 
6 33. 40. 38. I. I. I. I. 31. 
7 3. 57. 68. I. I. I. I. 14. 
8 13. 12. 58. I. I. I. I. 59. 
9 69. 4. 2. I. I. I. I. 67. 
10 34. 37. 37. I. I. I. I. 34. 
II 51. 26. 20. I. I. I. I. 45. 
12 45. 51. 26. I. I. I. I. 20. 
13 64. 60. 7. I. I. I. I. II. 
14 52. 30. 19. I. I. I. I. 41. 

15 36. 28. 35. I. I. I. I. 43. 

16 14. II. 57. I. I. I. I. 60. 

17 47. 8. 24. I. I. I. I. 63. 

18 68. 23. 3. I. I. I. I. 48. 

19 56. 63. 15. I. I. I. I. 8. 

20 2. 29. 69. I. I. I. I. 42. 

21 31. 17. 40. I. I. I. I. 54. 

22 30. 59. 41. I. I. I. I. 12. 
23 37. 16. 34. I. I. I. I. 55. 
24 61. 6. 10. I. I. I. I. 65. 

25 39. 66. 32. I. I. I. I. 5. 
26 22. 2. 49. I. I. I. I. 69. 

27 53. I. 18. I. I. I. I. 70. 

28 16. 41. 55. I. I. I. I. 30. 

29 62. 27. 9. I. I. I. I. 44. 

30 32. 64. 39. I. I. I. I. 7. 

31 5. 50. 66. I. I. I. I. 21. 

32 29. 70. 42. I. I. I. I. I. 
33 42. 9. 29. I. I. I. I. 62. 

34 58. 36. 13. I. I. I. I. 35. 

35 6. 43. 65. I. I. I. I. 28. 

36 7. 21. 64. I. I. I. I. 50. 
37 35. 46. 36. I. I. I. I. 25. 

38 23. 13. 48. I. I. I. I. 58. 

39 18. 69. 53. I. I. I. I. 2. 

40 54. 39. 17. I. I. I. I. 32. 

41 55. 7. 16. I. I. I. I. 64. 

42 44. 10. 27. I. I. I. I. 61. 

43 12. 52. 59. I. I. I. I. 19. 

44 65. 14. 6. I. I. I. I. 57. 

45 57. 54. 14. I. I. I. I. 17. 

46 28. 18. 43. I. I. I. I. 53. 

47 66. 58. 5. I. I. I. I. 13. 

48 70. 48. I. I. I. I. I. 23. 

49 67. 20. 4. I. I. I. I. 51. 

50 4. 55. 67. I. I. I. I. 16. 

51 8. 19. 63. I. I. I. I. 52. 

52 24. 15. 47. I. I. I. I. 56. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for SHAFT_SEAL (Concluded) 

Run 
tiQ, ~ Permeability Compressibility liCEX£ BCBRSAT BCGSSAT liCEl.Q B.C£cr 

53 48. 34. 23. I. I. I. I. 37. 
54 60. 47. II. I. I. I. I. 24. 
55 19. 25. 52. I. I. I. I. 46. 
56 59. 38. 12. I. I. I. I. 33. 
57 41. 31. 30. I. I. I. I. 40. 
58 43. 65. 28. I. I. I. I. 6. 
59 40. 32. 31. I. I. I. I. 39. 
60 9. 24. 62. I. I. I. I. 47. 
61 21. 22. 50. I. I. I. I. 49. 
62 26. 62. 45. I. I. I. I. 9. 
63 50. 67. 21. I. I. I. I. 4. 
64 II. 33. 60. I. I. I. I. 38. 
65 63. 53. 8. I. I. I. I. 18. 
66 27. 35. 44. I. I. I. I. 36. 
67 10. 42. 61. I. I. I. I. 29. 
68 I. 3. 70. I. I. I. I. 68. 
69 38. 45. 33. I. I. I. I. 26. 
70 17. 68. 54. I. I. I. I. 3. 

B-82 
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Table B-2 1992 BRAGFLO Computed Variable Values for SHAFf_SEAL_2 

Run 
&. ~ &<nncllbilil:t CQWI2rmibilil:t lK:EX£ BCBRSAI BCQSSAI Ba:l.Q liCfCI 

I 5.6433x JQ-2 5.5110x J0-20 1.8 102x JQ-9 7.0000x.I0' 1 2.0000x I o- 1 0.0000 1.0000 2.5806x.I06 
2 4.3305x I Q-2 1.7740x. IQ-20 2.4347x IQ-9 7.0000x.IQ-1 2.0000x I o-1 0.0000 1.0000 3.8199x IQ6 
3 4.0073x I o-2 1.3420x.IQ'20 2.6512x JQ-9 7.0000x.IQ-1 2.0000x JQ-1 0.0000 1.0000 4.2071x.I06 
4 5.8422x.IQ-2 6.5440x I o-20 1.7 400x 1 o-9 7.0000x.I0' 1 2.0000x.I0- 1 0.0000 1.0000 2.4317x.IQ6 
5 3.5889x 1 o-2 9.3510x 10'21 2. 9895x 1 o-9 7.0000xi0· 1 2.0000x 10· 1 0.0000 1.0000 4.7673x 1Q6 
6 4.8739x I o-2 2.8360x I o-20 2. I 354x I o-9 7.0000xi0· 1 2.0000x10· 1 0.0000 1.0000 3.2475xl06 
7 1.8565x I o-2 2.0950x I o-21 6.0125xiQ-9 7 .OOOOx 10· 1 2.0000x 10·1 0.0000 1.0000 7.9994xl06 
8 3.3804x I Q-2 7.8100x1Q'2 1 3.1893x w-9 7 .OOOOx IQ-1 2.0000x I o-1 0.0000 1.0000 5.0738x 106 

9 8.2847x 10·2 5.3920xl0·19 1.1533x w-9 7.0000x10·1 2.0000x 10·1 0.0000 1.0000 1.1722xl06 
10 4.8961xi0-2 2.8910x w-20 2.1246xlo-9 7.0000xi0· 1 2.0000x I Q- 1 0.0000 1.0000 3.2260xl06 

II 6.0343x I o-2 7. 7240x I o-20 1.6767x I o-9 7 .OOOOx IQ-1 2.0000x1o· 1 0.0000 1.0000 2.296Jx1Q6 
12 5 .5800x I o-2 5.2180x w-20 1.8336x I o-9 7.0000x.I0' 1 2.0000x 10·1 0.0000 1.0000 2.6299xl06 

13 7 .2964x IQ-2 2.2970x1Q·19 1.3434x I Q-9 7.0000x.I0· 1 2.0000x.I0- 1 0.0000 1.0000 1.5748x J06 
14 6.0840x I o-2 8.0630x I o-20 1.6610x IQ-9 7 .OOOOx 10·1 2.0000xl0'1 0.0000 1.0000 2.2623x106 

15 5.0585x I o-2 3.3260x I o-20 2.0484x I Q-9 7.0000xi0· 1 2.0000x.I0' 1 0.0000 1.0000 3.0733x.IQ6 
16 3.5074x I o-2 8.7150xi0-21 3.0648xi0·9 7.0000x.I0·1 2.0000x.I0' 1 0.0000 1.0000 4.8849xl06 

