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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 Envirommental 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 Radicactive 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 191B 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 system 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, suitable 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 GCDF 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:

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. SAND92-0700/1. 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. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico, is a
research and development project of the United States Department of Energy
(DOE). The WIPP is authorized by Congress (Public Law 96-164, 1979) and is
designed as a full-scale, mined geologic repository to demonstrate the safe
management, storage, and disposal of transuranic (TRU) radioactive wastes
generated by DOE defense programs since 1970. In addition to TRU
radionuclides, the wastes may contain hazardous (nonradioactive)
constituents. Before permanently disposing of radioactive wastes in the
WIPP, the DOE must evaluate the repository based on various regulatory
criteria for disposal of all the waste components, and the United States
Environmental Protection Agency (EPA) must certify that compliance has been
satisfactorily demonstrated.

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

Several DOE documents explain the relationship between long-term
regulatory information needs and the experimental programs that will fill
those needs. The WIPP Test Phase Plan (US DOE, 1990a, currently in

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

1-1
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Chapter 1. Introduction

The technical needs for laboratory and field experiments involving TRU
and TRU-mixed waste and simulated waste have been assessed (US DOE, 1992a).
These tests are designed to provide information on two topics identified as
important for evaluating regulatory compliance: generation of gas from
degradation of TRU wastes (defined in Section 2.5.1 of this volume), and
the concentration of radionuclides and hazardous constituents within
disposal-room brine, both as dissolved species and as colloids.

Extensive laboratory and field studies conducted during the Site
Characterization Phase for the WIPP have provided information used to date
in performance assessments of the WIPP. References for these studies and
discussion of how their results are used in performance assessments are
provided in WIPP Test Phase Activities in Support of Critical Performance
Assessment (40 CFR 191 B) Information Needs (US DOE, 1992b), which is a
document prepared by the DOE for the National Academy of Sciences (NAS)
WIPP Panel (referred to in Section 1.1.1 of this volume), and in other
reports (Tyler et al., 1988; Lappin et al., 1989; US DOE, 1990a).

v

This report documents the third in a series of preliminary analyses of
predicted long-term performance of the WIPP that Sandia National
Laboratories (SNL) conducts for the DOE. Preparation for preliminary
performance assessments began with the December 1989 Draft Forecast of the
Final Report for the Comparison to 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant (Bertram-Howery et al., 1989) and Performance
Assessment Methodology Demonstration: Methodology Development for
Evaluating Compliance with EPA 40 CFR 191, Subpart B, for the Waste
Isolation Pilot Plant (Marietta et al., 1989). The 1990 report (Bertram-
Howery et al., 1990) and two supporting volumes (Rechard et al., 1990a;
Helton et al., 1991) presented preliminary results of evaluations that
addressed only the long-term performance criteria for disposal specified in
the radioactive-waste disposal standards (40 CFR 191, Subpart B, US EPA,
1985; see Chapter 3 and Appendix A of this volume). The 1991 version of
the report (WIPP PA Division, 199la,b,c; Helton et al., 1992) presented
preliminary evaluations for comparison with the regulatory requirements of
40 CFR 191, Subpart B. A preliminary safety assessment that evaluates

possible long-term consequences to the public health as a result of
radioactive wastes emplaced in the WIPP is currently being prepared.

This 1992 report updates the preliminary results of the analyses
included in the 1991 version of the report. Where data and models are
available, the report presents preliminary results that preview a final
report. With respect to the disposal of radioactive wastes, this 1992
report is a valid preview only to the extent that 40 CFR 191, Subpart B,

1-2
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Description of the WIPP Project

which was promulgated by the EPA in 1985 and remanded by 'a U.S. Appeals
Court in 1987 (NRDC v. US EPA, 1987), is the same as the vacated 1985
version. This report treats the vacated portion of 40 CFR 191 as if it
were still effective because the DOE and the State of New Mexico have
agreed that compliance planning will continue on that basis until a new
Subpart B is promulgated (US DOE and State of New Mexico, 1981, as
modified). The Waste Isolation Pilot Plant Land-Withdrawal Act (Public Law
102-579, 1992), which mandates specific actions before the Test Phase for
the WIPP can begin (see Section 1.1 of this volume), reinstates those
portions of 40 CFR 191, Subpart B, that were not the subject of the 1987
remand and requires the EPA to repromulgate the regulation by April 30,
1993. The major quantitative requirement of the regulation addressed in
this volume of the report is among those reinstated, and the methodology
reported here has not been modified to reflect the EPA’s efforts to develop
a new Subpart B.

1.1 Description of the WIPP Project

The WIPP is located in semiarid rangeland in southeastern New Mexico.
The nearest major population center is Carlsbad (population 25,000 in the
1990 U.Ss. census), 42 km (26 mi) west of the WIPP (Figure 1-1). Two
smaller communities, Loving (population 1,500) and Malaga (population 150),
are about 33 km (20 mi) to the southwest. Population density closer to the
WIPP is very low; fewer than 30 permanent residents live within a 16-km
(10-mi) radius. The nearest residents live 5.6 km (3.5 mi) south of the
WIPP surface facility (US DOE, 1990b).

The surface of the land at the WIPP has been leased for cattle grazing.
None of the ranches within 10 miles use well water for human consumption
because the water contains large concentrations of total dissolved solids.
Potash, o0il, and gas are the only known important mineral resources. The

surrounding area is used primarily for grazing, potash mining, and
hydrocarbon exploration and production (US DOE, 1990b).

The WIPP repository is in bedded salt about 655 m (2,150 ft) below the
land surface. The location was chosen because features of the regional and
local geologic and hydrologic environment are expected to provide excellent
natural barriers to radionuclide migration (see Chapter 2 of this volume
and Volume 2 of this report).

The Waste Isolation Pilot Plant Land Withdrawal Act (Public Law 102-579,
1992) transferred ownership of 16 square miles (41 km2) at the WIPP
(Figure 1-2) from the U.S. Bureau of Land Management to the DOE. The
boundary indicated as "WIPP" on illustrations in this volume is the
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Chapter 1. Introduction

boundary of the land-withdrawal area. The legislation also outlined
requirements for the Test and Disposal Phases of the WIPP.

The WIPP Test Phase is scheduled to begin when the following criteria,
stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992, Section
6), are met: the final 40 CFR 191 regulation is issued and published in
the Federal Register; the EPA has determined that the DOE has complied with
the terms and conditions of the No-Migration Determination for the Resource
conservation and Recovery Act (RCRA) (see Section 1.2 of this volume); the
EPA has approved the WIPP Test Phase plan and the waste-retrieval plan for
the Test Phase; the U.S. Department of Labor has approved training programs
for emergency response; the DOE has issued a plan to ensure the safety of
Test Phase activities, including using mined rooms that are supported to
assure safety during testing, and the Secretary of Labor has reviewed and
concurred with the plan; and the DOE has agreed to provide to the EPA
biennial performance-assessment reports during the Test Phase that document
the analyses of long-term performance of the WIPP. Only EPA-approved
transuranic waste in quantities no greater than 1/2 of 1 percent of the
total capacity of the WIPP may be emplaced during the Test Phase. Remote-
handled (RH) TRU waste (defined in Section 2.5.1 of this volume) may not be
emplaced during the Test Phase.

As stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992,
Section 7), the DOE may begin disposing of TRU waste in the WIPP when: the
EPA has certified that the WIPP facility will comply with 40 CFR 191; the
DOE has submitted to Congress plans for decommissioning the WIPP and post-
decommissioning management; 180 days have elapsed after notice to Congress
that the WIPP has met the provisions of 40 CFR 191, the Clean Air Act, the
Solid Waste Disposal Act, the Safe Drinking Water Act, the Toxic Substances
Control Act, the Comprehensive Environmental Response, Compensation, and
Liability Act of 1980, and all other applicable Federal laws pertaining to
public health and safety or the environment (including the Resource
Conservation and Recovery Act, see Section 1.2.2); the DOE has acquired oil
and gas leases specified by the EPA; the DOE has submitted to Congress
comprehensive recommendations and a timetable for disposal of all DOE-

controlled transuranic waste; and the DOE has completed a survey that

identifies all TRU-waste types at all sites from which wastes are to be
shipped to the WIPP.

1.1.1 Participants

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

1-6
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Description of the WIPP Project
Participants

by two prime contractors: Waste Isolation Division (WID) of Westinghouse
Electric Corporation (WEC) and Sandia National Laboratories (SNL). WID is
responsible for all facility operations and for compliance with management
and storage regulations. SNL, as the scientific program manager, is
responsible for developing an understanding of the processes and systems
that affect long-term isolation of wastes in the WIPP. That understanding
is applied by SNL to the evaluation of the long-term performance of the
repository. SNL defines and implements, subsequent to DOE approval,
experiments both in laboratories and at the WIPP. 1In addition, SNL
develops and applies models both to interpret experimental data and to
assess the performance of the repository.

Federal agencies that provide oversight during the Test and Disposal
Phases of the WIPP Project are the U.S. Mine Safety and Health
Administration; the U.S. Bureau of Mines; the Occupational Safety and
Health Administration; the National Institute for Occupational Safety and
Health; and the U.S. Nuclear Regulatory Commission, which oversees
transportation of waste to the WIPP,

The WIPP Land Withdrawal Act (Public Law 102-579, 1992) provides for
review of the assessment of long-term repository performance:

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

If, within 120 days of the publication of a performance
assessment report under [the previous] paragraph, the State, the
[EPA], the National Academy of Sciences, or the EEG provide written
comments on the report, the [DOE] shall submit written responses to
the comments to the State, the [EPA], the National Academy of

Sciences, and the EEG, and to other appropriate entities or persons
after consultation with the State, within 120 days of receipt of

the comments" (Public Law 102-579, 1992, Section 6).

The DOE and the State of New Mexico have an Agreement for Consultation
and Cooperation (US DOE and State of New Mexico, 1981, as modified). This
agreement enables the State, through the Radioactive Waste Consultation
Task Force and other agencies, to have an active part in assuring that
public safety issues are addressed fully. The New Mexico Environment

Department has authority concerning permitting in compliance with the RCRA
(see Section 1.2).
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Chapter 1. Introduction

The EPA’s Office of Radiation and Indoor Air and Office of Solid Waste
and Emergency Planning maintain a dialog with the WIPP Project concerning
relevant issues. In addition, as explained in Section 1.1 of this volume,
the WIPP Land Withdrawal Act gave the Administrator of the EPA specified
responsibilities regarding approval of the Test and Disposal Phases for the
WIPP.

Review of the scientific basis for the WIPP Project is provided by the
National Research Council'’s (of the National Academy of Sciences) Board on
Radiocactive Waste Management’s WIPP Panel.

The Environmental Evaluation Group (EEG) has provided oversight of the
WIPP Project since before the WIPP's formal authorization in 1979. The EEG
is responsible for independent technical evaluation of the WIPP with regard
to the protection of public health and safety and the protection of the
environment. Assignment of the EEG to the New Mexico Institute of Mining
and Technology occurred with passage of the National Defense Authorization
Act (Public Law 100-456, 1988).

Written comments from these reviewers, if provided, and responses about
the annual performance assessment are published as Appendix B of this
volume,

1.1.2 Wastes

The TRU wastes for which the WIPP is designed are defense-program wastes
generated by United States government activities since 1970. The wastes
consist of laboratory and production materials contaminated by certain TRU
radionuclides and other radiocactive and hazardous constituents. If
approved, the following 10 DOE TRU-waste generator and/or storage sites are
scheduled to ship TRU wastes to the WIPP: Idaho National Engineering
Laboratory, Rocky Flats Plant, Hanford Reservation, Savannah River Site,
Los Alamos National Laboratory, Oak Ridge National Laboratory, Nevada Test
Site, Argonne National Laboratory-East, Lawrence Livermore National
Laboratory, and Mound Laboratory (US DOE, 1990c). More information about
the wastes scheduled for disposal in the WIPP are in Chapter 2 of this
volume and Volume 3 of this report.

1.2 Regulatory Criteria for the WIPP

The EPA regulations applicable to the long-term performance of the WIPP
include Subpart B of 40 CFR 191, promulgated in 1985 but remanded to the
EPA in 1987 for reconsideration, and the regulations implementing the

1-8
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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
Council on Environmental Quality promulgated the regulations for
implementing the National Environmental Policy Act (NEPA) (Public Law
91-190, 1970, as amended; US EPA, 1978); however, the EPA has the
responsibility for reviewing and publicly commenting on potential
environmental impacts of major federal actions. Additional requirements
are specified in the WIPP Land Withdrawal Act (see Section 1.1 of this
volume) .

1.2.1 Radioactive-Waste Disposal Standards (40 CFR 191)

The radioactive-waste disposal standards, 40 CFR Part 191—
Environmental Radiation Protection Standards for Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (US EPA,
1985), are divided into two subparts. Subpart A applies to a disposal
facility prior to decommissioning and limits annual radiation doses from
waste management and storage operations to members of the public in the
general environment. Subpart B applies after decommissioning and sets
probabilistic limits on cumulative releases of radionuclides to the
accessible environment (defined in Section 3.2.2 of this volume) for 10,000
years. Subpart B also sets probabilistic limits on both radiation doses to
members of the public in the accessible environment for 1000 years of
undisturbed performance (defined in Section 3.5 of this wvolume) and
radioactive contamination of certain sources of groundwater within or near
the controlled area (defined in Section 3.2.3 of this volume) for 1000
years after disposal. The DOE must provide a reasonable expectation that
the WIPP will comply with the quantitative requirements of Subpart B of
40 CFR 191. Appendix A of 40 CFR 191 specifies how to determine release
limits; Appendix B of 40 CFR 191 provides nonmandatory guidance for
implementing Subpart B. The regulation is reproduced as Appendix A of this
volume, and the specific requirements of 40 CFR 191, Subpart B, are
discussed in Chapter 3 of this volume.

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

the evaluations of the long-term performance of the WIPP for the third
comparison with the requirements of 40 CFR 191, Subpart B. The
quantitative evaluation of the long-term performance of the WIPP with
respect to Subpart B of 40 CFR 191 also forms the basis for safety
assessments and for uncertainty and sensitivity analyses to identify
parameters and processes that are important for evaluating transport of

nonradioactive hazardous wastes regulated under 40 CFR 268 (see Section
1.2.2).

1-9
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Chapter 1. Introduction

1.2.2 Resource Conservation and Recovery Act (RCRA)

The Resource Conservation and Recovery Act (RCRA) (Public Law 94-580,
1976) was enacted to provide management of hazardous wastes. The long-term
regulations promulgated for implementing the RCRA, specifically 40 CFR 268
(US EPA, 1986) for the WIPP, prohibit land disposal of specified hazardous
wastes, including volatile organic compounds and heavy metals, unless the
owner or operator of the facility petitions for a variance and successfully
demonstrates "to a reasonable degree of certainty, that there will be no
migration of hazardous constituents from the disposal unit or injection
zone for as long as the wastes remain hazardous" or the waste is treated in
accordance with applicable treatment standards (40 CFR 268.6(a), US EPA,
1986). Guidance provided by the EPA on the interpretation of this wording
indicates that "no migration" will be defined to be concentrations of
hazardous constituents below health-based or environmentally based levels
at the disposal-unit boundary (US EPA, 1992).

In March 1990, the DOE petitioned the EPA for a "no-migration"
determination for a Test Phase for the WIPP (US DOE, 1990d). The DOE
submitted the results of modeling to demonstrate, to a reasonable degree of
certainty, that the emplaced test wastes would not migrate from the
disposal unit during the WIPP Test Phase. The EPA issued a conditional
"no-migration" determination, for the WIPP Test Phase only, in November
1990 (US EPA, 1990a). In July 1990 the EPA authorized the State of New
Mexico to apply the RCRA regulations to facilities in the state that manage
radioactive mixed wastes (US EPA, 1990b). Evaluation strategies are
currently being developed for RCRA compliance after the Test Phase is
completed. Analyses have been initiated to support evaluations of long-
term compliance with the RCRA regulations at the WIPP (WIPP PA Department,
1992).

1.2.3 National Environmental Policy Act (NEPA)

The National Environmental Policy Act (NEPA) (Public Law 91-190, 1970,
as amended) is enforced by regulations that are not specific regulatory
guidelines, but contain a mandate for evaluating the environmental
consequences of all significant aspects of a project (US EPA, 1978). The
DOE has prepared several environmental impact statements (EISs) that have
addressed the predicted experimental, operational, and long-term behavior
of the repository (US DOE, 1979, 1980a, 1990c). 1In addition, the DOE has
committed to complete another supplemental EIS at or near the end of the
WIPP Test Phase, before disposal in the WIPP may begin. The potential
health risks posed by estimated groundwater releases of TRU radionuclides

1-10
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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
drilling have been assessed in the NEPA documentation for the WIPP.

The regulations that implement the NEPA do not specifically require
calculating doses of radionuclides to members of the public. However, the
WIPP Panel of the National Academy of Sciences, a panel that reviews the
scientific basis for the WIPP, has requested safety assessments that
present dose calculations for 10,000 years or peak arrival times of
radionuclides, whichever occurs first. In accordance with the WIPP Panel's
request, preliminary probabilistic safety assessments in which doses have
been calculated for hypothetical exposure pathways are part of the analyses
that evaluate long-term performance of the WIPP; safety assessments will be
prepared periodically.

1-11
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2. OVERVIEW OF THE DISPOSAL SYSTEM

The characteristics of the WIPP disposal system and its geologic
setting are described in detail in other reports (Powers et al., 1978a,b;
the WIPP Final Environmental Impact Statement [US DOE, 1980a]; Bechtel,
1986; Lappin et al., 1989; the WIPP Final Safety Analysis Report [US DOE,
1990b]; and the WIPP Supplement Environmental Impact Statement [US DOE,
1990c]). Additional detailed discussion is contained in Volumes 2 and 3 of
this report and references cited therein.

2.1 Physical Setting

The WIPP is located in southeastern New Mexico east of the Pecos River
and west of the high plains of West Texas, in a region of sand dunes known
locally as Los Medatrios (The Dunes). Most dunes in the area are stabilized
by vegetation, and there is relatively little local topographic relief.
Major regional features (Figures 2-1 and 2-2) include Nash Draw, Laguna
Grande de la Sal, and the Pecos River.

The land surface within Los Medarios slopes gradually upward to the
northeast from Livingston Ridge on the eastern boundary of Nash Draw to a
low ridge called "The Divide." ©Nash Draw, 8 km (5 mi) west of the WIPP, is
a broad, shallow topographic depression with no external surface drainage.
Nash Draw extends northeast about 35 km (22 mi) from the Pecos River east of
Loving, New Mexico, to the Maroon Cliffs area. This feature is bounded on
the east by Livingston Ridge and on the west by Quahada Ridge.

Laguna Grande de la Sal, about 9.5 km (6 mi) west-southwest of the
WIPP, is a large playa about 3.2 km (2 mi) wide and 4.8 km (3 mi) long,
formed by coalesced collapse sinks that were created by dissolution of
evaporite deposits. In the geologic past, a relatively permanent, saline
lake occupiled the playa. 1In recent history, however, the lake has undergone
numerous cycles of filling and evaporation in response to wet and dry

seasons, and effluent from the potash and oil and gas industries has
enlarged the lake.

The Pecos River, the principal surface-water feature in southeastern
New Mexico, flows southeastward, draining into the Rio Grande in western
Texas. At its closest point, the river is about 20 km (12 mi) southwest of
the WIPP. Surface drainage from the WIPP does not reach the river or its
ephemeral tributaries.
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2.2 Natural Resources

Potash, oil, and gas are the only known important mineral resources in
the vicinity of the WIPP. Estimates of the volumes and locations of these
resources are reported by US DOE (1980a).

About 56 productive oil and gas wells are located within a radius of 16
km (10 mi) from the WIPP; the wells generally tap Pennsylvanian strata,
about 4,200 m (14,000 ft) deep. The hydrocarbon well closest to the land-
withdrawal boundary is about 3 km (2 mi) to the south-southwest of the waste
panels, and has produced natural gas since 1982 (Silva and Channell, 1992).
The surface location of the well is outside the land-withdrawal boundary,
but the borehole is slanted to withdraw gas from rocks below the WIPP
horizon within the boundary. Except for this well, resource extraction is
not allowed within the proposed land-withdrawal boundary.

Three potash mines and two associated chemical-processing plants are
located between 8 and 16 km (5 and 10 mi) from the WIPP (US DOE, 1990b). As
discussed further in Section 2.3 of this volume, potash-enriched beds are
found stratigraphically above the repository horizon; neither mining of
potash nor exploratory drilling for potash reserves reaches the repository
horizon. The nearest economically exploitable potash reserves are

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

2.3 Summary of Regional Geology

Geologically, the WIPP is located in the Delaware Basin, which is an
elongated depression that extends from just north of Carlsbad, New Mexico,
southward into Texas (Figure 2-3). The basin covers over 33,000 kmZ (12,750

mi2) and is filled with sedimentary rocks to depths as great as 7,300 m
(24,000 ft) (Hills, 1984).

2.3.1. Geologic History

The geologic history of the Delaware Basin is described in more detail
elsewhere (Hiss, 1975; Powers et al., 1978a,b; Cheeseman, 1978; Williamson,
1978; Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988; Volume 2,
Chapter 2 of this report). Rock units of the Delaware Basin representing
the Permian System through the Quaternary System are shown in Table 2-1.
Simplified stratigraphy at the WIPP is shown in Figure 2-4.

2-4



Summary of Regional Geology
Geologic History

New
Mexico

Texas
\\/[
103°40
04° | 102°
I ! 1
|
:3ig
z 2. F
Shelfward !
Edge |
Artesia ® i
e Hobbs
- pbs Channel
Caplian Reef ro |
30000 __J [ ] E'unice | 30000
! O
: ©
° % Midland
New : ) Basi
Mexico | - asin
oo b Y AVUSEYRNID). WU, S 9«% —] 392°
Texas E!
>
@ Kermit
*
Delaware ® Winkler
Mountains
Stockton
—{ 30°
Marfa
Basin
0 20 40 mi
0 20 40 km {
1040 | 102°
103°40°

TRI-6342-251-3

Figure 2-3. Location of the WIPP in

the Delaware Basin (modified from
Richey et al., 1985).



Chapter 2. QOverview of the Disposal System

Forty-niner
Magenta Salado
Il THTH Formation
Tamarisk
JLLLLLE
Culebra

T
Unnamed

Sea
Level

Figure 2-4. Generalized WIPP stratigraphy (modified from US DOE,

2-6

Dockum

Group \
7 //////Pe:sg:::e/// 7

//

fe e e o — —
—_——— .
-
-—
——
-—

o . e
—
—
T .
-—
-—
—
e ——

— Repositor
Level L] MB139
(approx. 655 m)

Castile Formation

i

Bell Canyon Formation
&\ CEEEERERERREN

Ground
Surface
Feet | Meters
500—
—200
1000+
—-400
1500
2000——600
2500 0o
3000
—1000
3500
4000_| —1200
4500 11400
TRI-6342-773-2
1980b) .



18

Summary of Regional Geology
Geologic History

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

Erathem System Series Lithostratigraphic Unit Age Estimate (yr)
Quaternary Holocene Windblown sand
Pleistocene Mescalero caliche ~500,000
Gatuiia Formation ~600,000+
Cenozoic
Pliocene
Ogallala Formation 5.5 million
Tertiary Miocene
24 million
Oligocene Absent in Southeastern
Eocene New Mexico
Paleocene
66 million
Cretaceous Upper Absent in Southeastern
New Mexico
Lower Detritus preserved
144 million
Mesozoic Jurassic Absent in Southeastern
New Mexico
208 million
Triassic Upper Dockum Group
Lower Absent in Southeastern
New Mexico
245 million
Ochoan Dewey Lake Red Beds
Upper Rustler Formation
Salado Formation
Castile Formation
Paleozoic  Permian
Guadalupian Capitan Limestone
and Bell Canyon
Formation
Lower
Leonardian Bone Springs
Wolfcampian Wolfcamp (informal)
286 million

Source: Modified from Bachman, 1987

The Delaware Basin began forming by crustal subsidence during the

Pennsylvanian Period, approximately 300 million years ago.

Relatively rapid

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

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

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
Limestone, is buried under younger rocks north and east of the WIPP but is
exposed at the surface in the Guadalupe Mountains to the west. Subsidence
slowed during the Late Permian; evaporite deposits of the Castile Formation
and the Salado Formation, which hosts the WIPP, filled the basin and
extended over the reef margins. Evaporites, carbonates, and clastic rocks
of the Rustler Formation and the Dewey Lake Red Beds were deposited above
the Salado Formation before the end of the Permian Period.

Beginning with the Triassic Period and continuing to the present, the
geologic record for the area indicates long periods of nondeposition or
erosion. Those formations that are present are either relatively thin or
discontinuous and are not included in the performance assessment of the
WIPP. Near the repository, the older, Permian-age deposits below the Dewey
Lake Red Beds have not been affected by erosional processes during the past
250 million years (Lappin, 1988).

Minimal tectonic activity has occurred in the region since the Permian
Period (Hayes, 1964; Williamson, 1978; Hills, 1984; Powers et al., 1978a).
Faulting during the late Tertiary Period formed the Guadalupe and Delaware
Mountains along the western edge of the basin. The most recent igneous
activity in the area was during the mid-Tertiary Period about 35 million
years ago and is evidenced by a dike in the subsurface 16 km (10 mi)
northwest of the WIPP (Powers et al., 1978a,b). Major volcanic activity
last occurred more than 1 billion years ago during Precambrian time (Powers

et al., 1978a,b). None of these processes affected the Salado Formation at
the WIPP.

2.3.2 Stratigraphy and Geohydrology

The Bell Canyon Formation of the Delaware Mountain Group is the deepest
hydrostratigraphic unit being considered in the performance assessment
(Figure 2-4). Understanding hydrologic conditions in the Bell Canyon is
potentially important because oil and gas drilling into deeper Pennsylvanian

strata could first penetrate the WIPP and brine-saturated sandstones of the
Bell Canyon Formation. Available pressure data from wells indicate that
brine flow from the Bell Canyon Formation is not a likely mechanism for
radionuclide release (Volume 2, Section 2.2.1 of this report), however, and
the Bell Canyon Formation is not included explicitly in performance-
assessment modeling.
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Summary of Regional Geology
Stratigraphy and Geohydrology

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

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

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

* 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
regional dip of less than one degree. The Salado Formation has not been
disturbed by post-depositional processes in the WIPP area, and groundwater
flow within it is extremely slow because primary porosity and open fractures

are lacking in the plastic salt (Mercer, 1983). The formation is assumed to
be brine-saturated throughout the WIPP area, but low permeability allows for
little groundwater movement. The Salado Formation is discussed in more

detail in Volumes 2 and 3 of this report.

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

* an unnamed lower member, composed mostly of fine-grained, silty
sandstones and siltstones interbedded with anhydrite west of the WIPP
but with increasing amounts of halite to the east
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Figure 2-5, Reference local stratigraphy near repository (after Munson et
al., 1989a, Figure 3-3; elevations from Bechtel, 1986).
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e 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

Most groundwater flow in the Rustler Formation occurs in the Culebra
Dolomite and Magenta Dolomite Members. The intervening units (the unnamed
lower member, the Tamarisk Member, and the Forty-niner Member) are
considered aquitards because of their low permeability throughout the area.

Groundwater flow in the Culebra Dolomite Member near the WIPP is north
to south (see Volume 2, Chapter 2 of this report). Recharge apparently
occurs north of the WIPP, possibly at Bear Grass Draw where the Rustler
Formation is near the surface and at Clayton Basin where karst activity has
disrupted the Culebra Dolomite (Mercer, 1983). Discharge occurs west-
southwest of the WIPP, either into the Pecos River at Malaga Bend (Hale et
al., 1954; Hale and Clebsch, 1958; Havens and Wilkens, 1979; Mercer, 1983),
or into Cenozoic alluvium in the Balmorhea-Loving Trough, which is a series
of coalesced, lens-shaped solution troughs formed by an ancestral Pecos
River, or into both (Brinster, 1991). Culebra water near the WIPP contains
large concentrations of total dissolved solids (Siegel et al., 1991).
Currently, no wells in the WIPP vicinity produce water from the Culebra for
human consumption. The nearest well that has produced water from the

Culebra for livestock is 6 km (4 mi) from the waste panels (Bodine et al.,
1991).

Small amounts of water can be produced from the Magenta Dolomite Member
from a thin, silty dolomite, along bedding planes of rock units, and along
fractures (Mercer, 1983). Regionally, the direction of groundwater flow is
similar to that in the Culebra, either toward Malaga Bend or more directly
southward to the Balmorhea-Loving Trough. Near the WIPP, available well
data indicate that flow in the Magenta is locally from east to west,
perpendicular to flow in the Culebra (see Section 2.2.3.6 of Volume 2 of
this report). No wells in the WIPP vicinity produce water from the Magenta
for human or livestock consumption.
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Chapter 2. Overview of the Disposal System

Overlying the Rustler Formation are the Dewey Lake Red Beds, which are
the youngest Permian rocks and which consist of alternating layers of
reddish-brown, fine-grained sandstone and siltstone cemented with calcite
and gypsum (Vine, 1963). Several wells in the WIPP area produce small
amounts of water from the Dewey Lake Red Beds for livestock (Cooper and
Glanzman, 1971). The closest such well is at the J.C. Mills (James) Ranch,
4 km (2.5 mi) south of the waste panels. 1In general, however, the unit is
not a productive source of water; drilling has identified only a few

localized zones of relatively high permeability (Mercer, 1983; Beauheim,
1987a) .

From the WIPP eastward, the Dewey Lake Red Beds are unconformably
overlain by Triassic rocks of the undifferentiated Dockum Group (Figure
2-4). The lower Dockum is composed of poorly sorted, angular, coarse-
grained to conglomeratic, thickly bedded clastic material interfingering
with shales. At the WIPP, the unit is relatively thin (approximately 10 m
[33 ft] thick), and unsaturated. Further east, where the Triassic rocks are
thicker, they are the chief source of water for domestic and livestock use
in eastern Eddy County and western Lea County (Nicholson and Clebsch, 1961;
Richey et al., 1985). Recharge to the Triassic rocks is mainly downward
flow from overlying alluvium.

No rocks of Jurassic or Cretaceous age are present east of the Pecos
River near the WIPP. The Tertiary Period is represented by a thin remnant
of the Ogallala Formation at The Divide west of San Simon Swale. The
Quaternary Period is represented by discontinuous sandstones and
conglomerates of the Gatufia Formation, the informally named Mescalero

caliche, and localized accumulations of alluvium and dune sands (Bachman,
1980, 1984; Mercer, 1983).

2.4 Repository/Shaft System

The WIPP repository is about 655 m (2,150 ft) below the land surface in
bedded salt of the Salado Formation. Present plans call for mining eight

panels of seven rooms each and two equivalent panels in the central drifts
(Figure 2-6 and 2-7). As each panel is filled with waste, the next panel
will be mined. Before the repository is closed permanently, each panel will
be backfilled and sealed, waste will be placed in the drifts between the
panels and backfilled, to create two additional panel volumes, and access
ways will be sealed off from the shafts. Because the WIPP is a research and
development facility, an extensive experimental area is also in use north of
the waste-disposal area (US DOE, 1990a). Additional information on the
repository design is in Volumes 2 and 3 of this report.
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Proposed WIPP repository, showing both TRU-waste disposal areas
and experimental areas (after Waste Management Technology

Dept., 1987).
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Waste
Waste Form

2.5 Waste

As noted in Section 1.1.2 of this volume, the WIPP is designed for
transuranic waste generated by United States government defense-related
activities since 1970. The waste consists of laboratory and production
materials such as glassware, metal pipes, sorbed or solidified spent
solvents, disposable laboratory clothing, cleaning rags, and solidified
sludges. Along with other contaminants, the waste is contaminated by alpha-
emitting transuranic (TRU) elements with atomic numbers greater than 92
(uranium), half-lives greater than 20 years, and curie contents greater than
100 nCi/g. Additional contaminants include other radionuclides of uranium
and several contaminants with half-lives less than 20 years. Approximately
60 percent of the TRU waste may be co-contaminated with hazardous
constituents as defined under the Resource Conservation and Recovery Act
(RCRA). The waste scheduled for disposal in the WIPP is described in more
detail in Volume 3 of this report.

In accordance with DOE Order 5820.2A (US DOE, 1990a), heads of DOE
Field Organizations can determine that other alpha-contaminated wastes,
peculiar to a specific waste-generator site, must be managed as TRU wastes.
The WIPP Waste Acceptance Criteria (WAC) determine which TRU wastes will be
accepted for emplacement in the WIPP (US DOE, 1991a). Under current plans,
most TRU waste generated since 1970 will be disposed of in the WIPP, but
some will be disposed of on-site at other DOE facilities. Inventories of
the waste to be disposed of in the WIPP are in Volume 3 of this report.

2.5.1 Waste Form

Alpha-emitting TRU waste, although dangerous if inhaled or ingested, is
not dangerous externally and can be handled safely if confined in a sealed
container. Most of the waste, therefore, can be contact handled (CH)
because the external dose rate (200 mrem/h or less) permits people to handle
properly sealed drums and boxes without any special shielding. The only
containers that can currently be shipped to the WIPP in a TRUPACT-II truck-
transport container (NuPac, 1989) are 55-gallon steel drums, metal standard
waste boxes (SWBs), 55-gallon drums overpacked in an SWB, and an
experimental bin overpacked in an SWB (US DOE, 1990c). Additional
information on waste containers is in Volume 3 of this report.

A portion of the TRU waste must be remotely handled (RH). Because the
surface dose rate exceeds 200 mrem/h, the waste canisters must be packaged
for handling and transportation in specially shielded casks. The surface
dose rate of RH-TRU canisters cannot exceed 1,000 rem/h, and no more than 5
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Chapter 2. Overview of the Disposal System

percent of the canisters can exceed 100 rem/h. RH-TRU waste in canisters
will be emplaced in holes drilled into the walls of the rooms (US DOE,
1990b) .

As stated in the WIPP Land Withdrawal Act (Public Law 102-579, 1992),
the WIPP's current design capacity for all radionuclides is 6.2 million ft3
(approximately 175,600 m3), of which no more than 5.1 million curies (Ci)
may be RH-TRU waste. The complex analyses for evaluating regulatory
compliance require knowledge of the waste inventory. Therefore, all
analyses will be based on current projections of a design volume inventory,
estimated at about 532,500 drums and 33,500 boxes of CH-TRU waste (WIPP PA
Division, 1991c). The wastes are classified as either retrievably stored or
newly generated (future generated). Additional information on inventory
estimates is in Volume 3 of this report.

A hazardous constituent of CH-TRU waste is lead that is present as
incidental shielding, glovebox parts, and linings of gloves and aprons.
Trace quantities of mercury, barium, chromium, silver, and cadmium have also
been reported (US DOE, 1990d). Estimates of the quantities of metals and
combustibles are discussed in Volume 3 of this report. Sludges may contain
a solidifier (such as cement), absorbent materials, inorganic compounds,
complexing agents, and organic compounds including oils, solvents, alcohols,
emulsifiers, surfactants, and detergents. The WAC (US DOE, 199la) waste-
form requirements state that the waste material shall be immobilized if
greater than 1 percent by weight is particulate material less than 10
microns in diameter or if greater than 15 percent by weight is particulate
material less than 200 microns in diameter. Only residual liquids in well-
drained containers (e.g., bottles, cans, etc.) in quantities less than
approximately 1 percent of the container's volume are allowed. The total
liquid shall be less than one volume percent of the waste container (e.g.,
drum or SWB). Radionuclides in pyrophoric form are limited to less than 1
percent by weight of the waste package, and no explosives or compressed

gases are allowed. These hazardous constituents are not regulated under 40
CFR Part 191, but some are regulated separately by the EPA and New Mexico

under the Resource Conservation and Recovery Act (RCRA). Many of these
chemicals (hazardous and nonhazardous), if present in significant
quantities, could affect the ability of radionuclides to migrate out of the
repository by influencing rates of degradation of the organics, microbial

activity, and gas generation. The effects of these processes are being
studied.
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Waste
Possible Modifications to Waste Form

2.5.2 Radionuclide Inventory

The radionuclide composition of CH- and RH-TRU waste varies depending
upont the facility and process that generate the waste. An estimate of the
CH- and RH-TRU radionuclide inventories is in Volume 3 of this report.

The fissile material content in equivalent grams of plutonium-239
allowed by the WAC for CH-TRU waste is less than 200 g for a 55-gallon drum
and less than 25 g for a SWB. It is expected that the fissile material for
TRU waste in a remotely handled cask will be limited to less than 325 g (US
DOE, 1991a).

As discussed further in Section 3.3.2 of this volume, the EPA has set
cumulative release limits in curies per 10,000 years for isotopes of
americium, carbon, cesium, iodine, neptunium, plutonium, radium, strontium,
technetium, thorium, tin, and uranium, as well as for certain other
radionuclides (Appendix A of 40 CFR 191, Subpart B). Although the initial
WIPP inventory contains little or none of some of the listed nuclides, they
will be produced as a result of radicactive decay and must be accounted for
in the compliance evaluation. Moreover, for compliance with the Individual
Protection Requirements of 40 CFR 191, Subpart B, any radionuclides not
listed in Appendix A must be accounted for if those radionuclides could
contribute to doses.

2.5.3 Possible Modifications to Waste Form

If ongoing research does not establish sufficient confidence in
acceptable performance or indicates a potential for unacceptable
performance, modifications to the waste form or backfill could be required.
SNL has conducted preliminary research on possible modifications (Butcher,
1990). The Engineered Alternatives Task Force (EATF) identified specific
alternatives, ranked alternatives according to specific feasibility
criteria, and recommended further research (US DOE, 1990e, 1991b). The DOE
will make decisions about testing and, if necessary, implementing
alternatives based on the recommendations of the EATF and performance-
assessment considerations provided by SNL.
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3. APPLICATION OF 40 CFR PART 191, SUBPART B,
TO THE WIPP

The radioactive-waste disposal regulations, 40 CFR Part 191—
Environmental Radiation Protection Standards for Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (US EPA,
1985), referred to in this volume of the report as the Standard, are
divided into two subparts.

Subpart A limits the radiation doses that may be received by members of
the public in the general environment (see Section 3.2.2 of this volume),
as a result of management and storage of TRU wastes at DOE disposal
facilities not regulated by the Nuclear Regulatory Commission (NRC).
Subpart A requires 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” (§ 191.03(b)). Subpart A does not apply to long-term
disposal of radioactive wastes. Subpart A is discussed in the Technical
Needs Assessment report (US DOE, 1992a), and in the "Test Phase Plan"
currently being prepared by the DOE. Except for discussion of a few terms
that are important in understanding Subpart B, Subpart A is not considered
further in this report.

Subpart B of the Standard (Figure 3-1) specifies probabilities of
cumulative releases of radionuclides to the accessible environment (see
Section 3.2.2 of this volume) for 10,000 years (Containment Requirements,
§ 191.13) and annual radiation dose limits to members of the public in the
accessible environment for 1000 years (Individual Protection Requirements,
§ 191.15) as a result of TRU-waste disposal. Actions and procedures are
required to increase confidence that the probabilistic release limits
specified in the Containment Requirements will be met (Assurance
Requirements, § 191.14). Radioactive contamination of certain sources of

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

regulated (Groundwater Protection Requirements, § 191.16), if any of these
sources of groundwater are found to be present (US DOE, 1989). Each of the
four requirements of Subpart B and their method of evaluation by the WIPP
Project are discussed in this chapter.

Subpart B of the Standard was vacated and remanded to the EPA by the
United States Court of Appeals for the First Circuit in July 1987
(NRDC v. US EPA, 1987). A proposed revision of the Standard was prepared
for discussion within the EPA in February 1992. The WIPP Land Withdrawal
Act (Public Law 102-579, 1992) reinstated those portions of the 40 CFR 191,
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Figure 3-1.

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

Subpart B
Disposal

Individual
Protection

Containment

Limits Doses Limits Cumulative
to Public Releases for
for 1000 Years 10,000 Years
Undisturbed Predicted

Performance Performance

Assurance
Monitoring

Groundwater

Protection Institutional Controls
Limits Muitiple Barriers
Concentrations Natural Resources
for 1000 Years Recoverability
Undisturbed
Performance

TRI-6342-607-1

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

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.
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Guidance for Implementation of the Standard

Subpart B that were not the subject of the remand, and requires the EPA to
repromulgate the standard by April 30, 1993, with appropriate revisions to
§191.15 and §191.16. The Second Modification to the Consultation and
Cooperation Agreement (US DOE and State of New Mexico, 1981, as modified)
commits the WIPP Project to proceed with compliance planning using the
Standard as first promulgated until a revised Standard becomes available.
Therefore, this report discusses the Standard as first promulgated.
Compliance plans for the WIPP will be revised as necessary in response to
changes in the Standard resulting from the repromulgation. The current DOE
approach to compliance with the Standard is described in the WIPP
Compliance Strategy (US DOE, 1989; also see US DOE, 1990d). Additional
discussion of some aspects of the current compliance approach is in the
Technical Needs Assessment report (US DOE, 1992a), and in the "Test Phase
Plan" currently being prepared by the DOE.

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

3.1 Guidance for Implementation of the Standard

Appendix B of the Standard is EPA’'s guidance to the implementing agency
(in this case, the DOE). Although it is not formal regulatory criteria
within the Standard, Appendix B describes the EPA’s assumptions regarding
the implementation of Subpart B. In the supplementary information
published with the Standard, the EPA states that it intends the guidance to
be followed:

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

The EPA based Appendix B on analytical assumptions it used to develop
the technical basis for the numerical disposal standards. Thus, the EPA
"believes it is important that the assumptions used by the [DOE] are
compatible with those used by EPA in developing this rule. Otherwise,
implementation of the disposal standards may have effects quite different
than those anticipated by EPA" (US EPA, 1985, p. 38074).
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP

3.2 Terminology

The concept of "site" is integral to limits established by Subparts A
and B for releases of radionuclides from the repository, during disposal,
decommissioning, and post-closure phases. "Site" is used differently in
the two subparts. The differences in the meaning of "site" for the two
subparts must be understood in order to avoid confusion in applying the
Standard to the WIPP. The definitions of "general environment,"
"accessible enviromment," and "controlled area," which are also important
in assessing compliance with the Standard, depend on the definition of
"site." "Site" has also been used generically for many years by the waste-
management community (e.g., in the phrases "site characterization" or "site
specific"); few uses of the word correspond to either of the EPA's usages
in the Standard (Bertram-Howery and Hunter, 1989a; also see US DOE, 1989).
Other terms that are important in understanding the application of the
Standard to the WIPP also are explained in this section.

3.2.1 "Site"

The "site" as defined for Subpart A is "an area contained within the
boundary of a location under the effective control of persons possessing or
using...radioactive waste that are involved in any activity, operation, or
process covered by this Subpart"” (§ 191.02(n)). Site for the purposes of
Subpart A of the WIPP is the secured-area boundary shown in Figure 1-2.
This area will be under the effective control of the security force at the
WIPP, and only authorized persons will be allowed within the boundary
(US DOE, 1989). 1In addition, the DOE has control over the area contained
within the land-withdrawal boundary, designated by the U.S. Congress
{(Public Law 102-579, 1992) as the 16 sections (16 mi2 [41 kmz]) shown in
Figure 1-2. The land-withdrawal boundary is referred to in the agreement
with New Mexico (US DOE and State of New Mexico, 1981, as modified) and in
the WIPP Final Safety Analysis Report (US DOE, 1990b) as the "WIPP site
boundary." Control by the DOE prohibits habitation within the land-
withdrawal boundary. Consequently, for the purposes of assessing

operational doses to nearby residents for Subpart A, the assumption can be
made that no one lives closer than the latter boundary (Bertram-Howery and
Hunter, 1989a).

The term "disposal site" is used frequently in Subpart B and in
Appendix B of the Standard, although it is not defined in the regulation.
The site for the purposes of Subpart A and the "disposal site" for the
purposes of Subpart B are not the same. For the purposes of the WIPP
strategy for compliance with Subpart B, the "disposal site" and the
"controlled area" (defined in Section 3.2.3) are the same (US DOE, 1989).
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Terminology
"Controlied Area"

The boundary indicated as "WIPP" on illustrations in this volume is the
boundary of the land-withdrawal area and is the same as the "controlled
area" boundary used in the 1992 preliminary performance assessment of the
WIPP. The subsurface projection of the land-withdrawal boundary within the
Salado Formation also forms the lateral boundary of the disposal-unit for
evaluating compliance with 40 CFR 268.6 (US EPA, 1990a).

3.2.2 "General Environment" and "Accessible Environment"

The term "general environment" is used in Subpart A and is defined as
the "total terrestrial, atmospheric, and aquatic environments outside sites
within which any activity, operation, or process associated with the
management and storage of...radioactive waste is conducted" (§ 191.02(0)).
"Accessible environment"” is used in Subpart B and is defined as "...(l) the
atmosphere; (2) land surfaces; (3) surface waters; (4) oceans; and (5) all
of the lithosphere that is beyond the controlled area" (see Section 3.2.3)
(§ 191.12(k)).

3.2.3 "Controlled Area"
The "controlled area" as defined in Subpart B of the Standard is

"(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" (§ 191.12(g)).

The controlled area is limited to the lithosphere and the surface within
no more than 5 km (approximately 3 mi) from the outer boundary of the WIPP
waste-emplacement panels. The boundary of this maximum-allowable
controlled area does not coincide with the secured-area boundary
(Figure 1-2) or with the land-withdrawal boundary (Figure 3-2). According
to the definition of "accessible environment," the surface of the
controlled area is in the accessible environment; the underlying subsurface
of the controlled area is not part of the accessible environment
(Figure 3-2). Any radionuclides that reached the surface would be subject
to the limits, as would any that reached the lithosphere outside the
subsurface portion of the controlled area.

The surface of the controlled area is to be identified by passive
institutional controls, including permanent markers designating the
"disposal site." Additional passive institutional controls are public
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Not to Scale

Accessible

Repository/
Shaft System

40 CFR 191
Accessible Environment

Illll 40 CFR 268
Disposal Unit

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
about the disposal system (see Section 3.2.4). Permanent markers and other
passive institutional controls are intended to indicate the dangers of the
wastes and their location (§ 191.12(e); § 191.12(g)).

3.2.4 "Disposal System" and "Barriers"

The Standard defines "disposal system" to mean "any combination of
engineered and natural barriers that isolate...radiocactive waste after
disposal" (§ 191.12(a)). Additionally,

"‘[blarrier’ 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" (§ 191.12(d).