17 5.7146xJ0·2 5.8610x.I0-20 I. 7845x I o-9 7.0000x1Q·1 2.0000x10· 1 0.0000 1.0000 2.5262x 106 

18 8.2074x I Q-2 5.0440x.IQ- 19 1.1666x I o-9 7.0000x.I0· 1 2.0000x I 0· 1 0.0000 1.0000 1.1996x106 
19 6.3721xiQ-2 1.0340x 10· 19 1.5746x IQ-9 7 .OOOOx I o- 1 2.0000x 10·1 0.0000 1.0000 2.0757xl06 
20 1.6 736x JQ-2 J.7890xiQ-2 1 6.6967x JQ-9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 8.4486xl06 

21 4.7082xi0-2 2.4580x I o-20 2.2194xiQ-9 7.0000xlo-1 2.0000x10·1 0.0000 1.0000 3.4123xl06 
22 4.6655x I o-2 2.3690x I o-20 2.2420x I o-9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 3.4561 X IQ6 
23 5.0975x I Q-2 3.4400x I o-20 2.0308x w-9 7.0000xlo- 1 2.0000xl0· 1 0.0000 1.0000 3.0377x.IQ6 
24 6.8520x I Q-2 1.5650x w- 19 1.4468x I o-9 7.0000xlo- 1 2.0000x 10· 1 0.0000 1.0000 1.7984xl06 
25 5.1999xl0·2 3.7580xi0·20 1.9859x I o-9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 2.9461xl06 

26 4.1 033x I Q-2 1.4580x w-20 2.5834x tQ-9 7 . OOOOx 10·1 2.0000x I o- 1 0.0000 1.0000 4.0882xl06 

27 6.1762x I o-2 8.7310x10·20 1.6324x I o-9 7.0000xiQ-1 2.0000x 10· 1 0.0000 1.0000 2.2008x I Q6 
28 3.7132xi0-2 1.0410x 10·20 2.8811x.I0-9 7 .OOOOx 10·1 2.0000x 10·1 0.0000 1.0000 4.5936x 106 

29 6.9933xiQ-2 1.7680x.I0'19 1.4125x J0-9 7 .OOOOx I o-1 2.0000x10· 1 0.0000 1.0000 1.7241x 1Q6 
30 4.7777x I Q-2 2.61 OOx IQ-20 2.1834x 1 o-9 7.0000xi0· 1 2.0000x10· 1 0.0000 1.0000 3.3422x.I06 

31 2.2998x IQ-2 3.0720xi0-21 4.8054x w-9 7 .OOOOx J0-1 2.0000x10· 1 0.0000 1.0000 7.0071 X I Q6 
32 4.5772x I o-2 2.1950x I o-20 2.2901xiQ-9 7.0000x.IQ·1 2.0000x10· 1 0.0000 1.0000 3.5486x 106 
33 5.3975x w-2 4.4570x w-20 1.9040x I o-9 7 .OOOOx 1 Q-1 2.0000x I 0· 1 0.0000 1.0000 2.7773x106 

34 6.6056x I o-2 1.2650x I o· 19 1.510 I x 10·9 7.0000x 10·1 2.0000xl0· 1 0.0000 1.0000 1.9358x106 

35 2.5859x I o-2 3.9330xlo-21 4.2460x I Q-9 7.0000xlo- 1 2.0000x.I0' 1 0.0000 1.0000 6.4330xl06 

36 2.7519x.J0·2 4.5390x 10·21 3.9748x w-9 7 .OOOOx 10· 1 2.0000x 10·1 0.0000 1.0000 6.1218x106 

37 4.9770x I Q-2 3.1000xlo-20 2.0860x I Q-9 7.0000xi0- 1 2.0000xl0· 1 0.0000 1.0000 3.1490xl06 

38 4.2030x I o-2 1.5890x I o-20 2.5162x I o-9 7 .OOOOx 10· 1 2.0000xJ0· 1 0.0000 1.0000 3.9683x.I06 

39 3.8123x I o-2 1.1340x 10·20 2. 7997x. J0-9 7.0000xlo-1 2.0000x 10·1 0.0000 1.0000 4.4596x.I06 
40 6.2212x.J0·2 9 .0770x I o-20 1.6188x J0-9 7 .OOOOx I o- 1 2.0000x.I0' 1 0.0000 1.0000 2.1714xl06 

41 6.2879x I o-2 9.6150xi0-20 1.5990x I o-9 7.0000xi0· 1 2.0000x 10·1 0.0000 1.0000 2.1286x 106 

42 5.5614xi0-2 5.1350x 10·20 1.8405x I o-9 7.0000x.I0· 1 2.0000x1o· 1 0.0000 1.0000 2.6445x106 

43 3.3383x I o-2 7.5310xlo-21 3.2327x IQ-9 7 .OOOOx J0- 1 2.0000x I 0· 1 0.0000 1.0000 5.1380x 106 

44 7.4 798x I Q-2 2.6910x w- 19 1.3044x I Q-9 7.0000x.J0· 1 2.0000x 10·1 0.0000 1.0000 1.4909x.I06 
45 6.5132x I o-2 J.l680x 10· 19 1.5350x IQ-9 7 .OOOOx IQ-1 2.0000xJ0· 1 0.0000 1.0000 1.9900x I 06 

46 4.5591 X 10·2 2.1610x.I0·20 2.300 I xI o-9 7.0000x.I0· 1 2.0000x10· 1 0.0000 1.0000 3.5678x 106 

47 7 .6297x 1 o-2 3.0630x w- 19 1.2738x IQ-9 7 .OOOOx I Q-1 2.0000x.I0' 1 0.0000 1.0000 1.4256x 106 

48 9.0000x 10·2 I.OOOOx w- 18 1.0418x I o-9 7.0000x.J0· 1 2.0000x I Q- 1 0.0000 1.0000 9.4665x.I05 

49 7.8712x 10-2 3.7730x.I0" 19 1.2211 x 1 o-9 7.0000x.I0· 1 2.0000x1o· 1 0.0000 1.0000 1.3263x 106 

50 2.2704x I Q-2 2.9950xlo-21 4.8708x I o-9 7.0000xlo- 1 2.0000x10· 1 0.0000 1.0000 7.0689x.I06 

51 2.8140x.I0·2 4.7890xlo-21 3.8816x.IQ-9 7.0000x.I0· 1 2.0000x1o· 1 0.0000 1.0000 6.0093x. IQ6 
52 4.2389x I Q-2 1.6390x I o-20 2.4928x I o-9 7 .OOOOx 10·1 2.0000x. 10· 1 0.0000 1.0000 3.9259x.I06 

B-83 



Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for SHAFT_SEAL_2 (Concluded) 

Run 
NQ. ~ ~!;!lll~abilit:x CQml2rmil1ilit:x B..CEXf IKBBSAT l!CQSSAI ru:B..Q B..C£cr 

53 5.8188x w-2 6.4130x J0-2° 1.7480x w-9 7.0000xJ0·1 2.0000xJ0·1 0.0000 1.0000 2.4488xl06 
54 6. 7354x I o-2 1.4150x I o-19 1.4 762x I o-9 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 1.8622xl06 
55 3.9083x 10·2 1.2320x 10·20 2.7248xJ0·9 7 .oooox J0·1 2.0000x I o- 1 0.0000 1.0000 4.3335xl06 
56 6.6469x I o-2 1.3110xi0·19 1.4991 X J0·9 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 1.9120xi06 
57 5.3429x I o-2 4.2520xJ0·20 1.9260x J0·9 7.0000xJ0· 1 2.0000x J0·1 0.0000 1.0000 2.8229xJ06 
58 5.4958x 10"2 4.8520x I0-20 1.8655xJ0·9 7 .oooox J0-1 2.0000xJ0·1 0.0000 1.0000 2.6969xl06 
59 5.2762x I o-2 4.0140x J0·2° 1.9535x I0-9 7 .oooox 1 o-1 2.0000x 10·1 0.0000 1.0000 2.8797xl06 
60 2.9620xio·2 5.4420xJ0·21 3.6751xJ0·9 7 .OOOOx I o-1 2.0000xJ0·1 0.0000 1.0000 5.7493xl06 
61 4 .0430x I o-2 I .3840x I o-20 2.6256x 10·9 7 .oooox J0·1 2.0000xJ0·1 0.0000 1.0000 4.1625xl06 
62 4.4173x I o-2 1.9120xi0·2° 2.3820x I 0·9 7.0000xJ0·1 2.0000xJ0· 1 0.0000 1.0000 3.7221xl06 
63 5.9404xJ0·2 7.1230x 10·20 1.707Ixl0-9 7 .oooox 1 o- 1 2.0000x I o· 1 0.0000 1.0000 2.3614xl06 
64 3.2463x I o-2 6.9560xi0-21 3.3314x J0-9 7 .OOOOx I o-1 2.0000x I o-1 0.0000 1.0000 5.2812xl06 
65 7 .1865x I o-2 2.0890xJ0· 19 1.36 78x J0·9 7 .OOOOx 10·1 2.0000xJ0·1 0.0000 1.0000 1.6274x 106 
66 4.5003x J0·2 2.0540x I 0·20 2.3335x J0·9 7.0000xJ0·1 2.0000x I 0· 1 0.0000 1.0000 3.6310xl06 
67 3.1590xJ0·2 6.4510x J0-21 3.4304xJ0·9 7.0000xJ0· 1 2.0000x 1 o- 1 0.0000 1.0000 5.4207xl06 
68 I.OOOOx I o-2 I.OOOOx 10·21 1.1376x I o-s 7 .OOOOx I o-1 2.0000x I 0·1 0.0000 1.0000 1.0332x 107 

69 5.1572xJ0·2 3 .6220x I o-20 2.0044x 10·9 7 .OOOOx I o- 1 2.0000xJ0· 1 0.0000 1.0000 2.9840xl06 
70 3.7917xJ0·2 1.1140xl0·20 2.8162x I 0·9 7 .OOOOx I 0· 1 2.0000xJ0· 1 0.0000 1.0000 4.4871xl06 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for SHAFT_SEAL_2 

Run 
tl2. ~ Permeability Compressibility JiC.E.XE BCBRSAT BCGSSAT liCEL.Q ~ 

I 46. 46. 25. I. I. I. I. 25. 
2 25. 25. 46. I. I. I. I. 46. 
3 20. 20. 51. I. I. I. I. 51. 
4 49. 49. 22. I. I. I. I. 22. 
5 15. 15. 56. I. I. I. I. 56. 
6 33. 33. 38. I. I. I. I. 38. 
7 3. 3. 68. I. I. I. I. 68. 
8 13. 13. 58. I. I. I. I. 58. 
9 69. 69. 2. I. I. I. I. 2. 
10 34. 34. 37. I. I. I. I. 37. 
II 51. 51. 20. I. I. I. I. 20. 
12 45. 45. 26. I. I. I. I. 26. 
13 64. 64. 7. I. I. I. I. 7. 
14 52. 52. 19. I. I. I. I. 19. 
15 36. 36. 35. I. I. I. I. 35. 
16 14. 14. 57. I. I. I. I. 57. 
17 47. 47. 24. I. I. I. I. 24. 
18 68. 68. 3. I. I. I. I. 3. 
19 56. 56. 15. I. I. I. I. 15. 
20 2. 2. 69. I. I. I. I. 69. 
21 31. 31. 40. I. I. I. I. 40. 
22 30. 30. 41. I. I. I. I. 41. 
23 37. 37. 34. I. I. I. I. 34. 
24 61. 61. 10. I. I. I. I. 10. 
25 39. 39. 32. I. I. I. I. 32. 
26 22. 22. 49. I. I. I. I. 49. 
27 53. 53. 18. I. I. I. I. 18. 
28 16. 16. 55. I. I. I. I. 55. 
29 62. 62. 9. I. I. I. I. 9. 
30 32. 32. 39. I. I. I. I. 39. 
31 5. 5. 66. I. I. I. I. 66. 
32 29. 29. 42. I. I. I. I. 42. 
33 42. 42. 29. I. I. I. I. 29. 
34 58. 58. 13. I. I. I. I. 13. 
35 6. 6. 65. I. I. I. I. 65. 
36 7. 7. 64. I. I. I. I. 64. 
37 35. 35. 36. I. I. I. I. 36. 
38 23. 23. 48. I. I. I. I. 48. 
39 18. 18. 53. I. I. I. I. 53. 
40 54. 54. 17. I. I. I. I. 17. 
41 55. 55. 16. I. I. I. I. 16. 
42 44. 44. 27. I. I. I. I. 27. 
43 12. 12. 59. I. I. I. I. 59. 
44 65. 65. 6. I. I. I. I. 6. 
45 57. 57. 14. I. I. I. I. 14. 
46 28. 28. 43. I. I. I. I. 43. 
47 66. 66. 5. I. I. I. I. 5. 
48 70. 70. I. I. I. I. I. I. 
49 67. 67. 4. I. I. I. I. 4. 
50 4. 4. 67. I. I. I. I. 67. 
51 8. 8. 63. I. I. I. I. 63. 
52 24. 24. 47. I. I. I. I. 47. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for SHAFf_SEAL_2 (Concluded) 

Run 
~ ~ Penneabjlity Compressibility ~ BCBRSAT BCGSSAT R.CfLQ acrcr 
53 48. 48. 23. I. I. I. I. 23. 
54 60. 60. II. I. I. I. I. II. 
55 19. 19. 52. I. I. I. I. 52. 
56 59. 59. 12. I. I. I. I. 12. 
57 41. 41. 30. I. I. I. I. 30. 
58 43. 43. 28. I. I. I. I. 28. 
59 40. 40. 31. I. I. I. I. 31. 
60 9. 9. 62. I. I. I. I. 62. 
61 21. 21. so. I. I. I. I. so. 
62 26. 26. 45. I. I. I. I. 45. 
63 50. so. 21. I. I. I. I. 21. 
64 II. II. 60. I. I. I. I. 60. 
65 63. 63. 8. I. I. I. I. 8. 
66 27. 27. 44. I. I. I. I. 44. 
67 10. 10. 61. I. I. I. I. 61. 
68 I. I. 70. I. I. I. I. 70. 
69 38. 38. 33. I. I. I. I. 33. 
70 17. 17. 54. I. I. I. I. 54. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for TRANSITION_ZONE 

Run 
NQ. ~ f~rm~:ilbilit:x: CQm!2r!:~~ibilit:x: B..CfX£ l.KBBSAI .l:!CQSSAI ru:El& RCfcr 