For the WIPP, the disposal system is the combination of the engineered
barriers of the repository/shaft system and the natural barriers of the
"disposal site" (Figure 3-2) that isolate the wastes from the accessible
environment. The engineered barriers are seals in drifts and panel
entries’ backfill in drifts and panels, seals in shafts, and plugs in
boreholes. Engineered modifications to the repository design could include
making the waste itself form a barrier. Natural barriers are the
subsurface geologic and hydrologic systems within the controlled area that
inhibit release and migration of hazardous materials. Barriers are not
limited to the examples given in the Standard’s definition, nor are those
examples mandatory for the WIPP. As recommended by the EPA in Appendix B,
"...reasonable projections for the protection expected from all of the
engineered and natural barriers...will be considered" (US EPA, 1985,

p. 38088). No portion will be disregarded, unless that portion of the
system makes a "negligible contribution to the overall isolation provided"

by the WIPP (US DOE, 1989).

3.3 Containment Requirements

The primary objective of Subpart B is "to isolate most of the wastes
from man’'s environment by limiting long-term releases and the associated
risks to populations" (US EPA, 1985, p. 38070). This objective is
reflected quantitatively in the Containment Requirements (§ 191.13).
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP

3.3.1 Performance Assessment

Quantitatively evaluating compliance with the Containment Requirements
requires a performance assessment, which has specific meaning within the
Standard:

"'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"

(8§ 191.12(q)).

Identification of processes and events that might affect the disposal
system is part of scenario development and screening for the WIPP and is
discussed in Chapter 4 of this volume and Volume 2 of this report.
Examining the effects of the processes and events and estimating cumulative
releases of radionuclides are part of the performance-assessment
consequence modeling and are also discussed in Chapter 4 of this volume and
Volume 2 of this report.

The Containment Requirements state that performance must be measured in
probabilistic terms. The allowable radionuclide release is not a single,
fixed quantity, but rather is a function of the probability that the events
and parameter values that contribute to the release will occur (Bertram-
Howery and Swift, 1990). Specifically,

"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:

(1) Have a likelihood of less than one chance in 10 of
exceeding the quantities calculated according to Table 1
(Appendix A) ([see Section 3.3.2 of this volume], 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) [see Section 3.3.2 of this volume]" (§ 191.13(a)).

Numerical limits have been placed not on the predicted cumulative
radionuclide releases, but rather on the probability that cumulative
releases will exceed quantities calculated as prescribed.

With the minor modifications of a 1000-year time period and the addition
of a water withdrawal well to provide a potential pathway for radionuclides
to reach humans, the performance-assessment methodology developed for the
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
Chapter 4 of this volume). This volume will refer to the assessment of
compliance with both § 191.13(a) of the Containment Requirements and the

Individual Protection Requirements as the "performance assessment.”

3.3.2 Release Limits

Appendix A of the Standard establishes release limits for all regulated
radionuclides. Table 1 in that appendix gives the limit for cumulative
releases to the accessible environment for 10,000 years after disposal for
each radionuclide per unit of waste. Note 1(e) to Table 1 defines the unit
of waste as an amount of TRU wastes containing one million curies of alpha-
emitting transuranic radionuclides with half-lives greater than 20 years.
Note 2(b) describes how to develop release limits for a TRU-waste disposal
system by determining the waste-unit factor, which is the inventory (in
curies) of transuranic alpha-emitting radionuclides in the wastes with
half-lives greater than 20 years, divided by one million curies, where
transuranic is defined as radionuclides with atomic weights greater than 92
(uranium). Consequently, as currently defined in the Standard, all
radioactivity in the wastes cannot be included when calculating the waste-
unit factor, and release limits are lower than they would be if the waste-
unit factor were based on the entire inventory. For the WIPP, 4.3 x 106
curies of the 1992 radioactivity design total of 10.0 x 106 curies are
estimated to come from transuranic alpha-emitting radionuclides with half-
lives greater than 20 years (memorandum by Peterson in Volume 3, Appendix A
of this report). This number is based on the design radionuclide
inventories by waste generator for contact-handled (CH) and remotely
handled (RH) TRU wastes (see memorandum by Peterson in Volume 3, Appendix A
of this report). By definition, isotopes of uranium (atomic weight of 92)
and those that are short-lived (half-lives less than 20 years) cannot be
included in determining the waste-unit factor. The most important such
isotope for the WIPP is Pu-241, which has a half-life of 14.4 years (see
Volume 3 of this report). Although Pu-241 and other isotopes in the design
radionuclide inventories camnot be included in calculating the waste-unit

factor, performance assessments for the WIPP do consider these
radionuclides and their decay products in consequence calculations.

Note 6 of Table 1 in the Standard’s Appendix A describes the manner in
which the release limits are to be used to determine compliance with
§ 191.13(a): for each radionuclide released, the ratio of the estimated
cumulative release to the release limit for that radionuclide must be

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
may be released depends on the quantities of all other radionuclides
projected to be released but cannot exceed its own release limit. The
summed normalized release cannot exceed 1 for probabilities greater than
0.1, and cannot exceed 10 for probabilities greater than 0.001 but less
than 0.1 (§ 191.13(a)). Potential releases estimated to have probabilities
less than 0.001 are not limited (§ 191.13(a)). Calculation methods for
summed normalized releases are described in more detail in Volume 2 of this
report.

3.3.3 Human intrusion

Determining compliance with the Standard requires performance
assessments that include the probabilities and consequences of disruptive
events. Appendix B of the Standard indicates that "inadvertent and
intermittent intrusion by exploratory drilling for resources ... can be the
most severe intrusion scenario assumed by the [DOE]" (US EPA, 1985,

p. 38089).

In the Second Modification to the Consultation and Cooperation Agreement
(US DOE and State of New Mexico, 1981, as modified), the DOE agreed to
prohibit further subsurface mining, drilling, slant drilling under the
withdrawal area, or resource exploration unrelated to the WIPP Project from
the land surface to 6000 feet (1830 m) in the subsurface for the 16 square
miles under DOE control. The Standard limits reliance on future
institutional control in that "performance assessments... shall not
consider any contributions from active institutional controls for more than
100 years after disposal” (§ 191.14(a)). The Standard further requires
that "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" (§ 191.14(c)). The
possibility of inadvertent human intrusion into repositories in salt
formations during resource evaluation must be considered, and the use of

passive institutional controls to deter such intrusion should be "taken

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

The EPA gives specific guidance in Appendix B of the Standard for
considering inadvertent human intrusion. The EPA indicates that only
realistic possibilities for human intrusion that may be mitigated by
design, site selection, and passive institutional controls need be
considered. Additionally, the EPA assumes that passive institutional
controls should "...reduce the chance of inadvertent intrusion compared to
the likelihood if no markers and records were in place." Exploring for

subsurface resources requires extensive and organized effort. Because of
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this effort, information from passive institutional controls is likely to
reach resource explorers and deter intrusion into the disposal system

(US EPA, 1985, p. 38080). 1In particular, as long as passive institutional
controls "endure and are understood," the guidance states that they can be
assumed to deter "systematic or persistent exploitation" of the disposal
site, and furthermore, "can reduce the likelihood of inadvertent,
intermittent human intrusion." The EPA indicates in Appendix B of the
Standard that exploratory drilling for resources is the most severe
intrusion that must be considered (US EPA, 1985, p. 38089). Because of the
Standard’s emphasis on exploratory drilling for resources as the most
severe type of human intrusion to be considered at a disposal site, mining
within the controlled area has not been included in performance assessment
for the WIPP (Guzowski, 1990). Mining outside the WIPP boundary was
retained for scenario development because of the possible effects on
recharge and groundwater flow of subsidence over mined areas (Guzowski,
1990; Guzowski and Helton, 1991, Section 4.1.4). Consequences of such
potash mining have not yet been included in performance-assessment modeling
and will be addressed iIn future analyses when a three-dimensional model for
regional groundwater flow is available.

Effects of site location, repository design, and passive institutional
controls can be used in judging the likelihood and consequences of
inadvertent drilling intrusion. The EPA suggests in Appendix B of the
Standard that intruders will soon detect or be warned of the
incompatibility of their activities with the disposal site by their own

exploratory procedures or by passive institutional controls (US EPA, 1985,
p. 38089).

Appendix B specifies that credit for using active institutional controls
to prevent or reduce radionuclide releases cannot be taken for more than
100 years after decommissioning (US EPA, 1985, p. 38088). 1In previous
performance assessments (Bertram-Howery et al., 1990; WIPP PA Division,
1991a), the WIPP Project has assumed that no human intrusion of the
repository would occur during the 100-year period of active institutional
controls, but that site-specific exploitation outside the controlled area
might occur. For the 1992 performance assessment, the probabilities of
human intrusion were also considered based on the judgments of an expert
panel (see memorandum by Hora in Volume 3, Appendix A of this report).
Comparisons of performance estimated using both the probabilities based on
expert judgment and the probability model used in 1991 are provided in
Chapter 5 of this volume.

Appendix B of the Standard (US EPA, 1985, p. 38089) specifies that after
the period of active institutional control, the predicted number of
exploratory boreholes assumed to be drilled inside the controlled area

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

through inadvertent human intrusion is to be based on site-specific
information and need not exceed 30 boreholes/km2 (0.4 mi2) per 10,000
years. No more severe scenarios for human intrusion inside the controlled
area need be considered. Appendix B also indicates that while passive
institutional controls endure, they can reduce the likelihood of
inadvertent human intrusion to a degree to be determined by the DOE,
although the possibility of inadvertent intrusion cannot be eliminated

(US EPA, 1985, p. 38088).

Given the approach chosen by the EPA for defining the disposal
standards, repository performance must be predicted probabilistically to
evaluate compliance quantitatively. Determining the probability of
intrusion poses questions that cannot be answered by numerical modeling or
experimentation. Projecting future drilling activity requires unattainable
knowledge about complex variables such as economic demand for natural
resources, institutional control over the site, public awareness of
radiation hazards, and changes in exploration technology. The 1992
preliminary performance assessment uses estimates of the probability of
human intrusion that are based on guidance from expert panels on possible
future societies and on the potential effectiveness and duration of passive
institutional controls to deter intrusion into the WIPP (Hora et al., 1991;
also see Volume 2 of this report and the memorandum by Hora in Volume 3,
Appendix A of this report).

3.3.4 Uncertainties

The EPA recognizes in the preamble to the Standard that "standards must
be implemented in the design phase for ... disposal systems because active
surveillance cannot be relied upon" over the long time of interest. The
EPA further notes that "standards must accommodate large uncertainties,
including uncertainties in our current knowledge about disposal-system

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

performance assessment requires "considering the associated uncertainties"
(§ 191.12(qg); see Section 3.3.1 of this volume).

"Uncertainties in parameters" are the only source of uncertainty
specifically identified in the Standard (US EPA, 1985, Appendix B, p.
38088). Uncertainty in input parameters used in predictive models may
result from several sources, including incomplete data, intrinsic spatial
variability of the property in question, measurement uncertainty, and
uncertainty resulting from differences in scale between data acquisition
and model application. Uncertainty in input parameters is not, however,

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)
and the NEA (1992a), additional uncertainty may enter the analysis through
the choice of conceptual models used to represent the disposal system.

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
quantitative analyses based on the chosen conceptual models. As used here,
computational models include the mathematical models used to represent the
physical processes, the numerical models used to solve the mathematical
models, and the computer codes used to implement the solution.

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

Performance assessment thus requires considering numerous uncertainties
in the projected performance of the disposal system. The WIPP Performance
Assessment Department’s methodology for uncertainty analysis (described in
Chapter 4 of this volume and Volume 2, Chapters 3 and 4 of this report)
relies on the selection of scenarios to be analyzed, the determination of
scenario probabilities, and the calculation of scenario consequences using a
Monte Carlo simulation technique (Pepping et al., 1983; Hunter et al., 1986;
Cranwell et al., 1987, 1990; Campbell and Cranwell, 1988; Rechard, 1989;
Helton, 1991). The Performance Assessment Department will assess and reduce
uncertainty to the extent practicable using a variety of techniques (Table
3-1). For example, the WIPP Project uses uncertainty analyses to evaluate
the amount of variability in the results of a model that can be attributed
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 Technique for Assessing References to Performance Assessment
Uncertainty or Reducing Uncertainty Reports (also see references cited
within these reports)
Scenarios Expert Judgment and Peer Review Marietta et al., 1989; Bertram-Howery et al., 1990,

(Completeness, Aggregation,
and Probabilities)

Quality Assurance

Conceptual Models Expert Judgment and Peer Review

Sensitivity Analysis
Uncertainty Analysis
Quality Assurance

Computational Models Expert Judgment and Peer Review

Verification and Validation™

Sensitivity Analysis

Quality Assurance

*to the extent possible

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, 1991b; 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, 1991b; Volume 2 of this report

Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA
Division, 1991b; 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)

References to Performance Assessment
Reports (also see references cited
within these reports)

Type of Technique for Assessing
Uncertainty or Reducing Uncertainty
Parameter Values Expert Judgment and Peer Review

and Variability
Data-Collection Programs
Sampling Techniques
Sensitivity Analysis
Uncertainty Analysis

Quality Assurance

Source: After Bertram-Howery and Hunter, 1989b

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
variation in the results. These techniques typically are applied
iteratively. The first iteration can include rather general assumptions
leading to preliminary results that help focus these techniques in
subsequent iterations. In this manner, the resources required to implement
the techniques in Table 3-1 can be directed at the areas of the WIPP
performance assessment where the benefits of understanding uncertainty and
reducing it (where possible) would be the greatest.

Modeling the behavior of a hydrogeologic system such as the WIPP
disposal system necessarily will be uncertain because knowledge about its
real behavior is uncertain. Many of the parameters used as inputs to a
model of the system are obtained only by a data-collection process.
Investigators knowledgeable about the data they collect make a finite
number of observations, choosing what parameters to measure, how to measure
them, where to measure them, and when to measure them. However, the
collection process itself can introduce uncertainty through measurement
error, the system's inherent randomness, and limited sampling of the
variable physical, chemical, and biological properties of the system. In
many aspects of data collection, the professional judgment of an analyst
with expertise in the area of investigation often enters into the
scientific process. For example, selection of methods to collect data,
interpretation of data, development of conceptual models, and selection of
model parameters all require professional analysis and judgment. The
analyst’s final data set is based on available data, use of the parameter
in the computational model, behavior of analogous systems, and the
analyst’s own expert judgment.

The WIPP Project will use more formalized expert judgment for some
parameters or models identified as being important to WIPP performance in
cases where significant uncertainty exists in the available data and
conceptual models and experimental or field data cannot be practicably
obtained. In these instances, formal elicitations will provide probability
distributions for model parameters. These distributions may be used to
provide guidance to the Project until experimental or field data become
available, or, in those cases where direct acquisition of data is
impossible or unrealistic, the elicited distributions may form part of the

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

Formal elicitation offers a structured procedure for gathering opinions
from a panel of professionals with the recognized training and experience
to address a specific problem. The process encourages diversity in
opinions and thus guards against understating uncertainty. In addition,

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
result from formal elicitation represent the current state of knowledge and
provide a consensus of understanding, but they do not create information.
An important aspect of elicitation, either during or following the process,
is examining the manner in which new data may improve understanding. As
new observations are made, the state of knowledge is refined. Thus far,
expert panels have provided estimates of solubility and sorption parameters
for selected radionuclides (Trauth et al., 1992). Additional expert panels
may be convened to quantify other parameters and thus address the
uncertainty in using those important data sets and associated conceptual
models.

WIPP performance assessment must also address the potential for human
intrusion and the effectiveness of passive institutional controls to deter
such intrusion. An expert panel has already provided judgment on future
societies’ possible technical capabilities, needs, and social structures
(Hora et al., 1991). An additional panel has developed marker
characteristics to maximize both marker lifetimes and information that
could be communicated to future generations. These panel judgments were
used in the 1992 performance assessment and are discussed in Volumes 2 and
3 of this report. Another expert panel is under consideration to develop
strategies for barriers to intrusion-by-drilling.

One type of uncertainty that cannot be completely resolved is the
validity of various conceptual and computational models for predicting
disposal-system behavior 10,000 years into the future. Although models
will be validated using available site or analog data to the extent
possible, expert judgment will be relied upon where validation is not
possible. Uncertainties arising from the numerical solutions of a
mathematical model are resolved in the process of verification (checking
for numerical accuracy) of computer programs. Uncertainty resulting from
the scenarios selected for modeling is most appropriately addressed in
scenario development through a systematic and thorough examination of
possible scenario components (events and processes); in scenario screening
based on probability, consequence, physical reasonableness, and regulatory
guidance; and in probability assignment by the techniques used for
evaluation or estimation. Expert judgment to evaluate completeness and
provide estimates of probabilities for events and processes may also be
necessary (US DOE, 1990a).

Quality assurance (QA) procedures for performance assessment control
analysis results in three areas—data, software, and analysis—and two
subareas—elicitation of judgments from expert panels and documentation.

QA procedures for data on facility design and geologic model parameters
control traceability and documentation of data (Rechard et al., 1992a). QA
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP

procedures for software ensure that it performs as expected during the
analysis by controlling traceability, retrievability, verification, and
documentation (Rechard et al., 1991). QA procedures for analysis provide a
framework and process so that analysis results present a reliable view of
WIPP performance based on the present knowledge by controlling
traceability, validation, personnel qualifications, data use, and peer
review (Rechard et al., 1992b). QA procedures for documentation ensure
that sufficient documented information is available to record how analyses
were performed and how decisions were reached by specifying technical,
management, and critical peer reviews (Rechard et al., 1992b).

3.3.5 Compliance Assessment

The Standard assumes that the results of the performance assessment for
§ 191.13(a) will be incorporated, to the extent practicable, into an
overall probability distribution of cumulative release. In Appendix B of
the Standard, the EPA assumes that, whenever practicable, results can be
assembled into a single complementary cumulative distribution function
(CCDF) that indicates the probability of exceeding various levels of summed
normalized cumulative releases (US EPA, 1985, p. 38088) (Figure 3-3).

Descriptions of a procedure for performance assessment based on the
construction of a CCDF are available (Pepping et al., 1983; Hunter et al.,
1986; Cranwell et al., 1987, 1990; Campbell and Cranwell, 1988; Rechard,
1989; Helton, in press). The construction of CCDFs follows from the
development of scenario probabilities and the calculation of scenario
consequences. Further, the effects of different types of uncertainties can
be shown by constructing families of CCDFs and then reducing each family to
a single CCDF. The construction of families of CCDFs and various summary
CCDFs is described in Volume 2 of this report.

Currently, CCDF curves for single scenarios and single conceptual

models are used extensively in performance-assessment sensitivity analysis
for comparing alternative conceptual models (Helton et al., 1991, 1992).
Such CCDF curves do not establish compliance or noncompliance, but they
convey vital information about how changes in model assumptions or

parameter distributions may influence performance (Bertram-Howery and
Swift, 1990).

Preliminary performance assessments are performed periodically for the
WIPP to provide interim guidance to the Project as it prepares for final
compliance evaluations. No "final" CCDF curves yet exist because the
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Figure 3-3. Hypothetical CCDF illustrating compliance with the Containment
Requirements (after Marietta et al., 1989).
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP

modeling system is incomplete and some input parameters have yet to be
fully specified. Final probabilities for specific scenarios and many
parameter-value distribution functions are still undetermined (see

Volumes 2 and 3 of this report); therefore all CCDF curves presented in
this report are preliminary. Although the compliance limits are routinely
included on plots as reference points, the currently available curves
should not be used to judge compliance with the Containment Requirements
because the curves reflect an incomplete modeling system (Volume 2 of this
report) and incomplete data (Volume 3 of this report) and because the
Standard has not been repromulgated.

3.3.6 "Reasonable Expectation" of Compliance

The EPA assumes that a single CCDF will incorporate all uncertainty
(US EPA, 1985, p. 38088). The Containment Requirements (§ 191.13(a)) state
that, based upon performance assessment, releases shall have probabilities
not exceeding specified limits. Appendix B of the Standard states that
"the [EPA] 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)" (US EPA, 1985, p. 38088). However,
§ 191.13(b) states:

"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."

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

"The [EPA] 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
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Containment Requirements
"Reasonable Expectation” of Compliance

predictions to determine compliance may not be appropriate; the
implementing agencies may choose to supplement such predictions
with qualitative judgments as well."

Thus, the EPA assumes that satisfying the numeric requirements is
sufficient to demonstrate compliance with § 191.13(a) but not mandatory. A
basis for concluding that a system provides good isolation can include
qualitative judgment as well as quantitative results and thus does not
totally depend upon the calculated CCDF. As discussed in the "Test Phase
Plan" currently being prepared by the DOE, and in the Technical Needs
Assessment report (US DOE, 1992a), the likelihood that excess releases will
occur must be considered in the qualitative decision about a "reasonable
expectation" of compliance but is not necessarily the deciding factor.

In the supplementary information published with the Standard, the EPA
states that "the numerical standards chosen for Subpart B, by themselves,
do not provide either an adequate context for environmental protection or a
sufficient basis to foster public confidence..." (US EPA, 1985, p. 38079).
The EPA also states that "factors such as [food chains, ways of life, and
the size and geographical distributions of populations] cannot be usefully
predicted over [10,000 years]....The results of these analyses should not
be considered a reliable projection of the 'real’ or absolute number of

health effects resulting from compliance with the disposal standards"
(US EPA, 1985, p. 38082).

The EPA recognizes that too many uncertainties exist in projecting the
behavior of natural and engineered components for 10,000 years and that too
many opportunities for errors in calculations or judgments are possible for
the numerical requirements to be the sole basis for determining the
acceptability of a disposal system (US EPA, 1985, p. 38079). Qualitative
Assurance Requirements (discussed further in Section 3.4 of this volume)
were included in the Standard to ensure that "cautious steps are taken to
reduce the problems caused by these uncertainties." These qualitative
Assurance Requirements are "an essential complement to the quantitative
containment requirements” (US EPA, 1985, p. 38079). Each qualitative

requirement was chosen to compensate for some aspect of the inherent
uncertainty in projecting the future performance of a disposal system (see
Section 3.4 of this volume). The Assurance Requirements begin by declaring
that compliance with their provisions will "provide the confidence needed
for long-term compliance with the requirements of 191.13" (§ 191.14).
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Chapter 3. Application of 40 CFR Part 191, Subpart B, to the WIPP

Determining compliance with Subpart B depends on the estimated overall
probability distribution of cumulative releases and on the estimated annual
doses; however, it also depends on the strength of the assurance strategies
(US DOE, 1987, currently in revision) that will be implemented and on the
qualitative judgment of the DOE and its analysts. The preceding discussion
demonstrates the EPA’s recognition of the difficulties involved in
predicting the future and in quantifying the outcomes of future events.

The EPA expects the DOE to understand the uncertainties in the disposal
system’s behavior to the extent practical, while recognizing that
substantial uncertainties will nevertheless remain.

3.4 Assurance Requirements

The EPA included Assurance Requirements (§ 191.14) in the 1985 Standard
to provide confidence the agency believes is needed for long-term
compliance with the Containment Requirements. These requirements apply
only to disposal systems not regulated by the NRC, because comparable
provisions exist in NRC regulations. The Assurance Requirements are
designed to complement the Containment Requirements because of the
uncertainties involved in predicting long-term performance of disposal
systems (US EPA, 1985, p. 38072).

Each Assurance Requirement applies to some aspect of uncertainty about
long-term containment:

Limiting reliance on active institutional controls to 100 years
precludes relying on future generations to maintain surveillance;

Carefully planned monitoring will reduce the likelihood of
unexpectedly poor system performance going undetected;

Using passive institutional controls such as markers and records
will reduce the chances of inadvertent or systematic intrusion;

Including multiple barriers, both engineered and natural, will
reduce the risk should one type of barrier not perform as

expected;

Considering future resource potential and demonstrating that the
favorable characteristics of the disposal site compensate for the
likelihood of disturbance will add to the confidence that the
chosen site is appropriate;

Selecting a disposal system that permits possible future recovery
of most of the wastes for a reasonable period of time after
disposal will allow future generations the option of relocating
the wastes should new developments warrant such recovery (US DOE,
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1990d). In promulgating the Standard, the EPA stated that "the
intent of this provision was not to make recovery of waste easy or
cheap, but merely possible...because the [EPA] believes that
future generations should have options to correct any mistakes
that this generation might unintentionally make" (US EPA, 1985,

p. 38082). The EPA also stated that "any current concept for a
mined geologic repository meets this requirement without any
additional procedures or design features" (US EPA, 1985, p. 38082,
emphasis in original).

3.5 Individual Protection Requirements

The Individual Protection Requirements (§ 191.15) of the Standard
require predicting potential doses to humans resulting from releases to the
accessible environment for undisturbed performance during the first 1000
years after decommissioning of the repository, in the event that
performance assessments predict such releases. Although challenges to this
requirement contributed to the remand of Subpart B to the EPA, the WIPP
Project has made no assumptions about how the requirement may change when
the Standard is repromulgated.

The methodology developed for assessing compliance with the Containment
Requirements can be used to estimate doses as specified by the Individual
Protection Requirements. One of the products of scenario development for
the Containment Requirements is a base-case scenario for the WIPP that
describes undisturbed conditions. The undisturbed performance of the
repository is its design-basis behavior, including variations in that
behavior resulting from uncertainties in the 10,000-year performance of
natural and engineered barriers and excluding human intrusion and unlikely
natural events, as defined in §191.12(p):

"'‘Undisturbed performance’ means 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."

Undisturbed performance for the WIPP is understood to mean that
uncertainties in such repository features as engineered barriers (seals and
plugs) must be specifically included in the analysis of the predicted
behavior (US DOE, 1990a). Human intrusion means any human activity other
than those directly related to repository characterization, construction,
operation, or monitoring. The effects of intrusion are specifically
excluded from the undisturbed-performance analysis (US DOE, 1989).

Because of the relative stability of the natural systems within the
region of the WIPP disposal system, all events and processes that are
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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
assumed to represent undisturbed performance (Marietta et al., 1989).
Unlikely natural events not included in undisturbed performance of the WIPP
are those events and processes that have not occurred in the past at a
sufficient rate to affect the Salado Formation at the repository horizon
within the controlled area and potentially cause the release of
radionuclides.

The EPA assumes in Appendix B to the Standard that compliance with the
Individual Protection Requirements "can be determined based upon best
estimate predictions" rather than a probabilistic analysis. Thus,
according to the EPA, when uncertainties are considered, only "the mean or
median of the appropriate distribution, whichever is higher," need fall
below the limits (US EPA, 1985, p. 38088).

The Individual Protection Requirements state that "the annual dose
equivalent from the disposal system to any member of the public in the
accessible environment” shall not exceed "25 millirems to the whole body or
75 millirems to any critical organ" (§ 191.15). These requirements apply
to undisturbed performance of the disposal system, considering all
potential release and dose pathways, for 1000 years after disposal. A
specifically stated requirement is that modeled individuals be assumed to
consume 2 L (0.5 gal) per day of drinking water from a significant source
of groundwater, as defined in the Standard:

"'Significant source of ground water’...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 year; or (2) an aquifer that provides the primary

source of water for a community water system as of [November 18,
1985]" (§ 191.12(n)).

No water-bearing unit at the WIPP meets the first definition of
significant source of groundwater at tested locations within the land-
withdrawal area. At most well locations, water-bearing units meet neither
requirement (i) nor (iii): total dissolved solids exceed 10,000 mg/L and
transmissivity is less than 200 gallons per day per foot (26.8 ft3/ft-day
or 2.9 x 1075 m3/mesec) (Siegel et al., 1991; Brinster, 1991). Outside the
land-withdrawal area, however, portions of the Culebra Dolomite Member do
meet the requirements of the first definition. The WIPP Project will
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Groundwater Protection Requirements

assume that any portion of an aquifer that meets the first definition is a
significant source of groundwater and will examine communication between
nonqualifying and qualifying portions. No community water system is being
supplied by any aquifer near the WIPP; therefore, no aquifer meets the
second definition of significant source of groundwater (US DOE, 1989).

Based on current evaluations, no units near the WIPP appear to meet the
entire definition of a significant source of groundwater. The nearest
aquifer that meets the first definition of a significant source of
groundwater over its entire extent is the alluvial and valley-fill aquifer
along the Pecos River. Communication between this aquifer and any other
aquifers near the WIPP will be evaluated in future analyses when an
improved model for regional groundwater flow is available (US DOE, 1989).
Studies will include reviewing and assessing regional and WIPP drilling
records and borehole histories for pertinent hydrologic information
(US DOE, 1990a).

No releases from the undisturbed repository/shaft system are expected
to occur within the 1000-year period of the Individual Protection
Requirements, nor within the 10,000-year period of the Containment
Requirements (Lappin et al., 1989; Marietta et al., 1989; WIPP PA Division,
1991b; WIPP PA Department, 1992; Chapter 5 of this volume). Therefore,
dose predictions for undisturbed performance are not expected to be
necessary. To date, analyses of undisturbed conditions indicate successful
long-term isolation of the wastes (see Chapter 5 of this volume).

3.6 Groundwater Protection Requirements

Special sources of groundwater are protected by the Groundwater
Protection Requirements (§ 191.16) from contamination at levels greater

than certain limits. "Special sources of groundwater" are defined as

"those Class I ground waters identified in accordance with the
[EPA'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 [DOE] 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)(1l)(B) of the
NWPA); and (3) are irreplaceable in that no reasonable alternative

source of drinking water is available to that population”
(§ 191.12(0)).
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Chapter 3. Application of 40 CFR Part 191, Subpart B, 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)."

As defined in the Groundwater Protection Requirements, no special

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
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(0)) is of regulatory interest.
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4. PERFORMANCE-ASSESSMENT METHODOLOGY

This chapter contains a brief and simplified overview of the
methodology used in WIPP performance assessment. A more complete discussion
is presented in Volume 2 of this report and in references cited therein.

The WIPP performance assessment represents risk as a triplet consisting
of the answers to the following three questions (Kaplan and Garrick, 1981):

(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?

The first question is answered by a systematic scenario construction
procedure that results in a set of comprehensive and mutually exclusive
scenarios for consequence analysis (Guzowski, 1990; Cranwell et al., 1990;
NEA, 1992b). Answering the second question requires that probability
estimates be made for the scenarios retained for analysis. A formal
elicitation procedure using expert panels has been recommended by other
programs (Hora and Iman, 1989; Andersson et al., 1989; Stephens and Goodwin,
1989; Bomnano et al., 1990) and employed by WIPP performance assessment.
Answering the third question requires a modeling system to estimate
consequences, expressed in terms of the performance measures of interest.
The WIPP performance assessment uses a Monte Carlo technique to examine
uncertainty in performance estimates and to perform sensitivity analyses
that provide guidance to the Project.

The WIPP performance assessment is iterative, and answers to each of
these three questions will be reexamined as the Project moves toward a final
regulatory compliance evaluation. Thus, the set of scenarios selected for
consequence analysis may change as new information dictates (although the

scenarios examined in 1992 are essentially unchanged from 1991). Scenario

probabilities have changed as expert judgment is incorporated, and the

modeling system continues to change as new models and data become available.

4.1 Scenarios

WIPP performance assessment uses a formal scenario-selection procedure
consisting of five steps (Cranwell et al., 1990): (1) compiling or adopting
a comprehensive set of events and processes that potentially could affect
the disposal system, (2) classifying the events and processes to aid in

4-1



W O N o 0 s w0 N =

a4 a A =
w N = O

14

Chapter 4. Performance-Assessment Methodology

completeness arguments, (3) screening the events and processes to identify
those that can be eliminated from consideration in the performance
assessment, (4) developing scenarios by combining events and processes that
remain after screening, and (5) screening scenarios to identify those that
have little or no effect on the performance estimate. In the application of
this scenario-selection process to the WIPP, events and processes were
screened according to probability, consequence, and physical reasonableness.
Following guidance from the Containment Requirements of the Standard

(§ 191.13), those events and processes with a probability of less than 10-4
in 10,000 years were eliminated, as were those which would have little or no
consequence on performance or which would be physically unreasonable. This
screening process is summarized in Volume 2, Chapter 4 of this report, and
is described in detail in the 1991 documentation (Guzowski and Helton,
1991).

For the WIPP, the result of the scenario-selection process is a set of
eight scenarios constructed from three retained events (Figure 4-1). No
scenarios resulting from the selection process have been screened out.
Scenarios shown in Figure 4-1 that include the effects of subsidence due to
potash mining have not been included in the 1992 or previous performance
assessments, but the impact of subsidence events will be examined in future
analyses. The four scenarios analyzed in 1992 are discussed in the
following sections.

4.1.1 Undisturbed Performance (Base Case)

As defined in the Standard (§ 191.12(p)) and discussed in Section 3.5
of this volume, "‘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." The Standard does not define
"unlikely," but the WIPP Performance Assessment Department interprets the
probability cutoff of 10-% in 10,000 years proposed in Appendix B of the
Standard for the Containment Requirements (§ 191.13) to be a suitable
working definition for the term.

No disruptive natural events with probabilities greater than 104 in
10,000 years were identified during the scenario-selection procedure, so
"undisturbed performance" is the same as the "base case" scenario in Figure
4-1. Because of the relative stability of the natural systems within the
region of the WIPP disposal system, all naturally occurring events and
processes retained for scenario construction (e.g., climate variability) (1)
will occur, (2) are part of the base-case scenario, and (3) are
nondisruptive. The base-case scenario (Figure 4-2a) describes the disposal
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Undisturbed Performance (Base Case)
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Figure 4-1.

TS Is an Event in which Subsidence Results from
Mining of Potash

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

Potential scenarios for the WIPP disposal system. Each
scenario is a set of similar occurrences and a subset of all

possible 10,000-year histories beginning at decommissioning of

the WIPP.
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Scenarios
Inadvertent Human Intrusion

system from the time of decommissioning and incorporates all expected
changes in the system and associated uncertainties for the 10,000 years of
concern for the Containment Requirements (§ 191.13). Two potential
pathways for migration of radionuclides dissolved in brine are considered.
In the first path, brine may migrate either through drifts or through the
disturbed rock zone (DRZ) surrounding the excavation and anhydrite
interbeds (primarily MB139) to the shafts and then upward toward the
Culebra Dolomite Member of the Rustler Formation, which is the most
permeable water-saturated unit overlying the repository. Transport may
then occur laterally in the Culebra toward the subsurface boundary of the
accessible enviromment. In the second path, brine may migrate laterally
toward the subsurface boundary of the accessible environment within
anhydrite interbeds in the Salado Formation. Considered for only 1000
years, and with the addition of a water withdrawal well to provide a
potential pathway for radionuclides to reach humans, the base-case scenario
is also suitable for evaluations of undisturbed performance for the
Individual Protection Requirements (§ 191.15). Considering gas migration
pathways to the disposal-unit boundary and, if necessary, transport of
hazardous constituents in both gas and brine phases, the base-case scenario
is suitable for evaluations of undisturbed performance for 40 CFR 268.6
(RCRA) (see Volume 5 of this report).

4.1.2 Inadvertent Human Intrusion

Performance assessments for 40 CFR 191, Subpart B, presently
concentrate on inadvertent human intrusion during exploratory drilling for
resources, which has been demonstrated by past analyses (Marietta et al.,
1989; Bertram-Howery et al., 1990; WIPP PA Division, 1991la,b,c; WIPP PA
Department, 1992; see also Section 5.2 of this volume) to be the only event
likely to lead to radionuclide releases close to or in excess of regulatory
limits. Future drilling technology is assumed for these analyses to be
comparable to technology presently in use in the region around the WIPP.

If the waste-emplacement panels are penetrated by an exploratory
borehole, radionuclides may reach the accessible environment by two
principal pathways. First, some radionuclides will be transported up the
borehole directly to the ground surface. Second, additional radionuclides
transported up the borehole will migrate into overlying strata and may be

transported laterally in groundwater to the subsurface boundary of the
accessible environment.

Most releases at the ground surface will be in the form of particulate
waste entrained in the drilling fluid, including components from cuttings
(material removed by the drill bit), cavings (material eroded from the
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Chapter 4. Performance-Assessment Methodology

borehole wall by the circulating drilling fluid), and spallings (material
that enters the borehole as the repository depressurizes). For
convenience, these particulate releases are collectively referred to in
performance-assessment documentation as cuttings. For the 1992
calculations, results referred to as cuttings include cavings but do not
include spallings. If important, spallings will be included in future
performance assessments when models and data are available. Additional
discussion of the modeling of particulate releases at the ground surface
during drilling is provided in Volume 2, Section 7.7 of this report.
Release of radionuclides dissolved in brine that may flow up the borehole
to the ground surface both during drilling and after degradation of plugs
has not been included either in past performance assessments or in the
results presented in this volume. Volume 4 of the 1992 documentation will
contain preliminary analyses of the potential for releases by this
mechanism.

Subsurface releases of radionuclides following lateral transport in
groundwater are believed to be most likely to occur in the Culebra Dolomite
Member of the Rustler Formation overlying the repository. For analysis
purposes, subsurface transport is assumed to occur only in the Culebra,
maximizing the potential for releases by this pathway. Additional
discussion of flow and transport in the Culebra is provided in Volume 2,
Section 7.6 of this report.

Figures 4-2b and 4-3 illustrate the three representative intrusion
scenarios shown in Figure 4-1. 1In the El scenario (Figure 4-2b), a
borehole penetrates the repository and a hypothetical pressurized brine
reservoir in the underlying Castile Formation. In the E2 scenario (Figure
4-3a), a borehole penetrates the repository and misses the hypothetical
brine reservoir. In the ElE2 scenario (Figure 4-3b), one borehole
penetrates the repository and the hypothetical brine reservoir and a second

borehole penetrates the repository but misses the pressurized brine
reservoilr.

In all three of these intrusion scenarios, borehole plugs are assumed
to be emplaced and to perform so as to maximize fluid flow into the Culebra
Dolomite Member of the Rustler Formation. These plug configurations have
been chosen to facilitate examination of the specific scenarios, and do not
reflect the most realistic conditions expected. 1In the El and E2
scenarios, any plugs between the repository and the Culebra are assumed to
fail immediately, whereas plugs above the Culebra remain effective for
10,000 years. In the E1E2 scenario, a plug in the El-type borehole between
the repository and the Culebra remains effective and forces flow through
the waste and up the E2-type hole, where a plug above the Culebra forces
flow laterally toward the accessible-environment boundary. As noted above,
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Chapter 4. Performance-Assessment Methodology

consequences of alternative assumptions about plugging in which all plugs
degrade to a material with relatively high permeability (as suggested in
Appendix B of the Standard [US EPA, 1985, p. 38089]) and brine is allowed
to flow at the ground surface will be examined and documented in a
subsequent volume.

For improved computational resolution, the El, E2, and ElE2 scenarios
have been subdivided further into computational scenarios on the basis of
time of intrusion and activity of the waste intersected. As discussed in
Volume 2, Chapter 4 of this report, subsurface radionuclide releases
following groundwater transport in the Culebra are calculated in the 1992
performance assessment only for intrusions occurring 1000 years after
decommissioning. Because of the decreased time available for transport,
later intrusions are expected to result in smaller releases. As in 1991,
for computational efficiency, El-type intrusions are not analyzed
explicitly, but rather are assumed to have the same consequences as E2-type
intrusions (WIPP PA Division, 1991b). Releases of cuttings are calculated
for six time intervals, including intrusions at 125, 175, 350, 1000, 3000,
and 7250 years. Multiple intrusions are allowed, with a maximum number of
10 occurring in simulations used in the 1992 analyses.

4.2 Probabilities of Scenarios

Identifying the probability of future human intrusion is at best a
qualitative task. Preliminary performance assessments for the WIPP prior
to 1990 considered a fixed number of human intrusions with fixed and
arbitrary probabilities (Marietta et al., 1989; Guzowski, 1991). The 1990
preliminary assessment (Bertram-Howery et al., 1990) compared performance
assuming fixed probabilities for intrusion events with performance
estimated assuming that intrusion through the repository follows a Poisson
process (i.e., intrusion events are random in time and space) with a rate
constant, A. The 1991 assessment (WIPP PA Division, 1991a,b) included a
probability model based on the Poisson assumption and also included effects
of variable activity loading with boreholes intersecting waste of five
different levels of radioactivity (Helton et al., 1992). Based on guidance
in Appendix B of the Standard, a maximum of 30 boreholes/km? were allowed

in 10,000 years, although the largest number to occur in any realization
was 10 per 0.5 km2.

The 1992 preliminary performance assessment marks the first use for
the WIPP of external expert judgment to estimate the probability of future
intrusion. Teams of experts from outside the WIPP Project were selected
and organized into two panels to address (1) the nature of future societies
and the possible modes of intrusion, and (2) types of markers and their
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Scenario Consequence Modeling

potential effectiveness in deterring intrusion (Hora et al., 1991;
memorandum by Hora in Volume 3, Appendix A of this report). The judgments
elicited from these panels were used to construct an algorithm describing
possible changes in the Poisson rate constant, A, with time (memorandum by
Hora in Volume 3, Appendix A of this report). The 1992 preliminary
performance assessment presents results calculated both using the 1991
time-invariant formulation for X and the time-dependent formulation based
on external expert judgment. Both formulations used the same
representation for variable activity loading used in the 1991 performance
assessment (Helton et al., 1992). The time-dependent formulation including
the deterrence effect of markers resulted in significantly fewer intrusions
(a maximum of 3 for intrusions occurring at 1000 years and 4 for the 6
intrusion times) than the time-invariant formulation (a maximum of 8 for
intrusions occurring at 1000 years and 10 for 6 intrusion times).

4.3 Scenario Consequence Modeling

Consequence modeling for WIPP performance assessment uses a linked
system of computational models to describe the disposal system and a Monte
Carlo technique that relies on multiple simulations using sampled values
for selected input parameters to quantify uncertainty in the performance
estimate. A full analysis includes selecting imprecisely known parameters
to be sampled, constructing distributions for each of these parameters
incorporating available data and subjective information, generating a
sample from these variables, and calculating consequences for each sample
element. Consideration of alternative conceptual models (defined in
Section 3.3.4 of this volume), which may require different input parameters
and perhaps different computational models, at present is included by
repeating the full analysis for each conceptual model to assess uncertainty
among alternative models. Results for preliminary comparison with 40 CFR
191, Subpart B, are usually displayed in terms of complementary cumulative

distribution functions (CCDFs), which are plots of exceedance probability
versus consequence. The consequence measure for § 191.13 is the EPA

normalized sum, as discussed in Section 3.3.2 of this volume and in Volume

3, Section 3.3.4 of this report. Construction of CCDFs is discussed in
Volume 2, Chapter 3 of this report.

Uncertainty and sensitivity analyses use a Latin hypercube sampling
technique followed by stepwise rank regression analysis (Iman and Helton,
1985; Helton et al., 1991, 1992). 1In other sensitivity analyses for
alternative conceptual models, specific parameter groups are assigned fixed
values corresponding to extreme and median values, and all other parameters
in the data base are sampled probabilistically over the full range of

possible values. A parameter or group of parameters is thus tested ceteris
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Chapter 4. Performance-Assessment Methodology

paribus (all other things being equal) within a Monte Carlo simulation
(Helton et al., 1991). To compare with the Standard for each conceptual
model, results are assembled into CCDF plots of probability versus
10,000-year normalized cumulative radionuclide release, as recommended in
the guidance to the Standard. The technique isolates effects of variations
in parameter groups (used to represent alternative conceptual models) on
predicted performance. Priorities can then be suggested for future
modeling and experimental research.

4.3.1 Computational Models

Major computer programs (codes) used in the computational models for
the 1992 preliminary performance assessment (Figure 4-4) are described in
detail in Volume 2 of this report. They reflect improvements in the
conceptual and numerical models used in the 1991 and previous performance
assessments, and permit the replacement of simplifying assumptions with
more realistic models. Three of the most significant improvements in 1992
are discussed here.

The 1992 calculations mark the first time the effects of salt creep
have been explicitly included in performance assessments. Salt will deform
over time by creep in response to a pressure gradient, and, if the
repository remained at atmospheric pressure, lithostatic stresses would
cause it to close almost completely within 100 years (Tyler et al., 1988;
Munson et al., 1989a,b). Gas will be generated within the repository by
degradation of the waste, however, and pressure within the repository will
rise to elevated levels that will retard complete creep closure and may
perhaps partially reverse the process. In 1991, no model was available to
describe the coupled interaction of creep closure and gas pressurization,
and the performance-assessment calculations used a simplifying assumption
that porosity within the disposal region would remain constant through
time. As discussed in detail in Volume 2, Section 7.3 of this report, the
1992 calculations use output from the geomechanical code SANCHO (Stone et
al., 1985) to define the porosity of the waste as a function of pressure.

Although this method does not represent a full coupling of creep closure
and gas generation, the modeling improvement allows the performance
assessment to evaluate the importance of changing void volume in the
repository. An analysis of the impact on performance of including salt
creep is included in Volume 4 of this report.

The method used to incorporate spatial variability in the
transmissivity field in the Culebra has been modified significantly from
that used in 1991. The Performance Assessment Department now uses an

automated inverse approach to calibrate a two-dimensional model to both
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Chapter 4. Performance-Assessment Methodology

steady-state and transient pressure data generating multiple realizations
of the transmissivity field (Volume 2, Section 7.5 of this report; LaVenue
and RamaRao, 1992). Seventy calibrated fields were sampled for use in the
1992 performance assessr 1t.

Radionuclide transport in the Culebra, which had been simulated using
STAFF2D (Huyakorn et al., 1991) in the 1991 performance assessment, is now
simulated by the SECO-TP code (Volume 3, Section 1.4.6 of this report).
SECO-TP is a dual-porosity model in which advective transport is allowed
only in fractures, and diffusion of solute occurs into the rock matrix
surrounding the fracture. The fracture system is idealized as planar and
parallel, and each fracture wall may be coated with a layer of clay of
uniform thickness and porosity. The model is capable of simulating both
physical retardation by diffusion and chemical retardation by sorption in
both clay fracture-linings and dolomite matrix.

Several significant improvements remain to be made in the performance-
assessment modeling system. Specifically, the model used in 1992 for
groundwater flow in the Culebra does not include possible effects of
subsidence related to potash mining or a representation of recharge that
includes present or future vertical groundwater flow within the Rustler
Formation (leakage). The model used to represent the response of the
repository and the surrounding strata to the generation of gas by waste
degradation does not include effects of possible pressure-dependent
fracturing of anhydrite layers within the Salado Formation. Modeling
system improvements also remain to be made with respect to gas generation,
the conceptual three-dimensional model for regional groundwater flow, the
impact of spallings and direct flow of brine up a borehole to the surface,
transport of radionuclides as colloids, and possible correlations between
input parameters used in computational models. Consequences of these
aspects of disposal-system performance will be examined in future analyses
as additional information becomes available.