I 2.8660x I 0·2 1.4125x 10·18 3.8066x I 0·9 9.6790 8. 7890x I o-2 2.3300x I o- 1 0.0000 8.4002xl05 
2 6.9900xJ0·3 1.6982x I o-20 1.6383x I o-8 4.9660xJ0· 1 1.4570x 10·1 1.2590x 10·1 1.0000 3.8780xi06 

3 2.8970x 1 o-2 9.120lxl0·19 3.7632x 10·9 6.7900x 10·1 1.8490xJ0·1 2.1660xJO·I 1.0000 9.7730xJ05 
4 5.6130xJ0·3 5.0119xi0·20 2.0463x I o-8 5.1820 1.7260xl0·1 1.8900x 10·1 1.0000 2.6668x 106 
5 2.0560x I o-2 1.1482x 10"20 5 .4048x I o-9 4.0710xJ0· 1 1.9880x 10·1 1.4590xJ0·1 1.0000 4.4405xJ06 
6 1.3750x JQ-2 1.5136x to·20 8.2055x I o-9 6.1420 3.3170xJ0·1 4.7930xJ0·2 0.0000 4.0356x 106 
7 2.5930x I o-2 I. 7783x I o-20 4.2337x JQ-9 1.0990 3.5430x I 0·2 1.6220xJ0·1 0.0000 3.8167xJ06 
8 3.1850xJ0·3 1.8197xl0·19 3.6253x I 0·8 6.4480 3.8660xJ0· 1 2.8520xJ0·2 1.0000 1.7070x 106 
9 2. 7270x I o-2 1.2303x I o-20 4.0134xJ0·9 4.2610xJ0· 1 3.4080xJ0·1 1.8690xJ0·1 1.0000 4.3356x 106 
10 9.6770x 1 o-3 5.2481xJ0· 18 1.1764x 10·8 1.5170 7.9000x 10·2 3.4810xl0· 1 1.0000 5.3342xJ05 
II 2.5730x I o-3 1.3183x 10·20 4.4936x I o-8 5.1250x I 0· 1 2.7170xJ0· 1 2.0030x I o- 1 0.0000 4.2332x 106 

12 9.8270x I o-3 2.2387x I o-19 1.158lxl0·8 7.4960 1.41 OOx I o- 1 2.8620xJ0· 1 1.0000 1.5889xJ06 
13 1.6610x I o-2 4.8978x I o·20 6.7496x 10·9 2.2490 3.6500x 10·1 2.9370xl0·1 1.0000 2.688) X )06 
14 1.9600x 10·2 I.OOOOx 10·20 5.6818x I 0·9 3.0620xJ0·1 8.3660xt0·3 1.7360x JQ-1 1.0000 4.6579xJ06 
15 1.1590x I o-3 2.0893x I o·20 1.0006x 10·7 4.4620xt0· 1 2.3100xJ0· 1 3.8350x 10·1 0.0000 3.6097xl06 

16 5.8700x 10·3 5.1286x 10· 19 1.9556x 10·8 5.3590xJ0·1 3.7890x 10·1 2.1720x 10·1 1.0000 1.1927x 106 
17 2.3950x 10·2 5.7544xJ0·20 4.6044xJ0·9 5.9190 1.1130x 10·1 3.8060x 10·1 0.0000 2.5423x J06 
18 6.1370x J0·3 6.6069x I o-20 1.8695x 10·8 5.8730x 10·1 2.9470x 10·1 8.6120xl0·3 0.0000 2.4236x 106 

19 6.2550x I 0· 3 4.5709x 10·20 1.833 7x I o-8 2.0050 1.1640x 10· 1 1.6670xJ0·1 1.0000 2.7531xl06 

20 1.7070x JQ-2 4.4668x 10·20 6.5609x I o-9 6.7090xJ0·1 1.2940xJ0·1 3.2110xl0·1 1.0000 2.7752xl06 

21 2.3500x I o-2 1.148Jxl0·19 4.6974x I 0·9 2.2590x 10·1 1.9770xJ0·2 2.2330x 10·1 0.0000 2.0018xl06 

22 2.6030x I o-2 7.4131xi0·20 4.2165x I o-9 1.4340 2.1830x 10·1 1.8710x I o-2 1.0000 2.3290x 106 

23 2. 9920x I o-2 3.5481 x 1 o-2o 3.6358x I o-9 7.0990 2.3880x I o- 1 4.5230x 10·2 1.0000 3.0053x106 

24 1.4710x I o-2 6.1660x I o-20 7.6537x 1Q·9 4.3270x 10·1 6.1270x w-2 2.6430x I 0· 1 1.0000 2.4823x 106 

25 2.4720x 10·2 3.2359x I o-20 4.4532x 10·9 2.7610 3.0510xl0·1 9.9900xJ0·2 1.0000 3.1026xl06 
26 1.8820x I o-2 2.3988x I 0·20 5.9276x I 0·9 5.2660 2.4700x to· 1 6.8060xto·2 1.0000 3.4412xl06 
27 2.2740x 10·3 2.1878x 1 o-20 5.0877x I o-8 8.3330 2.1280x 10·1 7.5730x JQ-2 1.0000 3.5526x 106 

28 2.8830x I o-3 1.9499x I o-20 4.0077x 10"8 7.9460 3.4740xto·1 1.5270x I o·l 0.0000 3.6970xJ06 
29 1.2680x I o·2 3.0903x I 0·20 8.9190xJ0·9 6.041 Ox 10·1 3.3040xl0·1 3.5780xJ0· 1 1.0000 3.1525xl06 

30 8.7910x 10·3 7.4)3) X 10·20 1.2975x 10·8 2.0040xJ0· 1 1.4050x w-2 1.5530x 10·1 0.0000 2.3290x 106 

31 1.7650x 10·2 3.2359xto·21 6.3371 x to·9 3.3160xJ0·1 2.1130xi0· 1 2.4050x I o-1 1.0000 6.8822x106 

32 2.0930x I o-2 1.0471xi0·20 5.3048x I o·9 8.8800 3.1430xJ0· 1 3.7550xt0· 1 1.0000 4.5842xl06 

33 6.6640xto·3 4.6774xJ0· 19 I. 7196x 10·8 5.2200xJ0·1 1.0530x 10·1 3.4190x 10· 1 1.0000 1.2313xl06 

34 9.1030xJ0·3 1.2303x I o-20 1.2522x I o-8 8.6520 2.5150xJ0· 1 3.6280x 10·1 0.0000 4.3356x 106 

35 2.4230x I o·3 2.8184xJ0·2° 4.7733xl0·8 3.9470x 10·1 2.9070x 10·1 1.3390xJ0·1 1.0000 3.2545xl06 

36 2.7120xJ0·2 1.9953x 10-20 4.0370xJ0·9 2. 7500x I 0· 1 3.7090xJ0·1 3.6960xJ0·1 1.0000 3.6677xJ06 

37 5.0960x I o·3 2.5704x I 0·20 2.2564x I o-8 6.9780 2.2650xJ0· 1 3.0790x 10·2 1.0000 3.3599xJ06 
38 1.8940x I o-3 1.5136x 10·19 6.1135x 10·8 2.9640 I. 7810x I 0 ·1 3.9620xJ0· 1 1.0000 1.8193xl06 

39 1.0090x I o·2 5.6234x I o·20 1.1273x I o-8 2.6060xJO·I 1.6330x I o- 1 3.7240xJ0·2 1.0000 2.5626xJ06 

40 2.2760x I o·2 2.0893xJ0· 19 4.8582x 10·9 2.4160xJ0· 1 2.4340x I o-1 I.IIOOxJO·I 1.0000 1.6273x 106 

41 1.8020x I o·2 3.98llxi0· 19 6.20 19x 10'9 5.7490xJ0·1 1.3340x 10·1 1.0650x 10·1 1.0000 1.3019x 106 

42 2.1990xJ0·2 2.3442xto·21 5.0371 x 1 o·9 5.4840xl0· 1 3.9640xJ0·1 3.3500xJ0·1 0.0000 7.6943x J06 
43 5.1790x 10·3 2.6915xJ0· 19 2.2199x 10·8 4.0000 3.9070x 10·1 1.2040x 10·1 0.0000 1.4908xJ06 

44 3.9010xi0·3 5.3703x I o-20 2.9553x 10·8 3.6050x 10·1 2.5980x I 0· 1 5.7350x I 0·2 0.0000 2.6038xJ06 

45 9.3870x 10·3 9. 7724x I o-20 1.2135x I o-8 3.2390xl0· 1 1.5830x I o- 1 9 .4190x 10·2 1.0000 2.1166xl06 

46 2.8280x I o-2 1.6596x I 0·20 3.86llxi0·9 4.6060x 10·1 6.5170x I o-2 2.3880xJ0· 1 1.0000 3.9090xl06 

47 6.5700x I o-3 9.1201 X J0·20 1.7446xJ0·8 3.4760 3.1780xl0·1 2.6060xJ0· 1 1.0000 2.1678xJ06 
48 2.2390x JQ-2 1.4125x 10·20 4.9426x 10·9 7.7080 4.5510x10·2 2.0750x 10·1 0.0000 4.1 332x J06 
49 1.6820x I o-3 6.9183xl0· 19 6.8872x 10·8 3.7530x 10·1 5.0110xi0·2 6. 9900x I o-2 1.0000 1.0753x 106 

50 1.2890x I o-2 2.4547x J0·20 8.7696x 10·9 3.5390xl0· 1 1.8990xi0· 1 1.9850x I 0· 1 1.0000 3.4139xl06 

51 7.8440x 10-3 4.0738x 10· 17 1.4572x I o-8 5.6000x 10·1 2.3180x 10·2 1.1810x J0·2 1.0000 2.6250x 105 

52 4.7130xi0·3 8.7097xi0·20 2.4418x I o-8 3.2370 1.5040xi0·1 3.8860x I o- 1 0.0000 2.2027xJ06 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for TRANSITION_ZONE (Concluded) 

Run 
NQ., &!ms.i.ly f~nn~abilit:t CQmpr~:ssibilit:t B..CEXf B!:BBSAI B!:QSSAI Brn.& ~ 

53 1.5900x I o-2 7.7625xl0· 19 7.0621 x 10·9 6.7410 2.8470x 10·1 1.8060x JO·I 1.0000 1.0334x 106 
54 1.4500x I o-2 1.4454x I o-20 7.7681xi0-9 4.7200xl0· 1 1.6590x 10·1 2.7290x 10·1 0.0000 4.1004xl06 
55 2.0030x I o-2 1.0233xi0·17 5.5544x 10·9 6.5030x I o- 1 3.2450x JO·I 3.0330xJ0·1 0.0000 4.2338xJ05 
56 1.1650x 10-2 1.0965x I o-20 9.7296x 10"9 4.8480 9.2770x I o-2 5.2210x 10·2 0.0000 4.5118xl06 
57 4.5630x J0-3 5.2481 X J0·2I 2.5229x I o-s 9.2110 5.1160xi0-3 2.7770x 10·1 1.0000 5.8219xl06 

58 8.7110xi0-3 3.3884x 10-19 1.3097x I o-s 6.4060x I o- 1 3.4880xJO·I 3.2980xJO·I 1.0000 1.3766x 106 

59 2.5160x I o-2 7.9433xJ0·20 4.3709xJ0·9 8.9580 8.5120x I o-2 3.1270xJ0·1 1.0000 2.2740xJ06 
60 8.2600xJ0·3 9 .5499x I o-20 1.3825x I o-8 9.8620 7 .0380x 10·2 8.1940x I o-2 1.0000 2.1336xi06 

61 7.3840xJ0·3 4.1687x 10·20 1.5495x I o-8 8.0490x 10· 1 2.7910xJ0· 1 1.3890x I0- 1 1.0000 2.8423xl06 

62 1.2250x I o-2 5.4954xJ0·19 9.2408x 10·9 2.8630x 10·1 3.5990xJ0·1 2.5120x 10·1 1.0000 1.1645xl06 
63 4.1090xJ0·3 9.5499xJ0· 17 2.8045x I o-8 3.7540 2.0010xi0·1 2.8360x 10·1 0.0000 1.9548x 105 
64 3.7390xJo·3 2.6915x I o-20 3.0845xi0-8 2.4950 2.9320x I o-2 8.7020x 10·2 1.0000 3.3068x 106 

65 7.4700xJ0·3 3.7153x 10·20 1.5314x 10·8 2.5410xJ0·1 2.6410xJ0· 1 3.5100xi0·1 1.0000 2.9578xJ06 
66 3.5330x I o-3 3.9811 x 10·20 3.2658x 10·8 6.9150xi0· 1 1.2380x 10·1 3.1630xiO-I 0.0000 2.8879x 106 

67 8.1910xi0-3 1.3804x 10·19 1.3944x 10-8 5.5890 5.6350x 10·2 2.5370x JO·I 0.0000 1.8782x 106 

68 1.0760x I o-2 6.7608x I o-20 1.0555x 10·8 4.5200 3.0240xJ0·1 2.9970xi0·1 0.0000 2.4044xl06 

69 1.5190x I o-2 3.3113xi0·20 7 .4039x I o-9 4.3270 3.7150xJ0·1 4.8390x J0-3 1.0000 3.0780xl06 

70 1.4890x J0·3 1.3490x I o-21 7.7831xi0-8 6.2770x I o-1 1.0130xl0·1 1.1920x 10"1 1.0000 9.3155x 106 
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Appendix 8: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for TRANSITION_ZONE 