4.3.2 Distributions for Imprecisely Known Variables

The complete data base used in the 1992 preliminary performance
assessment is presented in Volume 3 of this report, and includes ranges and
cumulative distribution functions (cdfs) for all sampled parameters and
median values for all non-sampled parameters. Ranges for parameter values
have been selected by WIPP Project researchers in their respective fields.
The selection of parameters to be sampled is based on previous sensitivity
analyses and, to some extent, on subjective judgment by the researchers on
the importance of the parameters. Distribution functions for parameters
have been assigned by the Performance Assessment Department using available
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Distributions for Imprecisely Known Variables

data and the maximum entropy formalism (MEF), which minimizes the amount of
spurious information that enters into cdf construction from sparse data or
limited quantitative information (Tierney, 1990). For WIPP performance
assessment, the MEF serves as a consistent mathematical procedure for
deriving cdfs for imprecisely known variables from a set of quantitative
constraints on the form of the distribution (e.g., range, mean, variance,
or different percentiles). Two empirical distributions are particularly
important. When measured data are available, the empirical cdf is
piecewise uniform. Following the MEF, the empirical cdf is modified by
joining the empirical percentile points (including extrapolated end points)
with straight lines, resulting in a piecewise linear cdf. When data are
not available and subjective point estimates are supplied by experts, the
cdf is again piecewise linear and constructed by linearly connecting the
subjective point estimates. Judgments that are made by experts are a
snapshot of the current state of knowledge. As new observations are made
for important parameters, this state of knowledge and the cdf are refined.

To supplement the available information for constructing the required
cdfs, several expert panels were convened and a formal elicitation process
was used (Bonano et al., 1990; Hora and Iman, 1989). A formal elicitation
of expert opinion includes five components: selection of issue and issue
statement, selection of experts, elicitation sessions, recomposition of an
expert’s opinion and aggregation of group opinion, and documentation. As
did the 1991 performance assessment, the 1992 analyses include the outcomes
of formal elicitations from two expert panels on important geochemical
parameters. A source-term panel provided subjective point estimates for
constructing logarithmic piecewise linear cdfs of radionuclide solubilities
in disposal-room brine, and a second panel on radionuclide retardation in
the Culebra provided estimates for distribution coefficients (Trauth et
al., 1992). Members of the source-term panel concluded they could not make
judgments about suspended-solids concentrations because of a lack of
experimental data and consequently limited knowledge on colloids and their
formation. The retardation panel estimated distribution coefficients (Kgs)
for fracture clays and matrix dolomite using available data. Experimental
programs have been initiated that will provide WIPP-specific data on both
the source term (dissolved species and colloids) and retardation in the
Culebra (US DOE 1992a,b).

The 1992 WIPP performance assessment selected 49 imprecisely known
variables (including, for example, uncertain material properties of the
waste, the Salado Formation, and the Culebra Dolomite) for consideration in
the human-intrusion scenarios (Volume 3, Tables 6.0-1, 6.0-2, and 6.0-3 of
this report). Values sampled from the distributions assigned to these 49
variables were used to construct 70 vectors of sampled parameters to use in

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
analyzed explicitly (E2 and E1E2), performance estimates reported for each
conceptual model considered are based on 140 realizations of the full

modeling system.

4.3.3 Generation of the Sample Elements

WIPP performance assessment uses a stratified sampling technique
called Latin hypercube sampling (LHS) that ensures full coverage of the
range of each sampled variable (McKay et al., 1979). The range of each
variable is divided into N intervals of equal probability, and one value is
randomly selected from each interval. The N values of the first parameter
are randomly paired with the N values of the second parameter, and so on,
until N sample elements (vectors) are obtained. This procedure ensures
that the distribution tails are sampled and is a more efficient technique
than simple random sampling in that fewer sample elements are required for
a Monte Carlo analysis. The size of N (70 for the 1992 performance
assessment) is selected based on the observation that a sample size of 4/3
times the number of sampled parameters is generally sufficient to capture
variability in independent input parameters (Iman and Helton, 1985).

Most of the uncertain variables that were sampled during the 1992
performance assessment were assumed to be independent, although some are
expected to be correlated in some way. For example, local porosity is
probably correlated with local permeability in most media, but the
correlation structure is unknown. Controlling correlation within a sample
for Monte Carlo analysis is important to ensure that uncertainty and
sensitivity analysis results are meaningful. WIPP performance assessment
uses a rank correlation (i.e., on rank-transformed variables instead of on
the original raw data) technique that effectively captures variable linkage
while maintaining the integrity of the LHS intervals (Iman and Conover,
1982; Helton et al., 1991). However, the correlation structure for most of
the uncertain variables that are expected to be correlated has not yet been
adequately addressed. Future performance assessments will test approaches
for dealing with these unknown correlations.
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5. RESULTS OF THE 1992 PRELIMINARY COMPARISON
WITH 40 CFR 191, SUBPART B

Results from the 1992 preliminary performance assessment are presented
for informal comparison with the Containment Requirements and the
Individual Protection Requirements of the Standard. Although not based on
the 1992 preliminary performance assessment, the status of preliminary
compliance with the Assurance Requirements and the Groundwater Protection
Requirements is also discussed.

5.1 Containment Requirements

Compliance with the Containment Requirements is evaluated using CCDF
curves that graph exceedance probability versus cumulative radionuclide
releases for all significant scenarios. Results presented here are not
suitable for final compliance evaluations because portions of the modeling
system and data base are incomplete, conceptual-model uncertainties are not
included, final scenario probabilities remain to be determined, the level
of confidence in the results remains to be established, and the final
version of the Standard has not been promulgated. Uncertainty analyses
required to establish the level of confidence in results will be included
in future performance assessments as advances permit quantification of
uncertainties in the modeling system and the data base.

5.1.1 Previous Studies

Preliminary comparisons of the estimated performance of the WIPP with
the Containment Requirements have been published iteratively since 1989
(Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP PA Division
1991a). Annual sensitivity analyses have helped identify areas where
improvements in the modeling system can increase overall confidence in the
performance estimate (Helton et al., 1991, 1992), and each subsequent

iteration of performance assessment has represented a significant advance
over the preceding iteration.

The 1991 preliminary comparison indicated that, for the conceptual and
computational models, parameter values, and scenario probabilities believed
by the WIPP PA Department at that time to best represent the behavior of
the disposal system, the mean CCDF lay an order of magnitude or more below
the EPA compliance limits (WIPP PA Division, 1991a). As is also true for
the 1992 preliminary comparison, the 1991 performance estimate could not be
considered defensible for a final compliance evaluation. Results of

5-1



pry

© ® N O O Hh W N

W NN DD DN DN RNDDD 2 a a2 a4 s
aggk’)(—u‘owm\IO)U'IJS(AJN—‘OCDG)\IG)U'Iwa—‘O

HOh Bh bAoA WW W W
H OO N =2 O © 0o NO

Chapter 5. Results of the 1992 Preliminary Comparison
With 40 CFR 191, Subpart B

uncertainty and sensitivity analyses conducted as part of the 1991
performance assessment have, however, provided valuable guidance to the
Project as it moves toward a final compliance evaluation.

5.1.2 1992 Preliminary Comparison

The 1992 performance assessment has concentrated resources on analyzing
the impact of specific sources of uncertainty on the performance estimate.
Fewer times of intrusion have been considered (to allow allocating
resources to simulation of alternative conceptual models), and the 1992
results are therefore less suitable in that sense for direct comparison to
the EPA limits than were the 1991 results. In all other ways, however, the
1992 performance assessment reflects a more realistic representation of the
future behavior of the disposal system. As described in Chapter 4 of this
volume and Volume 2 of this report, major modeling improvements have been
made in coupling creep closure of the repository to gas pressurization, in
accounting for spatial variability of transmissivity in the Culebra
Dolomite Member of the Rustler Formation, and in simulating radionuclide
transport in the Culebra. As described in Volumes 2 and 3 of this report,
other improvements have been made throughout the modeling system and the
data base. As described in Chapter 4 of this volume, improvements remain
to be made in many areas, including modeling of possible pressure-dependent
fracturing of anhydrite interbeds in the Salado Formation, modeling of
three-dimensional groundwater flow in the Rustler Formation, modeling of
gas-generation processes, and acquisition of experimental data for actinide
solubilities and retardations.

The 1992 preliminary comparison examines uncertainty resulting from
imprecisely known values for input parameters and the impact of two
additional sources of uncertainty: the probability of human intrusion, and
the choice of conceptual model for transport in the Culebra. Past
preliminary comparisons have shown that the location of the mean CCDF is
sensitive to assumptions made about both sources (Bertram-Howery et al.,
1990; Helton et al., 1992). Because the emphasis here is on the relative
position of the CCDFs calculated with each set of assumptions, all figures
shown here are comparisons of two or more CCDFs calculated using either
different probabilities or alternative conceptual models (see Section 3.3.4
of this volume for definitions of conceptual model and alternative
conceptual models). For simplicity, only mean curves are shown. The
complete families of CCDFs (with a single curve for each of the 70 vectors)
will be shown in an appendix of Volume 4 of this report for each case
considered, together with summary plots showing the mean, median, 10th
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
of this report.

5.1.2.1 CASES CONSIDERED FOR ANALYSIS IN 1992

Cases considered for analysis were defined on the basis of the choice
of probability model for human intrusion (fixed rate constant versus time-
dependent rate constant based on expert-panel judgment), the mode of
release (cuttings versus subsurface transport), and the choice of
conceptual model for radionuclide transport in the Culebra (single porosity
versus dual porosity, with and without chemical retardation). All cases
are compared ceteris paribus, and all computational models and parameter
values (both fixed and sampled), except those used in the conceptual models
being compared, are identical throughout. All releases from groundwater
transport are calculated at the subsurface projection of the land-
withdrawal boundary (see Section 1.1 of this volume), 2.4 km south of the
southern waste panels. Travel paths in the sampled transmissivity fields
are not straight lines, and are somewhat greater in length than the minimum
2.4 km (LaVenue and RamaRao, 1992).

5.1.2.1.1 Intrusion Probability Models

The intrusion probability models are described in detail in Volume 2,
Chapter 5 of this report. Both are based on the assumption that intrusion
events will follow a Poisson process, and be random in time and space. One
model, referred to as the "constant A" model, is identical to that used in
1991 (WIPP PA Division, 1991a,b). The rate constant A used in the Poisson
model is assumed to be time-invariant, and is sampled from a uniform
distribution with a range from zero to a maximum value that allows 30
boreholes/kmZ 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
intrusion that need be considered (US EPA, 1985, p. 38089), which occurs in
the Poisson model with a low probability. For the 70 vectors used in the

1992 analyses, the largest number of intrusions in the 0.5 km? of the
waste-disposal area was 10, rather than the potential maximum of 15,

Guidance from the EPA in Appendix B of the Standard indicates that the
DOE "should consider the effects of each particular disposal system's site,
design, and passive institutional controls in judging the likelihood and
consequences of ... inadvertent exploratory drilling" (US EPA, 1985, p.
38089). The second probability model, referred to as the "time-dependent
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
(Hora et al., 1991; memorandum by Hora in Volume 3, Appendix A of this
report). Specifically, these panels considered (1) future societies and
their means and motives for intruding into the WIPP, and (2) the design and
potential efficacy of passive markers that might deter such intrusion.
Judgment elicited from these panels was used to construct an alternative
probability model for human intrusion (memorandum by Hora in Volume 3,
Appendix A of this report). Two important aspects of the model need
emphasis. First, the expert panels did not believe intrusions were equally
likely at all times during the 10,000-year period; the rate constant X
therefore varies as a function of time. Intrusions are in general more
likely at early times. The panel judged that exploratory drilling and
hydrocarbon development would be likely to end in the next 300 to 500 years
because of resource depletion and/or shifting from a hydrocarbon-based
economy. Second, the expert panels concluded that intrusion was not as
likely as suggested by the EPA's guidance on the maximum number of
boreholes. The overall probability of intrusion based on the expert
judgment is significantly less than that predicted by the constant X model;
the largest number of intrusions occurring in 10,000 years in any of the 70
vectors using the time-dependent X model was 4.

5.1.2.1.2 Mode of Release

As in previous performance assessments, the 1992 results include two
modes of radionuclide release following human intrusion. Particulate waste
intersected by the drill bit (cuttings) and eroded from the borehole wall
by circulating drilling fluid (cavings) will be brought directly to the
ground surface. The radionuclides contained in this material are
collectively referred to here as cuttings. Radionuclide releases to the
accessible environment may also occur in the subsurface, as a result of
brine flow up the borehole and laterally through the Culebra. Modeling of
both pathways is described in detail in Volume 2 of this report.

Cuttings releases, which reach the accessible environment immediately
following intrusion, are sensitive to the radioactive decay history of the
inventory during the first 1000 years after decommissioning. Subsurface
releases, which require a relatively long period of transport to the
accessible environment, are believed to be less sensitive to the time of
intrusion because decay will continue to occur during transport. The 1992
performance assessment therefore uses different times of intrusion for
cuttings and subsurface releases. Greater resolution is provided for
cuttings releases, with intrusions considered at six times (100, 175, 350,

1000, 3000, and 7250 years after decommissioning). Only a single intrusion
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time (1000 years after decommissioning) is considered for subsurface
releases. This is the same intrusion time used in sensitivity analyses for
groundwater transport used in the 1991 performance assessment (Helton et
al., 1992).

5.1.2.1.3 Alternative Conceptual Models for Radionuclide Transport in the Culebra

Radionuclide transport in the Culebra is described in detail in Volume
2, Section 7.6 of this report. Three alternative conceptual models are
considered here. These alternative conceptual models are defined on the
basis of the presence or absence of chemical retardation, the presence or
absence of clay linings in fractures, and the presence or absence of
effective matrix porosity.

In the first conceptual model, referred to as the "fracture-only, Kg=0"
model, the Culebra is treated as a single-porosity medium with transport
occurtring only in fractures without clay linings. Distribution
coefficients (Kgs) are assumed to be zero, and neither physical nor
chemical retardation occurs. This model is not believed to be realistic
and is not supported by available data (Kelley and Pickens, 1986; Saulnier,
1987; Beauheim, 1987a,b, 1989; Jones et al., 1992). The model represents
one endpoint of a continuum of possible models, and is examined to provide
insights about the potential uncertainty introduced into the performance

assessment by the lack of knowledge about transport processes in the
Culebra.

The second conceptual model, referred to as the "dual-porosity, Kg=0"
model, treats the Culebra as a dual-porosity medium, with transport
occurring in clay-lined fractures and diffusion occurring into the pore
volume of both the clay lining and the dolomite matrix. Distribution
coefficients (Kg4s) are assumed to be zero, and no chemical retardation
occurs. The dual-porosity model is supported by available data from well
tests (Kelley and Pickens, 1986; Saulnier, 1987; Beauheim, 1987b,c, 1989;

Jones et al., 1992). Chemical retardation is believed likely to occur

(Trauth et al., 1992), but experimental data are not available to provide
defensible estimates of Kgs. This model is examined in part in fulfillment
of the requirements of the Agreement for Consultation and Cooperation
between the Department of Energy and the State of New Mexico (US DOE and
the State of New Mexico, 1981, as modified), which states that "[i]n the
absence of experimentally justifiable values, Kgq will equal zero, i.e., no
credit for retardation will be taken in the performance assessment
calculations.™
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The third conceptual model, referred to as the "dual-porosity, Ky=0"
model, is identical to the second conceptual model except that chemical
retardation does occur by sorption in both the clay linings and the
dolomite matrix. The WIPP Performance Assessment Department believes that
this model provides the most realistic representation of radionuclide
transport in the Culebra. The model cannot, however, be fully supported by
available data, nor can the alternative conceptual models presented above
be fully refuted at this time. Experimental programs, including
laboratory-scale radioactive tracer tests in progress in core samples from
the Culebra (US DOE, 1992b, and references cited therein) and
nonradioactive tracer tests planned for well locations in the Culebra
(Beauheim and Davies, 1992), will provide data to reduce uncertainty in the
conceptual model for transport in the Culebra.

These three conceptual models do not represent all possible
combinations of the three criteria used to define the transport model.
Dual-porosity models are also possible in which either clay linings or
matrix porosity are absent. Results calculated using these models are
discussed in Volume 4 of this report, together with more detailed analysis
of the three conceptual models examined here.

5.1.2.2 RESULTS OF THE PRELIMINARY COMPARISON WITH THE CONTAINMENT REQUIREMENTS

The uncertainty introduced into cuttings releases by the choice of
intrusion probability model is displayed in Figure 5-1. Cuttings are
calculated for six times of intrusion. Probabilities are lower for the
time-dependent A (At) case. As in previous performance assessments,
plateau-shaped steps in both curves reflect the use of different activity-
load categories (Helton et al., 1992). The larger number of intrusions
occurring for the constant A (Ay) case results in a smoother appearance.
Curves converge at low probabilities because those portions of the mean

CCDFs are dominated by releases from the low-permeability intrusions that
intersect waste of the highest activity levels.

Cuttings releases were recalculated for a single time of intrusion 1000
years after decommissioning to permit useful comparisons and combinations
with the subsurface releases calculated for intrusion at the same time.
Comparison of the cuttings-only CCDFs calculated for the constant X case
for six times of intrusion and a single time of intrusion provides a
measure of the information gained by considering releases from intrusions
at multiple times (Figure 5-2). Both probability and magnitude of
normalized releases are increased by less than one order of magnitude when
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Figure 5-1. Mean CCDFs calculated for cuttings releases only for six
intrusion times. Two Poisson models for the probability of

human intrusion are compared: one (Ag) is a constant ) model
in which a maximum of 30 boreholes/km2 may occur in 10,000
years; the other (At) is a time-dependent XA model in which the
Poisson rate constant A was based on expert panel judgment.

In both cases X 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
logarithmic scale only in the interval between 0 and 10-%4.
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intrusions at multiple times are considered. Although releases from
groundwater transport were not calculated for multiple time intervals in
1992, a similar comparison was made for subsurface releases from a dual-
porosity model in the 1991 performance assessment. Examination of Figures
4.1-2 (lower right frame) and Figure 5.1-4 (lower right frame) in Helton et
al. (1992) indicates that considering multiple time of intrusion (five
intervals in 1991) increases both probability and magnitude of low-
consequence releases less than one order of magnitude.

For the single-porosity, fracture-only conceptual model for transport
used in 1992, subsurface releases exceed cuttings releases in the low-
probability, high-consequence portion of the CCDF (Figure 5-3). The
smaller subsurface releases occur at a lower probability than the
comparable cuttings releases because not all intrusions resulted in
releases into the Culebra. No releases occurred in vectors where the
repository was not brine saturated at the time of intrusion and did not
completely resaturate with brine following intrusion, because brine from
the waste-disposal area did not flow up the borehole. Comparison of the
CCDFs for cuttings and subsurface releases indicates that, if the effects
of neither physical nor chemical retardation in the Culebra are included in
the analysis, radionuclide transport in the Culebra may be the mechanism
most likely to affect compliance with § 191.13 (Figure 5-3a). Even for the
higher probability, constant A case, however, the mean CCDF for cuttings
and subsurface combined transport lies below the EPA limits (Figure 5-3b).

Use of the dual-porosity, Kg=0 conceptual model for radionuclide
transport results in a reduction of subsurface releases compared to those
estimated using the single-porosity model (Figure 5-4). For the constant A
case, the inclusion of physical retardation (but not, in this example,
chemical retardation) shifts the location of the mean CCDF significantly in
the region likely to affect regulatory compliance. For the time-dependent
X case, the lower overall probability of intrusions causes the main
divergence between the single- and dual-porosity curves to occur at low
probabilities, off the scale used here. This observation suggests that
compliance with § 191.13 may be less sensitive to assumptions about the
conceptual model for transport in the Culebra for lower intrusion
probabilities.

Including the effects of chemical retardation as well as physical
retardation (the dual-porosity, Kg=0 conceptual model for transport)
results in releases that are further reduced below those estimated assuming
only physical retardation (Figure 5-5). Subsurface releases for the Kg=0
conceptual model are less than the estimated cuttings releases at all
probabilities (for the time-dependent X case, the mean CCDF indicates no
releases at this scale); the location of the mean CCDFs is determined
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Comparison of mean CCDFs for cuttings releases and releases
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entirely by the cuttings releases (compare to Figure 5-3a). Kgq values used
in these calculations were sampled from the same ranges used in the 1991
performance assessment, and are based on judgment elicited from a panel of
SNL experts. Kg values used in a final compliance evaluation will be based
on experimental data (US DOE, 1992b, and references cited therein).

5.1.2.3 DISCUSSION OF THE 1992 PRELIMINARY COMPARISON WITH THE CONTAINMENT
REQUIREMENTS

Results presented in the preceding section are consistent with the
conclusion made in previous preliminary comparisons that performance
estimates for the WIPP lie below the limits set by the Containment
Requirements (Bertram-Howery et al., 1990; WIPP PA Division, 199la). As
illustrated in Figure 5-6, consideration of alternative models for the
probability of human intrusion and radionuclide transport in the Culebra
provides insights into the relative impacts on performance of specific

components of the natural barrier system and institutional controls at the
WIPP.

The uppermost CCDF in Figure 5-6, labeled "Total, Single Porosity +
Cuttings, Ap" and calculated using the single-porosity and constant X
models, represents an estimate of the performance of the disposal system
with very little contribution from the natural barrier provided by
retardation in the Culebra and no contribution from the potential
institutional barrier that could be provided by passive markers, as
required by the Assurance Requirements. For the modeling system and data
base used in 1992, the mean CCDF for this case lies below the EPA limits.

The segments of a CCDF shown with a dotted line and labeled "Total,
Discharge from Borehole + Cuttings, Xp" display performance with no
contribution whatsoever from retardation in the Culebra. This CCDF is
unlike all others shown in this volume in that releases are not calculated
at the accessible environment, and therefore is not suitable for

comparison, preliminary or otherwise, with the Containment Requirements.

The curve displays releases directly into the Culebra (with cuttings also
included) from boreholes occurring at 1000 years, and therefore provides an
estimate of total releases if subsurface transport to the accessible
environment were instantaneous and complete. The curve shows repository
performance estimated with contributions from only the natural barrier
provided by the Salado Formation and the engineered barrier system.
Instantaneous and complete transport in the Culebra is physically
unrealistic, and this curve is displayed only for the purpose of comparison
with the curve described in the previous paragraph, which was calculated
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Figure 5-6. Comparison of mean CCDFs for total (cuttings plus subsurface)
releases from intrusions occurring at 1000 years showing the
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dominated completely by cuttings releases. Summed normalized
releases are displayed using an inverse hyperbolic sine scale,

which differs from a logarithmic scale only in the interval
between 0 and 10-%.
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Individual Protection Requirements

using the single-porosity and constant XA models. The two curves are
identical for most of their lengths. The differences between the curves
are caused by radioactive decay during transport, and rapid transport in
the single-porosity transport model in effect allows all sufficiently long-
lived radionuclides that enter the Culebra to be released to the accessible
environment within the 9000 years following intrusion.

The CCDF in Figure 5-6 labeled "Total, Dual Porosity + Cuttings, Kg=0,
Ao, " represents an estimate of the performance of the disposal system if
physical retardation by diffusion into the pore volume of the Culebra is
included as a part of the natural barrier system. The area between the
first and second CCDFs is a measure of the potential regulatory impact of
including physical retardation. Similarly, the next CCDF in Figure 5-6,
calculated using the dual-porosity, Kg=0, and constant X models, represents
an estimate of the performance of the disposal system if both physical and
chemical retardation in the Culebra are included in the natural barrier
system. The location of this third curve is determined entirely by
cuttings releases.

The final CCDF in Figure 5-6, calculated using the dual-porosity, Kg=0,
and time-dependent A models, shows the effect of including expert judgment
on the efficacy of passive markers in reducing the probability of human
intrusion. This final CCDF, also determined entirely by cuttings releases,
was calculated using what the WIPP Performance Assessment Department
believes at this time to be the most realistic conceptual model for the
disposal system, based on models and data available in 1992. As indicated
previously, results are preliminary, and none of the curves shown in Figure
5-6 are believed sufficiently defensible for use in a final compliance
evaluation.

5.2 Individual Protection Requirements

The Standard requires that an uncertainty analysis of undisturbed
conditions be performed to assess compliance with the Individual Protection

Requirements. 1In the case of the WIPP, the performance measure is dose to

humans in the accessible environment.

Thus far, evaluations indicate that radionuclides will not migrate to
the accessible environment boundary during 1000 years. Therefore, dose
calculations are not expected to be a part of the WIPP assessment of
compliance with the Standard. However, Subpart B is in remand.
Performance assessments will continue to evaluate compliance with the
Individual Protection Requirements of the 1985 Standard until a revised
Standard is promulgated.
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5.2.1 Previous Studies

Three previous studies reported doses to humans resulting from
hypothetical releases from the WIPP for selected scenarios (US DOE, 1980a;
Lappin et al., 1989, 1990). Although these studies employed deterministic
calculations and were not concerned with assessing compliance with the
Individual Protection Requirements, they had an important influence on the
design of probability-based dose calculations. An uncertainty analysis of
undisturbed performance was performed in a methodology demonstration for
WIPP performance assessment (Marietta et al., 1989). The relative
importance of various phenomena and system components was examined through
sensitivity analyses of four different repository/shaft models for
undisturbed conditions (Rechard et al., 1990b). Calculations for
undisturbed performance of the repository were not updated in the 1990
preliminary performance assessment (Bertram-Howery et al., 1990). However,
information about possible effects of gas generated within the repository
was obtained from the assessment of disturbed performance.

The approach adopted for the 1991 preliminary performance assessment
was to perform deterministic calculations to verify that, using the 1991
modeling system, previous conclusions of no releases in 10,000 years were
still valid. First, a two-dimensional horizontal simulation to assess the
migration of brine from the repository into the intact portion of MB139 was
performed. The calculation estimated the spatial scale that passive,
neutrally buoyant particles would be transported in advecting brine as a
result of maximum gas-generation rates in a waste panel. Second, a two-
dimensional simulation of a vertical section of the repository from waste
panels to the closest shaft was performed to assess migration of
radionuclides through the DRZ, panel seals, and backfilled excavations.
The calculation estimated the extent that radionuclides would be
transported in brine flowing toward and upward through sealed shafts as a
result of the pressure gradient between the Culebra Dolomite and a waste
panel that is pressurized with waste-generated gas. Least favorable bounds
for important parameter values (e.g., an inexhaustible source, no decay, no

retardation, the same solubility limit for all radionuclides, etc.) were
assumed.

Results of the horizontal simulation showed concentrations at 120 m
from the panels in the intact MB139 after 10,000 years to be 1 percent of
the source. Results of the vertical simulation including the shaft showed
EPA normalized sums (consequences) at 10,000 years of less than 10-2 at
20 m up the shaft and less than 1073 at 50 m up the shaft. The 1991
preliminary performance assessment indicated that no significant releases
occur at the shaft/Culebra intersection at 10,000 years.
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Sensitivity analyses of gas and brine migration provide further support
for the preliminary conclusion that radionuclides will not migrate to the
accessible environment from the undisturbed repository (WIPP PA Department,
1992). These analyses of 10,000-year undisturbed performance used a two-
dimensional vertical cross-section of the repository that included a
simplified representation of the shaft and shaft-seal system, and examined
flow of both brine and gas up the shaft and horizontally through anhydrite
interbeds toward the accessible environment. Analyses did not include salt
creep or pressure-dependent fracturing of anhydrite interbeds. Because
these analyses were primarily designed to provide guidance to the WIPP
Project for use in developing a strategy for evaluating compliance with the
RCRA (specifically, with 40 CFR 268.6, which states the conditions for land
disposal of hazardous wastes), emphasis was placed on gas migration, and
radionuclide transport was not included in the calculations. However, in
the selected analyses in which brine flow was tracked from the waste
panels, no brine that had been in contact with waste migrated past the
disturbed rock zone in 10,000 years. Because the only significant
transport of radionuclides from the WIPP will occur in brine, analyses of
brine migration provide an approximation of the maximum distance
radionuclides may travel.

5.2.2 1992 Preliminary Comparison

Results of the 1992 preliminary performance assessment for informal
comparison with the Individual Protection Requirements will be reported in
Volume 4 of this report.

5.3 Assurance Requirements

As prescribed in the Agreement for Consultation and Cooperation with
the State of New Mexico (US DOE and State of New Mexico, 1981, as
modified), the WIPP Project has prepared a plan for implementing the

Assurance Requirements of the 1985 Standard (US DOE, 1987). The plan is

preliminary because methods and technologies could evolve over the waste-
emplacement time frame. A draft of the revised Assurance Requirements Plan
(US DOE, 1987) is in review; however, the information in the following
sections is from the 1987 version unless otherwise noted. In accordance
with the Project’s interpretation of the EPA's intention, the Project will
select assurance measures based on the uncertainties in the final
performance assessment. The current plan includes definitions and
clarifications of the Standard as it applies to the WIPP, the

implementation objective for each requirement, an outline of the
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implementation steps for each requirement, and a schedule of activities
leading to final compliance. Additional information on markers as passive
institutional controls comes from performance-assessment activities using
expert panels.

5.3.1 Active Institutional Controls

Active institutional controls are expected to include evaluation of
land use in the WIPP area; maintaining fences and buildings and guarding
the facility during active cleanup; decontamination and decommissioning;
land reclamation; and post disposal-phase monitoring. The objectives of
these activities are to provide a facility and presence at the site during
active cleanup; to restore the land surface as closely to its original
condition as possible to avoid future preferential selection of the area
for incompatible uses, if restoration is deemed desirable after
consideration of the results of the expert panel on markers (see Section

5.3.3 of this volume); and to monitor the disposal system.

Performance assessments may assume that active control is maintained
for 100 years; in the 1992 calculations, no intrusions are assumed to occur
during the first 100 years after decommissioning.

5.3.2 Disposal-System Monitoring

Monitoring is required until no significant concerns need to be
addressed by further monitoring. The objective of the monitoring program
is "to detect substantial and detrimental deviation from the expected
performance of the disposal system" (§ 191.14(b)). Monitoring activities
will be identified during the course of the performance assessment, but are
likely to include monitoring of hydrological, geological, geochemical, and
structural performance. Monitoring that jeopardizes the isolation
capabilities of the disposal system is not allowed. Numerous survey
monuments have been installed to monitor subsidence as an indicator of
unexpected changes in the disposal system.

5.3.3 Passive Institutional Controls

The Project will implement passive institutional controls over the
entire controlled area of the WIPP. Passive institutional controls include
markers warning of the presence of buried nuclear waste and identifying the
boundary of the controlled area, external records about the WIPP

repository, and continued federal ownership. The EPA assumes in the
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guidance to the Standard that passive institutional controls will reduce
the possibility of inadvertent human intrusion into the repository.
Compliance evaluation for the Standard must address the potential for human
intrusion and the effectiveness of passive institutional controls to deter
such intrusion.

To address the issues of markers for the WIPP, two expert panels were
established. Members of the first panel identified possible future
societies and how they may intrude the repository, and also developed
probabilities of future society development and of various intrusions (Hora
et al., 1991). The possible modes of intrusion identified by the first
panel were provided to a second panel as an aid in developing design
characteristics for permanent markers and judging the efficacy of the
markers in deterring human intrusion. A report about the "markers" panel
is currently being prepared. In addition, a report is in preparation that
describes past efforts at developing barriers to human intrusion, as a
complement to the markers.

Records will be preserved of the disposal site and its contents. The
expert panel on intrusion into the repository considered the impact of
records preservation on intrusion rates and probabilities (Hora et al.,
1991). The panel indicated that records should specify techniques for
borehole plugging in the event that exploratory drilling caused an
intrusion. Such techniques could be incorporated into legal records
together with the description and location of the disposal system. The
records could also contain a warning about the potential effects of
drilling through the repository and into pressurized brine in the Castile
Formation.

In accordance with Appendix B of the Standard, the DOE or some
successor agency is assumed to retain ownership and administrative control
over the WIPP area. The federal agency responsible for the land will
institute regulations that appropriately restrict land use and development.
Acreage around the WIPP is owned by the Federal government and currently
administered by the DOE. The area within the land-withdrawal boundary for
the WIPP is withdrawn from all forms of entry, appropriation, and disposal
under the public land laws, including the mineral leasing laws, the
geothermal leasing laws, the material sale laws, and the mining laws
(Public Law 102-579, 1992, Section 3). With respect to drilling, the DOE
has control of the acreage within the land-withdrawal boundary from the
surface to 6000 ft (1830 m) in the subsurface. Additionally, grazing may
continue to the extent that it is compatible with WIPP activities.
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5.3.4 Multiple Barriers

The Standard requires that both natural and engineered barriers be used
as part of the isolation system. At the WIPP, natural barriers include the
favorable characteristics of the salt formation and the geohydrologic
setting. Engineered barriers that will isolate wastes from the accessible
environment will include seals in repository excavations and bentonite and
crushed-salt backfill in waste-emplacement panels. The effectiveness of
these barriers is being modeled for the performance assessment to determine
if they will provide a disposal system that isolates the radioactive wastes
to the levels required in the Standard. 1In addition, the Engineered
Alternatives Task Force has evaluated additional engineering measures for
the WIPP, should such measures be necessary (US DOE, 1990e, 1991d).

5.3.5 Natural Resources

The Standard requires that locations containing recoverable resources
not be used for repositories unless the favorable characteristics of a
proposed location can be shown to compensate for the greater likelihood of
being disturbed in the future. Evaluation of the natural resources in the
WIPP area centers on two issues: (1) the denial of resources that could
not be developed because such development might conflict with the long-term
goal of waste isolation, and (2) the attractiveness to future generations
of resources associated with the location. Future societies might attempt
to exploit natural resources near the WIPP and thereby create the potential
for a release of radionuclides into the accessible environment. These
issues have been evaluated in several reports (US DOE, 1980a, 1981; US DOE
and State of New Mexico, 1981, as modified; Brausch et al., 1982; Weart,
1983; US DOE, 1990d). A recent report summarizes these earlier reports (US
DOE, 1991c), and the DOE will continue to document information about
natural resources that was used in making the decision to proceed with the
WIPP Project.

5.3.6 Waste Removal

The Standard requires that disposal systems be selected so that removal
of most of the wastes is not precluded for a reasonable period of time
after disposal (§ 191.14(f)). A primary plan for waste removal during the
disposal phase of the WIPP (Subpart A of the Standard) has been prepared
(US DOE, 1980a). In promulgating the Standard, the EPA stated that to meet
the waste-removal requirement for the post-closure phase (Subpart B of the
Standard), it only need be technologically feasible to be able to mine the
sealed repository and recover the waste, even at substantial cost and
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Groundwater Protection Requirements

occupational risk (US EPA, 1985, p. 38082). The EPA also stated that "any
current concept for a mined geologic repository meets this requirement
without any additional procedures or design features" (US EPA, 1985, p.
38082, emphasis in original). Thus, the WIPP satisfies this requirement.

5.4 Groundwater Protection Requirements

The WIPP must comply with the Groundwater Protection Requirements of
the Standard by providing a reasonable expectation that radionuclide
concentrations in a "special source of ground water" will not exceed
specified values (§ 191.16; also see Section 3.6 of this volume).
Evaluations have indicated that the requirement is not relevant to the WIPP
because no groundwater near the WIPP within the maximum areal extent
designated by the Standard (Figure 3-4) satisfies the definition of a
"special source of groundwater."

Based upon the EPA definition of Class I groundwater (US EPA, 1984) as
used in the definition of special source of groundwater, for Class I
groundwater to be present at the WIPP, the groundwater resource must be
highly vulnerable to contamination because of the hydrogeological
characteristics of the areas under which the resource occurs, including
areas of high hydraulic conductivity or areas of groundwater recharge.
Either of the following must also be true: the groundwater must be an
irreplaceable source of drinking water, or the groundwater must be
ecologically wvital.

The hydrogeological characteristics of the WIPP have been evaluated
through extensive ongoing investigations dating to 1975 (US DOE, 1990c¢).
Groundwater quality and the hydrologic conductivity of water-bearing units
at the WIPP are monitored and reported annually (Lyon, 1989). The most
transmissive hydrologic unit in the WIPP area is the Culebra Dolomite
Member of the Rustler Formation (see Chapter 2 of this volume and Volume 2
of this report). Hydraulic properties of the Culebra Dolomite have been
calculated from test holes in the vicinity of the WIPP (summarized in
Cauffman et al., 1990, and Brinster, 1991). Horizontal groundwater flow in

the Culebra away from the WIPP is generally to the south along a decreasing
gradient at a very slow rate. Based on hydrogeological studies in the WIPP
area, no geological units with high hydraulic conductivities that would
require special protective measures appear to be present (Marietta et al.,
1989; Lappin et al., 1989; US DOE, 1990c). 1If groundwater that is highly
vulnerable to contamination were present near the WIPP, it would not be

classified as Class I because it is mneither an irreplaceable source of
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drinking water for a substantial population (Lappin et al., 1989) nor
ecologically vital (US DOE, 1980a, 199lc).

Even if Class I groundwater were present at the WIPP, the Groundwater
Protection Requirements would be relevant only if the groundwater were
supplying drinking water to thousands of persons at the date DOE selected
the site for development of the WIPP and if these groundwaters were
irreplaceable. At the time the DOE chose the WIPP location, and currently,
no source of water (including Class I groundwater) within 5 km (3 mi)
beyond the maximum allowable extent of the controlled area was supplying
drinking water for thousands (or even tens) of persons. Thus, even if
Class 1 groundwater were present, the Groundwater Protection Requirements
would not be relevant to the WIPP.
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6. CONCLUSIONS

The 1992 preliminary comparison with 40 CFR 191, Subpart B, for the
WIPP is consistent with the conclusions from the 1990 and 1991 preliminary
comparisons (Bertram-Howery et al., 1990; WIPP PA Division, 199la): based
on the presently available conceptual models, computational models, and data
describing disposal-system performance, the WIPP Performance Assessment
Department has a high level of confidence that the WIPP will be able to
comply with the quantitative requirements of the Standard as promulgated in
1985 (US EPA, 1985). As summarized in the following discussion, however,
the modeling system and data base are still incomplete; results therefore
remain preliminary and should not be used for a formal comparison with the
Standard. Furthermore, the Standard has been vacated by a Federal Court of
Appeals (NRDC v. US EPA, 1987). The Standard will be repromulgated in 1993,
as specified by the WIPP Land Withdrawal Act (Public Law 102-579, 1992), and
may differ in some aspects from the 1985 version on which the 1992
preliminary comparison is based. The WIPP Performance Assessment Department
anticipates that a final, defensible performance assessment suitable for
compliance evaluation will be completed following additional iterations of
preliminary performance assessments.

The 1992 performance-assessment calculations reflect improvements in
several important portions of the modeling system. Specific major
improvements in the modeling system for 1992 (described in detail in Volume
2 of this report) are: the inclusion of the effects of salt creep in the
modeling of disposal-room behavior; the use of an advanced geostatistical
procedure to account for spatial variability in the transmissivity of the
Culebra Dolomite Member of the Rustler Formation; and the use of a
computational model for radionuclide transport in the Culebra that allows
consideration of alternative conceptual models for dual-porosity and single-
porosity transport. The 1992 performance assessment also marks the first
use of judgment elicited from expert panels to determine the probability of
future inadvertent human intrusion into the WIPP (see Volume 2, Chapter 5 of
this report, and the memorandum by Hora in Volume 3, Appendix A of this

report).

Results of the 1992 preliminary comparison with the Containment
Requirements of the Standard (§ 191.13) are presented as mean complementary
cumulative distribution functions (CCDFs) displaying estimated probabilistic
releases of radionuclides to the accessible environment for 10,000 years.
Results compare three conceptual models for radionuclide transport in the
Culebra and two approaches to estimating the probability of inadvertent
human intrusion into the WIPP by exploratory drilling. The representation
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for disposal-system performance believed by the WIPP Performance Assessment
Department 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) 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 (which assumes very little contribution
from the natural barrier provided by retardation in the Culebra), the mean
CCDF is less than one order of magnitude below the EPA limits.

Performance estimates for the 1992 preliminary comparison with the
Individual Protection Requirements of the Standard (§ 191.15) have not been
included in this volume. Previous analyses indicate that no radionuclides
will reach the accessible environment from the undisturbed repository for
10,000 years (Marietta et al., 1989). Calculations of brine and gas
migration from the undisturbed repository completed using the 1991
performance-assessment modeling system suggest that brine (the only medium
in which significant radionuclide transport will occur at the WIPP) that has
been in contact with waste will not migrate more than a few tens of meters
from the waste-emplacement panels in 10,000 years (WIPP PA Department,
1992). Determination of compliance with the Individual Protection
Requirements as promulgated in 1985 will be based on estimates of doses to
humans in the accessible environment for 1000 years (rather than 10,000
years) of undisturbed performance. Because no releases whatsoever to the
accessible environment are predicted for 1000 years of undisturbed
performance, no doses to humans are anticipated and determination of
compliance with the Individual Protection Requirements should be
straightforward.

The third quantitative requirement of the Standard, the Groundwater

Protection Requirements (§ 191.16), does not apply to the WIPP because no
"special source of ground water," as defined in the Standard, is present at
the WIPP. All groundwater at the WIPP fails to meet more than one of the
specified criteria, including the requirement that a "special source of
ground water" be "supplying drinking water for thousands of persons as of
the date that the [DOE] chooses a location..." and that the source of water
be "irreplaceable" (§ 191.12(0)).
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Conclusions

As noted above, several aspects of the modeling system and data base
can be identified now as requiring additional work before the performance
assessment can be considered defensible for a final comparison to the
Standard. Information will be provided for specific needs (e.g., conceptual
models or distributions for important parameters that are insufficiently
supported by experimental data) by ongoing and planned laboratory and field
experimental programs described in the Test Phase Plan (US DOE, 1990a,
currently in revision). These needs include include the following:
defensible values for radionuclide solubilities in repository brine;
retardation factors for radionuclides in the Culebra; additional support for
the dual-porosity model for transport in the Culebra; and an improved model
for the generation of gas as waste and containers degrade. Other needs will
be met by improvements in performance-assessment modeling. Conceptual and
computational models will be developed for pressure-dependent fracturing of
the anhydrite interbeds above and below the repository. Spalling of waste
into an intruding borehole as the repository depressurizes will be examined
and, if important, included in performance-assessment modeling. The
consequences of brine flow to the surface following borehole intrusion will
be modeled. Several aspects of groundwater flow in the Culebra will be
examined as a three-dimensional model for regional groundwater flow becomes
available, including the possible effects of subsidence related to potash
mining, uncertainty resulting from the incomplete understanding of present
recharge and vertical flow between units, and additional analyses of the
effects of climatic change. Future analyses will also examine the effect on
estimated performance of correlations that may exist between physical
parameters that are currently assumed for the Monte Carlo simulations to be
uncorrelated.

The WIPP Performance Assessment Department believes that future
analyses will indicate that none of these identified needs will have a major
impact on compliance with the quantitative requirements of the Standard.
This belief cannot be supported defensibly at this time and is offered here
as an opinion of the Performance Assessment Department, rather than as fact.

It is based on the premise that the major processes that will contribute to
radionuclide releases have already been identified and included in the

performance-assessment modeling syetem. Although the performance-assessment
needs identified now and listed above contribute to uncertainty in estimated
performance, resolution of those needs is unlikely to shift the location of
the mean CCDF beyond the range displayed in the 1992 results. Additional
needs may be identified by future performance-assessment iterations and
laboratory and field studies, but none is foreseen at this time to have an
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

Sec.

191.01 Applicability.

191.02 Definitions.

191.03 Standards.

191.04 Alternative standards.
191.05 Effective date.

Subpart B—Environmental Standards for Disposal

191.11 Applicability.

191.12 Definitions.

191.13 Containment requirements.

191.14 Assurance requirements.

191.15 1Individual protection requirements.
191.16 Ground water protection requirements.
191.17 Alternative provisions for disposal.
191.18 Effective date.

Appendix A Table for Subpart B
Appendix B Guidance for Implementation of Subpart B

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 radicactive 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 transuraniec
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.

(¢) "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 radiocactive 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 systen.

(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
radiocactive 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 1if,
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.

A

§ 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
radiocactive 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)(1l)(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 iIsolation 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 environmment. 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 1Individual 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
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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



TABLE 1.—RELEASE LIMITS FOR CONTAINMENT REQUIREMENTS

(Cumulative releases to the accessible environment for

10,000 years after disposal)

Appendix A

Release
limit per
1,000
MTHM or
Radionuclide other unit
of waste
(see
notes)
(curies)
Americium-241 or -243 . .. ... 100
Carbon- L. .. e 100
Cesium-135 or -137 .. . . . . e 1,000
Todine- 120 . . . .. 100
Neptunium-237 . . . . e 100
Plutonium-238, -239, -240, or -242.. ... . . . . . ... ... 100
Radium-226. ... 100
Strontium-90. . ... . . 1,000
Technetium-99. . . . . . . . . e 10,000
Thorium-230 or -232. . . . . . 10
Tin-126. . . e, 1,000
Uranium-233, -234, -235, -236, or -238. ... . . . .. . ', 100
Any other alpha-emitting radionuclide with a half-1life
greater than 20 years..............iiiuini. 100
Any other radionuclide with a half-life greater than 20 years
that does not emit alpha particles........................ 1,000

Application of Table 1

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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(¢) 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 dispogal 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) 1If 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 N 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:

(30,000)

1,000 MTHM x (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:

60,000 MTHM - 10
6,000 MTHM
which is the same as:
60,000 MTHM v (5,000 MWd/MTHM) _ 10
1,000 MTHM (30,000 MWd/MTHM)
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 two or more high-level waste components destined for
different disposal s&stems. 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
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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 (¢) 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)(1l) and may not exceed ten with regard to 191.13(a)(2).

For example, if radionuclides A, B, and C are projected to be released in
amounts Qg, Qp, and Qc, and if the applicable Release Limits are RL,, RlLp,
RL., then the cumulative releases over 10,000 years shall be limited so that
the following relationship exists:

R S
RLa RLb RLC

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. 1In 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
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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—mnot the permeability of a carefully sealed borehole.
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APPENDIX B: RESPONSE TO REVIEW COMMENTS ON THE
1991 PERFORMANCE ASSESSMENT

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, 1991la). 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, 1991a,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, 1991a). 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 Environmmental 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 SAND91-0893 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.

COMMENT 1. 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. 1In 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: wuse
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 Kg 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.

3.1 "The use of 5 km distance for the Culebra transport rather than the
site boundary."

The 1992 PA uses 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."
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This assumption in 1991 did affect direct releases through cuttings
and cavings. The 1992 PA uses better resolution in time for direct
releases. Subsurface releases are not believed to be particularly
different for intrusions prior to 1000 yr (radiocactive 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.

"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.

"Use of unjustified Kq values."

Results of calculations assuming K4q=0 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 Kq=0 and

estimates of K4 based on expert judgment until defensible K4 values
are availlable.

"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 Kgs, 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 Kg=0.
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COMMENT 4. Ve continue to remain unconvinced about zero releases following
undisturbed performance scenarios. We believe this is due to a combination
of misinterpretation of the 40 CFR 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
10-4 in 104 yr that will disrupt the disposal system (WIPP PA Division,
1991a, 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, 1991b) 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 PA is 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.