Run 
~ ~ f~mH:ilt!ilit:r: CQWI2[!:SSit!ilil:t ~ BCB.RSAI BCQSSAI B.crLQ H..Cfcr 

I 68. 66. 3. 69. 16. 41. I. 5. 
2 24. 16. 47. 21. 26. 23. 24. 55. 
3 69. 65. 2. 34. 33. 38. 24. 6. 
4 18. 37. 53. 52. 31. 34. 24. 34. 
5 54. 8. 17. 15. 35. 26. 24. 63. 
6 42. 14. 29. 56. 59. 9. I. 57. 
7 63. 17. 8. 37. 7. 29. I. 54. 
8 9. 54. 62. 57. 68. 5. 24. 17. 
9 66. 9. 5. 16. 60. 33. 24. 61. 
10 34. 67. 37. 39. 14. 61. 24. 4. 
II 7. II. 64. 22. 48. 36. I. 60. 
12 35. 56. 36. 61. 25. 51. 24. 15. 
13 47. 36. 24. 41. 64. 52. 24. 35. 
14 52. 5. 19. 8. 2. 31. 24. 66. 
15 I. 20. 70. 18. 41. 68. I. 51. 
16 19. 61. 52. 24. 67. 39. 24. 10. 
17 60. 40. II. 55. 20. 67. I. 31. 
18 20. 42. 51. 28. 52. 2. I. 29. 
19 21. 35. 50. 40. 21. 30. 24. 36. 
20 48. 34. 23. 33. 23. 57. 24. 37. 
21 59. 51. 12. 2. 4. 40. I. 20. 
22 64. 44. 7. 38. 39. 4. 24. 26. 
23 70. 30. I. 60. 42. 8. 24. 41. 
24 44. 41. 27. 17. II. 47. 24. 30. 
25 61. 28. 10. 43. 54. 18. 24. 43. 
26 51. 22. 20. 53. 44. 12. 24. 49. 
27 5. 21. 66. 64. 38. 14. 24. 50. 
28 8. 18. 63. 63. 61. 27. I. 53. 
29 40. 27. 31. 29. 58. 63. 24. 44. 
30 31. 44. 40. I. 3. 28. I. 26. 
31 49. 3. 22. 10. 37. 43. 24. 68. 
32 55. 6. 16. 66. 55. 66. 24. 65. 
33 23. 60. 48. 23. 19. 60. 24. II. 
34 32. 9. 39. 65. 45. 64. I. 61. 
35 6. 26. 65. 14. 51. 24. 24. 45. 
36 65. 19. 6. 6. 65. 65. 24. 52. 
37 16. 24. 55. 59. 40. 6. 24. 47. 
38 4. 53. 67. 44. 32. 70. 24. 18. 
39 36. 39. 35. 5. 29. 7. 24. 32. 
40 58. 55. 13. 3. 43. 20. 24. 16. 
41 50. 59. 21. 27. 24. 19. 24. 12. 
42 56. 2. 15. 25. 70. 59. I. 69. 
43 17. 57. 54. 48. 69. 22. I. 14. 
44 12. 38. 59. 12. 46. II. I. 33. 
45 33. 50. 38. 9. 28. 17. 24. 21. 
46 67. 15. 4. 19. 12. 42. 24. 56. 
47 22. 48. 49. 46. 56. 46. 24. 23. 
48 57. 12. 14. 62. 8. 37. I. 59. 
49 3. 63. 68. 13. 9. 13. 24. 8. 
50 41. 23. 30. II. 34. 35. 24. 48. 
51 27. 69. 44. 26. 5. 3. 24. 2. 
52 15. 47. 56. 45. 27. 69. I. 24. 
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Appendix B: BRAG FLO Reference Tables 

Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for TRANSITION_ZONE (Concluded) 

Run 
~ ~ Peuneability Compressibility ~ BCBRSAT BCGSSAT OCELQ B.C£cr 

53 46. 64. 25. 58. 50. 32. 24. 7. 
54 43. 13. 28. 20. 30. 48. I. 58. 
55 53. 68. 18. 32. 57. 54. I. 3. 
56 38. 7. 33. 51. 17. 10. I. 64. 
57 14. 4. 57. 68. I. 49. 24. 67. 
58 30. 58. 41. 31. 62. 58. 24. 13. 
59 62. 46. 9. 67. 15. 55. 24. 25. 
60 29. 49. 42. 70. 13. 15. 24. 22. 
61 25. 33. 46. 36. 49. 25. 24. 38. 
62 39. 62. 32. 7. 63. 44. 24. 9. 
63 13. 70. 58. 47. 36. 50. I. I. 
64 II. 25. 60. 42. 6. 16. 24. 46. 
65 26. 31. 45. 4. 47. 62. 24. 40. 
66 10. 32. 61. 35. 22. 56. I. 39. 
67 28. 52. 43. 54. 10. 45. I. 19. 
68 37. 43. 34. 50. 53. 53. I. 28. 
69 45. 29. 26. 49. 66. I. 24. 42. 
70 2. I. 69. 30. 18. 21. 24. 70. 
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Appendix B: BRAGFLO Reference Tables 

Table B-2 1992 BRAGFLO Computed Variable Values for UPPER_SHAFf 

Run 
& ~ f~[JD~!!l:!i!it:x CQml2rmil1ilit:x .BCEXf IKBRSAI BCQSSAI OCEL.Q .B.CI'.C.I 

I 5.6433x J0-2 2.8110xi0·19 1.8102x J0-9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 1.4685xl06 
2 4.3305x I o-2 5.6030xJ0· 18 2.434 7x I o-9 7.0000xJ0· 1 2.0000x w- 1 0.0000 1.0000 5.2148xJQ5 
3 4.0073x I o-2 7.1940xJ0·18 2.6512x 10·9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 4.7827xi05 

4 5.8422x I o·2 5.6960x w- 19 I. 7400x J0-9 7.0000x 10·1 2.0000x I o- 1 0.0000 1.0000 1.1502x 106 
5 3.5889x 1 o-2 4.5850xlo- 19 2.989Sx w-9 7 .oooox w- 1 2.0000xi0· 1 0.0000 1.0000 1.2398x 106 
6 4.8739x I o-2 1.6410x w- 17 2.1354x I o-9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 3.5955x 105 

7 1.8565x I o-2 4.5900x 10-17 6.0 125x I o-9 7 .oooox 1 o-1 2.0000x10· 1 0.0000 1.0000 2.5188x 105 
8 3.3804x J0-2 I.4360x 10·17 3.I893x I Q-9 7.0000xJ0· 1 2.0000x 10·1 0.0000 1.0000 3.7654x 105 
9 8.2847xi0·2 9.5250xJ0· 17 l.l533x IQ-9 7.0000xlo·1 2.0000x 1 o- 1 0.0000 1.0000 1.9566x 105 

10 4.896IxJ0·2 1.4640xJ0· 16 2.1246x I o-9 7.0000x 10·1 2.0000x10· 1 0.0000 1.0000 1.6862xl05 

II 6.0343x I o-2 1.9920xJ0·18 1.6767x 1 o-9 7 .oooox J0·1 2.0000x10·1 0.0000 1.0000 7.4582x 105 

12 5.5800xlo-2 3.9570xlo-18 1.8336x J0-9 7.0000x 10-1 2.0000xJ0· 1 0.0000 1.0000 5.8817xl05 

13 7.2964xJ0·2 2.2680xJ0·19 1.3434x I o-9 7.0000xJO·I 2.0000xi0· 1 0.0000 1.0000 1.5817xl06 
14 6.0840x I o-2 1.4270x IQ-17 1.6610x 10-9 7.0000xJO·I 2.0000x 10·1 0.0000 1.0000 3.7736x 105 

15 5.0585x I Q-2 I.0660xi0· 17 2.0484xi0·9 7.0000x1Q·I 2.0000x10· 1 0.0000 1.0000 4.1743x 105 

16 3.5074x I o-2 I.6750x 10· 18 3.0648x I o-9 7.0000xJQ·l 2.0000xJ0· 1 0.0000 1.0000 7 .9192x 105 