COMMENT 7. 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.

COMMENT 9. 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 kg 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 Kg=0. 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).

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 (1) 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.

RESPONSE 11. 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 Repositoryv/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]."

12.

12

12

12.

2

.3

.4

5

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.

Definition of undisturbed performance.
See Response 4. The PA Department believes its usage is correct.

"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.

"The values used for permeability ... were ... median/average."

See Response 4, The comment is correct,

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 CH and 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 URANTUM-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 i1s 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.

B-14



Appendix B

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.

RESPONSE 13. The PA Department has little to add to this comment, except to
note that the effects on regulatory compliance of changes in the radicactive
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 &)
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.

RESPONSE 15. 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.

RESPONSE 16. 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.”

RESPONSE 17. 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. Page (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 Respomnses 3.1, 3.3, and 16.
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COMMENT 20. 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.

COMMENT 21. 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 subsjdence 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.

COMMENT 22. Page (ES-5), lines 8-10. The upper bound of 30
boreholes/kmz/I0,000 yvears 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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COMMENT 23. 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).

COMMENT 25. 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.

COMMENT 27. Page (ES-6), lines 13-27. This section does not state that the
cuttings/corings 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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COMMENT 28, 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

COMMENT 30. 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
1-20) 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).slines 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 1, Chapter 2 - Application of Subpart B

COMMENT 34. 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.

COMMENT 35. 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 1, 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.

RESPONSE 36. 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.

COMMENT 37. 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. Also,
subjectivity is extended to represent stochastic uncertainty as well. 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. 1Is 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? 1If 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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COMMENT 38. 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.

COMMENT 39. 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. 1Is this still the case in
1991? 1If 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 19917 Also, there is no mention of
climatic change as part of the scenario characterizations, although this

parameter i1s 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.

COMMENT 40. 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 ELlE2-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 (E1).

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? 1If 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.

COMMENT 41. Page (3-36), lines 1-52. 1In 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" 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.

COMMENT 42. 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? 1If 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? 1Is the E2 scenario also not important on

this basis? Does the scenario have to be of the form described by Eq. 3-23

(E1E2 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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COMMENT 43. 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*jt*x(AxaAtn/nt)*(exp(-A*(b-a)), where

n = number of intrusions
j = permutation number (j less than or equal to n)
At = time interval (less than or equal to (b-a)

= time at end of total time interval

= time at beginning of total time interval.

cf = correction factor for presence of first time
interval in permutation number.. (1, 2), (1, 1,
3).. etc., (cf=1.0 if all time intervals are equal,

see below).

B-29



Appendix B: Response to Review Comments on the 1991 Performance Assessment

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 = (1900/2000)&, where

a = number of times interval 1 appears in permutation number.. a=1
for (1, 2); a=2 for (1, 1, 2); a=3 for (1, 1, 1, 4); a=0 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 X) 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, X(t), as occurs in the 1992 PA calculations (see Section
5.1 of the 1992 Volume 2). 1In 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 X is such a function, Equations 3-28 and 3-29 are correct,
although possibly computationally inefficient.

COMMENT 44. 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 E1E2 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. 1Is 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
cuttings/cavings (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 E1E2 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 shbrt time, this plug (and others used to
maximize brine flow into the Culebra in the El1, E2, and E1E2 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 E1E2
scenario are simplistic. With regard to the final question, cuttings/cavings
releases from multiple intrusions were included in the 1991 (and 1992) PAs.

COMMENT 45. 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. 1In 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 GCDF construction are sampled from
known statistically derived distributions.

2. The IHS 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.? 1Is 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. 1Is 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. 1In 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,
1991a) and to the references cited therein.
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COMMENT 47. 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. 1In 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

B-33
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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.

COMMENT 49. 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).

COMMENT 50. Page (3-61) , Figure 3-17. Under the description of the
figure: should the word be "quantiles" rather than "quantities"?

RESPONSE 50. Yes.

COMMENT 51. 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.

COMMENT 52. 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

COMMENT 53. Page (4-2), lines 35-39. The statement that base-case scenario

leads to zero release from the containment area is "apparently true" 1is 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.

RESPONSE 55. 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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COMMENT 56. 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. 1If 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. DPage (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, 1991a]). See Comment 91 and Response 91 for additional
information.

COMMENT58. Pape (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.
1, 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 60. 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. Sece 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'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’ work.
Text will be revised when event and process screening is updated.
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COMMENT 64. Page (4-27), lines 12-13. 1t 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 1 (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.

COMMENT 66. 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. Page (4-33), lines 24-31. Was the panel of experts told that

EPA’s "30 boreholes/km2 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/l, 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 mg/Z£.
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.

COMMENT 71. 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.

COMMENT 72. Page (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.

COMMENT 73. 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 Departgent does not screen events or processes on the
basis of modeling capability.

COMMENT 74. Pages (4-54), lines 29-31. 1In lines (1l4-16) 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.

COMMENT 75. 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.

COMMENT 76. 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.

COMMENT 77. 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.

COMMENT 78. 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, 1991lc, Section 4.2.3.3, p. 4-46/81).
Additional analyses have been performed since this review was completed (WIPP
PA Department, 1992).



Appendix B

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

COMMENT 80. 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 km south of the panels.

COMMENT 81. Page (2-16), lines 21-26. Assumptions (2) [E1lE2 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 E1E2
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.

COMMENT 83. 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) pas 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.

B-46
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COMMENT 84. 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.

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,

COMMENT 86. 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, 1991c).

COMMENT 88. 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 E1E2 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. The comparison is
inappropriate.

COMMENT 89. Page (4-38), Line 22. 1Is it appropriate to call a release that
exceeds the standard at a point as "already a small release"?

RESPONSE 89. No.

COMMENT 90. Page (5-37), lines 2,3. 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.

RESPONSE 90. See Responses 79 and 83 with regard to the no-gas-generation
case.

COMMENT 91. Page (5-56), 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. See Comments 56 and
57. The 1992 approach is similar to that used in 1991. Future PAs will
continue to use variable boundary conditions to approximate effects of
enhanced recharge related to climatic change.

COMMENT 92. Page (5-60), 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.

COMMENT 93. Page (6-3), lines 8-32. This is a well-written paragraph that
clearly points out the importance of solubility and distribution coefficient

el
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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.

COMMENT 94. Page (6-14). We have the following comments on the "insights
(that) have emerged from these analyses."

1) 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.

B-49
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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

COMMENT 95. Pages (6-17). Three possibilities for additional

investigations are mentioned. Our views on these Investigations follow.

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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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") 1is

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.

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

95.

2

greater than the O.6-m‘diameter of a 55-gallon drum (see p. 7-16 of
Volume 2 of the 1991 documentation (WIPP PA Division, 1991b)).

Engineered seals are not assumed in boreholes, except as necessary
to maximize brine flow into the Culebra for the El1, 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 1991c, 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,

COMMENT 96. Page (6-18). Possible improvements to the 1992 Performance
Assessment are identified. Our views on these follow.

1

2)

Drilling intrusions at times earlier than 1000 years should

definitely be considered, as was done in 1990.

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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3)

4)

5)

(Waste Management '88, pp 355-364; also reprinted in EEG-42,
Appendix B). Other schemes could also be developed.

E2-type scenarios should be considered separately.

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.

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 E1E2
scenario from developing from boreholes in adjacent panels should
be reevaluated.

RESPONSE 96. Points are addressed individually.

96.1 See Response 3.2

96

96

96.

96.

.2

.3

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.

E2 scenarios will be modeled separately from El when resources
permit. Note the discussion in Volume 2 of the 1991 PA (WIPP PA
Division, 1991b, section 5.2.5.1, p. 5-25/27) comparing flows from
El, E2, and ElE2-type intrusions.

See Responses 3.4, 88,

See Responses 44 and 81.
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V. EEG Reply to SNL Responses to EEG'’s Comments on
1990 Preliminary Comparison

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. 1Is 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 1, 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 1.0E-18 m? at 7.3 m and about 8E-20 m?2 at 10 m
and 12.6 m. Also, the statement on page 5-41 of Volume 1 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.

B-54
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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.

COMMENT 19, Brine Slurry Filled Room. 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. 1In 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 Kg 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

Betore disposing of transuranic radioactive waste in the Waste Isolation Pilot Plant (WIPP), the United States
Deparunent 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 volutne contains the technical basis for the 1992 PA. Specifically, it describes the conceplual
basis for conscquence modeling and the PA methodology, including the selection of scenarios for analysis, the
determination 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 the long-term requirements of the EPA's Environmental
Protection Standards for Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic
Radioactive Wastes (40 CFFR 191, Subpart B). 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
related to the preliminary comparison with 40 CFR 191B. Volume S contains uncertainty and sensitivity
analyscs of gas and brine migration for undisturbed performance. Finally, guidance derived from the cntire 1992
PA is presented in Volume 6.
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1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is planned as a rescarch and development facility to demonstrate the
safe disposal of transuranic (TRU) wastes generatcd by defense programs of the United States Department of
Energy (DOE). Before disposing of waste in the WIPP, the DOE must evaluate compliance with applicable long-
term regulations of the United States Environmental Protection Agency (EPA), including 40 CFR 191 Subpart B
(Environmental Radiation Protection Standards for Management and Disposal of Spent Nuclear Fuel, High-
Level and Transuranic Radioactive Wastes) [U.S. EPA, 1985]) and 40 CFR 268.6 (U.S. EPA, 1986), which is
the portion of the Land Disposal Restrictions of the Hazardous and Solid Waste Amendments to the Resource
Conservation and Recovery Act (RCRA) that states the conditions for disposal of specified hazardous wastes.
Performance assessments (PAs) will form the basis for evaluating compliance with all applicable long-term
regulations of the EPA. The WIPP Performance Assessment (PA) Department of Sandia National Laboratorics
(SNL) is performing annual iterative preliminary PAs to provide guidance to the Project while preparing for final
compliance cvaluation. The 1991 prcliminary performance assessment for comparison with 40 CFR 191B was
documented in 4 volumes (WIPP PA Division, 1991 a, b, ¢; Helton et al., 1992).

1.1 Purpose of Volume 2

This volumec describes the technical basis for the 1992 WIPP preliminary PA:  conceptual model
development, probability modeling, and consequence modeling of the WIPP disposal system for cvaluating
compliance with the quantitative requircments of applicable long-term regulations. Volume 1 deals primarily
with the regulations in Subpart B of 40 CFR Part 191 and their application to the WIPP, but also summarizes
aspects of this volume and explains the 1992 siatus of the WIPP PA. Volume 3 compiles model paramctcrs,
constructs cumulative distribution functions (cdfs) and discusses their derivation from the pertinent data of disposal
system characterization. Uncertainty and sensitivity analysis results rclated to 40 CFR 191B are discussed in
Volume 4. Uncertainty and sensitivity analysis results of gas and brine migration for undisturbed performance are
discussed in Volume 5. Finally, guidance derived from the entire 1992 PA is presented in Volume 6.

1.2 Organization of Volume 2

Volume 2 consists of seven chapters and four appendices. This chapter (Chapter 1) describes the organization
of Volume 2. The remaining six chapters are organized following the PA methodology described in Volume 1.

« Chapter 2 (Conceptual Basis for Consequence Modeling) describes the conceptual basis for consequence
modeling. This chapter is a detailed expansion of the brief discussion in Chapter 2 of Volume 1, and
provides a bibliographic mapping into the published literature of the site characterization and engineered

design programs.

» Chapter 3 (Performance Assessment Mcthodology) describes the conceptual model for risk that forms the
framework (scenarios, frequency or probability of scenarios, and consequences of scenarios) for the WIPP

1-1
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Chapter 1. Introduction

PA, presents an outline of the Monte Carlo technique that is used for uncertainty and sensitivity analyses,
and discusses the construction of complementary cumulative distribution functions (CCDFs). This chapter
is a detailed expansion of Chapter 4 of Volume 1, and is generally unchanged from the 1991 PA.

= Chapter 4 (Scenario Construction) examines the first element (sccnarios) of the conceptual model for risk.

This chapler discusses the application of the methodology for scenario construction—identifying, screening,
and classifying events and processes; developing scenarios using a logic diagram; and screening of scenarios
—for the WIPP. Relained scenarios that are analyzed in the 1992 PA are described. This material is
generally unchanged from the 1991 PA and therefore references previous documents extensively. Scenarios
included in the Monte Carlo analysis in 1991 are included again in 1992,

+ Chapter 5 (Drilling Intrusion Probabilitics) examines the sccond clement (probabilities or frequencies of

scenarios) of the conceptual model for risk. The probability model that is used for the 1992 analysis was
presented in the 1991 documentation, so this chapter is a much briefer description that references previous
documentation. The significant difference in the application of this model is that time-varying drilling
intensitics were used in 1992, whereas in 1991 only constant, but imprecisely known, drilling intensities
were used. A brief discussion of how these new drilling intensity functions were derived from expert pancl
output that references material in Volume 3 is included.

« Chapter 6 (Data and cdfs) begins the description of the different steps of the Monte Carlo technique:

selection of imprecisely known parameters, construction of ranges and distributions for these paramelers,
generation of the sample, propagation of uncertainty through the system model, uncertainty analysis, and
sensitivity analysis. This chapler briefly describes the first steps: selection of impreciscly known
parameters and construction of their ranges and distributions. The entire data base, especially model
parameters, is the subject of Volume 3.

+ Chapter 7 (Consequence Modeling) describes the modeling system that is used to calculate consequences of

scenarios. The Latin hypercube sampling technique that is used to generate the sample for Monte Carlo
analysis is described clsewhere (Helton et al., 1991) and is not repeated. This chapter focuses on the 1992
modeling system through which uncertainty is propagated for the uncertainty and sensitivity analysis. Each
major module of this system is described in terms of governing cquations and modeling assumptions.
More detailed code descriptions are contained in the four appendices as follows:

Appendix A. A repository and shaft scal module is used that simulates two-phase (gas and brine) flow
through the repository, shaft seals, and surrounding environs (BRAGFLO) with an equilibrium-
mixing cell for calculating radionuclide concentrations in the brine phase (PANEL). Thesc
codes were used in the 1991 PA.

Appendix B. A module (SANCHO) for simulating quasistatic, large-deformation, inclastic response of the
halite is used o provide waste porosity as a function of time. These calculations incorporate
the effect of creep closure and of halite response to waste-generated gas into the PA; they arc
performed outside the Monte Carlo analysis. Only the waste porosity functions are used during

1-2
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Organization of Volume 2

consequence calculations.  This is the first year that the ceffects of halite crecp have been
included in PA calculations.

Appendix C. Groundwater flow and transport models (SECO-2DIH and SECO-TP) are used to calculate
subsurtace transport through the Culebra Dolomite Member of the Rustler Formation to the
land-withdrawal boundary. First, the groundwaler flow is calculated for a single-porosity,
matrix-only, porous medium (dolomite). The flow calculation is performed first on a regional
scale and second on a local scale with boundary conditions derived from the regional-scale
distribution. Climate variability enters through time-varying boundary conditions that arc
based on a simple precipitation/recharge conceptualization.  Spatial variability enters by
drawing one ficld from a set of multiple, plausible transmissivity ficlds that are gencrated
outside the Monte Carlo analysis (GRASP-INV). SECO-2DH was used in the 1991 PA.

Second, the flow field is used for a radionuclide-transport simulation. The transport simulator
SECO-TP was uscd for the first time in 1992. It models single- or dual-porosity transport
through an idealized, fractured medium. Retardation in pore volume of the dolomilc matrix
and/or the fracture-lining clay can be included simultaneously or separately. SECO-TP is a
further improvement over previous capability in that it is morc accurate and numerically

efficient, allowing higher-resolution, higher-accuracy simulations in the same time.

Appendix D. A module (GRASP-INV) for generating multiple, plausible transmissivity fields to be used by
SECO2-DH is used for the first time in 1992, This module is an improvement over previous
capability in that it produces transmissivity ficlds that reproduce the measured values of
transmissivity at well locations and that are calibrated, i.c., flow calculations with these ficlds
reproduce (to within a pre-selected criterion) stcady-state and transient pressure data at the well
locations. Therefore, cach field is a plausible rcalization of the truc but unknown transmissivity
field. One entire ficld is drawn and used for a single consequence calculation during the Monte
Carlo analysis.

1.3 Code Linkage and Data Flow

The complexity of the compliance-assessment modeling system for the WIPP requires that calculations be
controlled by an exccutive program (Rechard, 1989; Rechard et al., 1989; Rechard, 1992). CAMCON
(Compliance Assessment Mcthodology CONitroller) controls code linkage and data flow during lengthy and
iterative consequence analyses, minimizes analyst intervention during data transfer, and automatically handles
quality assurance during the calculations. CAMCON currently consists of about 75 codes and FORTRAN object
libraries; it includes approximately 293,000 lines of FORTRAN software written specifically for the WIPP
Project and another 175,000 lines of software adapted from other applications.

The controller allows casy examination of intermediate diagnostics and final results. Computer modules

within the executive program can be casily replaced for model comparisons. CAMCON modularizes tasks so
computer programs for a particular module arc interchangeable. CAMCON is fully described in Rechard (1992).

1-3
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Chapter 1. Introduction

1.3.1 Data Bases

Three data bascs, primary, secondary, and computational, arc included in CAMCON. The primary data base
contains measured field and laboratory data gathercd during the disposal-system and regional characterization.
Because the analysis can be no better than thesc data, the data basc should contain all necessary data for the
compliance assessment and repository design, have as little subjective interpretation as possible, and be quality
assured. Data basc structure must be flexible to accommodate different organizations and unforeseen types of data.
Practical experience suggests that a relational data base is best.

The secondary data base contains interpreted data, usually interpolated onto a regular grid, and incorporates
information that comprises the conceptual model of the disposal system. Levels of interpretation can vary from
objcctive interpotation of data combinced with subjective judgments to totally subjective extrapolations of data; all
interpretations arc¢ well documented to ensure the sccondary data is reproducible by others. Data from literature or
professional judgment are used to fill knowledge gaps to complete the conceptual model. The secondary data base
must be accessible (o both the analystind the executive package controlling the system,

The computational data base is CAMDAT (Compliance Assessment Mcthodology DATa), CAMDAT uses a
neutral-file format so that a series of computer programs can be linked by a "zig-zag" connection rather than the
usual scrial connection. The file format chosen for CAMDAT was based on GENESIS (Taylor et al., 1987) and
EXODUS and their associated data manipulation and plotting programs (Gilkey, 1986a,b, 1988; Gilkey and
Flanagan, 1987). CAMDAT is fully described in Rechard (1992),

1.3.2 Program Linkage and Model Applications

Program linkage and data flow through CAMDAT are controlled by CAMCON. Computer programs that
make up the CAMCON system are major program modules, support program modules, and translators. Major
program modules refer to programs that represent major tasks of the conscquence modeling. Support program
modules refer to programs such as interpolators that are necessary to facilitate use of major program modules.
Translator program modules refer to programs that translate data either into or out of the computational data base.
Figurc 1-1 shows how programs are used in the 1992 PA to evaluate human-intrusion scenarios. BRAGFL.O,
GRASP-INV, SECO-TP, and CUTTINGS were run outside of CAMCON, with manual data transfer. GENII-S
was nol used because a safety assessment was not included in the 1992 PA. All other codes were used within
CAMCON as shown (Figure 1-1).

14
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2. CONCEPTUAL BASIS FOR CONSEQUENCE MODELING

2.1 Introduction

2.1.1 Conceptual Models

This chapter describes the conceptual basis for modeling the performance of the WI1PP reposiltory, the wasle it
contains, and the surrounding geology and hydrology, and summarizes the available knowledge of the site and the
physical processes that operate there. This knowledge forms the framework for the preferred conceptual model
used in WIPP PA (i.e., the model believed by the WIPP PA Departnent to be the most realistic representation for
the behavior of the disposal system), and for alternative conceptual models. Conceptual model and alternative
conceptual models are defined as follows (Gallegos et al., 1992; NEA, 1992):

» Conceptual model: A set of qualitative assumptions used to describe a system or subsystem for a given
purposc. At a minimum, thes¢ 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.

Each alternative conceptual model identifics the processes that the mathematical models must characterize and
provides the context within which the mathematical models must operate.

As an example of the role alternative conceptual models play in performance assessment, Volume 1 of the
1992 WIPP PA documents the use of threc alternative conceptual models for the subsurface transport of
radionuclides in the Culebra Dolomite Member of the Rustler Formation. (See Scction 2.2 for an explanation of
the regional geohydrology, Section 4.2 for an cxplanation of the transport pathway, and Section 7.6 for a
discussion of the transport model. Sce Scction 5.1 of Volume 1 of this report for a comparison of disposal-
system performance estimated using each of the three conceptual models. Sce Volume 4 of this report for
additional analysis of these and other alternative conceptual models.) In the first conceptual model, transport
occurs only in clay-lined fractures in a single-porosity medium, and chemical retardation does not occur. In the
second conceptual model, transport occurs in a dual-porosity medium (clay-lined fractures and matrix);
radionuclides may diffuse into the pore volume of both the clay linings and the rock matrix. Chemical relardation
does not occur. In the third conceptual model, betieved by the WIPP PA Department to be the most realistic
representation for the behavior of the system, transport occurs in a dual-porosity medium, as in the second
conceptual model, except that chemical retardation does occur as a result of sorption of radionuclides in both clay
linings and rock matrix.
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Chapter 2. Conceptual Basis for Consequence Modeling

The first of these three alternative conceptual models is not supported by available information (see Section
2.2.4), and is included in the analysis as an unrealistic, but known, endpoint of a continuum on which a realistic
endpoint is unknown. As such, it provides useful guidance on the largest releascs that may be anticipated as a
result of groundwater transport in the Culebra. Comparison of all three conceptual models provides insight into
the uncertainty in performance estimates resulting from an incomplete understanding of the dual-porosity behavior
of the Culebra and the lack of defensible data describing chemical retardation of radionuclides (see Section 2.2.4).

Other major aspects of the conceptual model for the WIPP used in the 1992 PA include the following:
generation of gas in the waste-emplacement pancls by degradation of waste and containers; closure and re-
expansion of the panels by salt creep; the release of radionuclides at the ground surface and into the Culcbra as a
result of borehole intrusion during exploratory drilling; changes in groundwater flow resulting from future climatic
changes; and the cffect of passive marker systems on intrusion rates.

2.1.2 Chapter Organization

The WIPP and surrounding environment provide multiple barriers to radionuclide migration. This chapter
explains the WIPP PA’s present understanding of the conceptual basis of these barriers. The chapter is organized
into two major parts:

* natural barrier system (Section 2.2)—the regional geology and hydrology surrounding the WIPP (Section
2.2.1); the stratigraphy below and above the repository (Scction 2.2.2); climate, water balance, and
groundwater flow in the WIPP vicinity (Section 2.2.3); and radionuclide transport in the Culebra Dolomite
(Section 2.2.4)

* engincered barrier system (Scction 2.3)— the repository and scal design (Section 2.3.2); the waste itself
(Section 2.3.3); the radionuclide source term (Section 2.3.4); and closure, flow, and room/waste interactions
(Section 2.3.5)

2.2 Natural Barrier System

2.2.1 Regional Geology

The geology of the WIPP and the surrounding area has been introduced briefly in Chapter 2 of Volume 1, and
is described elsewhere in detail (e.g., Iliss, 1975; Powers et al., 1978a,b; Cheeseman, 1978; Williamson, 1978;
Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988; 1lolt and Powers, 1988, 1990; Beauheim and Holt,
1990; Brinster, 1991). The brief revicw presented here describes regional structural features and introduces the
major stratigraphic units. Specific geologic features that affect compliance-assessment modcling are described in
subsequent sections of this chapter,

2-2
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Natural Barrier System
Regional Geology

The WIPP is located near the northern end of the Delaware Basin, a structural depression that formed during
the Late Pennsylvanian and Pennian Periods, approximately 300 to 245 million years ago (Figures 2-1 and 2-2).
Sedimentation within the subsiding basin resulied in the deposition of up to 4,600 m (13,000 ft) of marine strata.
Organic activity at the basin margins produced massive carbonate reefs that separated deep-water facics from the
shallow-water shelf sediments deposited landward.

Permian-age rocks of importance to WIPP performance-assessment modeling are those of the Guadalupian and
Ochoan Series, deposited between approximately 265 and 245 million years ago (Figure 2-3). During this time
subsidence in the Delaware Basin was initially rapid, resulting in deposition of deep-water shales, sandstones, and
limestoncs of the Delaware Mountain Group. Intermittent connection with the open ocean and a decrease in
clastic scdiment supply, possibly in response to regional tectonic adjusunents, led to the deposition of a thick
evaporite scquence. Anhydrites and halites of the Castile Formation are limited to the structurally deeper portion
of the basin, enclosed within the reef-facies rocks of the Capitan Limestone. Subsidence within the basin slowed
in Late Pennian time, and the halites of the Salado Formation, which include the host strata for the WIPP, extend
outward from the basin center over the Capitan Reef and the shallow-water shelf facies. Latest Permian-age
evaporites, carbonates, and clastic rocks of the Rustler Formation and the Dewey Lake Red Beds record the end of
regional subsidence and include the last marine rocks deposited in southeastern New Mexico during the Palcozoic.
The overlying sandstones of the Triassic-age Dockum Group reflect continental deposition and mark the onset of a
period of regional tectonic stability that lasted approximately 240 million years, until late in the Tertiary Period.

Permian-age strata of the Delaware Basin now dip gently (generally less than 1°) to the east, and erosion has
exposed progressively older units toward the western edge of the basin (Figures 2-1 and 2-4). This tilting reflects
the Late Pliocene and carly Pleistocene (approximately 3.5 million to 1 million ycars ago) uplift of the Capitan
Reef 10 form the Guadalupe Mountains more than 60 km (37 miles) west of the WIPP (Figures 2-1, 2-4). Field
evidence suggests that additional uplift may have occurred during the late Pleistocene and Holocene, and some
faults of the Guadalupe Mountains may have been active within the last 1,000 years (Powers et al., 1978a,b).
North and cast of the WIPP, the Capitan Reef has not been uplifted and remains in the subsurface (Figure 2-5).

The present landscape of the Delaware Basin has been influenced by near-surface dissolution of the evaporites
(Bachman, 1984, 1987). Karst features created by dissolution include sinkholes, subsidence valleys, and breccia
pipes. Most of these features formed during wetler climates of the Pleistocene, although active dissolution is still
occurring wherever evaporites are exposed at the surface. Some dissolution may also be occurring in the
subsurtace where circulating groundwater comes in contact with evaporites: for cxample, modern subsidence in
San Simon Swale east of the WIPP (IFigure 2-6) may be related to localized dissolution of the Salado Formation
(Anderson, 1981; Bachman, 1984; Brinster, 1991). Nash Draw, which formed during the Pleistoccne by
dissolution and subsidence, is the most prominent karst feature ncar the WIPP.  As discussed again in Section
2.2.2.6 following, cvaporiles in the Rustler Formation have been affected by dissolution near Nash Draw.

The largest karst feature in the Delaware Basin is the Balmorhea-Loving Trough, south of the WIPP along the

axis of the basin (Figure 2-6). Dissolution of evaporites, perhaps along the course of a predecessor of the modem
Pecos River, resulted in subsidence and the deposition of Cenozoic alluvium up to 300 m (984 ft) thick in south-
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Figure 2-1. Generalized geology of the Delaware Basin, showing the location of the Capitan Reef and the
crosional limits of the basinal formations (Lappin, 1988).
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Figure 2-2. Geologic time scale (simplified from Geological Society of America, 1984).
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Figure 2-4. Schematic east-west cross section through the northern Delaware Basin (modified from Davies,
1984). Note extreme vertical exaggeration. Approximate location of line of section shown on
Figure 2-1.
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Chapter 2. Conceptual Basis for Consequence Modeling

ern Eddy County, and up to almost 600 m (1970 ft) thick across the state line in Texas (Bachman, 1984, 1987;
Brinster, 1991).

2.2.2 Stratigraphy

This review is bascd primarily on the summary presented by Brinster (1991), and is limited to thosc units that
may have an important role in future performance of the disposal system. Hydrologic data about the units have
been summarized by Brinster (1991), and are, in general, not repeated here. Stratigraphic relationships betwecn the
units are shown in Figure 2-3. Figure 2-6 shows the region examined in detail by Brinster (1991) and the location
of wells that provide hasic data.

2.2.2.1 BELL CANYON FORMATION

The Bell Canyon Formation consisg of 210 o 260 m (690 to 850 ft) of sandstones and siltstones with minor
limestones, dolomites, and conglomerates (Williamson, 1978; Mercer, 1983; Harms and Williamson, 1988).
Sandstones within the upper portion of the Bell Canyon Formation occur as long, sinuous channels separated by
siltstones, reflecting their deposition by density currents that flowed into the deep basin from the Capitan Reef
(Harms and Williamson, 1988). These sandstones have been targets for hydrocarbon exploration elsewhere in the
Detaware Basin and are also of interest for the WIPP performance assessment because they are the first aquifers
below the evaporite sequence that hosts the repository.

Simulations of undisturbed repository performance do not include the Bell Canyon Formation becausc a thick
sequence of evaporites with very low permeability separates the formation from the overlying units. Simulations
of human intrusion scenarios do not include a borchole pathway for fluid migration between the Bell Canyon
Formation (or deeper units) and the repository. Relatively little is known about the head gradient that would drive
flow along this pathway, but data from five wells in the Bell Canyon Formation suggest that flow would be
slight, and, in an uncased hole, downward because of brine density effects (Mercer, 1983; Beauhcim, 1986; Lappin
ctal.,, 1989).

2.2.2.2 CAPITAN LIMESTONE

The Capitan Limestone is not present at the WIPP, but is a time-stratigraphic equivalent of the Bell Canyon
Formation to the west, north, and east (Figures 2-1, 2-3). The unit is a massive limestone ranging from 76 to
230 m (250 to 750 fu) thick. Dissolution and fracturing have enhanced effective porosity, and the Capitan is a
major aquifer in the region, providing the principal water supply for the city of Carlsbad. Upward flow of
groundwater from the Capitan aquifer may be a factor in dissolution of overlying halite and the formation of
breccia pipes. Existing breccia pipes are limited to the vicinity of the reef, as is the active subsidence in San
Simon Swale (FFigure 2-6) (Brinster, 1991).
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2.2.2.3 CASTILE FORMATION

The Castile Formation is approximatcly 470 m (1540 ft) thick at the WIPP and contains anhydrites with
intercalated limestones ncar the base and halite layers in the upper portions. Primary porosity and permeability in
the Castile Formation arc extremely low. However, approximately 18 wells in the region have encountered brine
reservoirs in fractured anhydrite in the Castile Formation (Brinster, 1991). Hydrologic and geochemical data have
becn interpreted as indicating that these brine occurrences are hydraulically isolated (Lambert and Mercer, 1978;
Lappin, 1988). Fluid may have been derived from interstitial entrapment of connate water after deposition
(Popielak et al., 1983), dchydration of the original gypsum to anhydrite (Popielak ct al., 1983), or intermittent
movement of mcteoric walers from the Capitan aquifer into the fractured anhydrites between 360,000 and 880,000
ycars ago (Lambert and Carter, 1984). Pressurcs within these brine rescrvoirs are greater than those at comparable
depths in other relatively permeable units in the region and range from 7 to 17.4 MPa (Lappin et al., 1989).

Pressurized brine in the Castile Formation is of concern for performance assessment because occurrences have
been found at WIPP-12 within the WIPP land-withdrawal area and at ERDA-6 and other wells in the vicinity. The
WIPP-12 rescrvoir is at a depth of 918 m (3012 ft), about 250 m (820 f1) below the repository horizon, and is
estimated (o contain 2.7x 108 m? (1.7x 107 barrels) of brine at a pressure of 12.7 MPa (Lappin ct al., 1989).
This pressure is greater than the nominal freshwater hydrostatic pressure at that depth (9 MPa) and is slightly
greater than the nominal hydrostatic pressure for a column of cquivalent brine at that depth (11.1 MPa). The brine
is saturated, or nearly so, with respect to halite, and has little or no potential 1o dissolve the overlying salt
(Lappin et al., 1989). Brine could, however, reach the repository, overlying strata, and the ground surface through
an intrusion borchole.

Early geophysical surveys mapped a structurally disturbed zone in the vicinity of the WIPP that may correlate
with fracturing or devclopment of secondary porosity within the Castile Formation; this zone could possibly
contain pressurized brinc (Bormns et al., 1983). Later elecromagnetic surveys indicated that the brinc present at
WIPP-12 could underlie part of the waste panels (Earth Technology Corporation, 1988). WIPP-12 data are
therefore used to develop a conceptual model of the brine reservoir for analyzing scenarios that include the
penetration of pressurized brine. Data describing the Castile Formation brine reservoir arec summarized in Volume
3, Section 4.3 of this report.

2.2.2.4 SALADO FORMATION

The Salado Formation is about 600 m (1970 ft) thick at the WIPP and contains halite interbedded with
anhydrite, polyhalite, glauberite, and some thin mudstones (Adams, 1944; Bachman, 1981; Mercer, 1983).
Unlike the underlying Castile Formation, the Salado Formation overlaps the Capitan Limestone and extends
eastward beyond the reef for many kilometers into west Texas (Figure 2-3). Erosion has removed the Salado
Formation from the western portion of the basin (Figure 2-1).

Where the Salado Formation is intact and unaffected by dissolution, natural groundwater flow is negligible
because primary porosity and open fractures are lacking in the plastic salt (Mercer, 1983; Brinster, 1991). The
formation is not dry, however.  Interstitial brine seeps into the repository at rates up to approximately 0.01
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Chapter 2. Conceptual Basis for Consequence Modeling

{/day/for each m (in length) of excavation (Bredehoeft, 1988; Nowak et al., 1988), and the Salado is assumed to
be saturated (Brinster, 1991). Porosity is estimated to be approximately 0.01 (expressed as void volume per unit
volume of rock). Permcability of the formation is very low but measurable, with an average value of 0.05
microdarcies (5x 10-20 m2) reported by Powers et al. (1978a,b) from well tests. This value corresponds
approximately 0 a hydraulic conductivity 5x 10-13 m/s (1x 10-7 fud) (Freeze and Cherry, 1979, Table 2.3). In
situ testing of halite in the repository indicates lower permeabilities ranging from 1 to 100 nanodarcies (10722 to
10-20 m2) (Stormont et al., 1987; Beauheim ct al., 1991). Additional information about the geology of the
Salado Formation at the repository is provided in Section 2.3.1, and in Volume 3, Section 2.3 of this report.

2.2.2.5 RUSTLER-SALADO CONTACT ZONE

In the vicinity of Nash Draw, the contact between the Rustler and Salado Formations is an unstructured
residuum of gypsum, clay, and sandstone created by dissolution of halite. The residuum becomes thinner to the
east and intertongues with clayey halite of the unnamed lower member of the Rustler Formation. Mercer (1983)
concluded, on the basis of brecciation at the contact, that dissolution in Nash Draw occurred after deposition of the
Rustler Formation. In shafts excavated at the WIPP, the residuum shows evidence of channeling and filling,
fossils, and bioturbation, indicating that some dissolution occurrcd before Rustler deposition (Holt and Powers,
1988).

The residuum ranges in thickness in the vicinity of thc WIPP from 2.4 m (7.9 ft) in P-14 east of Nash Draw
to 33 m (108 ft) in WIPP-29 within Nash Draw (Mercer, 1983). Mecasured hydraulic conductivity values for the
residuum are highest at Nash Draw (up to 10-¢ m/s [10°! fvd]), and three to six orders of magnitude lower to the
east (Brinster, 1991). Porosity estimates range from 0.15 to 0.33 (Robinson and Lang, 1938; Hale and Clebsch,
1958; Geohydrology Associates, Inc., 1979; Mercer, 1983).

2.2.2.6 RUSTLER FORMATION

The Rustler Formation is of particular importance for WIPP PA because it contains the most transmissive
units above the repository and therefore provides the most likely pathway for the subsurface transport of
radionuclides to the accessible ecnvironment.

The Rustler Formation is 95 m (312 fi) thick at the WIPP (as measured in ERDA-9) and ranges in thc area
from a minimum of 8.5 m (28 {t) where thinned by dissolution and erosion west of the repository to a maximum
of 216 m (709 ft) to the cast (Brinster, 1991). Overall, the formation is composed of about 40 percent anhydrite,
30 percent halite, 20 percent siltstone and sandstone, and 10 percent anhydritic dolomite (Lambert, 1983). On the
basis of outcrops in Nash Draw west of the WIPP, the formation is divided into four formally named members and
a lower unnamed member (Vine, 1963). These five units (Vine, 1963; Mercer, 1983) are, in ascending order, the
unnamed lower member (oldest), the Culebra Dolomite Member, the Tamarisk Member, the Magenta Dolomite
Membcr, and the Forty-niner Member (youngest) (Figure 2-7, Table 2-1).
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Figure 2-7. East-west cross section showing stratigraphy of the Rustler Formation and the Dewey Lake Red
Beds (modified from Brinster, 1991). Note vertical exaggeration. Location of cross section is
shown on Figure 2-6.
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Table 2-1. Properties of the Rustler Formation Units and Rustler-Salado Contact Zone. (Sources for data
provided in text.)

Hydraulic
{(max/min) {max/min) (max/min)
(m) (m/s)
Forty-nincr 20 5.0x107 —
5.0x10°10
Magenta 8 5.0x10°3 —
4 5.0x10-10
Tamarisk 84~ —
8
Culebra 11.6 1x104 0.30
4 2x10-10 0.03
Unnamed 36 1x 1011 —
6x10-15
Rustler-Salado 33 1x10-6 0.33
Contact Zone 2.4 1x10-12 0.15

The Unnamed Lower Member

The unnamed lower member is about 36 n (118 ft) thick at the WIPP and thickens slightly to the east. The
unit is composed mostly of fine-grained silty sandstones and siltstones interbedded with anhydrite (converted to
gypsum at Nash Draw) west of the WIPP. Increasing amounts of halite are present to the east. Halite is present
over thc WIPP (Figure 2-R), but is absent north and south of the WIPP where the topographic expression of Nash
Draw extends eastward. Distribution of halite within this and other members of the Rustler Formation is
significant because, as is discussed in the following section, an apparent correlation exists between the absence of
halite and increased ransmissivity in the Culebra Dolomite Member.
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Chapter 2. Conceptual Basis for Consequence Modeling

The basal interval of the unnamed lower member contains siltstonc and sandstonc of sufficient transmissivity
to allow groundwater tlow. Transmissivitics of 2.9x10°10 m2/5 (2.7x10-4 112/d) and 2.4x10°10 m2/s
(2.2x 1074 112/d) were calculated from tests at H-16 that included this interval (Beauhcim, 1987a). Assuming all
flow in the 34-m (112-f1) test interval came from the 20 m (64 ft) of the basal interval, these transmissivity
values correspond to hydraulic conductivities of 1.5x10-1! m/s (4.2x10-¢ fvd) and 1.2x10-1! ms (3.4x 106
fud). Hydraulic conductivity in the lower portion of the unnamed member is believed to increase to the west in
and ncar Nash Draw, where dissolution in the underlying Rustier-Salado contact zone has caused subsidence and
fracturing of the sandstone and siltstone (Beauheim and Holt, 1990).

The remainder of the unnamed lower member contains mudstones, anhydrite, and variable amounts of halite.
Hydraulic conductivity of these lithologies is cxtremely low: tests of mudstones and claystones in the waste-
handling shaft gave hydraulic conductivity values ranging from 6x 10-15 m/s (2x10-% fud) 1o 1x10-13 m/s
(3% 10°8 fud) (Saulnier and Avis, 1988; Brinster, 1991).

Culebra Dolomite Member

‘The Culebra Dolomite Member of the Rustler Formation is microcrystalline dolomite or dolomitic limestone
with solution cavities (Vine, 1963). In the vicinity of the WIPP, it ranges in thickness from 4 to 11.6 m (13 to
38.3 ft) and has a mean thickness of about 7 m (23 f1). OQulcrops of the Culebra Dolomite occur in the southern
part of Nash Draw and along the Pecos River,

The Culebra Dolomite has been identified as the most likely pathway for release of radionuclides to the
accessible environment because of its relatively high hydraulic conductivity near the WIPP, and hydrologic
research has concentrated on the unit for over a decade (Mercer and Orr, 1977, 1979; Mercer, 1983; Mercer et al.,
1987; Beauheim, 1987a,b; LaVenue et al., 1988, 1990; Davies, 1989; Cauffinan ct al., 1990). Hydraulic data are
available from 41 well locations in the WIPP vicinity (Cauffman et al., 1990).

Hydraulic conductivity of the Culebra varics six orders of magnitude from east to west in the vicinity of the
WIPP (Figure 2-9), ranging from 2x10-10 m/s (6x10-5 fi/d) at P-18 cast of the WIPP to 1x10°4 m/s
(6x 101! f/d) at 11-7 in Nash Draw (Brinster, 1991). Present understanding of the geologic controls on this
variation in conductivity is bascd primarily on studics of core samples from 17 borcholes, exposures in the walls
of three shafts excavated at the WIPP, and approximately 600 geophysical logs from boreholes throughout the
vicinity (Figure 2-10) (Holt and Powers, 1988: Powers and Holt, 1990; Beauheim and Holt, 1990).

Measured matrix porositics of the Culebra Dolomite range from 0.03 to 0.30 (Lappin et al., 1989; Kelley and
Saulnier, 1990). Fracture porosity values have not been measured directly, but interpreted valucs from tracer tests
at the H-3 and H-11 hydropads are 2x 10- and 1x10-3, respectively (Kelley and Pickens, 1986). Data are

insufficient to map spatial variability of porosity.
Variations in hydraulic conductivity in the Culebra are believed to be controlled by the relative abundance of

open fractures (Snyder, 1985; Beauheim and Holt, 1990; Brinster, 1991) rather than by primary (i.e., depositional)
features of the unit. Lateral variations in depositional environments were small within the mapped region, and
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Figure 2-9. Log hydraulic conductivities (measured in m/s) of the Culebra Dolomite Membcr of the Rustler
Formation (Brinster, 1991).
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intake, exhaust, and waste shafts, respectively.
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Sources of geologic information about the Culebra Dolomite, including boreholes from which
core samples are available, and shafts studied during excavation. AlS, ES, and WS refer to the air
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primary features of the Culebra show little map-scale spatial variability (Holt and Powers, 1988). Direct
mecasurements of the density of open fractures arc not available from core samples because of incomplete recovery
and fracturing during drilling, but comparisons between highly fractured outcrops of the Culebra in southern Nash
Draw and the rclatively unfractured exposures in the WIPP shafts suggests that density of open fractures in the
Culebra decreases to the cast. Qualitative corrclations have been noted between hydraulic conductivity and several
geologic features possibly related to open-fracture density, including (1) the distribution of overburden above the
Culebra (Figure 2-11) (Holt and Powers, 1988; Beauheim and Holt, 1990); (2) the distribution of halite in other
members of the Rustler Formation (compare Figures 2-8 and 2-9) (Snyder, 1985); (3) the dissolution of halitc in
the upper portion of the Salado Fonnation (Figure 2-12) (Beauheim and Holt, 1990); and (4) the distribution of
gypsum fillings in fractures in the Culebra (IFigure 2-13) (Beauhcim and Holt, 1990).

Regional tilting of the Delawarc Basin during the Late Pliocene and early Pleistocene (see Scction 2.2.1) and
subscquent erosion have resulted in a westward decrease in overburden above the Culebra (Figure 2-13). The
decrease in confining stress during erosional unloading may have caused fracturing in the Culcbra (Bcauheim and
Holt, 1990), and may also have controlled the degree to which fractures opened. Locally, however, variations in
conductivity do not correlate precisely with variations in overburden thickness, and other geologic phenomena
must contribute (Beauheim and Holt, 1990).

Where the present distribution of halite in the Rustler Formation (FFigure 2-8) results from post-depositional
dissolution, subsidence over arcas of dissolution may have caused fracturing in the Culebra (Snyder, 1985).
Mapping of depositional environments in the Rustler IFormation indicates, however, that the present limits of
halite in the formation coincide, in general, with a depositional transition from evaporites to mudstones ncar the
margins of a saline pan (FHolt and Powers, 1988; Powers and Holt, 1990). Dissolution of the upper portion of the
Salado Formation (Figure 2-12), as inferred from stratigraphic thinning observed in geophysical logs, may also
have caused subsidence and fracturing in the Culebra (Beauheim and Holt, 1990).

Detailed cxamination of core samples from the Culebra shows that the percentage of fractures that arc filled
with post-depositional gypsum crystals increases castward across the site (Figure 2-13) (Beauhcim and Hol,
1990). Furthermore, the crystalline structure of the fracture fillings changes across the site, suggesting that the
present conductivity distribution may reflect spatial variability in the processes that formed fracture fillings. East
of the WIPP, fracture-filling crystals have predominantly incremental growth forms, indicating gradual growth as
the fractures opencd and no subsequent dissolution. Fractures with incremental fillings probably have had
relatively small apertures and little groundwater flow through them throughout their history. From the WIPP
west, fracture fillings, where present, are predominantly passive gypsuin crystals that grew in pre-existing void
spaces. By implication, any carly, incremental fillings in these fractures must have been dissolved at some time
in the past, and the fractures may have had relatively large groundwater flow through them before passive crystal
growth. In places where carly, incremental (illings have been removed by dissolution and passive crystal growth
have not formed, or where they have been removed by further dissolution, conductivity is high. In places where

either passive or incremental crystals fill most fractures, conductivity is low.
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As observed in core samples from the Culebra, clay minerals commonly occur on the surfaces of
subhorizontal fractures in dolomite (Scwards, 1991; Sewards et al., 1991a,b). Present distribution and
composition of clay in the Culebra (and other members of the Rustler Formation) retlect both depositional and
diagenctic processes (Sewards et al., 1992). Clays are most abundant in horizontal layers that represent original
bedding planes in the evaporite sequences. Thesc clay-rich layers are found within the Culebra throughout the
WIPP vicinity. Because they are less competent than the dolomite above and below, clay-rich layers are
preferentially opened during fracturing, creating clay-lined subhorizontal fractures. Clay mincrals identified by x-
ray diffraction analysis include comrensitc (ordercd mixed-layer chlorite/saponite) and illite, with minor amounts of
serpentine and chlorite. Corrensite is the most abundant of the clay minerals, usually constituting about 50
percent of the clay assemblage (Sewards et al., 1991a). Original detrital clays were illitc and smectite; alternation
of smectite into corrensite occurred during early diagencsis as magnesium-rich pore waters migrated through the
formation (Sewards et al., 1992). lsotopic analyses (Rb/Sr) indicate that clay minerals rcached their prescnt
composition during the Late Permian (Brookins et al., 1990).