17 5.7146xiQ-2 I.7580x 10·18 1.7845x J0·9 7.0000xJQ·I 2.0000xJ0· 1 0.0000 1.0000 7.7877x 10s 
18 8.2074x I o-2 I.6710xl0· 16 1.1666x l o-9 7.0000xlo·' 2.0000x1o· 1 0.0000 1.0000 1.6108xi05 

19 6.3721 x w-2 1.9530x 10" 17 1.5746x I o-9 7.0000x 10·1 2.0000xl0· 1 0.0000 1.0000 3.3854xl05 

20 1.6736x w-2 3.4450x w- 18 6.6967x 10·9 7.0000xJO·I 2.0000x1o-1 0.0000 1.0000 6.1705x105 

21 4.7082xi0·2 I.l130xi0· 18 2.2194xJ0·9 7.0000x1Q·I 2.0000xi0· 1 0.0000 1.0000 9.1222x 105 

22 4.6655x I o-2 1.7830xi0· 17 2.2420x I0-9 7.0000xJ0· 1 2.0000xJ0· 1 0.0000 1.0000 3.4937x JQ5 
23 5.0975x I o-2 8.0220xi0· 17 2.0308x I o-9 7.0000x IQ-1 2.0000xJO·l 0.0000 1.0000 2.0764xJ05 
24 6.8520x I o-2 8.1030xJ0· 18 1.4468x I o-9 7.0000xJo·1 2.0000x1o· 1 0.0000 1.0000 4.5898xi05 

25 5 .1999x I o-2 6.1670xJ0·18 1.9859x I o-9 7.0000xJO·I 2.0000x 10·1 0.0000 1.0000 5.0446xJ05 
26 4.1033xi0·2 2.2930xJ0· 18 2 .5834x I o-9 7.0000xJ0· 1 2.0000x w- 1 0.0000 1.0000 7. 1038x 105 

27 6.1762x I o-2 9.1500xi0· 18 1.6324x IQ-9 7.0000x 10-1 2.0000x 10·1 0.0000 1.0000 4.4009xi05 

28 3.7132xi0·2 1.0160xl0·18 2.8811 x w-9 7 .OOOOx 10-1 2.0000xl0·1 0.0000 1.0000 9.4146xJ05 
29 6.9933x I o-2 7.3210xJO·I9 1.4125x 10·9 7.0000xiQ·I 2.0000xJ0· 1 0.0000 1.0000 1.0545x 106 

30 4.7777xJQ-2 2.1720xi0·17 2.1834xi0·9 7.0000xl0· 1 2.0000x I o- 1 0.0000 1.0000 3.2631xl05 
31 2.2998x I o-2 I.0000xl0· 15 4.8054x I o-9 7.0000x w- 1 2.0000x10· 1 0.0000 1.0000 8.6734x 104 

32 4.5772x I o-2 4.2740xlo· 17 2.2901xJ0·9 7 .OOOOx 10-1 2.0000x I o- 1 0.0000 1.0000 2.5818xl05 
33 5.3975x I o-2 3.6810xi0· 18 1.9040x I Q-9 7.0000xi0· 1 2.0000xl0· 1 0.0000 1.0000 6.0306xiQ5 
34 6.6056x I o-2 1.2150xi0· 17 1.5101 x 10·9 7.0000xlo-l 2.0000x 10·1 0.0000 1.0000 3.9896xiQ5 
35 2.5859x I o-2 3.0210x I o- 17 4.2460x I o-9 7 .oooox 10· 1 2.0000x 10·1 0.0000 1.0000 2.91IIx105 
36 2.7519xJ0·2 5.8240xJ0· 18 3.9748xJQ-9 7 .OOOOx 10-1 2.0000xl0· 1 0.0000 1.0000 5.1454xJ05 
37 4.9770x 10·2 8.0100xJ0· 19 2.0860x 10·9 7 .OOOOx I o- 1 2.0000xJ0· 1 0.0000 1.0000 1.0222xl06 

38 4.2030xJ0·2 1.1200x I o- 16 2.5162xJ0·9 7.0000x 10·1 2.0000x10· 1 0.0000 1.0000 1.8499xJ05 
39 3.8123x w-2 3.8250xJQ·19 2.7997xJQ-9 7 .OOOOx I o- 1 2.0000xJ0· 1 0.0000 1.0000 1.320Ixi06 

40 6.2212x 10-2 4.8060x w- 17 1.6188x I o-9 7.0000x 10· 1 2.0000xJ0· 1 0.0000 1.0000 2.4791x 10s 
41 6.2879x I o-2 6.2130xJ0·17 1.5990x I o-9 7 .OOOOx 10· 1 2.0000xl0· 1 0.0000 1.0000 2.2683x JQS 
42 5.5614xi0·2 5.3950xJ0· 17 1.8405x w-9 7.0000xl0· 1 2.0000x 10· 1 0.0000 1.0000 2.3819x 105 
43 3.3383xJ0·2 4.7020xJ0· 18 3.2327x I o-9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 5.5409xJQS 
44 7 .4798x I o-2 1.7210xi0- 17 1.3044x 10-9 7.0000xtO·I 2.0000x10· 1 0.0000 1.0000 3.5368x 105 
45 6.5 132x I o-2 9.7080xJ0· 18 1.5350x I o-9 7.0000x 10·1 2.0000xJo·1 0.0000 1.0000 4.3116xl05 
46 4.5591 X I 0·2 2.4720xio· 17 2.3001 x 1 o-9 7.0000x 10·1 2.0000xJ0· 1 0.0000 1.0000 3.1203xl05 
47 7 .6297x I o-2 3.0790x I o- 17 1.2738x 10·9 7.0000xlo· 1 2.0000x10· 1 0.0000 1.0000 2.8920xJQ5 
48 9.0000x 10·2 6.8540xi0· 18 1.0418x I o-9 7.0000x 10·1 2.0000xJ0· 1 0.0000 1.0000 4.8635x 105 
49 7 .8712x I o-2 I.4730x 10·18 1.2271 X 10·9 7.0000xlo· 1 2.0000x 10·1 0.0000 1.0000 8.2792xlos 
50 2.2704x I o-2 7.9550xi0· 18 4.8708x J0-9 7.0000xi0·1 2.0000x1o· 1 0.0000 1.0000 4.6192xiQ5 
51 2.8140x I o-2 4.1850x I o- 18 3.8816xJ0·9 7.0000xJ0·1 2.0000x I o- 1 0.0000 1.0000 5.7687x 10s 
52 4.2389x I o-2 5.9300xJ0· 16 2.4928x I o-9 7.0000xi0·1 2.0000x10· 1 0.0000 1.0000 1.0392xi05 
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Table B-2 1992 BRAGA..O Computed Variable Values for UPPER_SHAFT (Concluded) 

Run 
NIL ~ f!;llD!;i!:t!ilit:t C2IDI2[mi:t!ilil:t ~ lKHRSAI HCQSSAI .lllJ:LQ ru:£cr 