Because the cation exchange capacity of clay minerals in general and corrensite in particular is higher than that
of dolomite or gypsum, clay fracture-linings may play an important role in the chcmical retardation of
radionuclides during potential transport (Siegel et al., 1990; Sewards et al., 1992). Clay fracturc-linings may also
affect physical retardation of radionuclides by diffusion into the pore volume of both dolomite matrix and the clay
linings during transport (Section 7.6.2 of this volume; Volume 3, Section 2.6 of this report; memorandum by
Novak et al. in Volume 3, Appendix A of this report).

Tamarisk Member

Where present in southeastern New Mexico, the Tamarisk Member ranges in thickness from 8 to 84 m (26 to
276 ft) in southcastern New Mexico, and is about 36 m (118 ft) thick at thc WIPP. Thc Tamarisk consists of
mostly anhydritc or gypsum interbedded with thin layers of claystone and siltstone. Near Nash Draw, dissolution
has removed evaporites from the Tamarisk Member, and the Magenta and Culebra Dolomites are separated only by
a few mcters of residue (Brinster, 1991).

Unsuccessful attempts were made in two wells, 1-14 and 11-16, to test a 2.4-m (7.9-ft) sequence of the
Tamarisk Member that consists of claystone, mudstone, and siltstone overlain and undcrlain by anhydrite.
Permeability was too low to measure in cither well within the time allowed for testing, but Beauhcim (1987a)
cstimated the transmissivity of the claystone sequence to be one or more orders of magnitude less than that of the
tested interval in the unnamed lower member, which yiclded transmissivity values of 2.9x 10-10 m2/s (2.7x 104
f12/d) and 2.4x 10-10 m%/s (2.2x 104 112/d), corresponding to hydraulic conductivitics in the basal siltstonc of the
unnamed lower member of 1.5x 1071 m/s (4.2x 1076 fvd) and 1.2x 10-1! m/s (3.4x 1076 fud).

Magenta Dolomite Member

The Magenta Dolomite Mcmber of the Rustler Formation is a fine-grained dolomite that ranges in thickness
from 4 10 8 m (13 to 26 ft) and is about 6 m (19 f) thick at thc WIPP. The Magenta is saturated except near
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Chapter 2. Conceptual Basis for Consequence Modeling

outcrops along Nash Draw, and hydraulic data are available from 14 wells. Hydraulic conductivity ranges over five
orders of magnitude from 5.0x 10710 10 5.0x 10-5 m/s (1x10-4 to 1x 10! fvd).

A contour map of log hydraulic conductivitics of the Magenta Dolomitc Member bascd on sparse data (Figure
2-14) shows a dccrease in conductivily from west to east, with slight indentations of the contours north and south
of the WIPP that correspond to the topographic expression of Nash Draw (Brinster, 1991). Comparison of Figures
2-9 and 2-14 show that in most locations conductivity of the Magenta is one to two orders of magnitude less than
that of the Culcbra.

No porosity measurements have been made on the Magenta Dolomite Member. Bcauheim (1987a) assumed a
represcntative dolomite porosity of 0.20 for interpretations of well tests.

Forty-niner Member

The uppermost member of the Rustler Formation, the Forty-niner Member, is about 20 m (66 ft) thick
throughout the WIPP area and consists of low-permeability anhydrite and siltstone. Tests in H-14 and H-16
yielded hydraulic conductivities of about 5x 10 m/s (1x 103 fv/d) and 5x 10-10 m/s (1x 10-4 fvd) respectively
(Beauheim, 1987a).

2.2.2.7 SUPRA-RUSTLER ROCKS

Strata above the Rustler Formation are not believed to represent a significant pathway for the migration of
radionuclides from the repository to the accessible environment because of relatively low transmissivities within
the saturated zone. These units are important to performance assessment, however, because vertical flux through
them may play an important rolc in the inflow and outflow of water from the Rustler Formation, Available
models of groundwater flow in the Culebra do not incorporate the effects of vertical flux.

Where present, the supra-Rustler units collectively range in thickness from 4 to 536 m (13 to 1758 ft).
Regionally, the supra-Rustler units thicken to the east and form a uniform wedge of overburden across the region
(Brinster, 1991). Fine-grained sandstones and siltstones of the Dewey Lake Red Beds (Pierce Canyon Red Beds of
Vine, 1963) conformably overlie the Rustler Formation at the WIPP and are the uppermost Permian rocks in the
region. The unit is absent in Nash Draw, is as much as 60 m (196 ft) thick where present west of the WIPP, and
can be over 200 m (656 ft) thick cast of the WIPP (Figures 2-4, 2-7). East of the WIPP, the Dewcy Lake Red
Beds are unconformably overlain by Mesozoic rocks of the Triassic Dockum Group. Thesc rocks are absent west
of the repository and rcach a thickness of over 100 m (328 ft) in western Lea County. East of the WIPP, Triassic
and, in some locations, Cretaceous rocks are unconformably overlain by the Pliocene Ogallala Formation. At the
WIPP, Permian strata arc overlain by 8 m (25 ft) of the Triassic Dockum Group, discontinuous sands and gravels
of the Pleistocene Gatuiia Formation, the informally named Plcistocenc Mescalero caliche, and Holocene soils
(Holt and Powecrs, 1990).
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Figure 2-14.  Log hydraulic conductivitics (measured in m/s) of the Magenta Dolomite Member of the Rustler
Formation (Brinster, 1991).
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Chapter 2. Conceptual Basis for Consequence Modeling

Drilling in the Dewcy Lake Red Beds has not identified a continuous zone of saturation. Some localized
zones of relatively high permeability were identified by loss of drilling fluids at DOE-2 and H-3d (Mercer, 1983;
Beauheim, 1987a). Thin and apparently discontinuous saturated sandstones were identificd in the upper Dewcy
Lake Red Beds at -1, H-2, and I1-3 (Mercer and Orr, 1979; Mercer, 1983). Several wells operated by the J. C.
Mills Ranch (James Ranch) south of the WIPP produce sufficient quantities of water from the Dewey Lake Red
Beds 10 supply livestock (Brinster, 1991).

Hydrologic properties of supra-Rustler rocks are relatively poorly understood because of the lack of long-term
hydraulic tests and the difficulty of making those measurements. 1lydraulic conductivity of the Dewey Lake Red
Beds, assuming saturation, is estimated to be 108 m/s (10-3 fvd), corresponding to the hydraulic conductivity of
fine-grained sandstone and siltstone (Mercer, 1983; Davics, 1989). Porosity is estimated to be about 0.20, which
is representative of fine-grained sandstone (Brinster, 1991).

2.2.3 Hydrology

2.2.3.1 PRESENT CLIMATE

The present climate of southcastern New Mexico is arid to semi-arid (Swift, 1992). Annual precipitation is
dominated by a late summer monsoon, when solar warming of the continent creates an atmospheric pressure
gradicnt that draws moist air inland from the Gulf of Mexico (Cole, 1975). Winters arc cool and generally dry.

Mean annual precipitation at the WIPP has been estimated to be between 28 and 34 cm/yr (10.9 and 13.5
in/yr) (Ilunter, 1985). At Carlsbad, 42 km (26 mi) west of the WIPP and 100 m (330 ft) lower in clevation, 53-
year (1931-1983) annual means for precipitation and temperature arc 32 cm/yr (12.6 in/yr) and 17.1°C (63°F)
(University of New Mexico, 1989). Freshwater pan cvaporation in the region is estimated to be 280 cm/yr (110
in/yr) (U.S. DOE, 1980).

Short-term climatic variability can be considerable in the region. For cxample, the 105-year (1878 1o 1982)
precipitation record from Roswell, 135 kim (84 mi) northwest of the WIPP and 60 m (200 f1) higher in clcvation,
shows an annual mean of 27 cm/yr (10.6 in/yr) with a maximum of 84 cm/yr (32.9 in/yr) and a minimum of 11
cm/yr (4.4 in/yr) (Hunter, 1985).

2.2.3.2 PALEOCLIMATES AND CLIMATIC VARIABILITY

Based on the past record, it is rcasonable to assume that climate will change at the WIPP during the next
10,000 years, and the performance-assessment hydrologic model must allow for climatic variability. Prescntly
available long-term climate models are incapable of resolution on the spatial scales required for numerical
predictions of future climates at the WIPP (e.g., 1lansen et al., 1988; Mitchell, 1989; Houghton et al., 1990), and
simulations using these models are of limited value beyond several hundreds of years into the future. Dircct
modeling of climates during the next 10,000 ycars has not been attempted for WIPP performance asscssment.

2-26



O U o W N =

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

Natural Barrier System
Hydrology

Instead, performance-assessment modeling uses past climates to set limits for future variability (Swift, 1991,
1992). The extent to which unprecedented climatic changes caused by human-induced changes in the composition
of the Earth's atmosphere may invalidate this assumption is uncertain. Presently available models of climatic
response to an cnhanced greenhouse effect (c.g., Mitchell, 1989; Houghton et al., 1990) do not predict changes of
a larger magnitude than those of the Pleistocene (although predicted rates of change are greater), suggesting the
choice of a Pleistocenc analog for future climatic extremes will remain appropriate.

Geologic data from the Amecrican Southwest show repeated alternations of wetter and drier climates
throughout the Pleistocene, which correspond to global cycles of glaciation and deglaciation (Swift, 1992).
Climates in southecastern New Mexico have been coolest and wettest during glacial maxima, when the North
American icc sheet rcached its southern limit roughly 1200 km (750 mi) north of the WIPP. Mecan annual
precipitation at these extremes was approximately twice that of the present. Mean annual temperatures may have
been as much as 5°C (9°F) cooler than at present. Modeling of global circulation patterns suggests these changes
resulied from the disruption and southward displacement of the winter jet stream by the ice sheet, causing an
increase in the frequency and intensity of winter storms throughout the Southwest (COHMAP Mcmbers, 1988).

Data from plant and animal remains and palco-lake levels permit quantitative reconstructions of precipitation
in southeastern New Mexico during the advance and retreat of the last major ice sheet in North America. Figure
2-15 shows estimated mean annual precipitation for the WIPP for the last 30,000 years, bascd on an cstimated
present precipitation of 30 cm/yr (11.8 in/yr). The precipitaton maximum coincides with the maximum advance
of the ice sheet 22,000 to 18,000 years ago. Since the final retreat of the ice sheet approximately 10,000 years
ago, conditions have been generally dry, with intermittent and relatively bricf periods when precipitation may have
approached glacial levels. Causes of these Holocene fluctuations are uncertain (Swift, 1992).

Glacial periodicities have been stable for the last 800,000 ycars, with major peaks occurring at intervals of
19,000, 23,000, 41,000 and 100,000 years, corresponding to variations in the Earth's orbit (Milankovitch, 1941;
Hays et al., 1976; Imbrie et al.,, 1984; Imbrie, 1985). Barring anthropogenic changes in the Earth's climate,
relatively simple modeling of the nonlinear climatic response to astronomically controlled changes in the amount
of solar energy reaching the Earth suggests that the next glacial maximum will occur in approximately 60,000
years (Imbric and Imbrie, 1980). Regardless of anthropogenic cffects, short-term, non-glacial climatic fluctuations
comparable to those of the last 10,000 ycars are probable during the next 10,000 years and must be included in
performance-assessment modeling.

Climatic variability will be incorporated into the modeling system conceplually by varying groundwater flow
into the Culebra Dolomite Member of the Rustler Formation as a scaled function of precipitation (Swift, 1991).
Short-term variability in precipitation is approximated with a periodic function that generates peaks of (wice
present precipitation three times during the next 10,000 years and with a future climate that is wetter than that of
the present approximately one half of the time. Long-term, glacial increase in precipitation is approximated with
a periodic function that reaches a maximum of twice present precipitation in 60,000 years. For this performance
asscssment, climatic variability has been included in the consequence analysis by varying boundary conditions of
the Culebra groundwater-flow model as a scaled function of future precipitation. Potentiometric heads along a
portion of the northern boundaries of the regional model domain were varicd between present elevation and

approximately the ground surface, reaching maximuin 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
(modified from Swift, 1992),
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2.2.3.3 SURFACE WATER

The Pecos River, the principal surfacc-water feature in southeastern New Mexico, flows southeastward in
Eddy County approximately parallel to the axis of the Delaware Basin (Figure 2-1) and drains into the Rio Grande
in western Texas. In the vicinity of the WIPP, the drainage system includes small ephemeral creeks and draws and
has a drainage arca of about 50,000 k2 (20,000 mi2). At its closest point, the Pecos River is about 20 km
(12 mi) southwest of the WIPP (Brinster, 1991).

Very liule, if any, of the surface waler from Nash Draw reaches the Pecos River (Robinson and Lang, 1938;
Lambert, 1983). Several shallow, saline lakes in Nash Draw cover an arca of about 16 km? (6 mi2) southwest of
the WIPP (FFigure 2-6) and collect precipitation, surface drainage, and groundwater discharge from springs and
seeps. The largest lake, Laguna Grande de la Sal, has existed throughout historic time. Since 1942, smaller,
intcrmittent, saline lakes have formed in closed déprcssions north of Laguna Grandc de la Sal as a rcsult of effluent
from potash mining and oil-well development in the arca (Hunter, 1985). Efflucnt has also enlarged Laguna
Grande de la Sal.

2.2.3.4 THE WATER TABLE

No maps of the water table are available for the vicinity of the WIPP. Outside of the immediate vicinity of
the Pecos River, where water is pumped for irrigation from an unconfined aquifer in the alluvium, near-surface
rocks are either unsaturated or of low permeability and do not produce water in wells. Tests of the lower Dewey
Lake Red Beds in H-14 that were intended to provide information about the location of the water table proved
inconclusive because of low transmissivities (Beauheim, 1987a). Livestock wells completed south of the WIPP in
the Dewey Lake Red Beds at the J. C. Mills Ranch (James Ranch) may produce from perched aquifers (Mercer,
1983; Lappin ct al., 1989), or thcy may produce from transmissive zoncs in a continuously saturated zone that is
elsewhere unproductive because of low transmissivitics.

Regionally, water-table conditions can be inferred for the more permeable units where they are close (o the
surface and saturated. The Culebra Dolomite may he under water-table conditions in and near Nash Draw and near
regions of the Rustler 'ormation outcrop in Bear Grass Draw and Clayton Basin north of the WIPP (Figure 2-6).
The Magenta Dolotnite is unsaturated and presumably above the walter table at WIPP-28 and H-7 near Nash Draw.
Walcr-table conditions exist in the Rustler-Salado contact zone near where it discharges into the Pecos River at
Malaga Bend (Brinster, 1991),

2.2.3.5 REGIONAL WATER BALANCE

Hunter (1985) cxamined the overall water budget of approximately 5180 km? (2000 mi2) surrounding the
WIPP. Watcr inflow to the area comes from precipitation, surface-water flow in the Pecos River, groundwater
flow across the boundarics of the region, and water imported to the region for human use. Outflow from the
water-budget model occurs as stream-walter flow in the Pecos River, groundwater flow, and evapotranspiration.
Volumes of water gained by precipitation and lost by evapotranspiration are more than one order of magnitude
larger than volumes gained or lost by other means.
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Chapter 2. Conceptual Basis for Consequence Modeling

Uncertaintics about precipitation, evapotranspiration, and water storage within the system limit the usefulness
of estimates of groundwater recharge bascd on water-budget analyses. Regionally, Hunter (1985) concluded that
approximately 96 perceut of precipitation was lost directly to evapotranspiration, without entering the surface or
groundwater flow systems. Within the 1000 km?2 (386 mi2) immediately around the WIPP, where no surface
runoff occurs and all precipitation not lost to evapotranspiration must rccharge groundwater, a separate analysis
suggested evapotranspiration may be as high as 98 to 99.5 percent (Hunter, 1985). Direct measurements of
infiltration rates are not available from the WIPP vicinity.

2.2.3.6 GROUNDWATER FLOW ABOVE THE SALADO FORMATION

Well tests indicate that the three most permeable units in the vicinity of the WIPP above the Salado
Formation are the Culebra Dolomite and Magenta Dolomite Members of the Ruster Formation and the residuum
at the Rustler-Salado contact zone. The vertical permeabilities of the strata separating these units are not known,
but lithologics and the potentiometric and geochcmical data summarized below suggest that for most of the
region, vertical flow between the unitsis very slow. Although preliminary hydrologic modeling indicates that
some component of vertical flow between units can be compatible with observed conditions (Haug et al., 1987;
Davies, 1989), the Culebra is assumed o be perfectly confined for the 1992 performance-assessment calculations.

Potentiometric Surfaces

Mercer (1983) and Brinster (1991) have constructed potentiometric-surface maps for the Rustler-Salado residuum,
the Culebra Dolomite, and the Magenta Dolomite; Brinster's (1991) maps are reproduced here (Figures 2-16, 2-17,
and 2-18). Thesc maps show the clevation above sea level o which fresh water would rise in a well open to each
unit. Contours are based on measured heads (water clevations in wells) that have been adjusted to freshwater-
cquivalent heads (the level to which fresh water would rise in the same well). Maps for the Culebra and the
Magenta Dolomites are based on data from 31 and 16 wells, respectively. The map for the Rustler-Salado
residuum includes data from 14 wells and water clevations in the Pecos River, reflecting an assumption that water-

table conditions exist in the unit near the river.

Because the data used to construct the potentiometric maps are sparsc and unevenly distributed, interpretations
must be made with caution. FFor example, the "bull’s-cye" patterns visible in all threc maps arc controlled by
single data points, and would probably disappear from the maps if sufficient data were available. Contours arc
most reliable where data are closely spaced, particularly in the immediate vicinity of the WIPP, and are lcast
reliable where they have been cxtrapolated into arcas of no data, such as the southeast portion of the mapped arca.
With these caveats noted, however, the potentiometric maps can be useful in drawing conclusions about flow both
within and between the three units.

Flow of a constant-density liquid within an isotropic medium would be perpendicular to the potentiometric
contours. Near the WIPP, localized regions have been identified where variations in brine density result in non-
uniform gravitational driving forces and anomalous flow directions (Davies, 1989), and the effects of anisotropy
on flow patterns are not fully understood. In general, however, flow in the Rustler-Salado contact zone is from
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Chapter 2. Conceptual Basis for Consequence Modeling

northeast to southwest. Flow in the Culebra is from north to south, and flow in the Magenta is from cast to west
in that portion of the study arca where data are sufficient to permit interpretation (i.e., near the WIPP).
Differences in flow directions may reflect long-term transicnt conditions (see "Recharge and Discharge” in Section
2.2.3.6) and indicate low permeability of the strata separating the three units; that is, if the three functioned as a
single aquifer, potcntiometric maps would be similar,

Flow between units also is a function of hydraulic gradient and can be interpreted qualitatively from the
potentiometric maps. Like lateral flow within units, vertical flow between units is from higher potentiometric
levels to lower levels. Differences between the elevations of the potentiometric surfaces reflect low permeabilities
of the intervening strata and slow rates of vertical leakage relative 1o rates of flow within the aquifers. Brinster
(1991), and Beauheim (1987a) prcsent analyses of vertical hydraulic gradients on a well-by-well basis. These
analyses suggest that, if flow occurs, the direction of flow betwecn the Magenta and the Culebra is downward
throughout the WIPP area. Directly above the repository, flow may be upward from the Rustler-Salado residuum
to the Culebra Dolomite. Elsewhere in the region, both upward and downward flow directions exist between the

twO units.

Groundwater Geochemistry

Major solute gecochemical data are available for groundwater from the Rustler-Salado contact zone from 20
wells, from the Culcbra Dolomite from 32 wells, and from the Magenta Dolomite from 12 wells (Siegel et al.,
1991). Groundwater quality in all three units is poor, with total dissolved solids (TDS) exceeding 10,000 mg/L
(the concentration specified for regulation by the Individual Protection Requirements of 40 CFR 191B) in most
locations.

Waters from the Rusticr-Salado contact zone have the highest TDS concentrations of any groundwaters in the
WIPP area. The lowest concentration reported from the unit is 70,000 mg/L. from H-7¢ southwest of the WIPP,
and the highest is 410,000 mg/L from H-$5 at the northeast corer of the land-withdrawal area (Siegel ct al., 1991).

Waters from the Magenta Dolomite are the least saline of those in the confined units. Within the land-
withdrawal area, 'TDS concentrations range from approximatcly 4000 to 25,000 mg/L. Higher values are reported
from H-10 southeast of the WIPP, where the sample is of uncertain quality, and from WIPP 27 in Nash Draw,
where groundwater chemistry has been altered by dumping of cffluent from potash mines (Siegel ct al., 1991).

Groundwater chemistry is variable in the Culebra Dolomite. A maximum TDS concentration of 324,100
mg/L is reported from WIPP-29 west of the repository in Nash Draw, and a minimum valuc of 2830 mg/L is
reported from H-8, 14 km (9 mi) southwest of the repository. Three other wells (H-7, H-9, and the Engle well),
all south of the WIPP, also contain water with less than 10,000 mg/L. TDS (Siegel et al., 1991).

Relative concentrations of major ions vary spatially within the Culebra Dolomite. Siegel ct al. (1991)
recognized four zones containing distinct hydrochemical facics (FFigure 2-19) and related waler chemistry to the
distribution of halite in the Rustler Formation. Zone A contains a saline (about 2 to 3 molal) sodium chloride
brine with a magnesium/calciuin molar ratio greater than 1.2. Zone A waters occur eastward from the repository,
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Chapter 2. Conceptual Basis for Consequence Modeling

in a region that corresponds roughly with the arca of lowest transmissivity in the Culebra Dolomite. Halite is
present in the unnamed lower member of the Ruster Formation throughout Zone A, and in the eastern portion of
the region halite occurs in the upper members as well. Zone B is an area of dilute, calcium sulfate-rich water
(ionic strength less than 0.1 molal) south of the repository. This region generally has high transmissivity in the
Culebra Dolomite, and halite is absent from all members of the Rustler Formation. Zone C, cxtending from the
repository west to Nash Draw, contains waters of variable composition with low to moderate ionic strength (0.3
to 1.6 molal), with magnesium/calcium molar ratios less than 1.2. Transmissivity is variable in this region, and
halite is present in the Rustler Formation only to the cast, in the unnamed lower member. Salinities are highest
near the eastern edge of the zone. Zone D waters, found only in two wells in Nash Draw, arc anomalously saline
(3 o 6 molal) and have high potassium/sodium ratios that reflect contamination by effluent from potash mincs.

Distribution of the hydrochemical facies may not be consistent with the inferred north-t0-south flow of
groundwater in the Culebra Dolomite. Specifically, less saline waters of Zonc B are down-gradient from more
saline waters in Zones A and C. Chapman (1988) suggested that direct recharge of fresh water from the surface
could account for the characteristics of Zonc B. As discussed in more dctail below ("Recharge and Discharge”
section), the inconsistency between cflexnical and potentiometric data could also result from a change in location
and amount of recharge since the wetter climate of the last glacial maximum (Lambert, 1991). Prcsent flow in
the Culebra could be transient, reflecting gradual drainage of a groundwater reservoir filled during the Pleistocene
(Lambert and Carter, 1987; Davies; 1989; Lambert, 1991). Regional hydrochemical facics may not have
equilibrated with the modem flow regime and instead may reflect geographic distribution of halite during a past
flow regime (Siegel and Lambert, 1991).

Recharge and Discharge

The only documented points of naturally occurring groundwater discharge in the vicinity of the WIPP are the
saline lakes in Nash Draw and the Pecos River, primarily ncar Malaga Bend (Hunter, 1985; Brinster, 1991).
Discharge into the lakes from Surprise Spring was measured at a rate of less than 0.01 m3/s (0.35 f13/s) in 1942
(Hunter, 1985). Estimated total groundwater discharge into the lakes is 0.67 m3/s (24 fi3/s) (Hunter, 1985).
Based on chemical and potentiometric data, Mercer (1983) concluded that discharge from the spring was from
fractured and more transmissive portions of the Tamarisk Member of the Rustler Formation, and that the lakes
were hydraulically isolated from the Culebra Dolomite and lower units. Lambert and Harvey’s (1987) analysis of
stable isotopes in water from Surprise Spring supports the conclusion that Surprise Spring and Laguna Grande de
la Sal are not discharge points for the Culebra Dolomite.

Groundwater discharge into the Pecos River is larger than discharge into the saline lakes. Based on 1980
strcam-flow gage data, Hunter (1985) estimated that groundwater discharge into the Pecos River between Avalon
Dam north of Carlsbad and a point south of Malaga Bend was no more than approximately 0.92 m3/s (33 ft3/s).
Most of this gain in stream flow occurs near Malaga Bend and is the result of groundwater discharge from the
residuum at the Rustler-Salado contact zone (Hale et al., 1954; Kunkler, 1980; Hunter, 1985; Brinster, 1991).

‘The only documented point of groundwater recharge is also ncar Malaga Bend, where an almost immediate
water-level rise has been reported in a Rustler-Salado residuum well following a heavy rainstorin (Hale et al.,
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1954). This location is hydraulically down-gradient from the repository, and recharge here has litue relevance to
flow near the WIPP. lixamination of the potentiometric-surface map for the Rustler-Salado contact zone (Figure
2-16) indicates that some inflow may occur north of the WIPP, where freshwater-equivalent heads are highest.
Additional inflow to the contact zone may occur as leakage from overlying units, particularly where the units are
close to the surface and under water-table conditions, Brinster (1991) proposed that inflow to the contact zone (and
other units in the Rusder Formation) could also come from below, upward through breccia pipes from the Capitan
aquifer north and east of the repository.

No direct evidence exists for the location of cither recharge to or discharge from the Culebra Dolomite. The
potentiometric-surface map (Figure 2-17) implies inflow from the north and outflow to the south. Mercer (1983)
suggested that recharge from the surface probably occurred 15 to 30 km (9 to 19 mi) northwest of the WIPP in and
north of Clayton Basin (IFigure 2-6), where the Rustler Formation crops out. An undetermined amount of inflow
may also occur as leakage from overlying units throughout the region.

The potentiometric-surface map (Figure 2-17) indicates that flow in the Culebra Dolomite is toward the
south. Some of this southerly flow may enter the Rustler-Salado contact zone under water-table conditions near
Malaga Bend and ultimately discharge into the Pecos River. Additional flow may discharge dircctly into the Pecos
River or into alluvium in the Balmorhca-Loving Trough to the south (Figure 2-6) (Brinster, 1991).

Recharge to the Magenta Dolomite may also occur north of the WIPP in Bear Grass Draw and Clayton Basin
(Mercer, 1983). The potentiometric-surface map indicates that discharge is toward the west in the vicinity of the
WIPP, probably into the Tamarisk Member and the Culebra Dolomite near Nash Draw. Some discharge from the
Magenta Dolomite may ultimately reach the saline lakes in Nash Draw. Additional discharge probably reaches the
Pecos River at Malaga Bend or alluvium in the Balmorhea-1.oving Trough (Brinster, 1991).

Isotopic data from groundwater samples suggest that groundwater travel time from the surface to the Dewey
Lake Red Beds and the Rustler Formation is long and rates of flow are extremely slow. Low tritium levels in all
WIPP-area samples indicate minimal contributions from the atmosphere since 1950 (Lambert and Harvey, 1987).
IFour modceled radiocarbon ages from Ruster Formation and Dewey Lake Red Beds groundwater are between
12,000 and 16,000 yecars (Lambert, 1987). Obscrved uranium isotope activity ratios require a conservative
minimum residence time in the Culebra Dolomite of several thousands of years and more probably reflect
minimum ages of 10,000 to 30,000 years (Lambert and Carter, 1987). Stable-isotope data are more ambiguous:
Lambert and Harvey (1987) concluded that compositions are distinct from modern surface values and that the
contribution of modern recharge to the system is slight, whercas Chapman (1986, 1988) concluded that available
stable-isotope data do not permit interpretations of groundwater age. Additional stable-isotope research is in
progress and may resolve some uncertainty about groundwater age.

Potentiometric data from four wells support the conclusion that little infiltration from the surface rcaches the
transmissive units of the Rustler Formation. Hydraulic head data are available for a claystone in the Forty-niner
Member from DOE-2, H-3, H-4, -5, and H-6. Comparison of these heads to Magenta heads in surrounding
wells shows that flow between the units at all four wells may be upward (Beauheim, 1987a). This observation
offers no insight into the possibility of infiltration reaching the Forty-niner Member, but it rules out the
possibility of infiltration reaching the Magenta Dolomite or any deeper units at these locations.
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Chapter 2. Conceptual Basis for Consequence Modeling

Location and amount of groundwater recharge and discharge in the arca may have been substantially different
during wetter climates of the Pleistocene. Gypsiferous spring deposits on the east side of Nash Draw are of late
Plcistocenc age and reflect discharge from an active water table in the Rustler Formation (Bachman, 1981, 1987;
Davies, 1989; Brinster, 1991). Coarse sands and gravels in the Pleistocene Gatuiia Formation indicate dcposition
in high-energy, through-going drainage systcms unlike those presently found in the Nash Draw area (Bachman,
1987). Citing isotopic evidence for a Pleistocene age for Rustler Formation groundwater, Lambert and Carter
(1987) and Lambert (1991) have speculated that during the late Pleistocene, Nash Draw may have been a principal
recharge area, and flow in the vicinity of the WIPP may have been castward. In this interpretation, there is
esscntially no recharge at the present, and the modern groundwater-flow fields reflect the gradual draining of the
strata. Preliminary modeling of long-terin transient flow in a two-dimensional, east-west cross scction indicates
that, although the concept remains unproven, it is not incompatible with observed hydraulic properties (Davies,
1989). As the performance-assessment groundwater-flow model is further developed and refined, the potential
significance of uncertainty in the location and amount of future recharge will be re-evaluated.

2.2.4 Radionuclide Transport in the Culebra Dolomite

Hydraulic tests using nonrcactive tracers have been conducted in the Culebra Dolomite Member of the Rustler
Formation near the WIPP at the H-2, H-3, H-4, H-6, and H-11 hydropad well locations (Kelley and Pickens,
1986; Saulnier, 1987; Beauheim, 1987b,c; Jones ct al., 1992) (see Figures 2-6 and 2-8 for well locations). At the
H-2 and H-4 hydropads, transmissivity in the Culebra is low, and tracer test results are best explained by
characterizing the Culebra as a single-porosity, matrix-only medium in which interconnected open fractures are not
present (see Scction 2.2.2.6 for a discussion of fractures in the Culebra). At the H-3, -6, and H-11 hydropads, a
dual-porosity, fracture-plus-matrix model for transport provides the best agreement with the tracer test data.
Neither a single-porosity, fracture-only nor a single-porosity, matrix-only model provides a suitable intcrpretation
of the tracer test data at these locations (Jones ct al,, 1992). The H-3 and 1-11 hydropad locations lie south and
southeast of the waste panels, within the predicted flow paths from the pancls (LaVenue and RamaRao, 1992), and
the WIPP PA Departinent therefore belicves that a dual-porosity transport model provides the most realistic
estimate of subsurface releases at the accessible environment boundary. Alternative conceptual models for both
single-porosity, fracture-only transport (believed to be an unrealistic but known endpoint of a continuum of
models on which a realistic endpoint is uncertain) and dual-porosity, matrix-plus-fracture transport (believed to be
realistic) were used in the 1992 PA. Results are compared in Volume 1, Chapter 5 of this report.

Unlike the nonreactive materials used in tracer tests, radionuclides may be rctarded during transport by
chemical interactions with the rock. Distribution coefficients (K s, mL/g), defined for a given element as the
concentration sorbed per gram of rock divided by the concentration per a milliliter of solution, are used to describe
the partitioning of radionuclides between groundwater and rock. As described in Section 7.6, K s are then used to
derive retardation factors, defined as mean {luid velocity divided by mean radionuclide velocity, which take into
account pore space gcometry and the thickness of clay linings that linc pores and fractures as well as K values.
Distribution coctficients may be determined experimentally for individual radionuclides in specific water/rock
systems (e.g., Lappin et al., 1989), but because values arc strongly dependent on water chemistry and rock
mineralogy and the naturc of the flow system, experimental data cannot be extrapolated dircctly to a complex
natural system. For the 1992 (and 1991) preliminary performance asscssments, cumulative distribution functions
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(cdfs) for Kgs were based on judgment clicited from an expert panel as described in the following section. In
keeping with the agreement between the DOE and the State of New Mexico (U.S. DOE and the State of New
Mexico, 1981, as modified), Kys used in final compliance evaluations will be based on experimentally justified
data.

Sensitivity analyses performed as part of the 1990 PA indicated that, conditional on thec modcls and
distributions used in the 1990 calculations, variability in distribution coefficients was one of the most important
contributors to overall variability in cumulative relcases through groundwater transport (Helton et al,, 1991), and
that overall performance was sensitive to the choice of conceptual model (single porosity versus dual porosity) for
transport (Bertram-Howery et al., 1990). Sensitivity analyses performed as part of the 1991 PA confirmed the
importance of both chemical retardation and physical retardation (Helton et al., 1992). The potential impact of
uncertainty in the conceptual model for transport is examined again in the 1992 PA.

2.2.41 EXPERT JUDGMENT ELICITATION FOR Kgs

Unlike other expert panels organized for WIPP performance assessment, which consisted of experts with no
formal affiliation with SNL (c.g., the futurc intrusion and markers pancls discussed in Chapter 5 of this volume
and the source term panel discussed later in this chapter), the Radionuclide Retardation Expert Panel consisted of
SNIL. staff members who are currently working or have worked on retardation in the Culebra. In other regards,
procedures for the presentation of the issues and the elicitation of results were as suggested by Hora and Iman
(1989) and Bonano et al. (1990).

The Radionuclide Retardation Expert Pancl was requested to provide probability distributions for distribution
(sorption) coefficients for eight elements (americium, curium, uranium, neptunium, plutonium, radium, thorium,
and lead) that represent a spatial average over the total arca of concern (from a hypothetical intrusion borchole to
the boundary of the accessible environment). This was to be done for two scparate cases: (1) the coefficicnts that
result from the clay that lines the fractures in the Culebra Dolomite, and (2) the coefficients that result from the
matrix pore space of the Culebra Dolomite. During the meetings, the panelists decided to further break down the
problem by examining the coefficients that would result from the particular rock species and two different
transport fluids: (1) transport fluid that is predominandy relatively low-salinity Culebra brine, or (2) transport
fluid that is predominantly high-salinity Salado brine. Probability distributions were thus provided for four
situations for cach radionuclide.

Two short meetings were held in April 1991 10 discuss the physical situation and the issue statement. The
period between the second and third meetings (approximately onc month) was available for the panelists to
examine the ¢xisting data base and discuss the results with cach other. The third meeting, held at the end of May
1991, involved the expert judgiment elicitation training, a discussion among the panelists as to the cases and
assumptions to be used during the clicitation, and the actual elicitation sessions. At the request of onc of the
panelists, judgments were clicited separately from the experts. Each panelist provided distributions where they
were able. Incompleteness resulted in some cases from a lack of knowledge about a particular radionuclide.
Specific distributions provided by each panclist arc presented in Volume 3 of the 1991 edition of this report
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(Scction 2.6.10 of WIPP PA Division [1991c]). The composite distributions used in the 1992 performance-
assessment calculations are provided in Volume 3 of this report (Section 2.6.4).

The panelists judgments were based on a body of data generated largely by experiments with rock samples
taken from boreholes in the vicinity of the WIPP (Trauth et al., 1992):

¢ plutonium Kys (Dosch and Lynch, 1978; Lynch and Dosch, 1980; Dosch, 1980; Nowak, 1980; Serne et
al,, 1977; Tien ct al., 1983)

o americium K ;s (Dosch and Lynch, 1978; Lynch and Dosch, 1980; Nowak, 1980; Scme et al., 1977; Tien
ct al,, 1983)

« curium K zs (Dosch and Lynch, 1978; Seme ct al., 1977; Tien et al., 1983)
* neptunium Kys (Dosch and Lynch, 1978; Semc et al., 1977; Tien et al., 1983)
» uranium K s (Dosch, 1981; Dosch, 1980; Serne ¢t al., 1977; Ticn et al., 1983)

 strontium K;s (as analog for radium) (Dosch and Lynch, 1978; Lynch and Dosch, 1980; Dosch, 1980;
Scrne ct al., 1977)

* radium and lead Kzs (Tien et al., 1983)

« thorium K s (Tien et al,, 1983).
The K values reported in these refercnces were calculated by indirect means: Measurcments were not taken of the
activity sorbed to the rock. Rather, measurements were taken as to the activity lost from the solution contacting
the rock.

Tien et al. (1983) differed in their experimental approach from the other experimenters cited above. Tien et al.

(1983) compiled experimental distribution coefficients from open literature that might be applicable to
investigations of a potential repository site in bedded salt in the Palo Duro Basin of Texas.

2.2.4.2 PLANNED AND ONGOING EXPERIMENTAL WORK RELATED TO RADIONUCLIDE
TRANSPORT IN THE CULEBRA

The WIPP Test Phase Plan (U.S. DOE, 19904, currently in revision) contains experimental programs that
will provide additonal information on both chemical and physical retardation.

Chernical retardation will be addressed through laboratory experiments that will measure adsorption of

radionuclides as a function of water composition to characterize adsorption in the wide range of groundwater
compositions expected in the Culebra. Batch sorption experiments, in which crushed Culebra rock will be placed
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in a brine solution containing the radionuclides of interest, will provide K, values for many different conditions,
but will provide little information about retardation in natural fractures. Kys based on these experiments will
provide an upper bound on the amount of sorption that can be expected. A set of column-flow experiments is
thercfore in progress that will measure radionuclide sorption in columns of intact Culebra rock (core samples from
the Air Intake Shatt at the WIPP), thus providing a more dircct determination of natural (both chemical and
physical) retardation in the Culebra (sce U.S. DOE, 1992, and references cited thercin for additional information
about these experiments).

Retardation could also be addressed through tracer tests at a proposed new seven-well hydropad, to be called H-
19 (Beauhcim and Davies, 1992). The test may be conducted at the site of an existing well (e.g., I1-3), or a new
location may be sclected. In either case H-19 will be in a region of relatively high transmissivity south or
southeast of the waste pancls, within the envelope of predicted flow paths to the accessible environment. Tests
with both conservative and reactive (but not radioactive) tracers will examine transport along various paths
between a central well and six outer wells drilled at different radii from the central location. Specific objectives of
these tests are to:  address questions about vertical heterogeneity in the Culebra (tests will isolate specific
horizontal layers within the Culebra in different wells 1o examine vertical flow and transport between layers); to
provide data to allow evaluation of alternative conceptual models for transport in the Culebra, including
anisotropic, heterogencous, and channcling models; to provide information about chemical retardation processes on
a ficld scale; to provide additional evidence that matrix diffusion is an important process in retardation; and to
provide corc samples for additional laboratory tests from the region of predicted flow paths to the accessible
environment. Results of the field tracer tests are anticipated to be available for use in performance assessment
beginning in 1995 (Beauheim and Davies, 1992),

2.3 Engineered Barrier System

The WIPP disposal system includes enginecred barricrs that minimize the rate at which radionuclides may
migrate through the hydrogeologic sctting to the accessible environment. As presently designed, the repository
rclies on seals in panels, drifts, and shafts to prevent migration through the excavated openings. If performance
assessments indicate additional barricrs are needed to reduce potential radionuclide transport up an intrusion
borchole, modifications can be made to the form of the waste and backfill or to the design of the wastc-
cmplacement arcas that will enhance long-term performance. Section 2.3 contains descriptions of the repository
and seal design, the waste, the radionucfide source term, and the room/waste interactions. Because the performance
of engineered barriers is dependent on the properties of the surrounding strata, Section 2.3 also contains additional
information about the Salado Formation at the repository horizon.

2.3.1 The Salado Formation at the Repository Horizon

Depositional processes that created the Salado Formation were laterally persistent over large areas, and
individual stratigraphic horizons within the formation can be recognized in potash mines and boreholes throughout
the WIPP region (Lowenstein, 1988). Forty-four anhydrite and polyhalite “marker beds” in the Salado Formation
have been identified and numbered within the approximately 2700 km?2 (1050 mi2) of the Carlsbad potash mining
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district (Jones et al., 1960). Thinner interbeds of anhydrite, clay, and polyhalite occur throughout the formation,
and are also laterally persistent.

Lithologic layers in the Salado Formation dip less than 1° to the southeast at the WIPP, and the waste-
emplacement area is being excavated at a constant stratigraphic horizon rather than at a constant elevation so that
all waste panels will share the same local stratigraphy. This slight slope of the repository will result in a
difference in floor elevation between the highest and lowest panels of less than 10 m.

Panels are excavated entirely within a 7.3-m (24-ft) thick section of halite and polyhalite between anhydrite
marker beds 138 (MB138) and 139 (MB139), approximately 380 m (1250 {1) below the top of the Salado:
Formation (Figure 2-20a). Waste-emplacement panels arc excavated in the lower portion of this section,
approximately 1.4 i (4.6 ft) above MB139 (Figure 2-20b). Excavation has penetrated MB139 in sumps of all
four shafts, and in other locations. Experimental rooms, located in a separate part of the reposilory north of the
waste-emplacciment area (scc Section 2.3.2), have been excavated at a stratigraphic level higher than that of the
waste-emplaccment panels, in part, so‘lhat borehole tests can be conducted beneath the room floors in undisturbed
strata of the waste-emplacement horizon.

Anhydrite interbeds are of importance for performance assessment because they are more permeable than the
halite laycr containing the disposal room, and therefore provide the dominant pathway for fluid migration. As
discussed in more detail in Volume 3, presently available WIPP test data indicate undisturbed permeabilities
ranging between 1010 and 10-2! m2 for anhydrite and between 1019 and 10-24 m?2 for halite (Gorham et al.
memo in Volume 3, Appendix A of this report). Interbeds included in the 1992 performance assessment arc
MB139, and anhydrites A and B and MB138 located above the wastc-cmplacement panels (Figures 2-20a and 2-
20b).

Excavation of the repository and the consequent release of lithostatic stress has created a disturbed rock zone
(DRZ) around the underground openings. The DRZ at the WIPP has been confirmed by borchole observations,
geophysical surveys, and gas-flow tests, and varies in extent from 1 to 5 m (3.3 to 16.4 ft) (Stormont et al.,
1987; Peterson et al., 1987; Lappin et al., 1989). Fractures and microfractures within the DRZ have increased
porosity and permeability of the rock and increased brine flow from the DRZ to the excavated openings (Borns and
Stormont, 1988, 1989). IFracturing has occurred in MB139 below the waste-emplacement panels and in both
anhydrites A and B above the waste-emplacement panels. It is not known how far fracturing in the anhydritc
interbeds extends laterally from the excavations at this time, nor is the ultimate extent of the DRZ known. Most
dcformation related to development of the DRZ is believed to occur in the first five ycars after excavation (Lappin
et al,, 1989).

Fracturing in the DRZ, particularly in the anhydrite interbeds, may provide an enhanced pathway for fluid
migration out of the repository and possibly around panel and drift seals. Characterization of fracture-related
permeability in these layers is essential to modeling of two-phase (gas and brine) fluid flow into and out of the
repository. Work is in progress on modeling the possible pressure dependency of fracture permeability in
anhydrite interbeds, and results will be incorporated in future PAs.
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Borchole observations of pore-fluid pressure and permeability suggest that there may be a transition zone
extending outward beyond the DRZ. Within this transition zone pore-fluid pressures have dropped from their
undisturbed, pre-cxcavation level, apparently without irreversible rock damage and large permeability changes
(Gorham et al. memo in Volume 3, Appendix A of this report). The full extent of the transition zone is
uncertain, as are its material propertics. Propertics of the transition zone used in the 1992 PA calculations arc
discussed in a memorandum of July 14, 1992 by Davies et al. in Volume 3, Appendix A of this report.

2.3.2 Repository and Seal Design

Major components of repository design that affect performance assessment are the waste itself, the
underground waste-cmplacement area and its access drifts and shafts, and the seals that will be used to isolate the
cmplacement arca when the repository is decommissioned. The underground workings will ultimately consist of
cight waste-cmplacement panels, access drifts and shafts, and an experimental area (Figure 2-21). Drifts in the
central portion of the repository will also be used for waste emplacement, providing the equivalent of an additional
two panels for waste emplacement. A more detailed discussion of repository design is available in Volume 3 of
this report.

All underground horizontal openings are rectangular in cross section. The emplacement area drifts are 4.0 m
(13 ft) high by 7.6 m (25 ) widc; the disposal rooms are 4.0 m (13 ft) high, 10.1 m (33 ft) wide, and 914 m
(300 f1) long. Pillars between rooms are 30.5 m (100 ft) wide. The eight wastc-emplacement panels will each
have an initial volume of 46,000 m? (1.6x 109 f1*). The northern drift emplace arca will have an initial volume
of 34,000 m3 (1.2x 100 £13), and the southern drift emplacement area will have an initial volume of 33,000 m3
(1.2x 100 £13) (Rechard et al., 1990a). Overall, the waste-emplacement areas will have an initial volume of about
435,000 m3 (1.5x 107 f13).

The four vertical access shaflts are cylindrical and range in diameter from 5.8 m (19 f1) 10 3.0 m (10 fo).
Shafts are lined in the units above the Salado Formation to prevent groundwater inflow and provide stability; they
arc unlined in the salt.

Excavation of the first waste-emplacement panel is complete; the remaining panels will be excavated as
nceded. Waste will be emplaced within the panels in drums or metal boxes, and panels will be backfilled and
sealed as they are filled. Scals will be installed in panels, drifts, and the vertical shafts before the repository is

decommissioncd. Waste, backfill, and seals will be consolidated by creep closure after decommissioning.

2.3.2.1 WASTE CHARACTERIZATION
The waste that will be emplaced in the WIPP must meet the Waste Acceptance Criteria for the Waste

Isolation Pilot Plant (U.S. DOE, 1991a) as explained in Volume 1 of this report (Chapter 3). These acceptance
criteria specify that waste malterial containing particulates in certain size and quantity ranges will be immobilized,
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that waste liquid content be restricted to that remaining in well-drained containers and be less than one volume
percent of the waste container, and that radionuclides in phyrophoric form be limited to less than one percent by
weight of the external container. The requirements also prohibit disposal at the WIPP of wastes containing
explosives, compressed gases, and ignitable, corrosive or reactive materials.

The current design of the WIPP has a total emplacement volume for contact-handled transuranic (CH-TRU)
waste of 6.2x 10 i3 (approximately 175,600 m3) (U.S. DOE, 1980; Public Law 102-579, 1992). The
estimated volume of CH-TRU waste supplied by the 10 wastc-generator and/or storage sites for the 1991
Integrated Data Base (IDB, US DOE 1991b) was approximately 53,700 m3 of stored waste and an additional
42,800 m3 of waste to be gencrated by 2013, Estimates of the volume of waste to be gencrated may change in
the future. Rather than revise the volume of waste emplaced in the WIPP each year, the current performance-
assessment calculations are based on an initial CH-TRU-waste volume of approximately 175,600 m3, the design
volume. This is mostly for inodeling convenicnce and will not have a significant effect on comparisons to 40
CFR 191B.

The current estimate of the stored and projected waste total about 96,500 m3. Therefore, an additional
79,000 m3 of waste could be emplaced in the WIPP. The characteristics of the additional 79,000 m3 of waste
were estimated from the characteristics of the projected waste of the five largest future gencrators. Because of
changes that are occurring in weapons production and waste processing the waste that has not been gencrated
cannot be characterized precisely. Estimates of waste characterization currently used in performance assessment
have the polential for a targe uncertainty. As discussed in Section 3.3.5 of Volume 3 of this report, uncertainty in
the constituents that affect gas generation from corrosion of iron-based materials and from biodegradation of
ceflufosics and rubbers have been included in the 1992 preliminary performance assessment.

Characterization of the CII-TRU waste for the current performance-asscssment calculations was based on a
scale-up of masses estimated from expanded waste-characterization information. Based on 175,600 m3 of CH-
TRU waste emplaced in the WIPP, estimates of a total of about 12,000,000 kg of combustibles, 20,000,000 kg
of metals and glass, and 25,000,000 kg of sludges were calculated. The total masses of iron-based metals,
cellulosics, and rubbers were also calculated, and are provided in the memorandum by Peterson in Volume 3,
Appendix A of this report. ‘The masses of these materials are required for performance assessment because they

influence gas generation and potential radionuclide ransport.

The weight of the waste containers, drums and boxes, and of container liners were estimated because they also
effect gas-generation potential. It was assumed in the estimation of the container weights that only stcel 55-
gallon drums and standard waste boxes (SWBs) will be emplaced in the WIPP. Other than test bins, these are the
only containcrs that can currently be transported in a TRUPACT-II (NuPac, 1989). Based on emplacing 175,600
m3 of CH-TRU-waste in drums and SWBs, it was cstimated that about 518,000 drums and 35,600 SWBs would
be disposed of in the WIPP. The total weight of the low-carbon steel in the drums and SWBs is larger that the

estimated weight of corrodible iron-based materials in the waste.
The estimates of the total weight of the metals and glass and combustibles were ncarly the same as were

estimated for the 1991 PA analyses (WIPP PA Division, 1991a). The weight of sludge decreased significantly
from the 1991 estimate. The weight of sludge in 1991 was based on the 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
expanded input from the sites. The estimates of the weights of iron-bascd corrodible mctals and biodegradable
materials were slightly decrcased from the 1991 estimates.

2.3.2.2 SEALS

Scals will be emplaced in the entrance to cach panel, in two locations within the drifts between the panels and
the vertical shafts in the drifts between the cxperimental area and the vertical shafts, and in cach of the four vertical
shafts (Figurc 2-21, 2-22) (Nowak et al., 1990). Design of these seals reflects specific functions for cach type of
seal. Seals in the upper portion of the shafts must prevent groundwater flow from the transmissive units of the
Rustler Formation from reaching the lower portions of the shafts and the waste-emplacemcent areas. Seals in the
lower portion of the shafts must provide a long-term, low-permeability barrier that will prevent Salado Formation
brinc and gas trom migrating up the shaft. Panel seals (and drift seals) will inhibit long-term migration of
radionuclide-contaminated brine through the drifts to the base of the shafts and must also provide safe isolation of
radionuclides during the operational phasc of the repository.

The primary long-term component of both lower shaft and panel scals will be crushed salt, confined between
short-term rigid bulkheads until creep closure reconsolidates it 1o properties comparable to those of the intact
Salado Formation. The short-term seals will be concrete in the panels and drifts, and composite barriers of
concrete, bentonite, and consolidated crushed salt in the shafts. Crushed salt in the long-term portion of the seals
will be preconsolidated to approximately 80% of the density of the intact formation and will compact further 10
approximately 95% of initial density within 100 years, at which time permecabilities are expected to be comparable
to those of the undisturbed rock (Nowak and Stormont, 1987). Panel seals will be 40 m (131 ft) long, with 20 m
(66 fv) of preconsolidated crushed salt between two 10-m (33-ft) concrete barriers. Shaft-seal systems will extend
from the repository horizon in the Salado Formation 10 the surface, and will include composite barricrs at the
appropriate depths for individual lithologic units, including the Culebra Dolomitc Member of the Rustler
Formation (Nowak ct al., 1990). Additional information about scal design is presented in Volume 3 of this report.

Marker Bed 139 will be sealed below cach panel and drift seal by grouting, either with crushed-salt-based
grout, cementitious material, bitumen, or other appropriatc materials, Other anhydrite layers will be sealed
similarly. Salt creep is expected to close fractures in halite in the DRZ over time, and cngineered seals are not
planned for the DRZ outside of MB 139 and other interbeds.

2.3.2.3 BACKFILL

Void space between waste containers and clsewhere in the underground workings will be backfilled before
scaling and decommissioning (Tyler ct al., 1988; Lappin et al., 1989). The primary function of backfill will be
to reduce initial void space in the excavated regions and to accelerate the entombment of the waste by crecp
closure. Consolidation of backfill by salt crecp may reduce permeability in the waste-emplacement regions and
limit brine flow through the waste; long-term properties of the backfill are uncertain, however, and will depend on
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stratigraphy in ERDA-9.
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Chapter 2. Conceptual Basis for Consequence Modeling

fluid pressures within the pancls. As discussed in Section 2.3.5, the pressure history of the repository will depend
on the complexly coupled processes of salt creep, gas generation within the waste, and brine inflow from the
surrounding Salado Formation. Performance-assessment calculations for 1992 assume a backfill of pure,
unconsolidated crushed salt, with a relatively high permecability that provides little resistance to fluid flow. Pure
salt will not sorb radionuclides, and retardation of radionuclides within the repository environment is not
simulated. Design aliernatives for backfill that contains bentonite as an additional barrier to retard radionuclides
have been cxamined (U.S. DOLE, 1990b, 1991c; Butcher ct al., 1991; Pfeifle and Brodsky, 1991; Brodsky and
Pfeifle, 1992) and will be available if needed.

2.3.2.4 ENGINEERED ALTERNATIVES

The WIPP has been designed to dispose of waste in the form in which it is shipped from the TRU-waste-
generator and/or storage sites. Preliminary performance-assessment calculations indicate that modifications to the
waste form that limit dissolution of radionuclides in brine have the potential to improve predicted performance of
the repository (Marietta et al., 1989; Bertram-Howery and Swift, 1990). Modifications to the backfill and design
of the room could also reducc radionuclide releases. Modifications could also, if needed, mitigate the effects of gas
generated within the repository. Present performance assessments are not complete enough to determine whether
or not such modifications will be needed for regulatory compliance, but the DOE has investigated enginecred
alternatives to waslte form and repository design so that altcrnatives will be available if needed (U.S. DOE,
1990b). 'The Engineered Altemnatives Task Force (EATF) has identified 19 possible modifications to waste form,
backfill, and room design that merit additional investigation (U.S. DOE, 1990b, 1991c¢). The 1992 performance-
assessment calculations do not include simulations of these alternatives. Selected alternatives may be examined in
futurc performance-assessment calculations, however, to provide guidance to DOE on possible effectiveness of

modifications.

2.3.3 Radionuclide Inventory

As described in additional detail in Volume 3, Chapter 3 of this repont, the radionuclide inventory for the 1992
performance assessment is estimated from input to the 1991 Integrated Data Base (IDB, U.S. DOE, 1991b). The
1991 IDB inventory of contact-handled transuranic (CH-TRU) waste (defined as transuranic waste with a surface
dose rate not greater than 200 mrem/hr [Public Law 102-579, 1992)) identifics approximately 53,700 m3 of waste
as currently stored at generator sites, and projects an additional volume of 42,800 m3 that will be generated in the
future. The design volume of the WIPP (175,600 m?3) will accommodate an additional approximately 79,100 m3
of waste that is not described in the IDB. Performance assessments usc an inventory in which the amount of CH-
TRU is scaled up from the IDB volume to the design volume. CH-TRU activily of the initial design-volume
inventory, expressed in curies, is estimated by scaling the curie inventory of the projected CH-TRU waste from
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
to IDB volume) (Volume 3, Sections 3.3 and 3.4 of this report). This scaling of the inventory to a standard
volume is done for modeling convenience, primarily to ensure the commensurability of analysis results from one
iteration of perfortance assessment 10 the next. Because the releases allowed by the EPA are normalized using a
waste unit factor based on the 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
location of the CCDI- used for prcliminary comparison with 40 CFR 191.13 (Volume 1, Section 5.1 of this
report).

The initial design-volume inventory of CH-TRU waste used in the 1992 performance assessment contains
8.2x 109 Ci (incmoranduin by Peterson in Volume 3, Appendix A of this report). Uncertainty in this inventory
is large, particularly given the potential changes in the sources of CH waste due to changes in weapons
production. Existing legislation, regulations, and agreements do not limit the total curie inventory of CH-TRU
waste that may be emplaced, but do limit the total volume of waste that may be emplaced in the WIPP (6.2x 109
i3, or 175,600 m3) (Public Law 102-579, 1992).

Remotely-handled transuranic waste (RH-TRU), defined to have a surface dosc rate greater than 200 mrem/hr
but less than 1,000 rem/hr, will also be emplaced in the WIPP. The total RH-TRU inventory is limited to
5.1x 106 Ci; no more than five percent of the R11-TRU canisters emplaced at the WIPP may have surface dose
rates that exceed 100 rem/hr, and the activity of the RH-TRU waste shall not exceed 23 Ci/liter averaged over the
volume of a canister (Public Law 102-579, 1992). Existing and projected RH-TRU waste in the IDB (US DOE,
1991b) has a volume of 6,667 m>. This is slightly less than the WIPP design volume for RH-TRU waste (7080
m3), but is predicted by the 1DB to require 8071 canisters, somewhat more than the design capacity of 7950
canisters. The discrepancy occurs because the volume of waste placed in each canister differs depending on the
generator site, and not all canisters will be filled to the capacity assumed for the WIPP design criteria. The 1991
IDB also indicates that therc may be a considerable volume of uncharacicrized waste that will probably be
classificd as RH-TRU. Given these uncertainties, the RH-TRU inventory is not scaled to design volume, and is
used in the 1992 PA as reported in the 1991 1DB. The total remotely-handled inventory for 1992 is approximately
3.5x106 Ci, of which 1.8x10¢ Ci rcsult from transuranic radionuclides and isotopes of uranium (i.e.,
radionuclides with atomic number greater than or equal to 92) (memorandum from Peterson, Volume 3, Appendix
A of this report).

Radioactive decay within the repository is simulated with a simplified sct of decay chains, provided in
Volume 3, Section 3.3.3 of this report. Of the 70 radionuclides identified as present either in the initial WIPP
inventory or as decay products, 26 are considered explicitly in PA analyses of direct releases from the repository 10
the ground surface. (Sce Section 4.2 of this volume for a discussion of human intrusion scenarios and Section 7.7
of this volume for a discussion of modeling of releascs during drilling.) Radionuclides omitted from the
simplified decay chains are those that have very short half-lives, very low activities, or both. Subsurface transport
within the Culebra Dolomite Member of the Rustler Formation (see Sections 4.2 and 7.6 of this volume) is
simulated for the nine most important radionuclides, identified in Volume 3, Section 3.3.3 of this report.

The only radioactive gas expected in the repository is radon-222, created from decay of radium-226. Decay of
thorium-230 wiil cause the activity of radium-226 in a pancl to increase from about 0 Ci at the time of
emplacement to 8 Ci at 10,000 years. Because radon-222, with a half-life of only 3.8 days, will exist in secular
equilibrium (equal activity) with radium-226, with a half-life of 1600 years, its activity will also b insignificant
throughout the 10,000-ycar period. At 100,000 years the activity of radium-226 would increasc to about 58 Ci in
a pancl, and the activity of radon-222 would still not be significant. Not including rclcase of volatile radionuclides

does not significantly affect the total radionuclide release.
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Chapter 2. Conceptual Basis tor Consequence Modeling

2.3.4 Radionuclide Solubility and the Source Term for Transport Calculations

Before 1991, WIPP performance assessments calculated the source term for transport modeling* using the
same estimated range and distribution (loguniform from 102 10 10-3 M) for the solubility limit of all radionuclide
species in repository brine (Lappin et al., 1989; Brush and Anderson, 1989a). A fixed distribution was applied 10
all radionuclides for PA calculations before 1991 because, as is explaincd below, the state of knowledge at that
time did not allow for the difterentiation of radionuclides.

During the first mecting of the WIPP PA Source Term Group (in June of 1988), Choppin reported that
estimates of the speciation and solubilitics of americium, ncptunium, plutonium, uranium, and thorium in both
the Salado and Castile brines for expected concentrations of organic ligands were not possiblc because there are no
thermodynamic data (solubility products for solid phases, or stability constants for dissolved organic or inorganic
complexes) for these clements in solutions with ionic strengths equal to those of the Salado and Castile brines
(Brush and Anderson, 1989b). In addition, Choppin observed that data reported by different groups using diffcrent
experimental tcchniques are often centradictory, making the use of subjective expert judgment nccessary for
preliminary data selection for PA use until data from WIPP-specific experimental programs are available (see
Section 2.3.4.2).

In licu of data from laboratory experiments, the Source Term Group recommended a “best estimate” of
10-6 M for the concentration of plutonium and americium in any brinc that resaturates the WIPP disposal rooms
(Brush and Anderson, 1989a). This is the intermediate value (on a logarithmic scale) of the range of dissolved
radionuclide concentrations (109 to 10-3 M) that have been used for sensitivity studics of the source term.
Because the PA calculations require the input of a probability distribution, the entirc range discussed above was
uscd as a loguniform distribution. Because of the lack of applicable experimental data, there was no differentiation
between the concentrations of various radionuclides in the 1989 PA. The 1990 cstimated range in cffective
radionuclide solubilities was intended to include the effects of possible colloid formation within the repository
(Rechard et al., 1990a). The conservative assumption was that colloidal materials would be complctely
transportable (i.e., that they would not be sorbed or precipitated within the repository).

2.3.4.1 EXPERT JUDGMENT ELICITATION

Since the beginning of the WIPP PA effort, it has becn recognized that assuming a fixed solubility
distribution for all radionuclides does not adequatcly capture the considerable uncertainty in radionuclide
concentrations expected in the repository. ‘The need for a better understanding of the source term was further
highlighted by scnsitivity analyses performed as part of the 1990 preliminary performance assessment. These
sensitivity analyses indicated that, conditional on the models and distributions used in the 1990 calculations,
uncertainty in the solubility limit was the most important single contributor to variability in total cumulative
rcleases to the accessible environment resulting from groundwater transport (Helton et al., 1991).

*  The source term for transport modeling for the PA is based an analytical model that calculates the equilibrium

concentration of the radionuclide species in the repository brine. See Scction 7.4 and Appendix A.
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Engineered Barrier System
Radionuclide Solubility and the Source Term for Transport Calculations

Because of the paucity of experimental data for the conditions and solutions expected specifically at the WIPP,
a panel of experts external to the WIPP Project, called the Source Term Expert Panel, was convened in the spring
of 1991 to provide the performance-assessment team with judgment about both dissolved and suspended
radionuclides™ for specific elements under variable Eh and pH conditions. Their judgments have been used to
develop radionuclide solubilities that vary by radionuclide and type of brine solution. The resulting solubility
ranges have been used in the 1991 and 1992 PA calculations.

Selection of the Source Term Expert Panel and elicitation of their judgment on solubility limits followed the
procedure suggested by Hora and Iman (1989). Candidates for the expert panel on source term were gathered by a
two-tiered nomination process. Initial nominations were solicited from an SNL staff member and an external
consultant, as well as from members of the Performance Assessment Peer Review Panel and the National
Research Council’s WIPP Panel. Additional nominations were requested from all those contacted. Curricula vitae
from those who were interested in participating in such a panel and available during the entire study period were
reviewed by a two-member sclection committee external to SNL. Some individuals removed themselves from
consideration because of prior time commitments, current contracts with SNL, a self-determined lack of expertise,
or involvement in an oversight organization. Nominees were evaluated on the basis of expertise and professional
reputation; four experts werc selected whose complementary arcas of specialization provided the needed breadth and
balance to the panel.**

During the first meeting of the Source Term Expert Panel (March 1991), the Panel members were presented
with published papers and reports identified from a comprehensive literature search that focused on radionuclide
solubility in high-ionic-strength solutions in salt formations, covering the United States repository program as
well as experiments conducted in Germany, Canada, Finland, Sweden, and at the Commission of the European
Communitics, Joint Research Center at Ispra, ltaly. Other issues discussed in these publications were speciation,
colloids, the leaching of radionuclides from high-level waste (HL.W) glass, and the impact of backfill materials.

A summary of the expert judgment ¢licitation procedure and results, presented in detail in Trauth et al. (1992),
follows. A final report on this effort by the members the Source Term Expert Panel will be available in 1993.

As stated above, the Source Term Expert Panel was selected to include a balance in the required arcas of
expertise (experience in actinide chemistry and with high-ionic-strength solutions). At the first meeting, the
panclists divided the problem into areas of specific responsibility and provided a structure for assembling the
individual judgments to obtain a single distribution codifying the collective judgment of the panel. In addition,
the group of experts decided o be elicited together to produce one set of results. A conscquence of the group
elicitation is that the uncertainty expressed by specific experts could not be assessed. However, many of the inter-
expert differences were captured during the clicitation process resulting in more widely dispersed probability
functions.

Because of the limited state of knowledge regarding colloids, the Source Term Expert Panel chose to limit their
judgments to dissoloved radionuclides (solubility).
** In the case of the Source Term LExpert Panel, expertise was required in actinide chemistry and high-ionic-strength
chemistry. Therefore, experts from both these disciplines were selected. These individuals used their
complementary expertise to arrive at judgments that satisfy all the pertinent constraints of the solubility
problem.
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Chapter 2. Conceptual Basis for Consequence Modeling

In addition to a literature review (discusscd above), preparation for elicitation involved computer calculations
by the panel members using a standard brine that simulates the brinc in the Salado Formation as the solvent
(WIPP Brine A) (I.appin et al., 1989). These efforts resulted in the determination of the oxidation state(s) in
which the radionuclides would exist in the WIPP rooms and drifts. Moreover, the solution and solid species that
would coexist with that particular oxidation state were identified using two regimes: (1) one regime based on solid
species with the highest solubility and therefore highest radionuclide concentration, and (2) another regime based
on solid species with the lowcst solubility and therefore lowest radionuclide concentration. Which regime
predominates depends on the chemical properties within the repository, which in turn may depend on pH and ionic
strength of the brine and the presence of carbonates and/or sulfates. Furthermore, the factors controlling each
regime may differ for different radionuclides.,

The experts’ judgments on the solubility distributions were elicited at the second meeting (in April of 1991).
The assessment for e¢ach distribution began by establishing the upper and lower solubility rcgimes and the
calculated solubility of each radionuclide within cach regime. The resulting probability distributions for the
radionuclides used in the 1992 calculations are presented in Volume 3 of this report (Section 3.3.5). Because the
calculated solubility is a single number that does not incorporaltc any uncertainty, it was necessary to account for
uncertainty in both the calculated value and the underlying conditions, such as pli.

Typically, the calculated value would be used to establish a fractile, often cither the 0.10 or 0.90 fractile, of
the distribution. The absolute lower limit of the distribution was obtained by considering the sensitivity of
solubility to the underlying brine chemistry. The interior fractiles were obtained after the 0.10 and 0.90 fractiles
and the endpoints werce established. Where possible, concentration data from well water from the Nevada Yucca
Mountain site (J-13) was used with a correction for the ionic-strength difference between the J-13 water and the
WIPP Brine A 10 detcrmine the 0.50 fractile. IFor the determination of the 0.25 and 0.75 fractiles, one speciation
was thought in some cases to be more likely, resulting in a skewed distribution. In other cases, both speciations
were thought to be likely, resulting in a more symunetrical distribution.

The Source Term Expert Pancl had considerable difficulty dealing with colloids because of a lack of
experimental data and limited knowledge of the physical principles governing their formation. Some diversity of
opinion existed about the significance of colloids. The panel did not believe that they could make judgments
about suspended-solids concentrations at the present time. They planned to include recommendations for future
experiments related specitically to colloids in a final pancl report. Transport of radionuclides in colloids has not
been included in the 1992 PA.

Correlations between the concentrations assigned o the radionuclides were discussed bricfly by the panel. The
consensus was that correlations do exist, possibly between americium(11l) and curium(1II), and between
neptunium(IV) and plutonium(IV). The panel is expected to address this issue in a forthcoming rcport on their
findings.
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2.3.4.2 EXPERIMENTAL WORK

Future WIPP performance assessments will rely increasingly on data from planned solubility tests of actual
waste. Thesce tests will complement the laboratory studies of radionuclide chemistry. The laboratory program is
currently deterinining solubilities and sorption coefficients of plutonium and its oxidation state analogues in
synthetic brines under various conditions of pll, and will soon examine actinide speciation and measurc stability
constants for complex ions (Brush, 1990). As currently planned, the actinide source-term program will involve
filling test containers with a mixture of natural and synthetic brines with compositions chemically similar to
those of intergranular brines found in the Salado Formation. Container size will depend on wastec homogeneity;
heterogeneous waste types such as combustibles will use “drum scale” vessels of 210 L volume, while more
homogeneous types such as process sludges will use “liter scale” test containers. The containers will permit
regular brine sampling, and gas monitoring and venting.

2.3.5 Creep Closure, Fluid Flow, and Room/Waste Interactions

When the repository is decommissioned, free brine initially will not be present within the emplacement area,
and void space above the backfilled waste will be air-filled. Brinc seepage from the Salado Formation will have
filled fractures in anhydrite interbeds above and below the emplacement area (Lappin et al., 1989; Rechard et al.,
1990b).

Following excavation salt creep will begin to close the repository. In the absence of elevated gas pressures
within the repository, modeling of salt creep indicates that consolidation of the waste in unreinforced rooms would
be largely complete within 100 years (Tyler et al., 1988; Munson et al., 1989a,b). Brine will seep into the
emplacement area from the surrounding salt, however, and gas will be generated in the humid environment by
corrosion of metals, radiolysis of brinc, and microbial decomposition of organic material. Some gas will disperse
into the surrounding anhydrite layers. Continued gas gencration could increase pressure within the repository
sufficiently to reverse brinc inflow and partially or completely desaturate the waste-emplacement area. Pressure
may be high cnough to open fracturcs in the anhydrite interbeds above and below the repository, allowing
additional lateral migration of gas from the wastc-cmplaccment area. High pressure may also halt and partially
reverse closure by salt creep.  In the undisturbed final state, the emplacement area could be incompletely
consolidated and gas-filled rather than brine-filled.

All of the major processes active in the waste-emplacement arca are linked, and all are rate- and time-
dependent. For example, creep closure will be, in part, a function of pressure within the repository. Pressure will
be in turn a function of the amount of gas gencrated and the volume available within the repository and the
surrounding Salado Formation for gas storage. Gas-storage volume will be a function of closure rate and time,
with storage volume decreasing as consolidation continucs. Time and rate of gas generation, therefore, will
strongly influcnce repository pressurization and closure.  Gas-generation rates will be dependent on specific
rcaction rates and the availability of reactants, including water. Some water can be generated by microbial activity
(Brush and Anderson, 1989b). Additional water will be provided by brine inflow, which, is assumed to occur
according (o two-phase immiscible flow through a porous medium and which will depend in large part on
repository pressure, so that some gas-genceration reactions could be partially self-buffering.
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Responses of the disposal system to human intrusion are equally complicated. Consequences will depend on
the time of intrusion, the degree to which the repository has closed, and the amount of gas generated. If intrusion
occurs into a fully pressurized, dry, and partially unconsolidated waste-emplacement area, venting of gas up the
borchole will permit brine o resaturate available void space. Following eventual detcrioration of plugs in an
intrusion borchole, brine may flow from the emplacement area into the borehole, transporting radionuclides
upward toward the accessible environment. Upward flow from a pressurized brine pocket in the Castile Formation
may contribute to flow and radionuclide transport.
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3. PERFORMANCE ASSESSMENT METHODOLOGY

This chapter contains an overview of WIPP performance-assessment methodology. Additional information
about this subject is provided in other published sources (Hclton et al., 1991; WIPP PA Division, 1991a).

3.1 Conceptualization of Risk for the WIPP Performance Assessment

The WIPP performance assessment uses a conceptualization for risk similar to that developed for risk
assessments for nuclear power plants. This conceptualization characterizes risk in terms of what can go wrong,
how likely things are to go wrong, and what the consequences are of things going wrong. This description
provides a structure on which both the representation and calculation of risk can be based.

Kaplan and Garrick (1981) have presented this representation of risk as a set of ordered triples. The WIPP
performance assessment uscs their representation, and defines risk to be a set &, of the form

R,:{(Si,pSi,cSi), i=1,...,nS}, 3-1n
where
S; = asetof similar occurrences,
pS; = probability that an occurrence in set S; will take place,
€S; = a vector of consequences associated with §;,
nS = number of scts selected for consideration,

and the sets S; have no occurrences in common (i.c., the §; are disjoint scts). This representation formally
decomposes risk into what can happen (the S;), how likely things are to happen (the p§;), and the conscquences
of what can happen (the €S;). The §; arc scenarios in the WIPP performance asscssment, the pS; arc scenario
probabilitics, and the vector €S; contains the normalized EPA rcleases and other performance measures associated
with scenario ;. Other performance measurcs of interest arc dose and health effects for safety assessments, and
concentrations of heavy metals and volatile organic compounds (VOCs) for hazardous waste assessments.

Risk results in R can be summarized with complementary cumulative distribution functions (CCDFs).
These functions provide a display of the information contained in the probabilities pS; and the consequences €S;.
With the assumption that a particular consequence result ¢S in the vector €S has been ordered so that ¢S; < ¢Sj4

for i =1, ..., nS, the CCDF for this consequence result is the function F defined by

F(x) = probability that ¢S cxceeds a specific consequence value x

3-1
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Chapter 3. Performance Assessment Methodéloty

nS
j=i

where ¢ is the smallest integer such that €S; > x.  As illustrated in Figurc 3-1, F is a step function that
represents the probabilities that consequence values on the abscissa will be exceeded. To avoid a broken
appearance, CCDFs are usually plotted with vertical lines added at the discontinuities.

The steps in the CCDFs shown in Figure 3-1 result from the discretization of all possible occurrences into
the sets 5;,...Sps. Unless the underlying processes are inherently disjoint, the use of more sets S; will tend t0
reduce the size of these Ssteps and, in the limit, will lead to a smooth curve.

3.1.1 Calculation of Risk

The calculation of risk and its as‘socizued uncertainty begins with the determination of the sets S;, which are
the scenarios to be analyzed. Once these sets are determined, their probabilities pS; and associated consequences
€S; must be determined. In practice, development of the §; is an iterative process that must take into account
the procedures required to determine the probabilities pS; and the consequences €S;. For the WIPP performance
assessment, the overall process is organized so that pS; and €S; are calculated by various models, the
configuration of which depends on the individual S;.

Usc of these models requires values for imprecisely known variables that can be represented by a vector
x=[x],x2,...,x,,v], (3-3)

wherce cach x; is an imprecisely known input required in the analysis and nV is the total number of such inputs. If
the analysis has been developed so that each x; is a real-valued quantity for which the overall analysis requires a
single value, the representation for risk in Equation 3-1 can be restated as a function of X:

R(x) = {[Si(x), pS;(x).€S;(x)], i =1....,nS(x)} (34

As X changes, so will R (x) and all summary mcasures that can be derived from ® (X). Thus, rather than a
single CCDF for each consequence contained in the vector €S shown in Equation 3-1, a distribution of CCDFs
results from the possible values that X can represent (Figure 3-2).

The distribution assigned to the individual variables x;j in X reflect uncertainty in the modeling system.
Factors that affect uncertainty in risk results can be subdivided into those that affect impreciscly known variables,
those related to the selection of conceptual and computational models, and those related 1o scenario selection.
Factors related o scenario selection can be further subdivided into completeness, aggregation, and stochastic

32
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Conceptualization of Risk for the WIPP Performance Assessment
Calculation of Risk

| o | |
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cS: Consequence Value

TRI-6342-730-5

Estimated CCDF for consequence result €S (Helton et al., 1991; Helton, in press). The open and
solid circles at the discontinuities indicate the points included on (solid circles) and excluded from
(open circles)the CCDI:.
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Chapter 3. Performance Assessment Methodology

variation. Uncertainty about imprecisely known variables may result from incomplete data or measurement
uncertainty, and can affect all threc clements of the triple introduced in Equation 3-1. Uncertainty about the
appropriate choices of models can affect both pS; and €S;. Due to the complex nature of risk assessments, model
sclection can also affect the definition of the S;. Completeness refers to the extent that a performance assessment
includes all possible occurrences for the systcm under consideration. In terms of the risk representation in
Equation 3-1, completeness deals with whether or not all possible occurrences are included in the union of the sets
S;. Aggregation refers to the division of the possible occurrences into the sets .S;. Resolution is lost if the S;
are defined too coarscly (e.g., nS is too small) or in some other inappropriate manner. Computational efficiency
is lost if nS is too large. Model selection refers to the actual choice of the models used in a risk assessment.
Uncertainty about the appropriate model choice can affect both pS; and €S;. Due to the complex nature of risk
assessments, model sclection can also affect the definition of the S;. Uncertainty about impreciscly known
variables, which may result from incomplete data or measurement uncertainty, can also affect all three elements of
the risk triple. Stochastic variation is represented by the probabilitics pS;, which are functions of the many
factors that affcct the occurrence of the individual sets S;.

Individual variables x; may relatc to each of these different types of uncertainty. For example, individual
variables might relate to completeness uncertainty (e.g., the value for a cutoff used to drop low-probability
occurrences from the analysis), aggregation uncertainty (¢.g., a bound on the valuc for nS), model uncertainty
(e.g., a 0-1 variable that indicates which of two altemmative models should be used), variable uncertainty (¢.g., a
solubility limnit or a retardation for a specific element), or stochastic uncertainty (e.g., a variable that helps define
the probabilities for the individual ;).

3.1.2 Characterization of Uncertainty in Risk

Characterization of the uncertainty in the results of a performance asscssment requires characterization of the
uncertinty in X, the vector of imprecisely known variables. This uncertainty can be described with a sequence of
probability distributions

Dy, Ds..... Dpy, (3-5

wherc Dj is the distribution developed for the variable xj, j=1, 2, ..., nV, containcd in X. The dcfinition of these
distributions may also be accompanied by the specification of correlations and various restrictions that further
define the possible relations among the xj. These distributions and other restrictions probabilistically characterize
where the appropriate input to use in the performance assessment might fall, given that the analysis is structured
so that only one value can be used for each variable under consideration.

Once the disuributions in Equation 3-5 have been developed, Monte Carlo techniques can be used to determine
the uncertainty in & (x) from the uncertainty in X. First, a sample

X =[xkl'xk2v'-"xk,nV]yk=1,...,nK (36
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is gencrated according to the specified distributions and restrictions, where nK is the size of the sample.
Performance-assessment calculations are then performed for each sample element Xg, which yiclds a sequence of
risk results of the form

R (xc) = {[Si(xc). pSi(xc ). €8i(x )} i = 1.....n8(xi )} G-7

for k=1, .., nK. Each sct ﬂ((xk) is the result of one complete set of calculations performed with a set of
inputs (i.e., X) that the review process producing the distributions in Equation 3-5 concluded was possible.
Further, associated with each risk result ﬂ((xk) in Equation 3-7 is a probability or weight® that can be used in
making probabilistic statements about the distribution of R (x).

A single CCDF can be produced for each set ﬂ((xk) of results shown in Equation 3-7, yielding a family of
CCDFs of the form shown in Figure 3-2. This distribution of CCDFs can be summarized by plotting the mean
value and selected percentile valuces of the exceedance probabilitics shown on the ordinate for each consequence
value on the abscissa. For example, the mean plus the 10th, 50th (i.e., median), and 90th percentile values might
be used (Figure 3-3). The mean and percentile values can be obtained from the exceedance probabilities associated
with the individual consequence values and the weights or "probabilities” associated with the individual sample

elements.

Consideration of a family of CCDFs allows a distinction between the uncertainty that controls the shape of a
single CCDF and the uncertainty that results in a distribution of CCDFs. The stepwise shape of a single CCDF
reflects the fact that a number of different occurrences have a real possibility of taking place. This type of
uncertainty is referred (o as stochastic variation in this report. A family of CCDFs arises from the fact that fixed,
but unknown, quantities arc needed in the estimation of a CCDF. The distributions that characterize what the
values for these fixed quantities might be lead to a distribution of CCDFs, with each single CCDF reflecting a
specific sample clement X,

Both Kaplan and Garrick (1981) and the International Atomic Encrgy Agency (1AEA, 1989) distinguish
between these two types of uncertainty. Specifically, Kaplan and Garrick distinguish between probabilities derived
from frequencies and probabilities that characterize degrees of belief. Probabilities derived from frequencics
correspond to the probabilities pS§; in Equation 3-1, while probabilities that characterize degrees of belicf (i.c.,
subjective probabilities) correspond to the distributions indicated in Equation 3-5. The IAEA report distinguishes
between what it calls Type-A uncertainty and Type-B uncertainty. The IAEA report defines Type-A uncertainty to
be stochastic variation; as such, this uncertainty corresponds to the frequency-based probability of Kaplan and
Garrick and the pS; of Equation 3-1. Typc-B uncertainty is defined to be uncertainty that is due to lack of
knowledge about fixed quantities; thus, this uncertainty corresponds to the subjective probability of Kaplan and

* In random or Latin hypercube sampling, this weight is the reciprocal of the sample size (i.e., 1/nK) and can be
used in estimating means, cumulative distribution functions, and other statistical properties. This weight is often
referred to as the probability for each observation (i.c., sample Xg). However, this association is not technically

correct. If continuous distributions are involved, the actual probability of each observation is zero.

3-5
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highly skewed distributions for exceedance probability. This skewness also results in the mean
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Chapter 3. Performance Assessment Methodology

Garrick and the distributions indicated in Equation 3-5. This distinction has also been made by other authors,
including Vesely and Rasmuson (1984), Paté-Cornell (1986), and Parry (1988).

For a given conceptual model in the WIPP performance assessment, subjective uncertainty enters the analysis
due to lack of knowledge about quantities such as solubility limits, retardation factors, and flow fields. Stochastic
uncertainty enters the analysis through the assumption that future exploratory drilling will be random in time and
space (i.e., follows a Poisson process). However, the rate constant A in the definition of this Poisson process is
assumed to be imprecisely known. Thus, subjective uncertainty exists in a quantity used to characterize stochastic
uncertainty.

3.1.3 Risk and the EPA Limits

The EPA expressly identifies the need to consider the impact of uncertainties in calculations performed to
show compliance with the Containment Requirements. Specifically, Appendix B of 40 CFR 191 suggests that

...whenever practicable, the implementing agency will assemble all of the results of the performance
assessments to detcrmine 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 uncertaintics 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 [section] 191.13 if this single
distribution function meets the requirements of [section} 191.13(a) (U.S. EPA, 1985, p. 38088).

The represcentation for risk in Equation 3-1 provides a conceptual basis for the calculation of the
complementary cumulative distribution function (CCDF) for normalized releases specified in 40 CFR 191B.
Further, this representation provides a structure that can be used for both the incorporation of uncertainties and the
representation of the effects of uncertainties,

Each CCDF in the family of CCDFs that results from Eq. 3-7 would be the appropriate choice for
comparison against the EPA requirements, if Xg contained the correct variable values for use in determining the
PS; and €S; and if the assumed conceptual models correctly characterize the disposal system. Increasing the
sample size nK will, in general, produce a betier approximation of the true distribution of CCDFs, but will not
alter the fact that the distribution of CCDFs is conditional on the assumptions of the analysis.

If nK is large, displays of the complete family of CCDFs can be difficult to interpret.  As discussed in the
previous section, mean and percentile curves can be used to summarize the information contained in the family.
Appendix B of 40 CFR 191 suggests that "the effects of the uncertainties considered can be incorporated into a
single [CCDF)" (U.S. EPA, 1985; p. 38088), but 40 CFR 191 does not contain specific guidance on which curve
should be compared to the Containment Requirements. In previous work, the mean curve has generally been
proposed for showing compliance with § 191.13(a) (e.g., Cranwell et al., 1987, 1990; Hunter et al., 1986). Only
mcan curves are shown in Volume 1 of this report. Complete families of curves and the associated summary
curvces are presented in Volume 4 of this report.

3-8
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Whenever a dislrihution~ of curves is reduced to a single curve, information on uncertainty is lost. Replicated
Monte Carlo analyses can characterize the uncertainty in an estimated mcan CCDF or other summary curve.
However, representing the uncertainty in an estimated value in this way is quite different from displaying the
variability or uncertainty in the population from which the estimate is derived. For example, the uncertainty in
the estimated mcan curve in Figure 3-3 is less than the variability in the population of CCDFs that was averaged
to obtain this mean. Therefore, results of the preliminary WIPP performance assessments are displayed as both
complete familics of CCDFs (as illustrated in Figure 3-2) and summary curves (as illustrated in Figure 3-3).

Because CCDFs arc conditional on the assumptions of the analysis, no single curve or family of curves from
a single analysis can display conceptual modcel uncertainty. The WIPP performance assessment cxamines
conceptual model uncertainty by repeating the complete Monte Carlo analysis for each alternative conceptual
model, and comparing mean CCDFs. Only those portions of the analysis specific 1o the alternative conceplual
models (e.g., selected parameter values or computational models) are alterecd. All other models and paramcter
values arc the same in each analysis, and the two conceptual models are thus compared ceteris paribus (all other
things being cqual). The shift in the location of the CCDF provides a measure of the uncertainty introduced by
the existence of alternative conceptual models, and provides the Project guidance on which altemative conceptual
models have the greatest potential to affect disposal-system performance.

3.2 Selection of Scenarios

40 CFR 191 does not include the tern scenario in its definition of performance assessment, referring instcad
only to events and processes that might affect the disposal system during the next 10,000 years. Considering the
consequences of isolated events and processes, however, is not sufficient; the various combinations of events and
processes that define possible future states of the disposal system must be considered in a complete analysis.
Combinations of events and processes are referred to as scenarios in Bertram-Howery and Hunter (1989), Marictta
et al. (1989), Cranwell et al. (1990), Bertram-Howery et al. (1990), and WIPP PA Division (1991a).

3.2.1 Conceptual Basis for Scenario Development

‘The scenarios \S; are obtained by subdividing a set S (the sample space) that contains all possible 10,000-
ycar ime histories at the WIPP beginning at the decommissioning of the facility. Because resources for analysis
are finitc and the set S has infinitely many elements, an important goal of scenario development is to recognize
and remove from full considcration those scenarios for which the impact on compliance with 40 CFR 191B can be
rcasonably anticipated to be negligible due to low probability, low consequences, or regulatory exclusion.

Five subsets of § provide a starting point for scenario development (Figure 3-4). The reasoning behind

sclecting these subsets is provided in Section 4.2.3 of this volume. First, the basc-case subset Sg consists of all
elements in .S that fall within the bounds of what can be reasonably anticipated to occur at the WIPP over

39
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TRI-6342-3402-0

Figure 3-4. Decomposition of the sample space S into high-level subsets, where S g designates the base-case
subset, Sy designates a minimal disruption subset, Sg designates a regulatory exclusion subset,

S designates a low-probability subsct, and S designates (.SB USyUSEUS, )C.
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10,000 years, and represents the undisturbed performance of the disposal system. Second, a minimal disruption
subset Sy, consists of all clements in § that involve disruptions that result in no significant perturbation to the
consequences associated with the corresponding elements in the base-casc subset Sg. Third, a regulatory
exclusion subsct S consists of all clements in $ that are excluded from consideration by regulatory dircctive
(e.g., human intrusions more severe than the drilling of exploratory boreholes). Fourth, a low-probability subsct
S consists of clements of S not contained in Sg whose collective probability is small (c.g., the probability of
Sy, is less than 0.0001) regardless of their potential consequences. Everything that remains in S after the
identification of Sg, Sps. Sp, and S; now becomes a fifth subset S5, where the subscript O represents
"Other." In set notation,

So=(SpUSyUsgUs,) 3-8)
where the superscript ¢ is used to desighate the complement of a set.

Evaluation of compliance with the Containment Requirements of 40 CFR 191B does not depend cqually on
each of the five subsets of 5. By definition, clements of S are excluded from consideration. The relative
contributions of the other four subsets to a hypothetical CCDF for the WIPP are shown in Figure 3-5. Releases
associated with the base case Sg for the WIPP are zero for this analysis (see Chapter 5 of Volume 1 and references
cited there), and the consequences of both Sg and Sy, therefore plot well below the EPA limits, at the extreme
upper left of the CCDF. Consequences of S, arc by definition of sufficiently low probability (less than 10-%in
104 years) that they plot below the EPA limits. High-consequence elements of S . Dlot at the fower right of the
CCDF. Compliance depends primarily therefore on the examination of Sy, and specifically on a set of additional
scenanios S;, i=1, ..., nS, obtained by further refining (i.e., subdividing) the subset Sp. Sk, SL. and Sy could
be defined to be mutually exclusive, but this distinction is not important here so they are represented in Figure 3-4
with non-empty intersections. As described in Scction 4.2.1, Sg and S are constructed to be mutually
exclusive and to have emply intersections with Sy, and §; .

Although the scenarios that affect compliance for the WIPP come from the set .S;, performance assessments
must also include Sg. The overall pattemn of Figure 3-5 can be seen in the results of the WIPP prcliminary
performance asscssments, with S deternmining the upper left of the CCDF and the remainder being determined by
the ;.

This analysis does not exclude S, from consideration in the comparison with the EPA release limits. The
contribution from $; would always plot 1o the lower right of the CCDF, well below the EPA probability limits,
and therefore would not matter in a compliance decision. S,y is not included in WIPP PA so the probability of
Sps is not accumulated as shown in Figure 3-5, i.c., only the probability of Sg is included. The net effect of
excluding Sy is to raisc the CCDF toward the probability limits; therefore, including Sy, would not negate a

compliance decision.

Consequences of Syy cannot be scen on the CCDF for the WIPP because releases from Sg are zero.
Consequences of S , which, if calculated, would appear as an extension on the cxtreme lower right of the CCDF,
are also not displayed directly in the results of the WIPP performance assessments.
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Figure 3-5. Construction of a CCDF for comparison with the EPA release limits. Note that the location of

cSp at the lower left of the plot is correct for the WIPP—where no releases are predicted from the
undisturbed base case—bul is not a generic requirement for all sites.
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The WIPP performance assessment does not follow. the exact EPA guidance in defining S; . Appendix B of
40 CFR 191 suggests that "... performance assessments need not consider categories of cvents or processes that
are estimated to have less than one chance in 10,000 of occurring over 10,000 ycars" (U.S. EPA, 1985,
p. 38088). By suitably defining the cvents and processes selected for consideration (i.e., by making nS
sufficiently large), all probabilities can theoretically be made lcss than the specified bound. Conceptually, the
WIPP performance asscssinent avoids the potential problems raised by the wording of the guidance by placing a
bound on the total probability of all occurrences that are removed from detailed consideration (i.e., the probability
pSL for S ) rather than the individual probabilities for a number of different scenarios. In practice, the distinction
has little impact because, as discussed later in Chapter 4 of this volume, probabilities estimated for elements of
S arc substantially below the suggested cutoff.

3.2.2 WIPP Performance-Assessment Approach to Scenario Development

Recognition of the five subsets of § provides the basis for the WIPP perforinance assessment's approach to
scenario development. Because Sg, Sg, S;, and Sy may account for a large part of the sample space S and
also have readily predicted cffects on the CCDF used for comparison with the EPA release limits, Sg, Sg, S;.,
and Sy, are determined in the first stage of development before Sy is subdivided into the scenarios §; shown in
Figure 3-4.

The WIPP performance assessment uses a two-stage procedure for scenario development and the determination
of scenario probabilities. The purpose of the first stage is to develop a comprehensive set of scenarios that
includes all occurrences that might reasonably take place at the WIPP, and to determine the probabilities of these
scenarios. The result of this stage is a set of scenarios that summarize what might happen at the WIPP. These
scenarios provide a basis for discussing the future behavior of the WIPP and a starting point for the second stage
of the procedure, which is the definition of scenarios §; and the determination of the probabilities pS; at a level of
detail that is appropriate for use with the conceptual and computational models ecmployed in the performance

assessment.

The first stage of the analysis focuses on the determination of the sample space § and the subsets Sg, Sg,
S Sy and Sp. Major groupings of scenarios within Sg are also recognized at this time, and defined for
reference purposes as summary scenarios. This stage of the analysis uses a scenario-selection procedure suggested
by Cranwell et al. (1990) that consists of the following five steps: (1) compiling or adopting a "comprehensive”
list of events and processes that potentially could affect the disposal system, (2) classifying the events and
processes to aid in completencess arguments, (3) screening the events and processes to identify those that can be
eliminated from consideration in the performance assessment, (4) developing scenarios by combining the events
and processes that remain after screening, and (5) screening scenarios to identify those that have little or no effect
on the shape or location of the mean CCDF.

The purpose of the first step is to develop the sample space S, which consists of all possible 10,000-year
time histories that involve the identificd events and processes. The sample space S is subdivided into the subscts
Sp. Sg. Sp. Sp.and Sy in Steps 2 and 3. The screcning associated with Steps 2 and 3 also removes time
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Chapter 3. Performance Assessment Methodology

historics from § that arc physically unreasonable. In Step 4, a preliminary subdivision of the subset Sp into
additional summary scenarios is accomplished through a two-part process. In the first part, subsets of Sy (i.e.,
scenarios) are defined that involve specific events or processes. However, these scenarios are not mutually
exclusive. In the second part, a subdivision of S, into mutually exclusive scenarios S; is accomplished by
forming all possible intersections of the single cvent/process scenarios and their complements. The fifth and final
step in the process is a screcning of the scenarios S; on the basis of probability, consequence, and physical
reasonableness. The purpose of this screening is to determine if some of the S; can be removed from the
analysis.

A second stage of scenario development is necessary because the summary scenarios developed in the first
stage are, in gencral, not defined at sufficiently fine levels of resolution for use in the construction of a CCDF that
adequatcly displays the effects of stochastic, or Type-A, uncertainty (Section 3.1.2). The computational scenarios
described in Section 4.4 of this volume represent a substantially finer subdivision of S, than that used to
construct the summary scenarios, but they arc based on the same screening of events and processes conducted
during the first stage of scenario development. As in previous scenario construction for preliminary performance
assessments of the WIPP, inadvertent intrusion into the repository during exploratory drilling is the only
disruptive event considered in the 1992 assessment, and the computational scenarios reflect subdivisions based on
time and number of intrusion, the activity of the waste intersected, and whether or not pressurized brine is
encountered in the Castile Formation below the repository.