53 5.8188xi0·2 2.6650x w-17 1.7480xi0·9 7.0000xl0· 1 2.0000xto· 1 0.0000 1.0000 3.0402x!05 
54 6.7354x I o-2 2.3110xl0·18 1.4762x I o-9 7.0000xl0·1 2.0000xi0· 1 0.0000 1.0000 7.0846xi05 
55 3.9083x w-2 1.1210x10· 17 2. 7248x I o-9 7.0000xl0· 1 2.0000xt0· 1 0.0000 1.0000 4.1023x 1Q5 
56 6.6469x w-2 1.3450xi0·18 1.4991 x w-9 7.0000xt0· 1 2.0000xto· 1 0.0000 1.0000 8.5438x lQS 
57 5.3429x I o-2 1.8690xl0·16 1.9260xi0·9 7 .OOOOx I o- 1 2 .OOOOx 10·1 0.0000 1.0000 1.5496x IQS 
58 5.4958x I o-2 3.5380xi0·17 1.8655x 10·9 7.0000xl0· 1 2.0000x w-1 0.0000 1.0000 2.7562xi05 
59 5.2762x I o-2 1.2070xl0·19 1.9535x 10·9 7.0000xl0· 1 2.0000x 1Q·1 0.0000 1.0000 1.9675xl06 
60 2.9620x 10·2 2.3520xi0·17 3.6751 x 1 o-9 7.0000xi0· 1 2.0000x I o- 1 0.0000 1.0000 3.1745x lOS 
61 4 .0430x I o-2 9.2530xto· 17 2.6256x I 0·9 7.0000x 10· 1 2.0000xt0· 1 0.0000 1.0000 1.9763x lOS 
62 4.4173xto·2 5.1730xl0·18 2.3820x I o-9 7.0000xl0· 1 2.0000x 10·1 0.0000 1.0000 5.3608xlos 
63 5.9404x I o·2 2.7290xi0· 16 1.7071x 10·9 7.0000xi0·1 2.0000x 10·1 0.0000 1.0000 1.3594x lOS 
64 3.2463x w-2 3.8080x 10· 17 3.3314xl0·9 7.0000xto-t 2.0000xi0· 1 0.0000 1.0000 2.6870x!OS 
65 7.1865x1Q·2 1.3080xi0·17 1.36 78x I o-9 7.0000x1Q·1 2.0000xi0· 1 0.0000 1.0000 3.8890xlos 
66 4.5003x I o·2 3.0810xl0·18 2.3335x I o-9 7 .oooox 1 o· 1 2.0000x 10·1 0.0000 1.0000 6.4136x 10s 
67 3.1590xi0·2 4.1580xt0· 16 3.4304x 10·9 7.000Qx1Q·1 2.0000xi0· 1 0.0000 1.0000 1.1750x 105 

68 I.OOOOx I o·2 2.8300xi0·18 1.1376x I o-8 7.0000xl0· 1 2.0000x w-1 0.0000 1.0000 6.6050xl05 

69 5.1572xi0·2 6.6500xi0· 17 2.0044xi0·9 7 .OOOOx I o- 1 2.0000x 10· 1 0.0000 1.0000 2.2156x IQS 
70 3.7917x!0·2 2.6470x IQ-18 2.8162xl0·9 1 .oooox 1 o-1 2.0000x I o-1 0.0000 1.0000 6.7595x IQS 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for UPPER_SHAFf 

Run 
NQ, ~ Penueability Compressibility ru:EXr BCBRSAT BCGSSAT B.CELQ ~ 

I 46. 3. 25. I. I. I. I. 68. 
2 25. 27. 46. I. I. I. I. 44. 
3 20. 31. 51. I. I. I. I. 40. 
4 49. 6. 22. I. I. I. I. 65. 
5 15. 5. 56. I. I. I. I. 66. 
6 33. 42. 38. I. I. I. I. 29. 
7 3. 55. 68. I. I. I. I. 16. 
8 13. 41. 58. I. I. I. I. 30. 
9 69. 62. 2. I. I. I. I. 9. 
10 34. 64. 37. I. I. I. I. 7. 
II 51. 15. 20. I. I. I. I. 56. 
12 45. 23. 26. I. I. I. I. 48. 
13 64. 2. 7. I. I. I. I. 69. 
14 52. 40. 19. I. I. I. I. 31. 
15 36. 36. 35. I. I. I. I. 35. 
16 14. 13. 57. I. I. I. I. 58. 
17 47. 14. 24. I. I. I. I. 57. 
18 68. 65. 3. I. I. I. I. 6. 
19 56. 45. 15. I. I. I. I. 26. 
20 2. 21. 69. I. I. I. I. 50. 
21 31. 10. 40. I. I. I. I. 61. 
22 30. 44. 41. I. I. I. I. 27. 
23 37. 60. 34. I. I. I. I. II. 
24 61. 33. 10. I. I. I. I. 38. 

25 39. 29. 32. I. I. I. I. 42. 
26 22. 16. 49. I. I. I. I. 55. 
27 53. 34. 18. I. I. I. I. 37. 
28 16. 9. 55. I. I. I. I. 62. 
29 62. 7. 9. I. I. I. I. 64. 
30 32. 46. 39. I. I. I. I. 25. 

31 5. 70. 66. I. I. I. I. I. 
32 29. 54. 42. I. I. I. I. 17. 

33 42. 22. 29. I. I. I. I. 49. 
34 58. 38. 13. I. I. I. I. 33. 

35 6. 50. 65. I. I. I. I. 21. 
36 7. 28. 64. I. I. I. I. 43. 

37 35. 8. 36. I. I. I. I. 63. 

38 23. 63. 48. I. I. I. I. 8. 
39 18. 4. 53. I. I. I. I. 67. 
40 54. 56. 17. I. I. I. I. 15. 
41 55. 58. 16. I. I. I. I. 13. 
42 44. 57. 27. I. I. I. I. 14. 

43 12. 25. 59. I. I. I. I. 46. 

44 65. 43. 6. I. I. I. I. 28. 

45 57. 35. 14. I. I. I. I. 36. 

46 28. 48. 43. I. I. I. I. 23. 

47 66. 51. 5. I. I. I. I. 20. 

48 70. 30. I. I. I. I. I. 41. 

49 67. 12. 4. I. I. I. I. 59. 

50 4. 32. 67. I. I. I. I. 39. 

51 8. 24. 63. I. I. I. I. 47. 

52 24. 69. 47. I. I. I. I. 2. 
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Table B-2 1992 BRAGFLO Ranks of Computed Variable Values for UPPER_SHAFT (Concluded) 

Run 
~ ~ Peoneability Compressibility .B.C.EX£ BCBRSAT BCGSSAT B.CEl.:Q B.C.£cr 

53 48. 49. 23. I. I. I. I. 22. 
54 60. 17. II. I. I. I. I. 54. 
55 19. 37. 52. I. I. I. I. 34. 
56 59. II. 12. I. I. I. I. 60. 
57 41. 66. 30. I. I. I. I. 5. 
58 43. 52. 28. I. I. I. I. 19. 
59 40. I. 31. I. I. I. I. 70. 
60 9. 47. 62. I. I. I. I. 24. 
61 21. 61. 50. I. I. I. I. 10. 
62 26. 26. 45. I. I. I. I. 45. 
63 50. 67. 21. I. I. I. I. 4. 
64 II. 53. 60. I. I. I. I. 18. 
65 63. 39. 8. I. I. I. I. 32. 
66 27. 20. 44. I. I. I. I. 51. 
67 10. 68. 61. I. I. I. I. 3. 
68 I. 19. 70. I. I. I. I. 52. 
69 38. 59. 33. I. I. I. I. 12. 
70 17. 18. 54. I. I. I. I. 53. 
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