The determination of both scenarios and scenario probabilities is a complex process with significant
uncertainties. To help assure that the WIPP performance assessment brings a broad perspective 1o this task,
expert panels have been formed to provide a diversity of views with respect to possible futures at the WIPP and
the probability of human intrusion. The formation of these pancls and the results obtained from their
deliberations are documented in Hora et al. (1991) and the memorandum by Hora in Volume 3, Appendix A of this
report.

No inherently correct grouping exists of the possible time histories into scenarios; the probabilitics associated
with individual scenarios S; can always be reduced by using a finer grouping. As long as low-probability S; are
not discarded, the use of more but lower probability S; will improve the resolution in the estimated CCDF shown
in Figure 3-1. Because a consequence must be calculated for each scenario S;, the use of more S; results in more
detailed specification of the calculations that must be performed for cach scenario.

For example, a scenario S; for the WIPP might be defined by

S; ={x:x a single 10,000-ycar time history beginning at decommissioning of the facility under

consideration in which a single borehole occurs}. (3-9)

A more refined definition would be
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Sit ={x:x a 10,000-year history at thc WIPP beginning at decommissioning in which a single borehole
occurs between (i —1)x 103 and ix 103 years and no boreholes occur during any other time

interval }. (3-10)
Then,

10
Sik C.Si,i=1,...,10, and §; = U‘Sik @3-11)
k=1

Thus, S; and U S contain the same set of time histories. However, the individual S;; are smaller sets of
time histories that are included in the larger set S;. In terms of performance assessment, each Sy describes a
more specific set of conditions that must be modeled than does S;. The estimated CCDF in Figure 3-1 could be
constructed with either §; or the S, although the use of the S;; would result in less aggregation error, and thus,
provide better resolution in the resultant CCDF.

The S; appearing in the definition of risk in Equation 3-1 should be developed to a level of resolution at
which it is possible to view the analysis for cach S; as requiring a fixed, but possibly imprecisely known, vector
X of variable values. When a sct S; is appropriatcly defined, it should be possible to use the same model or
models and the same vector of variable values to represent every occurrence (e.g., a 10,000-year time history for
the WIPP) in S;. Scenario definition must permit the consequences CS; appearing in Equation 3-1 to be
calculated with reasonable efficiency, while holding the amount of aggregation error that enters the analysis to a
rcasonable level. Thus, although subdivision of S into a large number of S; (e.g., on the basis of time of
intrusion) may result in increased resolution in the estimate of €S, it may also result in a compuiationally
impractical analysis. Performance assessments must balance these competing requirements.

3.3 Determination of Scenario Probabilities

The second elemnent of the ordered triples shown in Equation 3-1 is the scenario probability pS;. As with
scenario definition, the probabilities pS; have been developed at two levels of detail.

Preliminary probabilitics for the summary scenarios have been developed by Marietta et al. (1989) and
Guzowski (1991). Aposiolakis et al. (1991) provide an additional discussion of techniques for dctermining
probabilities in the context of performance asscssment for radioactive-waste disposal.

Probabilitics for the computational scenarios used in the construction of CCDFs are discussed in Chapter 5 of
this volume, and are based on the assumption that the occurrence of borcholes through the repository follows a
Poisson process (i.c., are random in time and space) with a rate constant A. Formulas for determining pS;
dependent on this assumption are derived in Chapter S. The derivations arc general and include both the stationary
(i.c.. constant A) and nonstationary (i.¢., time-dependent A) cascs. The 1992 performance assessment estimates
conscquences using both constant values for A and time-dependent values derived from expert judgment.

3-15
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3.4 Calculation of Scenario Consequences

The third element of the ordered triples shown in Equation 3-1 is the scenario consequence, €¢S;. Estimation
of €S; is done using a linked system of computational models described in greater detail in Chapters 7 and 8 of
this volume.

The modecls used in the WIPP performance assessment, as in other complex analyses, exist at four different
levels. First, conceptual models provide a framework in which information about the disposal system can be
organized and linked to processes that can be simulated with quantitative models. An adequate conceptual model is
cssential for both the development of the sample space Sy appearing in Equation 3-8 and the division of S into
the scenarios $; appearing in Equation 3-1. As defined in Chapter 2, alternative conceptual models may exist that
arc equally consistent with the available information. Consequences for each scenario must be estimated
separately for each altemative conceptual model included in the analysis.

Second, mathematical models are developed to represent the processes at the site. The conceptual models
provide the context within which these mathematical models must operate and define the processes they must
characterize. 'The mathematical models are predictive in the sense that, given known propertics of the system and
possible perturbations to the system, they predict the response of the system. Among the processes represented
by these mathcmatical models are fluid flow, mechanical deformation, radionuclide transport in groundwater,
removal of waste through intruding boreholes, and human cxposure to radionuclides released to the surface
cnvironment. Mathematical models for these processes, and others, are described in Chapter 7 of this volume.

Third, numerical models are developed to approximate the mathematical models. Most mathematical models
do not have closed-form solutions, and numerical proccdures must be developed to provide approximatjons to the
solutions of the mathematical models. In essence, these approximations provide "numerical models” that calculate
results that are close to the solutions of the original mathematical models.” For example, Runge-Kutta procedures
are often used to solve ordinary differential equations, and finite difference and finitc clement methods are used to
solve partial differential cquations. In practice, it is unusual for a mathematicil model to have a solution that can
be determined without the use of an intermediate numerical model. Numerical models used in the WIPP

performance assessment are described in appendices to this volume.

Fourth, the complexity of the system requires the use of computer codes to implement the numerical models.
Figure 3-6 illustrates the sequence of linked codes used in the 1992 WIPP performance assessment. Each of the
models appearing in this figure is briefly described in Table 3-1; morc information is available in Chapter 7 and
appendices to this volume, and in references cited there.

3.5 Monte Carlo Analysis Techniques

As discussed in more detail by Helton et al. (1991) and in Volume 4 of this report, the WIPP performance
assessment uscs Monte Carlo techniques for uncertainty and sensitivity analyses. In the context of this report,
uncertainty analyses cvaluate uncertainty in performance estimatcs that results both from the existence of
alternative conceptual models and from the uncertainty about imprecisely known input variables. Sensitivity anal-
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Figure 3-6. Models used in 1992 WIPP performance assessment. The names for computer models (i.c.,
computer codes) are shown in capital letters.
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Table 3-1. Summary of Computer Models Used in the 1992 WIPP Performance Assessment

Model

Description

BRAGFLO

CCDFPERM

CUTTINGS

GENII-S

GRASP-INV

PANEL

SANCHO

SECO2D

SECOTP

Describes the multiphase flow of gas and brine through a porous, heterogenous reservoir.
BRAGFLO solves simultaneously the coupled partial differcntial cquations 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 matcrial (in curies) brought to the surface as cuttings and
cavings generated by an exploratory drilling opcration that penetrates a waste panel (Chapter 7).

Estimatcs potential radiation doscs to humans from radionuclides in the cnvironment (Leigh et

al., in review).

Automatically gencrates simulations of transmissivity fields (estimates of transmissivity valucs)
conditioned on measured transmissivity values and calibrated 10 steady-statc and transient pressure
data at well locations using an adjoint scnsitivity and pilot-point technique (LaVenue and
RamaRao, 1992).

Calculates rate of discharge and cumulative discharge of radionuclides from a repository panel
through an intrusion borchole. Discharge is a function of fluid flow rate, nuclide solubility, and
remaining inventory (Chapter 7).

Finite element program that solves quasistatic, large deformation, inelastic responsc of two-
dimensional solids (Stone et al., 1985). Used in the 1992 performance asscssment to determine
porosity of the waste as a function of time and moles of gas generated (Scction 1.4.7 of
Volume 3).

Calculates single-phase Darcy flow for groundwaler-flow problems in two dimensions. The
formulation is based on a single partial differcntial equation for hydraulic hcad using fully

implicit time differencing (Chapter 7).

Simulates fluid flow and transport of radionuclides in fractured porous media (Chapter 7).
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yses determine the contribution of individual input variables to the uncertainty in model predictions. As used
here, both these types of analyses provide information about the effects of subjective, or Type-B, uncertainty. The
effects of stochastic, or Type-A, uncertainty are incorporated into the performance assessment through the scenario
probabilities pS; appearing in Equation 3-1.

Montc Carlo analyses involve five steps: (1) selection of the variables to be examined and the ranges and
distributions for their possible values; (2) generation of the samples to be analyzed; (3) propagation of the samples
through the analysis; (4) uncertainty analysis; and (5) sensitivity analysis. Thesc steps are described briefly in the
following sections. A more completc discussion can be found in Helton ct al. (1991).

3.5.1 Selection of Variables and Their Ranges and Distributions

Monte Carlo analyscs use a probabilistic procedure for the selection of model input. Therefore, the first step
in a Monte Carlo analysis is the sclection of uncertain variables and of ranges and distributions that characterize
the uncertainty in their possible values. These variables are typically input parameters o computer models, and
the impact of the assigned ranges and distributions can be great: analysis results are controlled in large part by the
choice of input. Results of uncertainty and sensitivity analyses, in particular, strongly reflect the characterization
of uncertainty in the input data.

As discussed in detail in Volume 3 of this report, information about the ranges and distributions of possible
values is drawn from a varicty of sources, including field data, laboratory data, literature, and, in instances where
significant uncertainty cxists and site-specific information is unavailable or insufficient at the time of the
analyses, subjective cxpert judgment. In general, data from these sources cannot be cxamined statistically and
incorporated directly in performance-assessment analyses, because data are rarely gathered with the specific model
application in mind. Spatial and temporal scales over which the data are valid often do not match those of the
models’ applications, and in many cases, rcal site-specific data arc simply not available. Data may be sparse or
unavailable because measurcments are infeasible (e.g., drilling sufficient borcholes 1o determine the regional
heterogeneity of transmissivity in overlying aquifers), because direct measurements would in themselves create
risk (e.g., drilling of borcholes through the repository to deterinine the extent of an underlying brine reservoir),
because measurements are impossible (e.g., measuring future drilling technology), or for other reasons.

The review process that leads from the available data to the construction of the cumulative distribution
functions (cdfs) used in the performance-assessment analyses is described in detail in Volume 3 of this report.
Because of the nature of the available data and the type of analysis, this review process is unavoidably subjective,

and involves the expert judgment of the investigators and performance-assessment analysts.

The ultimate outcome of the review process is a distribution function F(x) of the form shown in Figure 3-7
for each independent variable of interest. For a particular variable xj, the function F is defined such that

prob(x<xj Sx+Ar): F(x+Ax)- F(x) (3-12)
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Distribution function for an imprecisely known analysis variable., For each valuc x on the
abscissa, the corresponding value F(x) on the ordinate is the probability that the appropriate value
1o use 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

That is, F(x+Ax) - F(x) is equal to the probability that the appropriate value to use for x; in the particular analysis
under consideration falls betwecn x and (x + Ax).

3.5.2 Generation of the Sample

Various tcchniques arc available for generating samples from the assigned distribution functions for the
variables (McGrath ct al., 1975; McGrath and Irving, 1975a,b), including random sampling, stratificd sampling,
and Latin hypercube sampling.  As discussed in morc detail in Helton et al. (1991), the WIPP performance
assessment uscs stratificd sampling and Latin hypercube sampling.

Stratified sampling is a modification of random sampling in which a systematic coverage of the full range of
possible values is forced by subdividing the sample space into strata with assigned probabilities. The
decomposition of the subset S¢, shown in Equation 3-8 into scenarios S; as indicated in Equation 3-1 is a form
of stratified sampling in which the scenario probabilities pS; are the strata probabilities. Stratified sampling
forces the inclusion of low-probability, but possibly high-consequence, scenarios, and is used to incorporate
stochastic, or Type-A, uncertainty into the WIPP performance assessment.

Latin hypercube sampling (McKay et al., 1979), in which the full range of each variable is subdivided into
intervals of equal probability and samples are drawn from each interval, is used to incorporate subjective, or Type-
B, uncertainty, into the WIPP performance assessment. Specifically, a Latin hypercube sample of size 70 was
generated from the 49 variables in Tables 6.0-1, -2, and -3 in Volume 3 of this report. The restricted pairing
technique of hman and Conover (1982) was used to prevent spurious corrclations within the sample. The resultant
sample is listed in Volume 4 of this report.

3.5.3 Propagation of the Sample through the Analysis

The next step is the propagation of the sample through the analysis. Each clement of the sample is supplied
to the model as input, and the corresponding model predictions are saved for use in later uncertainty and sensilivity
studies. The Compliance Assessment Mcthodology Controller (CAMCON) has been developed to facilitate the
complex calculations and storage of the input and output files from cach program (Rechard, 1989, 1992). This
methodology incorporates data bases, sampling procedures, model evaluations, data storage, uncertainty and
sensitivity analysis procedures, and plotting capabilities into a unificd structure. The structure and operation of
CAMCON is illustrated in Figure 1-1.

Additional intormation on CAMCON and its use in the 1992 WIPP performance assessment is given in
Chapter 1 of this volume and in Rechard (1992).

3-21



N s W N

17
18
19
20
21
22
23
24
25

26
27
28

Chapter 3. Performance Assessment Methodology

3.5.4 Uncertainty Analysis

Once a sample has been generated and propagated through a model, uncertainty in the model predictions can be
interpreted dircctly from the CCDF. Stochastic, or Type-A, uncertainty, is represented by the steps in an
individual CCDF. Subjective, or Type-B, uncertainty, can be represented either with a family of CCDFs or with
a summary diagram showing mean and quantile curves, as shown in Figures 3-2 and 3-3.

Uncertainty in a predicted performance measure can be characterized with an estimated distribution function,
which can be displayed either as the above CCDF, a density function, a cumulative distribution function, or as
box plots (Iman and Conover, 1982), as shown in Figure 3-8. The endpoints of the boxes in Figure 3-8 are
formed by the lower and upper quartiles of the data, that is, x 95 and x 75. The vertical line within the box
represents the median, x 5. The sample mean is identified by the large dot. The bar on the right of the box
extends to the minimum of x 75 + 1.5(x 75 - X 95) and the maximum observation. In a similar manner, the bar
on the left of the box extends to the maximum of x 95 - 1.5(x 75 - x 25) and the minimum observation. The
observations falling outside of these bars are shown with x's. Box plots display the same information as a
distribution function in a reduced forth (without explicit probabilities). They are convenicnt for presenting and
comparing diffcrent distributions in a single figure, especially for displaying outliers (high consequence values).

3.5.5 Sensitivity Analysis

The final step in a Monte Carlo study is scnsitivity analysis, which provides information about the
sensitivity of the modeling system to uncertainty in specific input paramcters. Scnsitivity analyses can identify
those parameters for which reductions in uncertainty (i.e., narrowing of the range of values from which the sample
used in the Montc Carlo analysis is drawn) have the greatest potential to increase confidence in the estimate of
disposal-system performance. Identification of scnsitive parameters can help sct priorities for additional research;
however, becausc rcsults of these analyses are inhcrently conditional on the models, data distributions, and
techniques used to gencrate them, the analyses cannot provide insight about the correctness of the conceptual
models and data distributions used. Qualitative judgment about the modeling systcm must be used in conjunction
with scnsitivity analyses to set prioritics for performance-assessment data acquisition and model development.

Sensitivity analysis techniques used in the WIPP performance assessment include scatterplots and regression

analysis, and are described in detail by Helton et al. (1991). Results of the 1992 sensitivity analyses are presented
in Volume 4 of this report.
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Figure 3-8. Example of box plots (hypothetical results).
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4. SCENARIO CONSTRUCTION

4.1 Evaluation of Events and Processes

The selection of scenarios for consideration in WIPP PA is based on the formal five-step procedure described
by Cranwell et al. (1990). The five steps are (1) compiling or adopting a comprchensive set of events and
processes” that potentially could affect the disposal system, (2) classifying the events and processes to aid in
completeness arguments, (3) screening the events and processes to identify those that can be eliminated from
consideration in the PA, (4) developing scenarios by combining the events and processes that remain after
screening, and (5) screening scenarios to identify those that have little or no effect on the shape or location of the
CCDFs. Section 4.1 summarizes work done on the first three of these sieps:  the identification, classification,
and screening of events and processes, referred to jointly as “evaluation of events and processes.” Evaluation of
events and processes has not heen significantly revised since 1991, and more complete discussions of specific
events and processes arc available elsewhere (Guzowski, 1990; WIPP PA Division, 1991a). Additional work is in
progress on evaluation of events and processes in response to reviewers' comments (e.g., Appendix B of Volume
1 of this report), and will be incorporated in future PAs.

4.1.1 Identifying Events and Processes

The WIPP PA uscs the list of potentially disruptive events and processes provided by Cranwell ct al. (1990)
as a starting point for scenario development (Table 4-1). This list was developed by a pancl of experts that met in
1976 and again in 1977 under the auspices of the U.S. Nuclear Regulatory Commission to identify events and
processes that could compromise the performance of an engineered disposal system for nuclear waste constructed in
deep geologic media.** Concems raised during the development of the WIPP have led to the inclusion of three
additional events and processes not identified by the panel: gas generation by the degradation of the wasle, waste-
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 191B (§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 are 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 et al. (1990), the Scenario Identification Panel Members and their affiliations were
William S. Twenhofel, 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; llerbert R. Shaw, USGS, Menlo Park, CA; Deonald Caldwell, United States Nuclear
Regulatory Comunission (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 December 7-8, 1976, at Grand Canyon, AZ, and again on April 13,
1977, in Carisbad, NM.
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Chapter 4. Scenario Construction

Table 4-1. Potentially Disruptive Events and Processes

Natural Events and Processes

Celestial Bodies Meteorite Impact
Surficial Events and Processes Erosion/Sedimentation
Glaciation

Pluvial Periods

Sea-Level Variations
Hurricanes

Seiches

Tsunamis

Regional Subsidence or Uplift
Mass Wasting

IFlooding

Subsurface Events and Processes Diapirism
Scismic Activity
Volcanic Activity
Magmatic Activity
Formation of Dissolution Cavities
Formation of Interconnected Fracture Systems
Faulting

Human-Induced Events and Processes

Inadvertent Intrusions Explosions
Drilling
Mining
Injection Wells
Withdrawal Wells

Hydrologic Stresses Irrigation
Damming of Streams and Rivers

Repository- and Waste-Induced Caving and Subsidence

Events and Processes Shaft and Borehole Seal Degradation
Thermally Induced Stress Fracturing in Host
Rock
Excavation-Induced Stress Fracturing in Host
Rock
Gas Generation
Explosions
Nuclear Criticality

Source: Maodified from Cranwell et al., 1990.




© O N O

"

12
13
14
15
16
17
18

19
20
21
22
23
24

25
26
27
28
29
30
31

32
33

Evaluation of Events and Processes
Classifying Events and Processes

4.1.2 Classifying Events and Processes

This step is optional, and has not been carried out explicitly for WIPP PA. Cranwell et al. (1990) included
classification in the procedure to assist in organizing the events and processes, t0 assist in completencss
arguments, and to provide insights when developing conceptual models of the disposal system.

4.1.3 Screening Events and Processes

Events and processcs are screened using three criteria developed by Cranwell et al. (1990): probability of
occurrence, consequence, and physical reasonableness; and a fourth criteria specific to PAs conducted for 40 CFR
191B, regulatory requirements. All four are applicd in the context of the 1985 version of 40 CFR 191B (U.S.
EPA, 1985), and screening will be reexamined when the regulation is repromulgated.

The “probability of occurrence™ and “consequence” crileria are based directly on guidance provided in Appendix
B of 40 CIFR 191:

The [EPA] assumes that . . . performance assessments need not consider categories of events or
processes that are estimated o 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 rcleases would not be significantly changed by such omissions
(U.S. EPA, 1985, p. 38088).

As interpreted by the WIPP PA Department, individual events and processcs (as well as “categories of cvenls
and proccsses’) that have a probability of more than 1 chance in 10,000 of occurring over 10,000 years will be
retaincd for further evaluation. Lower-probability phenomena are identified but not considered further. Low-
consequence phenomena (i.c., those that would not significantly change the CCDF) are identificd qualitatively in
the WIPP PA methodology and arc climinated rcgardless of probability (WIPP PA Division, 1991a).
Conscquences of these phenomena can be evaluated quantitatively if uncertainties warrant.

‘The final screcning criterion described by Cranwell et al. (1990), “physical reasonableness,” is not explicitly
described in 40 CFR 191B. As uscd in WIPP PA, this criterion distinguishes between those phenomena (o which
a meaningful probability can be assigned (e.g., metcorite impacts) and those phenomena for which scicentific
understanding is insufficient to assign meaningful and defensible quantitative probabilities (e.g., the occurrence of
volcani¢ activity in a geologic sctting where such an cvent is unprecedented). The distinction between *“physical
reasonableness™ and “probability of occurrence” is not rigid, and phenomena identified as “physically unreasonable”
could also be climinated on the basis of extremcly low probability.

The “regulatory requircments” criterion is usced only to screen cvents related (o human activities, and is based

dircctly on guidance in Appendix B of 40 CFR 191:
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Chapter 4. Scenario Construction

... inadvertent and intcrmittent 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 (U.S. EPA, 1985, p. 38089).

As interpreted by the WIPP PA Department, this allows the exclusion of all deliberate human activities that
disrupt the repository, as well as those inadvertent human activitics that could result in consequences (e.g., EPA
normalized cumulative rcleases 1o the accessible environment, or other performance measures) greater than those of
exploratory drilling. Specifically, this criterion is used to screen acts of war, direct mining of the waste,
systematic drilling of multiple boreholes for resource production or other purposes, and modces of intrusion other
than exploratory drilling identified by an expert panel on inadvertent human intrusion into the WIPP (Hora et al.,,
1991; memorandum by Hora in Volume 3, Appendix A of this report).

4.1.4 Summary of Screened Events and Processes

The following summary is taken from the 1991 PA (WIPP PA Division, 1991a), where each of the cvents
and processes listed in Table 4-1 are described in detail. As shown in Table 4-2, cvents and processes are either
retained for consideration in PA or screened out on the basis of the four criteria described in the previous section.
Events and processes retained for consideration are either included in the base-case scenario for the system or used
for developing scenarios describing disturbed performance.

All of the natural events and processes listed in Table 4-1 that have been retained arc part of the undisturbed
performance of the system, and none are included in the development of disturbed-performance scenarios.
Phenomena such as erosion, sedimentation, climatic change (pluvial periods), seismic activity, and some shallow
dissolution are certain o occur during the next 10,000 ycars, and are part of the conceptual model for the base-case
scenario. Several other listed events (i.e., sea-level variations, hurricanes, seiches, and tsunamis) are restricted 10
coastal arcas, and are physically unreasonable at the WIPP location. Surficial geologic events, including regional
subsidence or uplift, mass wasting, glaciation, and flooding, and all subsurface events except seismic activity and
shallow dissolution of the Rustler-Salado contact arc scrcened out as physically unreasonable or of low

probability.

Of the human-induced cvents and processes, inadvertent explosions at the location of the waste panels are
excluded by regulatory requirements; inadvertent cxplosions near the waste panels during warfare and nuclear
testing are screencd out on the basis of low probability. Irrigation and damming of valleys close enough to the
WIPP 10 have an impact are low-probability events because of poor water and soil quality and limitcd water
supplies. Based on the geologic setting and previous resource evaluations, both exploratory drilling for resources
and the drilling of injection wells are realistic events for the WIPP, and are retained for scenario development.
Intrusion of injection wells into the waste-emplaccment region is not modeled explicitly in PA, because drilling
technology and therefore consequences are assumed to be the same as for exploratory drilling. Expert judgment on
the probability of intrusion by injection wells is not available (Hora, memo in Appendix A of Volume 3).
Injection wells that do not penctrate the repository arc screencd out on the basis of low consequence.
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Table 4-2. Summary of Screened Events and Processes (from WIPP PA Division, 1991a)

S

RETAINED SCREENED OUT
Base-Case  For Scenario Low Physically Low Regulatory
Events and Processes Conditions Development Probability Unreasonable - Consequence Requirements
Natural

Meteorite IMPACL......couiiiiiii it b S O PP TOT PPN
Erosion/Sedimentation ....................... b U ST SR PSP PUPPRUPPPURRUPPRt
GIACTALION ... et et e e e et et et e et et et ee e ettt eearnaaaeb e e e enanans b ST PP PP U USRS
Pluvial Periods (Climatc Change)......... X et ettt ettt et ee 1 ettt eetueeeta. et sn e eeteitaetn e tbnataean e atan e tahn e et e beaann e aehaeeaeniaaeeeas
Sea-Level VANations . .......ooouieiiiii ettt e e e et e e e e b S U U P USRI
HUTTECANES ..ot et et et a e e e et e et aere et eaas b S U U R PP P S USUPP
L] 01113 S S SUUE OE  P PUUUUUO U OUUUSU RO b PSPPI
Tsunamis

HCONVENLIONAL L.....e ittt e e ettt s e e e e e e ee e eeeeaeeeaerebeta e eeeese b ineaeaaas XK ettt e e et e e e ba e bbb e er e rr i aaeens

Meteorite IMpacCt..........oouieeeiiiiiiiiiiiiii e X et e et et et et et e tt et ae e ee it ae e
Regional Subsidence or UPIfl...........oiiiiiiiiiiiiiiiiiiie ittt X e e e e e e
MaASS WaASUII G e ittt ee ettt e et e e s eee e e e s e e e e e et e e e taaae s seseaestaaaasseenereeennnnnnnns X e
FLOOUING. e et et et e e et e et e er e e e e s e s aan e s eaes b S U
DHAPITISIN ...t et et e e e et ettt et et et e e e et e e et ate i e erarans X et e e e e et e eens
Seismic ACUVItY ......ovviviiiiiieiiiniann., X et e e e e et et et e ae et e et eh ae e s e ea e e h e aa e e et e n e e et e aneees
VOICANIC ACHVILY «.coeiint ittt ettt et ettt ettt et et e e e sttt s ae et eeaaan e aeeannaaees X e et et e e e ra e
MaAZMAUC ACHVILY «..ovetiiiiiiii i itie e et e vert e car e et e et e atee et eetatn e e saanesnnanenaennnns X et et et e
Formation of Dissolution Cavities

Deep DiSSOIULION ......ooiitii e e e e D S U OUPUUUPPIN

Shallow Dissolution

Rustler-Salado Contact................. K et ettt e eee et etieeeeetteeesii e tetattaaeettaeaan et etan e bt tetnn e aatn e attae ittt e trnae e ans
Nash Draw* ... e e X e, D P TPR

Formation of Interconnected .
Fracture SySIEMIS......ooiiiii e ettt eee e e e e e e evae e e vaaraaes XK e e et
FAUING .o e e et X e e

*Screening criterion depends on which possible mechanisms considered for origin of Nash Draw
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Table 4-2. Summary of Screened Events and Processes (from WIPP PA Division, 1991a) (continued)

RETAINED

Base-Case  For Scenario

Events and Processes Conditions  Development

SCREENED OUT

Low

Probability

Physically Low
Unreasonable Consequence

Regulatory
Requirements

Human-Induced
Explosions

AL WaASIE-PaANEIS LOCAUON . ..o ettt et et et et e e e e e e et e e e e ee e et e et e a e s e e e e X ieinn

Near Waste-Panels Location

AL Surface/Warfarc........ooooevveeeeeeeiie e,
Deep TeSUNG.....oeeiiiiiiee e

Drilling (EXplOratory) .........ccoceveiiiiiiiiniiiiieneeenne. X e e ettt et e et et e tt e e e et e e et e anan s

Mining

AL WaASIE-PaANCIS LOCAON ...ttt ettt et e ettt ettt st e ettt bttt e e et e et e st et eraeens X .
Near Waste-Panels Location ..............cocovivvinniniinn. D TSP TSPPPPPN
INJECHON WEILS ...ttt e et e et e ettt e e e at et e e e e ettt e e e bnn e et eeabanss X et

Withdrawal Wells

Water Wells ...oviviiiiie e b S PO

Oil and Gas Wells

AL WaASIE-PANCIS LOCAION .. ... e e e e et e e e e e X e
Near Waste-Panels LOCAUON ... e e et ee e X e
Geothermal WeEllS. .. .ot et X s

IPFQALON ...t e e e

Damming of Streams and Rivers

AL PECOS RIVET ..o i e e e X e

Near Nash Draw ...

Repository- and Waste-Induced

Subsidence AN CAVINE ...... ..ottt et et e e e e e e aear s X e
Shaft & Borehole Seal Degradation......... X e e e et ettt et et h—e ettt ee e et et
Thermally Induced FraCluICs .........oooouiiuniii e e K e e
Excavation-Induced Fractures ................. b O TP PR PP PPRPRPN
GasGeneration ............c..covviiieeeeaannl. X e e e ee e e e et e e e e e e e e e aa e e e e et e e e
EXplOSIONS (GaS IENMILON) .......out ittt i e oo cie e et et st te e et e e e e e e e esee et et e ran e eenaeesaes X et

Near Criticality

Critical Mass (EXplOSion)..........ccc.ooeeieeiiiiiiiiiiniieeee

SUSIAINEA REACHON™ ™ ... oottt e e e e

** Retained for additional evaluation
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Evaluation of Events and Processes
Summary of Screened Events and Processes

In the category of waste- and repository-induced events and processes, gas generation and shaft-seal degradation are
part of the conceptual model of the base-case scenario. Borchole seal degradation is addressed through parameter
uncertainty during modeling. Excavation-induced fracturing in the host rock is handled by including the disturbed
zone surrounding mined openings in the conceptual model of the base-case scenario. Caving into the rooms or
drifts may occur in the short term after decommissioning, but this process has no long-term consequences on
performance because of the mechanical behavior of salt. Thermally induced fracturing of the host rock is not a
physically reasonable phenomenon because of the low thermal output of WIPP waste. Subsidence caused by the
mined openings and explosions causcd by the ignition of gases created by waste degradation have no effect on the
long-term performance of the disposal system and can be climinated from scenario development. Nuclear
criticality requires additional evaluation beforc a screening decision is made.

As shown in Table 4-2, a total of 10 events and processes arc rctained for consideration following screening.
Seven of these are essentially certain to occur, and are included in the conceptual model for the base-case scenario
(sce Section 4.2.3.1). The other three—exploratory drilling, potash mining near the waste pancls, and water
wells—are used to develop summary scenarios describing disturbed performance of the system. Exploratory
drilling is subdivided into two possibilities: drilling into a waste-filled room or drift and a brine reservoir in the
underlying Castile Formation (Event E1), and drilling into a waste-filled room or drift without penetrating a brine
reservoir (Event E2). Mining (Event 'I'S) is limited to potash extraction by either conventional or solution
methods in areas beyond the boundarics of the waste panels; drilling of withdrawal wells (Event E3) is limited to
water wells in arcas where water quantity and quality will permit water use. Both mining and water wells will be

evaluated in futurc performance assessments for their effects on groundwater flow in the WIPP arca.

4.2 Summary Scenarios

4.2.1 Development of Summary Scenarios

As explained in the 1991 PA documentation (WIPP PA, 1991a, Section 4.1.7), logic diagrams based on the
approach defined by Cranwell ct al. (1990) are used to combine events and processes that remain after screening
into summary scenarios. As the logic diagram for the WIPP performance assessment (Figure 4-1) shows, no
temporal relationship between events and processes is implied by their sequence across the top of the diagram; at
each junction within the diagram a yes/no decision is made as to whether the next event or process is added to the
scenario.  As a result, cach scenario consists of a combination of occurrence and nonoccurrence of all events and
processes that survive screening (Cranwell et al., 1990). To simplify scenario notation, only the events and
processes that occur are used to identify the scenario. Based on the assumption that the events and processes
remaining after screening define all possible futures of the disposal system that are important for a probabilistic
assessment, the logic diagram produces scenarios that arc comprehensive and mutually exclusive becausc all
possible combinations of cvents and processes are developed, and each scenario is a unique set of events and

processes,

Figurc 4-1 shows all of the scenarios (the possible combinations of the four events) that survived the
screening process for the WIPP (Section 4.1.4):
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Figure 4-1. Potential scenarios for the WIPP disposal system.

48



10
1"
12

13

14
15
16
17
18

19
20
21
22
23
24
25
26
27

28
29
30
31
32
33
34

Summary Scenarios
Development of Summary Scenarios

» E1, the inadvertent drilling of an exploratory borehole into a waste-filled room or drift and a brine reservoir
in the underlying Castile Formation,

* E2, the inadvertent drilling of an exploratory borehole into a waste-filled room or drift that does not
intersect a brine reservoir in the underlying Castile Formation,

 E3, drilling of water withdrawal wells in areas where water quality will permit water use, and

+ TS, mining for potash by cither conventional or solution methods in areas beyond the boundaries of the
waslte pancls.

For the 1992 PA calculations, only the basc-case scenario and scenarios containing the E1 and E2 events were
considered; therefore, only four summary scenarios were evaluated this year: the base case (expected behavior of
the disposal system without disruption by human intrusion), E1, E2, and E1E2. The TS event will be added to
later PA calculations for 40 CFR 191B. The E3 event will be cvaluated in safety assessments because it provides
a potential pathway through which human doses could occur.

4.2.2 Screening of Summary Scenarios

The purpose of scenario screening is to identify those scenarios that will have no or a minimal impact on the
shape and/or location of the mean CCDF. The criteria used to screen combinations of events and processes
(scenarios) are similar to those criteria used to screen individual events and processes (Section 4.1.3). These
criteria are physical reasonableness of the combinations of events and processes, probability of occurrence of the
scenario, and consequence.

The probability of occurrence for a scenario is determined by combining the probabilitics of occurrence and
nonoccurrence {rom the events and processes that make up the scenario. A mechanical approach to determining
scenario probabilities can be implemented by assigning the probability of occurrence and nonoccurrence for cach
event and process to the appropriate "yes" and "no” legs at each bifurcation in the logic diagram (Figure 4-1). The
probability of a scenario is the product of the probabilitics along the pathway through the logic diagram that
defines that scenario. Based on the probability criterion in Appendix B of 40 CFR 191 for screcning out
individual events and processes, scenarios with probabilities of occurrence of less than 1 chance in 10,000 in
10,000 years need not be considered in determining compliance with 40 CFR 191B, and therefore, consequence
calculations arc not necessary.

Consequence in this step of the procedure means integrated discharge to the accessible environment for 10,000
years. By inferring that the guidance in Appendix B of 40 CFR 191 for individual events and processes also
applies to scenarios, scenarios whose probability of occurrence is greater than the cutoff in Appendix B can be
climinated from further consideration if their omission would not significantly change the remaining probability
distribution of cumulative releases. Because the degree to which the mean CCDF will be affected by omitting
such scenarios is difficult to estimate prior to constructing CCDIs, only those scenarios that have no relcases or
very small, low-probability releases should be screened out from additional consequence calculations. If
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Chapter 4. Scenario Construction

significant changes are made 1o the data base, the conceptual modcls, or mathematical models of the disposal
system, the omitted scenarios should be rescreened.

In implementing this step of the procedure for this preliminary WIPP performance assessment, no scenarios
were screened out. Because parameter values did not define the events, all combinations of events in the scenarios
are physically rcasonable. Becausc final scenario probabilities have not been estimated, no scenarios were screened
out on the basis of low probability of occurrence. Final calculations of conscquences have not been completed, so
no scenarios were screencd out on the basis of this criterion.

4.2.3 Retained Summary Scenarios

This section describes the scenarios retained for consequence analysis that are considered in the 1992 PA
calculations.

4.2.3.1 UNDISTURBED SUMMARY SCENARIO (Sp)

Guidance from 40 CFR 191

The Individual Protection Requirements of 40 CEFR 191B (§191.15) call for a reasonable expectation that the
disposal system will limit annual doses o individuals for 1,000 years after disposal, assuming undisturbed
performance of the disposal system. Undisturbed performance is defined in 40 CFR 191B to mean “the predicted
behavior of a disposal system, including consideration of the uncertaintics in predicted behavior, if the disposal
system is not disrupted by human intrusion or the occurrence of unlikely natural events” (§191.12(p)). Duration

of this performance is not limited by the definition.

Although undisturbed performance is not mentioned in the Containment Requirements (§191.13), undisturbed
performance is not precluded from the containment calculations and, for the WIPP, is the base case of the scenario-
development methodology (Cranwell et al., 1990; Guzowski, 1990). The base-case scenario describes the disposal
system from the tiime of decommissioning and incorporates all expected changes in the system and associated
uncertainties for the 10,000 ycars of concern for §191.13. Subpart B of 40 CFR 191 does not provide a definition
of unlikely natural events to be excluded from undisturbed performance nor, by implication, likely natural events
to be included. Because of the relative stability of the natural systems within the region of the WIPP disposal
system, all naturally occurring events and processes that will occur are part of the basc-case scenario and are
nondisruptive. These conditions represent undisturbed performance (Marictla et al., 1989; Bertram-Howery et al.,
1990). They include the events and processes retained for undisturbed conditions, which are listed in Table 4-2.

4-10
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Base-Case Description

After the repository is filled with waste, the disposal rooms and drifts in the pancls are backfilled and seals are
emplaced in the shafts and access drifts to the pancls (Figure 4-2). While cxcavations are open, the salt creeps
inward because of the decrease in confining pressure on the salt around the rooms. Portions of the access drifts and
the lower parts of shafts are filled with preconsolidated, crushed salt (Stormont et al., 1987; Borns and Stormont,
1988; Nowak et al., 1990). Because of the high lithostatic pressures at the repository depth, salt creep is expected
to exert sufficient pressure on the crushed salt to consolidate the material into low-conductivity seals with
propertics similar to those of the host rock. Portions of the upper parts of the shafts are also filled with salt, but
pressure is not expected to be sufficicnt here to cause the same degree of consolidation as is expected in lower
portions of the shafls.

Gas generation is an important process for the undisturbed casc. Some waste and some waste containers will
be composed of organic material. Because microbes transported into the repository with the waste are expected to
be viable under sealed-repository conditions (Brush and Anderson, 1989b), organic material in the repository will
biodegradc with concomitant gencration of gases. In addition, moisture in the repository, either brought in with
waste or seeping in from the Salado Formation, can corrode metals in the waste and metallic waste containers
themselves, with gas generated as a by-product. Radiolysis also will gencrate gases.

Sufficient quantitics of gas will be generated to result in elevated pressures in the repository, approaching and
perhaps exceeding lithostatic pressure (approximately 15 MPa). Elevated pressures may open fractures in
anhydrite layers above and below the waste-disposal panels, which are relatively more brittle than the plastic
halite.

Two potential pathways for groundwater flow and radionuclide transport dominate the undisturbed disposal
system (Figure 4-2):

« In the first path, the pressure gradient between the waste-disposal panels and the Culebra causes brine and
radionuclides to migrate from the waste-disposal panels to the base of the shafts and up the shafts toward
the Culebra. This migration may occur directly through panel scals and the backfill in access drifts, but is
more likely to occur through anhydrite interbeds (primarily MB139 below the panels, but possibly also
MB138 and interbeds A and B above the panels). Contaminated brine may enter the interbeds either
through fractures in salt in the DRZ, or directly as a result of rooms and drifts intersccting the interbeds
during construction or room closure. Migration to the basc of the shafts could then occur in fractures in the
anhydrite layers. Migration up the shafts occurs through the shaft-seal system.

» The sccond major path for brine and radionuclide migration from the undisturbed repository is laterally
through anhydrite interbeds toward the subsurface boundary of the accessible environment in the Salado
Formation. Brine enters the interbeds as described for the first path, and is driven outward from the panels

by elevated pressures in the waste resulting from gas generation.

4-11
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A third pathway for radionuclide transport from the undisturbed disposal system was considered in previous
analyses (Lappin et al,, 1989), in which brine migrated vertically from the panels through the intact Salado
Formation toward the Culebra. Although this pathway has a larger pressure decline over the shortest distance than
either of those discussed above, and also has the largest cross-sectional area through which migration could occur,
low permeabilitics of the intact halite result in extremely long travel times (400,000 years for the first arrival of
radionuclides at the Culebra, as calculated by Lappin et al. [1989]). Because of the improbability of developing
interconnected, vertical fractures in the plastic halite, this pathway is not modeled in performance assessment.

4.2.3.2 HUMAN-INTRUSION SUMMARY SCENARIOS

Guidance from 40 CFR 191

Appendix B of 40 CFR 191 provides guidance on a number of factors concerning human intrusion. Active
controls cannot be assumed (o prevent or reduce radionuclide releases for more than 100 years after disposal (U.S.
EPA, 1985, p. 38088). Passive institutional controls can be assumed to deter systematic and persistent
cxploitation and to reduce the likelihood of inadvertent intrusion, but these controls cannot eliminate the chance of
inadvertent intrusion. As discussed in Section 4.1.3, Appendix B (U.S. EPA, 1985, p. 38088) also suggests that
exploratory drilling for resources can be the most severe form of human intrusion considered, and that the
likelihood and consequence of drilling should be based on site-specific factors. In keeping with the guidance, this
assessment includes scenarios that contain human-intrusion events.

Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation
(Summary Scenario E1)

Scenario 131 (FFigurc 4-3) consists of one or more borcholes that penetrate through a waste-filled room or drift
and continue into or through a brine reservoir in the underlying Castile Formation in which brine pressure is
between hydrostatic and lithostatic for that depth (Marietta et al., 1989). Radionuclides may be releascd to the
accessible environment in two ways: somc radionuclides will be brought to the ground surface during drilling as
particulate material entrained in drilling fluid; additional radionuclides may reach the subsurface boundary of the
accessible environment following long-term groundwater transport up the borehole and laterally down a
potentiometric gradient in the Culebra Dolomite Member of the Rusder Formation.

Radionuclides released during drilling result from the drill bit directly intersecting waste. Material ground up
by the drill bit (cuttings) is transported to the surface by the circulating drilling fluid. Additional matcrial may be
eroded from the walls of the boreholc by the circulating drilling fluid (cavings) or by the spalling of solid material
into the hole as the panel depressurizes. Cutlings, cavings, and spallings arc collectively referred to as cuttings in
performance-assessment documentation.

After drilling is complete, the hole is assumed to be plugged and abandoned. All borehole plugs and drilling
mud remaining in the borchole, except for a plug above the Culebra, are assumed to degrade into material with
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Figure 4-3.  Conceptual model for scenario E1. Arrows indicate assumed direction of flow. Exploratory borchole
penetrates pressurized brine below the repository horizon. R, is the release of material direcly from
the drilling operation. R, is the release at the subsurface boundary of the accessible environment.
A plug above the Culebra Dolomite Member is assumed to remain intact for 10,000 years.
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properties similar to those of silty sand. Plug degradation is in keeping with guidance provided by Appendix B of
40 CFR 191: "consequences of ... inadvertent drilling nced not be more severe than ... creation of a groundwater
flow path with a penneability typical of a borehole filled by the soil or gravel that would normally settle into an
open hole over time—not the perineability of a carefully sealed borehole” (U.S. EPA, 1985, p. 38089). The
borehole is assumed o remain propped open by the material filling it, preventing closure of the hole by salt creep
in the Salado Formation. A single plug above the Culebra is assumed o remain intact for Scenario El, diverting
all upward flow into the Culebra and maximizing radionuclide transport into that unit and toward the subsurface
boundary of the accessible environment. Rate of flow depends on the head difference between the Culebra and the
injected brinc and on the hydraulic propertics of the borehole fill. Radionuclides from the room may be
incorporated into the Castile brine if it circulates through the waste adjacent to the borehole.

Intrusion Borehole into a Room or Drift (Summary Scenario E2)

Scenario E2, like Scenario E1 (described above), also consists of one or more boreholes that penetrate to or
through a waste-filled room or drift (Figure 4-4). Unlike Scenario E1, however, the borehole does not intersect
pressurized brine or any other important source of water (Marictta et al., 1989). Releases of cultings at the ground
surface during drilling are identical to those described for Scenario El, as arc the assumptions about borehole
plugging. Rate of flow into the Culebra is determined in Scenario E2 by the head gradient between the repository
and the Culebra and the hydraulic properties of the borehole fill.

Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation and
Another Intrusion Borehole into the Same Panel (Summary Scenario E1E2)

Scenario 1152 consists of exactly two boreholes that penetrate waste-filled rooms or drifts in the same panel
(Figure 4-5) (Marictta ct al., 1989). One borehole also penetrates pressurized brine in the Castile Formation,
whereas the other borchole does not. Assumptions about the degradation of borchole plugs arc the same as those
described for Scenarios E1 and 122, except that in this casc specific plugs are assumed to remain intact so as (o
maximize flow from the Castile brine rescrvoir through the waste and into the Culebra. The borchole that
penctrates the pressurized brine (the El-type borehole) remains plugged between the waste and the Culebra; the
other borchole (the E2-type borchole) remains plugged above the Culebra. Brine flow in Scenario E1E2 is driven
by the head differcnce between the Castile brine reservoir and the Culebra.

Radionuclides are released directly to the surface during drilling of the two holes as described with E1 and E2;
additional releases from this system are dependent on the sequence in which the holes are drilled. The plug in the
borehole that penetrates the pressurized brine reservoir allows brine flowing up the hole to enter the repository but
not leave the repository until the second hole penetrates the same panel. Once the sccond hole is drilled, a
pathway is formed for brine and gas from the pressurized brine reservoir to flow through waste panels and nearby
members to this new hole and up to the Culebra Dolomitec Member. If the hole that docs not penetrate pressurized
brine is drilled first, gas and/or fluid pressure is relieved; this is followed by brine flow and radionuclide transport
up the hole as a result of brine inflow into the panel from the host rock, possibly cnhanced by creep
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Member is assumed to remain intact for 10,000 years. R, is the relcase of material directly from the
drilling operation. R, is the rclease at the subsurface boundary of the accessible environment.
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Chapter 4. Scenario Construction

closure of rooms and drifts. Flow is diverted into the Culebra by the plug located above this unit. The
subsequent drilling and plugging of the borehole that penctrates the pressurized brine reservoir results in flow
through the repository and up the other borehole. If driving pressure is dcpleted, Scenario E1E2 reverts to
Scenario E2, because the borehole that penctrates the pressurized brine no longer contributes to flow and transport
(Maricua et al., 1989). For modeling convenience, analyses of Scenario E1E2 assume that both boreholes are
drilled at or close (o the samne time.

4.2.4 Computational Approximations of Scenarios E1, E2, and E1E2

The 1992 PA calculations use the same conceptual approximations for Scenarios E1, E2, and E1E2 that were
used in the 1991 calculations (WIPP PA Division, 1991b, Scctions 5.1.1 and 5.1.2). E2-type intrusions are
simulated explicitly using the BRAGFLO, SANCHO, and PANEL codes (Sections 7.2, 7.3, and 7.4, and
Appendices A and B of this volume).

E1E2-type intrusions are not simulated explicitly because the axisymmetric cylindrical geometry used for
BRAGFLO cannot rcadily accommodatc two intrusion borcholes (WIPP PA Division, 1991b, Section 5.1.1).
E1E2-type boreholes are simulated therefore using a single borehole and the assumption that all brine in the panel
mixes with all Castile brine flowing up the borchole. This assumption duplicates the primary feature of Scenario
E1E2—all radionuclides in a single panel are potentially available for transport up the borehole. Bccause the flow
path between the two borcholes is omitted, the simplification may somcwhat overestimate both the amount of
waste dissolved and the rate at which flow occurs through the waste and up the borchole.

El-type intrusions are also not simulated explicitly, in this casc for computational efficicncy. Consequences
of El-type intrusions are instcad assumed to be the same as the consequences for E2-type intrusions occurring at
the same time. Probabilities are determined scparately for the two types of intrusions (Section 5.3 of this
volumc); the contributions of Scenarios E1 and E2 to the overall CCDF are thercfore not identical.

Justification for this approximation is based on the assumption that brine flowing up the E1 borehole from
the Castile reservoir does not circulate through the waste. All radionuclides entcring the borehole are assumed to
be dissolved in brinc that entered the wasle from the far ficld of the Salado Formation or that was initially present
in the panels. Comparison in the 1991 PA (WIPP PA Division, 1991b, Section 5.1.2) of the consequences of
El- and E2-type intrusions for 60 rcalizations indicates that cumulative flow of brinc from the panel into the
borehole is in most (but not all) realizations greater for the E2 borehole than for the E1 borehole. Larger brine
flows from the waste (and therefore larger potential radionuclide releases) occur for the E2 borehole because the
clevated Castile brine pressure present in the E1 borchole retards brine inflow into the waste fromsthe far field of
the Salado Formation. Brine flows from the waste into the E1 boreholc excced those into the E2 borehole only
for those realizations in which total flow is small because the panel was not brine-saturated at the time of
intrusion. These small total flows make only a small contribution to the total radionuclide rclease, and do not

invalidate the approximation.
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5. DRILLING INTRUSION PROBABILITIES

5.1 Introduction

Representation of a performance assessment as a set of ordered triples and the construction of CCDFs (Section
3.1) both involve the idca of scenario probabilities; in turn, the idea of scenario probabilities makes sense only if
an underlying sample space is defined. Current performance asscssments that address the EPA release limits use a
sample space S defined by

S={x:x a single 10,000-year history of the facility under considcration, beginning at
decommissioning}. (5-1a)

Each history, x, is assumcd to be complete in the sense that it provides a full specification, including time of
occurrence, for everything of importance to performance assessinent. The summary scenarios (base case, El, E2,
and E1E2) arc then defined as subsets of S Specifically,

El={x:x a single 10,000-ycear history in which at least one borehole penetrates a waste-filled room or
drift and a pressurized brine reservoir}, (5-1b)

E2 ={x:x asingle 10,000-ycar history in which at lcast one borchole penetrates a waste-filled room or
drift without penetrating a pressurized brine reservoir}, and (5-1¢)

E1E2 ={x:x a single 10,000-ycar history in which at lcast onc pair of boreholcs penetrates waste-filled
rooms or drifts in the same panel; onc of the borcholes in this pair penetrates a pressurized
brine reservoir while the other does not}. (5-1d)

Each summary scenario is further divided into disjoint subset S; called computational scenarios. For cxample,

méUs,-, (5-2)
!

where the S; appear in the ordered-triple representation in Equation (3-1).  In the terminology of probability
theory, the S; are events (as are the summary scenarios: base case, E1, E2, and E1E2), and the pS§; are
probabilities for these events. However, to avoid confusion engendered by the different disciplines’ usc of the
word “cvent,” the §; will be called scenarios and the pS;s will simply be called probabilitics. The purpose of this
chapter is to show how the pS;s are calculated in the 1992 performance-asscssment exercise; but before
proceeding, it is important (o recognize several properties of the S;s (computational scenarios) and the pS;s
(computational scenario probabilities).



10
11
12
13

14

15
16

17
18
19
20
21
22
23

24
25

26

27

28

Chapter 5. Driling Intrusion Probabilities

It is the discretization of the samplc space .S; into the sets S; that leads to the steps in the estimated CCDFs
(Section 3.2). To construct CCDFs of the form shown in Section 3.2, the time histories associated with a given
summary scenario must be sorted into disjoint sets such that

s each .S; is sufficiently homogeneous that it is reasonable to use the same conscquence result €S; for all
elements of .S;

+ a probability pS; can be determined for each S;

» the computational costs for estimation of p§;s and €S;s are acceptable.

5.2 Probability Computations

This section describes a decomposition of summary scenarios involving drilling intrusions into
computational scenarios on the basis of number of intrusions and their times of occurrence and derives formulas
necessary to convert from drilling rates to scenario probabilitics. For these derivations, the occurrence of
individual drilling intrusions is assumed to be random in time and space, although the drilling rate need not be
assumed constant or, for that matter, continuous through time.

The symbol S (a,b) will be used to denote subsets of the sample space defined by

Se(a,b)={x:x an clement of § that involves exactly k drilling intrusions in the time intcrval
[a,b]}. (5-3)

Onc objective of this section is to present the probability p[Sk(a,b)] for Si(a,b). Membership in Sy (a,b)
only places a restriction on intrusions in the time interval [a,b] and thus docs not preclude intrusions in other
time intervals. As aresult, an additional objective will be to present the probability p[ﬂf’zl Sn(i)(ti_l,ti)] for the
set ML, Sn(iy(ti=1,4i ), where 1g <f) <---<1, and each n(i), i=12,...,n, is a nonnegative intcger. This
corresponds to determining the prescnt of a sccnario in which exactly n(1) intrusions occur in time interval
[10,11], exactly n(2) intrusions occur in time interval [11,12], and so on. Helton (in press) has suggested a
general form for these intrusion probabilities; the core of ideas behind his suggestion is outlined below.

The probability of having exactly one intrusion in the time interval [u,v] is approximated by a function F
such that

p[Sl(u,v)]= F(u.v)+0[(v—u)2], (54)

where the preceding notation is a shorthand for the statement that the ratio

p[Sl(u,v)]— F(u,v)

5-5)
(v-u)? (

5-2
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is bounded as v - u approaches zero. More preciscly, the statcment in Equation 54 is satisfied on a time interval
[a,b} if there exists a number B and a scquence of times a =1y <1} <:-<If, =b such that, if 1<i<n and
li_1Su<v<b, then

{p[ sl(x(‘vv)]u )f(“ v)} 56

The expressions in Equations 5-4 and 5-6 are providing a mathematical form for the statement “ F(u,v) is a good
approximation to p[51(u, v)] when v—u is small.”

The function F in Equation 5-4 can be defined in a number of ways. The simplest definition is
F(u,v)=A(v-u). 57

In this case, F corresponds to a Poisson process with a time-independent rate constant A (i.e., a homogeneous
Poisson process) and

p[S (a, b)] [ ( ] exp[ AMb- a)] (5-8)

The probability of intrusion by drilling was modeled as a homogeneous Poisson process in the 1991 series of PA
calculations. The constant A was taken as an imprecisely known parameter with upper bound cqual to the
maximum drilling rate required by EPA standards; i.e., A was uniformly distributed between zero and A,y , With

Amax = S — * (area of waste pancls)
km? ¢ 10,000 yr (5-9)
=3.28x10"4 yr-1
The next step in genceralizing beyond Equation 5-7 is
F(u,v)=Mu)(v-u), (5-10)

in which case F corresponds to a Poisson process with a time-dependent rate constant (i.e., a nonhomogeneous

¢t k b
p[Sk(a,b)]= F[J. X(.v)d.v] exp [—I l(s)ds] . (5-11)

Poisson process) and

5-3
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This result can be used to compute the probability of a general scenario in which exactly n(1) intrusions occur in
time interval [19,1y ], exactly n(2) intrusions occur in time interval [1),75], and so on. If this general scenario is
denoted by S (n), where

n=[n(1), n(2). ... n(n)]and 1 = a, 1, = b,
then

n(i) b

p[S(n)]=H 71(11_)' J.i(x)dx exp —J.l(s)ds . (5-12)
i=1 1

a

Computational scenarios and corresponding probabilities for summary scenarios E1 and E2 can be generated by
specification of the time intervals [1;_1,1; ] and the n(i) appearing in Equation 5-12, and by suitably defining the
function A(f) appearing in that equation.

In the preferred conceptual model for the 1992 series of PA calculations, probability of intrusion by drilling is
modeled as an inhomogeneous Poisson process using Equations 5-11 and 5-12; for comparison, the 1992 PA also
uses a homogeneous Poisson process (Equation 5-9) as an alternative conceptual model for drilling intrusions.
For the preferred conceptual model, the time-dependent drilling rates, A(t), are calculated with an algorithm
proposed by Hora (see Section 5.2; also Hora's memo in Appendix A of Volume 3 of this report) using
information obtained in an expert judgment process concerning effects of human intrusion into the WIPP. Note
that Hora's algorithm gives drilling rates in units of

number of boreholes
km?2 10,000 yr

and the time-dependent drilling rates used in Equations 5-11 and 5-12 are scaled from Hora's values by multiplying
by area of the waste panels (Equation 5-9). As stated above, A{r) may also have to be scaled to reflect, for
example, the fraction of the arca of waste panels that overlaps brine pockets.

Computational scenarios for the E1E2 summary scenario can be defined in a manner similar to the ones
employed for the E1 and E2 scenarios. Once defined, the probabilities of these computational scenarios arc best
calculated using the basic result in Equation 5-11 together with the scenario

BPT"(1;1,4;) = {x:x an element of S in which a waste panel is penetrated by one or more
borcholes that pass through a pressurized brine pocket in the time interval (1,~_1,1,~)
and by onc or more borcholes that do not pass through a pressurized brine pocket in

the time interval (l;_l,li)}.

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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Probability Computations

nP I L
p[BP* " (tiop. )] 2 T i1-exp J N (1)t l—epr Ao (n)det, (5-13)
=1 ti-1 ti-1
where
nP = the number of waslc panels

+ aBpP

50 = (522 )

l() (nPoa’l'OT ®

G0 = (07'0'1-(2)’1'_(;;?;})/'1PJM1)

aBP = area of pressurized brine pocket under waste panels (m?)

aTOT(£) = areaof £'h waste panel (n2)

aloT

total arca of waste pancls (m2).

Variable aclivity loading in the repository was described using the same represcntation used in the 1991 PA
(Helton et al., 1992, Chapter 2). Intrusion probabilitics were calculated using the code CCDFPERM (Volume 3,
Section 1.4.2 of this report).

5.3 Lambda Function Generation

The 1992 performance assessment is the first to incorporate the judgments of experts on possible future
modes of intrusion into the WIPP and on how markers may mitigate the cffects of these intrusions; 40 CIFR 191,
Subpart B, (U.S. EPA, 1985) requircs consideration of both these questions. Specifically, 40 CFR 191, Subpart
B, indicates that the DOE *“should consider the eftects of cach particular disposal system’s site, design, and passive
institutional controls in judging the likclihood and consequence of . . . inadvertent human intrusion” (Appendix B
of U.S. EPA, 1985). ‘The discussion that follows in Sections 5.3.1, 5.3.2, and 5.3.3 describes WIPP PA’s
methodology for addressing the mitigating effect of passive markers. This approach may be refined and modified
as the performance assessment process matures. The following material, largely excerpted from Hora (memo in
Appendix A, Volume 3 of this report), is intended to give an overview of the expert-judgment processes and
reasoning that entered into the construction of a probabilistic model of inadvertent intrusion by exploratory

drilling.

5.3.1 The Expert Judgment Process

During 1990-1992, experts external 1o SNI. were assembled to study the likelihood of potential inadvertent
human intrusion into the WIPP. These experts formed two groups—one group (called the Futurcs Pancl) studicd
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Chapter 5. Drilling Intrusion Probabilities

what future societics might be like and how they might inadvertently intrude into nuclear waste (Hora et al.,
1991). The second group (called the Markers Panel), after considering the findings of the first group, studied how
markers might be used to wam future societics about the presence and danger of the buried waste (memorandum by
Hora in Volume 3, Appendix A of this report). Both groups provided probabilities and probability distributions
for critical aspects of the human intrusion problem.

The Futures Panel was divided into four teams. Each team was composcd of four experts from various fields
of social and physical science. Each team was asked to address the same set of questions, 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 (such as level of technology, demand for resources, population level,
and ability to retain knowledge about nuclear waste) would influence the likelihood of inadvertent intrusion.
Because the teams used different structures for analysis and considered different factors that would influence the
likclihood of inadvertent intrusion, the results of their endeavors had to be interpreted individually in order to be
used in the construction of Lambda Functions.

As the Futures Panel was completing its cffort, the Markers Panel, consisting of 13 experts, was organized
into two teams to study markers for the WIPP site. These markers may be incorporated into the repository design
to serve as warnings to future societies about the presence of nuclear waste. Each team was asked to consider the
findings of the Futures teams, to suggest design characteristics for a marker system, and 0 assess the efficacy of
such a system of markers in deterring inadvertent human intrusion. Based on the assumption that the ability of a
marker system to deter intrusions rests on the survival of the marker 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
Panel members were asked to provide estimates of probabilities for several cvents:

« First, the probability that a marker and its message(s) would remain intact. (This first probability cstimate
was requested for various times in the future.)

» Second, if the marker and its messages remain intact, the probability that the potential intruders are able to
understand the message and thus become forewamed of the inherent dangers of intrusion. (This second
probability cstimate was requested for several different types of intrusion.)

The above two probability cstimates were made under various assumptions about the state of technology in the

future.

As noted above, the Futures Pancl poscd several types of activitics that could lead to inadvertent intrusion
into the WIPP (drilling, mining, archaecological investigation); but on the basis of guidance in Appendix B of 40
CFR Part 191 (U.S. EPA, 1985), it was concluded that the preliminary performance asscssment need not consider
intrusion modes such as mining or archacological investigation that may result in more severe consequences than
exploratory drilling for resources. Moreover, the guidance also provides an upper bound for the drilling intensity
1o be used in the performance assessment. Three modes of exploratory drilling were identified by the experts
examining human intrusion issues. These modes are exploratory drilling for mineral resources (primarily fossil
fuels), drilling water wells, and drilling for injcction disposal wells. Because the repository is wcll below the
walcr table in an arca where walter quality is poor, drilling for water was judged to be an insignificant threat when
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Lambda Function Generation
The Expert Judgment Process

compared to drilling for mineral resources (see Section 4.1.3 of this volume). Drilling for disposal wells was
identified as a possible threat by one of the four Futures teams, but probabilities were not provided. Thus,
exploratory drilling for resources is the only mode of intrusion considered in the 1992 preliminary comparison.

5.3.2 Algorithm for Generating Lambda Functions

The time-dependent drilling rates, or lambda functions, that arise in modeling the probability of drilling
(Section 5.2 of this volume) were calculated in the 1992 PA exercise using an algorithm constructed by Hora
(memo in Volume 3, Appendix A of this report). The purpose of this algorithm was 10 assemble quantitative
expert judgments concerning future human intrusion into the WIPP.,

The existence of markers and the ability of a society to interpret the warnings left at the WIPP may depend
upon the state of development of that socicty. In this exercise, the state of development of the society was
represented by the level of the technological development of the society. The level of technological development
(high, medium, or low) was randomly generated from probability distributions provided by the Futures teams.
Prior to this step, however, the Futures tcam whose level of technology was to be sampled had to be chosen.
This was necessary because the four teams studying potential futures developed analyses independently and in
different ways and there was no simple way to combine their findings. For this reason, a team was randomly
sclected on cach gencration of a lambda function. The assessments from each team represent their collective
judgment. In contrast, members of one of the Markers tcams individually provided probability assessments while
the other team provided a consensus set of probability distributions. Thus, when one of the two Markers teams
was randomly chosen, it could also be necessary to sclect randomly one of the (cam members for that iteration.

This procedure avoided making unfounded assumptions about how to combine disparate distributions.

Next, using a given level of technology, the frequency (f) at which attempted inadvertent intrusion occurs in
the absence of markers or monuments was elicited from the Futures experts. This time-dependent frequency is
called the raw drilling intensity; it does not take into account deterrence by markers. Thus, to gain an estimate of
the effective drilling intensity A, the raw drilling intensity was modified in the following way: For each of the
several points in time that the raw drilling intensity was evaluated, the probability of the markers cxisting (pl)
and the probability of the markers deterring an intrusion attempt given that the markers exist ( pz) were evaluated.
These two probabilitics modify the raw drilling intensity to give the cffective drilling intensity,

A=f(1-pp2).
The algorithm for generating inadvertent intrusion can then be succinctly described by the following steps:
1. Randomly select onc of the four IFutures teams.

The following steps use distributions conditional on the outcome of step 1:
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Chapter 5. Drilling Intrusion Probabilities

2. Randomly select a level of technology in the future. When probabilities of lcvels of technology are
time-dependent, a rank correlation of 1 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 1 will be used to generate the intrusion intensities in the several time
periods.

4. Randomly select onc of the Markers tcams and a Marker team member, if neccssary.
5. For each ume period generate the probability that markers arc cxtant given the level of technology.

6. For each time period, generate the probability that the markers deter intrusion given that the markers arc
extant, the level of technology, and the mode of intrusion.

7. Compute the cffective drilling intensity for each time period.

Note that in step 3, a single random number is used to select an intrusion intensity for all periods. This
assumption results in the variability of the performance mcasure being maximized among the Monte Carlo
iterations.

5.3.3 Use of the Lambda Functions

The effective drilling intensity, A(1), is used to generatc probabilities of computational scenarios for human
intrusion by drilling in the manner described in Section 5.2. However, the algorithm described in Section 5.3.2
docs not provide direct input 1o sensitivity and uncertainty analyses; instead, the code implementing the algorithm
is run many times in order to generate a family of cqually likely realizations of the lambda functions, and it is this
family of realizations that is sampled in the Monte Carlo calculations (see Scction 5.2, Volume 3 of this report).
A family of 70 realizations was gencrated for the 1992 series of calculations; one of these realizations is shown on
Figurc 5-1 and the remainder are displayed in Appendix D of Volume 3. The realizations of A7) can be regarded
as a random sample from an cffectively infinite population of drilling intensities implicitly defined by the expert-
judgment data and the reasoning that went into the construction of Hora's algorithm (Section 5.3.2). The
variability shown by members of this artificial population (see Appendix D, Volume 3) represents the assessed
uncertainty in future drilling intensitics and the effectivencss of markers.
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Figure 5-1. A realization of effective drilling intensity A{r) (dashed line) and its associated integrated effective
drilling intensity (solid line) as functions of time. This is one of 70 realizations used in 1992
sensitivity and uncertainty analyses. ‘






N OO 0 A W

1

12

13

14

16
17

18

19

20

21

6. DATA AND CDFS

6.1. Conventions

Volume 3 of this report provides distribution functions for parameter values used as input to the 1992 PA
calculations, and references for the primary data sources on which the distributions are based. Volume 3 uses
standard terms of probability theory and statistics or nonstandard terms to characterize model parameters. Very
bricf explanations of these terms arc provided below; more detailed explanations are provided in Section 1.2 of
Volume 3.

6.1.1 Probability Distribution Functions

For a continuous, uncertain paramcter, say X, the probability density function (pdf) is a function f(x)20
with the properties

b
J' f(x)dx = probability that uncertain parameter X lics in interval (a, b):
a

+ o0
[ rtax=1
The cumulative distribution function (cdf) associated with £(x) is defined by
'\. ope . .
F(x)= J' S(s)ds = probability that uncertain parameter X is less than or equal to x.

Uncertain parameters may also be called “imprecisely known parameters™ elsewhere in this series of reports.

Probability density functions (pdfs) and cdfs can be similarly defined for uncertain parameters that take on a
denumerable number of values, x;,i =1,2,.... The sequence {f;},i=1,2,..., such that f; >0 and

Y fi=1

is the discrete analogue of the continuous pdf, and

F(x)= D f;

all xj<x

is the discrete analogue of the continuous cdf.
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Chapter 6. Data and CDFs

6.1.2 Empirical Distribution Functions
Empirical cdfs are histograms or piecewise-constant functions that are based on percentiles derived from a set
of measurements (data), or a set of subjcctive estimates of experts. For independent measurements (data) of some

quantity, the cmpirical cdf is an unbiased estimator of the unknown population cdf of that quantity (Blom, 1989,
p. 216); this property does not always apply to empirical cdfs derived from subjective estimates of experts.

6.1.3 Range

The range of a distribution is denoted by (a,b), the pair of numbers in which a and b are respectively the
minimum and maximum values that can reasonably be taken by the uncertain parameter X.
6.1.4 Mean and Sample Maan

The mean value (or, simply, mean) of a distribution is onc mcasure of the central tendency of a distribution;

it is analogous to the arithmetic average of a series of numbers. The population mean, p, is defined by
pu= j xf(x)dx for continuous distributions, or

z x; f; for discrete distributions.

all x;

The sample mean, denoted by ¥, is the arithmetic average of valucs in an empirical data sel. A sample mean
can also be assigned to empirical cdfs derived from subjective estimates of experts.
6.1.5 Median and Sample Median

The median valuc of a cdf is denoted by xsg and is that value in the range at which 50% of all values lie
above and below (i.c., the 0.5 quantile). Sample medians, here denoted by Xsq, can be obtained directly from
cmpirical cdfs.
6.1.6 Variance and Coefficient of Variation

The variance of a distribution, 62, is the second moment of the distribution about its mean, i.e.,

oo 2
c? = j (x~p) f(x)dx for continuous distributions, or
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Variance and Coefficient of Variation

Z(xi — )2 f; for discrete distributions.

all x;

The standard deviation, o, is the positive square root of the variance. The coefficient of variation, the ratio
of standard deviation to mean, 6/, is a convenient measure of the relative width of a distribution.

The sample variance, $2, of a set of measurements of parameter X, say X1, X2,..., Xy is the sum

The sample variance of independent measurements of some quantity is an unbiased ¢stimator of the population
variance of that quantity (Blom, 1989, p. 197). (A variance can also be formally calculated for empirical cdfs
derived from subjcctive estimates of experts; this is not a sample variance, however.)

6.1.7 Categories of Distributions
Distributions used in the 1992 PA are grouped into five categorics:
* continuous, analytical distributions (normal, lognormal, uniform, or loguniform)
« discrete, analytical distributions (Poisson, binomial)
 constructed empirical distributions based on measurcments
* constructed empirical distributions based on expert judgment

* miscellaneous categories (null distributions; i.e., constants and tabular functions).

6.1.7.1 CONTINUOUS DISTRIBUTIONS
FFour continuous, analytical distributions arc frequently used in the 1992 PA:

* Normal. Normal designates the normal pdf, a good approximation to the distribution of many physical
paramelcrs.

e Lognormal. Lognormal designates a lognormal pdf. a distribution of a variable whose logarithm follows

a normal distribution.

 Uniform. Uniform designates a pdf that is constant in the interval (a, b) and zero outside of that interval.
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Chapter 6. Data and CDFs

* Loguniform. Loguniform designates a loguniform pdf, a distribution of a variable whose logarithm
follows a unifor distribution.

6.1.7.2 DISCRETE DISTRIBUTIONS

A frequently used discrete distribution is the Poisson distribution. The Poisson pdf is often used to model
processes taking place over continuous intervals of time such as the arrival of telephone calls at a switch station
(queuing problem) or the number of imperfections per unit length produced in a bolt of cloth. The Poisson pdf
was used in the 1991 probability model for human intrusion by exploratory drilling. The 1992 probability model
for human intrusion incorporates effects of deterrence by markers; this model is based on generalized Poisson
distributions.

6.1.7.3 CONSTRUCTED DISTRIBUTIONS (DATA)

A constructed distribution of the Data type is simply an empirical cdf constructed from sets of measured data
points in the data base. For intrinsically discrete data, the empirical cdf is a piccewise-constant function
resecmbling a histogram. [I‘or intrinsically continuous data, the cmpirical cdf is always converted to a piecewise-
lincar function by joining the empirical percentile points with straight lines; this is done to ensure that, in Monte
Carlo sampling, the distribution of sampled parametcr values will cover all of the range of the distribution
(Tiemey, 1990, p. 11-5).

In some cases, the PA Department may modify constructed distributions of the Data type by extending the
range of the data set to include estimated 0.01 and 0.99 quantiles. Because the range of measurements in a data set
may not reflect the true range of the random variable underlying the measurements, thc PA Department may
estimatc the range by X + 2.33s, where X is the sample mean and s is the sample standard deviation.

6.1.7.4 CONSTRUCTED DISTRIBUTIONS (SUBJECTIVE)

Constructed distributions of the Subjective type are histograms bascd on subjective estimates of range (the 0
and 100 percentile) and at least one intcrior percentile point (usually the 50 percentile or median). The subjective
estimates of percentile points are usually obtaincd directly from experts in the subject matter of the parameter of
concern. Histograms for intrinsically continuous parameters are always converted to piecewise linear cdfs by
joining the subjective percentile points with straight lines.
6.1.7.5 MISCELLANEOUS CATEGORIES

Null categorics of distributions are described below:

+ Constant. When a distribution type is listed as constant, a distribution has not been assigned and a
constant value is uscd in all PA calculations.

64
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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 scalc dependent.

5 e Table. The table category indicates that the parameler 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

10 The PA Department follows a well-defined procedure for acquiring and controlling the parameter distributions
11 used in conscquence 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 asscssment. 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 Deparument 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 10 the PA calculations and so individuals in the PA
18 Department are considered the experts for these parameters (e.g., probability model paramcters). Initially,
19 Sandia investigators are 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 are cvaluated through formal
21 clicitation,

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 mcdian values, unless
26 specifically noted.

27 * Perform Consequence Simulations and Sensitivity Analyses. The PA Department runs
28 conscquence simulations and sensitivity analyses with selected subsets of parameters from the updated
29 sccondary data base. The sensilivity 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 determine whether the parameter as specified is significant in the calculations.
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Chapter 6. Data and CDFs

6.2.2 Construction of Distributions

The PA Department follows the five-step procedurc outlined below to construct probability distributions
(cdfs):

1. Determine whether site-specific data for the parameter in question exist. If data exist, go to step 3.
2. Request that the investigator supply a specific shape (e.g., normal, lognormal) and associated numerical
parameters for the distribution of the parameter. If specific shape and distribution parameters cannot be

supplied, go to step 4; otherwise go to step S.

3. Determine the size of the combined data sets. Is samplc size is sufficiently large, PA staff constructs
distribution (go to step 5).

4. If sample size is small, or investigator cannot provide a specific distribution, request that the investigator
provide subjective estimates of the range and details on the distribution of the parameter.

5. Assign distribution,

6.2.3 Some Limitations on Distributions

The major limitations on the validity of the probability distributions assigned to parameters in the 1992 PA
are believed to be a consequence of two things:

e The equating of spatial variability with model parameter uncertainty, particularly for that class of

parameters called material-property parameters.
» The neglect of correlations between model parameters.

These limitations are discussed in detail in Volume 3 (Section 1.3.3).



10

12

15
16
17
18
19

20
21
22
23

7. CONSEQUENCE MODELING

7.1 Radioactive Decay

The quantity of radioactive material that rcaches the accessible environment depends in part on the growth and
decay of the component radionuclides in thc waste. The Bateman equations (Wehr ct al., 1984) are used to
calculate this decay within the repository. The Batcman equations in terms of activily are:

an;

at =-)».,'Ni +)‘iNi—l' (7-1)

where N; is the activity of radionuclide i/, ¢ is time, and A; is the disintcgration constant of radionuclide i.

- . c . . 0 . .
For given initial inventorics Nl( ), the solution can be written as

i
-t
Ni(1)=) a; je ", (1-2)
J=1
where the coefficients a; ; are defined by the recurrence relations

i-1
a;; = N'(O) - Eai.j 7-3)
j=1

= i o P>
a;j = rkjal_l'j >]. (74)

7.2 Multiphase Flow Through Porous Media

A computational model called BRAGIFLO (BRine And Gas FLLOw) that simulates two-phase fluid flow
through porous, heterogencous reservoirs has been developed for WIPP PA. As discussed in Appendix A of this
volume, BRAGFLO uscs finite-difference methods to solve the coupled nonlincar partial differential equations
(PDEs) describing the mass conservation of the gas and brine components distributed between the gas and liguid
phases.

The PA Deparunent uses BRAGFLO in Monte Carlo consequence analyses to quantify the flow of brine and
gas through the repository and surrounding strata for both the undisturbed, basc-casc scenario and human-intrusion
scenarios. For the 1992 PA, the code is used to model fluid flow within the Salado Formation and the repository,
including a representation of the shaft system for undisturbed performance. The Culebra Dolomite Member of the
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Chapter 7. Consequence Modeling

Rustler Formation and a hypothetical pressurized brine reservoir in the Castile Formation are included in the
model because of their potential roles as a sink and a source, respectively, for fluid flow.

7.2.1 Features and Capabilities of BRAGFLO

BRAGILO is capable of describing three-phase (e.g., water, gas, and oil) fluid flow through porous media in
one, two, or three dimensions. Only two phases (brine and gas) are modeled for WIPP PA; calculations to date
have only becn performed in one and two dimensions. The code uses spatially varying meshes and solves the
coupled nonlinear PDEs using nonlinear Ncwton-Raphson iteration, automatic time-stepping, and direct or
iterative solvers.

Additional features of BRAGFLO are the capability to incorporate the following: the effect of halite creep on
waste porosity using output from the SANCHO code (see Section 7.3 and Appendix B of this volume);
anisotropic permeabilities; nonidcal gas behavior (Redlich-Kwong-Soave); rock compressibility; and kinetic or
reactant-dependent gas generation as 2 function of fluid saturations.

Multiphase flow is simulated as simultaneous immiscible displacement in porous media. Regions within the
modcl domain (e.g., waste, scals, and lithologic units) are represented as solid continua of interconnected void
space, and porosity is cxpressed as the ratio of void volume to total volume for each region. Flow occurs
according to heuristic cxtensions of Darcy's Law, in that the rate of flow of a homogeneous fluid through a porous
medium is proportional to the hydraulic gradicnt and to the cross-scctional area normal to the direction of flow,
and inversely proportional to fluid viscosity (see Appendix A of this volume for additional discussion).
Pcermeability is the constant of proportionality in Darcy's law. Flow is assumced to be laminar, and fluids are
viscous and Ncwtonian. Forces that affect fluid flow arc those due to pressure, gravity, capillarity, and viscous
shear. Fluid saturation is defined to be the ratio of fluid volume to void volume. At least onc fluid phase is
present at all times, and all void volume is occupicd by fluid.

Effects of capillary pressurc and rclative permeability occur when two (or more) fluid phases are present in a
porous medium. Curvature of the interface scparating fluid phases and surface tension cause a capillary pressure
differcnce across the interface. During fluid flow, interfcrence between the phases deforms the interface. Rclative
permcability describes this interfercnce on a macroscopic scale, and varies with fluid saturation. Relative
permeability is expressed as the ratio of the permeability of the rock (or other material) with the fluid in question
at a given saturation to the permeability of the rock when 100 percent saturated with the fluid.

Residual saturation of a fluid phasc is defincd as the smallest saturation of fluid rcquired to form continuous
pathways through the mcdium. It is the minimum saturation at which the phase will flow in response to a
pressure gradient. Below residual brine saturation, brine exists as a thin film around rock grains or as isolated
pockets, and gas is present in sufficient volume to form an interconnected pathway. The relative permeability for
brinc is zero. Above residual brine saturation and below residual gas saturation, both brine and gas form
continuous pathways through the porous network, and rclative permeabilities for both phascs are greater than zero.
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Multiphase Flow Through Porous Media
Features and Capabilities of BRAGFLO

When brine saturation is sufficiently high that gas saturation falls below residual, gas exists only as isolated
pockets surrounded by brine. Gas flow does not occur, and relative permeability for gas is zero.

7.2.2 Interaction of Important Repository Processes

The coupling of processes simulated by BRAGFLO is illustrated schematically in Figure 7-1. The material
properties that describe the repository system are represented in the center of a triangle, the apices of which
represent the physical processes that operate within the system. Arrows indicate the major intcractions. Thus, the
amount of brine present in the room is a function of two-phase flow, and is a contributing factor in the rate and
amount of gas gencration. The rate and amount of gas generation are contributing factors to two-phase flow, as is
brine consumption by corrosion reactions that gencrate gas. Changes in waste porosity result from halite creep; it
affects both two-phase flow and, therefore, gas generation through its influence on brine solubility. Completing
the coupled interactions, both two-phasc flow and gas generation affect halite creep (through their impact on
pressurc within the panels) and thercfore have an cffect on changes in waste porosity.

7.2.3 General Assumptions Used in 1992 PA Two-Phase Flow Modeling
The following is a list of major assumptions used in two-phase flow modeling for the 1992 PA:

* Rock permeabilities (1) varied with material type, (2) were uniform within a material, and (3) did not vary
with time.

* Void volume of waste was estimated as a function of pressure using SANCHO (Section 7.3 of this
volume).

* (GGas potential was based on an extrapolation of inventory volume fractions of combustibles and
metals/glasses to design capacity (Section 2.3.2.1 of this volume; Volume 3, Section 3.4 of this report).

* (as generation occurs by corrosion of ferrous metals and biodegradation of combustible materials only, and
the contribution of radiolysis is assumed to be negligible (Volume 3, Section 3.3 of this report; WIPP PA
Division, 1991c¢, Section 3.3).

* All gas was assumed to have the physical properties of hydrogen, which will be a principal component
resulting from corrosion of ferrous metals (Volume 3, section 1.4.1 of this report).

* As long as corrodible or biodegradable waste remains, gas generation is a function only of brine saturation
(WIPP PA Division, 1991c, Section 3.3).
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Figure 7-1. Interaction of some important repository processes.
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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
to occur but have no effect on the net water balance (WIPP PA Division, 1991c, Section 3.3).

« No reactions affect gas after it is gencrated (WIPP PA Division, 1991¢, Section 3.3).
* The solubility of gas in brine is assumed to be negligible.
« The Salado Formation is assumed to be initially 100 percent brine saturated.

« Initial pressures in the Salado Formation vary hydrostatically from a sampled pressure at the clevation of
MB139 (Volume 3, Section 2.4.3 of this report).

7.3 Waste-Filled Room Deformation

Conscquence models of multiphase flows within a waste-filled room (Section 7.2) require that the effective
porosity and permeability of waste and backfill materials be specified. Realistic estimates of effective porosity and
permeability must in turn account for three phenomena:

« waste-material composition (metallics, sludges, combustibles)
+ geomechanical closure of the room
 backpressure of gases generated in the room by chemical and biological degradation of waste materials.

Thus, the ideal model of multiphase flow within a waste-filled room would couple the two-phase flow model
described in Scction 7.2 and Appendix A with a modcl that can simulate the geomechanical closure of the room.

This ideal model, however, is not practically achicvable. Direct solution of the fully coupled cquations of
two-phase flow and geomechanical closure in the repetitive manner required by the PA mcthodology is unrcalistic
using present resources; the PA Department instead has chosen to examine the sensitivity of the system to closure
using simplifications of the coupling that capture closurc approximately while keeping calculations of two-phase
flow manageable. In the 1991 series of PA calculations, a simple approximation was made: Effects of room
closure and gas pressure werc ignored and room material-property parameters were assigned time-independent
values that were based on the assumed waste-material composition. (See Sections 3.4.7 and 3.4.8 of WIPP PA
Division [1991c)).

The present (1992) serics of calculations includes effects of room closure and gas generation in an indirect
way. A separate (i.c., uncoupled) calculation of the cffective porosity of a waste-filled room as a function of
time and total moles of gas gencrated was made (Mendenhall and Lincoln, February 28, 1992, memo in Appendix
A, Volume 3 of this report); data from this calculation were used to fit a porosity “surface” (Figure 7-2) that was
then used as a constraint on room porosity in the equations of two-phase flow (see Appendix A on BRAGFLO).
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Figure 7-2.  Surface giving 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. Porosity is expressed
as void volumc per unit volume of waste.
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The room deformation component of the separate calculation was accomplished with SANCHO, a finite element
computer program for simulating the quasistatic, large-deformation, inelastic response of two-dimensional solids;
a brief description of the SANCHO code is provided in Appendix B. Details of room-deformation and gas-
generation componcents of the scparate calculation and values of mechanical and material-property parameters used
in the separate calculation are provided in Volume 3 of this report.

7.4 Waste Mobilization

Following the occurrence of an E2 or E1E2 scenario (Section 4.2.3.2), flow of brine through a collapsed
WIPP panel and up an intrusion borechole may result in mobilization of dissolved, radionuclide-bearing compounds
and their transport towards the Culebra Dolomite Member of the Rustler Formation. The conscquence model that
simulates the process of waste mobilization is currently implemented in part of a computer code called PANEL.
The mathematical model on which PANLL is based is described in Section 1.4.4 of Volume 3 of this serics of
reports, and represents an extreme simplification of a potentially complex situation that in reality involves a
mixture of waste forins having widely varying physical and chemical compositions in contact with
inhomogencous flows of brine. The discussion that follows (1) details the assumptions that were made in order (o
arrive at the simplified mathematical model of waste mobilization (Scction 7.4.1) and (2) briefly presents the
simplified model of waste mobilization (Section 7.4.2).

7.4.1 Assumptions

Eight assumptions about panel geometry, waste and backfill composition, brine discharge, and brine-wasle
chemical reactions are implicit in the PA Department’s current model of waste mobilization:

1. A collapsed WIPP panel (rooms and drifts) is idealized as a single, connected cavity of constant volume
(Figure 7-3).

2. Waste and backfill within the collapsed WIPP panel (cavity) are treated as a homogeneous porous
medium of constant porosily and infinite permeability; radionuclide-bearing compounds are uniformly

distributed throughout the cavity.

3. The idealized pancel (cavity) is connected to sources and sinks for brine by one or more discrete inlets or
outlets (boreholes); brine may also flow across walls of the cavity (Figure 7-3).

4. Steady-state discharge of brine through the idealized panel is assumed to hold for all time; that is,

z Qin = z Qowr = Q1),

where the net discharge, Q(1), is calculated with the model for multiphase flow (Section 7.2).
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Porous Medium

Volume =V

TRI-6342-1435-0
Figure 7-3. Idealized collapsed WIPP pancl in PANEL model.

5. The pore spaces of the idealized pancl are fully saturated with brine at all times; that is, mobilization of
radionuclide-bearing compounds in the gas phasc is ignored.

6. Chemical equilibrium and uniform mixing of liquid-phase compounds throughout the idealized pancl are
achieved on time scales that are much smaller than the mean residence time of the brine in the cavity.

7. ‘The solubility limit for a given isotope (e.g., U-234) of a given ¢lement (c.g., uranium) is assumed to be
proportional to the solubility limit of the element; the constant of proportionality is taken as the ratio of
the mass of the isotope that currently remains in the cavity to the sum of the masses of all currently
remaining isotopes of the element.

8. Mobilization is limited to dissolved radionuclides; suspended radionuclides (colloids) are not considered to
be mobilized by the brine.

Assumptions 1 and 2 imply that the total pore space in the idealized, collapsed WIPP panel is constant and
equal to € V, where € is the constant porosity and V is the cavity volume; assumption 5 implies that the total

pore space is filled with brine at all times. Assumptions 3 and 4 imply that the mean residence time of brine in
the repository is given by

eV
T=—0,
Q
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regardless of the stated time dependence of Q. Assumption 6 implies that characteristic times to reach chemical
cquilibrium and characteristic times for complete mixing of dissolved species by diffusion through cavity pore
spaces are always much smaller than T. Because the rates of chemical reactions between dissolved and immobile
species are unknown, the validity of assumption 6 cannot be tested at this time; times for complete mixing by
diffusion can be cstimated but have not yet been compared with mean residence times for brine.

Assumption 7 was made in order to simplify the equations that describe the masscs of the various radioactive
isotopcs of an element that remain in the cavity at any time after occurrence of an E2 or E1E2 scenario (see
Section 7.4.2 below and Section 1.4.4 of Volume 3). An alterative assumption would sct isotope solubility
limits cqual to the element solubility limit.

7.4.2 Simplified Mathematical Model

The simplified mathematical model of waste mobilization is expressed as a system of coupled, ordinary
diffcrential cquations, with each sysiem applying to a radioactive decay chain:

L Ml

Mj =—S,' ZMJ
J

-5

Q@) - AiM; + (li-lMi-l)(M)

atomic  wi;_

where i =1,2,..., N numbers the N radionuclides in a given decay chain, a dot (*) over a quantity means the time

derivative, and

M;(1) = massof i'h radionuclide remaining in cavity at time > fo (kg),
Q(r) = discharge of brine through cavity at 1 > 1, (m3/s),
S; = solubility limit for element associated with ith radionuclide (kg/m3),
A; = decay constant for it radionuclide (s'!), and
1o = thetime of initiation of a disruptive scenario (s).

In Equation 7-5, EM; signifies summation over the remaining masses of all radionuclides (including the jth
radionuclide) associated with a given element. The initial conditions of Equation 7-5 arc

Mi(to)= Mio(1o), (7-6)

where M,-o(to) is the initial (f = 0) inventory of the i'h radionuclide (kg) aged by the Bateman equations (Section
7.1) to reflect mass remaining at o > 0.
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Chapter 7. Consequence Modeling

7.5 Groundwater Transmissivity Fields

The WIPP PA Department employs a multiple-realization technique to account for spatial variability of the
transmissivity field within the Culebra Dolomite (LaVenuc and RamaRao, 1992). The technique uses an
automated inverse approach to calibrate a two-dimensional model to both steady-state and transient pressure data.
The multiple-realization technique can be broken down into threc steps:

1. Unconditional Simulation. An unconditional simulation of the WIPP transmissivity fields is
generated. This is a random field that has the samc spatial correlation structure as the transmissivity
measurements, but does not necessarily match mcasured transmissivities at the location of their

measurements.

2. Conditional Simulation. The random field produced in Step 1 is conditioned in this step so that it
honors ¢xactly the measured transmissivities at the locations of their measurements. The resulting ficld,
called a “conditional simulation” of the transmissivity field, is uscd as the initial estimate of the Culebra
transmissivity field.

3. Automated Calibration. The conditional simulation of the transmissivity field is then calibrated so
that the pressures computed by the groundwater-flow model (both steady and transient state) agree closely
(calibrated within the uncertainty in head mcasurcments, i.e., between 1 and 2 m) with the measured
pressures in a lcast-squarc sense. Calibration is achieved by placing synthelic transmissivity values
(pilot points) automatically where the scnsitivity of the difference between observed and calculated
pressure to changes in the transmissivity field is greatest. When calibration is completed, a conditionally
simulated transmissivity ficld is obtained that conforms with all head and transmissivity data at the WIPP
site and may be rcgarded therefore as a plausible version of the true distribution of transmissivity.

This process is repeated to produce the desired number of calibrated, conditionally simulated fields. (Seventy of
these ficlds were calculated in this manner for the 1992 PA calculations.) A description of this mecthodology,
extracted from LaVenue and RamaRao (1992), follows. (A more complete discussion of the mcthodology is
provided in Appendix D of this volume.)

7.5.1 Unconditional Simulation

The following methods have been used carlier in groundwater hydrology for generating unconditional
simulations: nearest-neighbor method (Smith and Frecze, 1979; Smith and Schwartz, 1981), matrix
decomposition (de Marsily, 1986), multidimensional spectral analysis (Shinozuka and Jan, 1972; Mejia and
Rodriguez-Tturbe, 1974), turning-bands method (Matheron, 1971, 1973; Mantoglou and Wilson, 1982;
Zimmerman and Wilson, 1990). Here the tuming-bands mcthod is used.

In the turning-bands method, a two-dimensional stochastic process is generated by the summation of a scries
of equivalent onc-dimensional processes (Mantoglou and Wilson, 1982):
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Unconditional Simulation

L
.zzi(gN,')
z:(N)=ﬂ7LP, -7

where Zg(N) is the two-dimensional field to be simulated, Z,-(QN‘.) is the one-dimensional process in the line
interval (band) of line i measured by £; and containing N; (the projection of point N onto line i), and L is the
number of lines sclected. As in LaVenue ct al. (1990), the 1992 calculations model the WIPP transmissivily data
as a two-dimensional ficld with an intrinsic random function of order zero (IRF-0), making it possible to use the
Weiner-Levy Process (o generate the line process Z; (C N; ) in Equation 7-7.

7.5.2 Conditional Simulation
The procedure for conditioning is based on the following relationship:
Z(x) = Z,, (x)+[zll(,‘(x)_ Zyk (x)], (7-8)

where Z(x) is the true (but unknown) value of the field at point x, Z,; (x) is the kriged estimate of Z at x based
on the observed values of Z at the locations of the observations, Z,,.(x) is the unconditionally simulated value of
the ficld at point x, and Z, (x) is value of the kriged estimate at x based on the unconditionally simulated values
of Z,. at the locations of the observations. Equation 7-8 clarifies the conditioning step as one of adding a
simulated kriging crror on a kriged ficld using the measured data. This step involves kriging twice, once with the
measurcd transmissivitics and another time with the unconditionally simulated transmissivities, both at the
location of the observations. The simulated kriging error is rendered zero at all obscrvation points.

7.5.3 Automated Calibration

In the 1992 calculations, model calibration is done by an indircct approach. Synthetic transmissivity values,
referred to as pilot points, are automatically placed in regions of the conditionally simulated transmissivity field
where an objective function (Equation 7-9) is most sensitive to changes in the this transmissivity ficld. This
objective function is defined as the weighted sum of the squared deviations between the model computed pressures
and the observed pressures, with the summation being extended in the spatial and temporal domain where pressure
measurements are taken:

L
J(w)= Y el (k)R (K)e,p (k). (7-9)
k=1

where J(u) is the weighted least square (WLS) error criterion function, u is the vector of parameters
(Yp = log;o Tp), Tp is the pilot-point transmissivity, ¢p is the difference between the computed and observed
pressures, R is the covariance matrix of errors in the observed pressure, k is the time step number, L is the

number of time steps, and 7' is the transpose.
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Chapter 7. Consequence Modeling

Pilot points arc added to the cxisting measured transmissivity data sct during the course of calibration. Afier a
pilot point is added to the transmissivity data set, the augmented data set is uscd 1o obtain a revised, conditionally
simulated transmissivity field for a subsequent iteration in calibration. With the addition of a pilot point, the
transmissivity distribution in the ncighborhood of the pilot point gets modified with dominant modifications
being closer to the pilot-point location.

Pilot points are placed at locations where their potential for reducing the objective function (Equation 7-9) is
highest. This potential is quantified by the sensitivity coefficients (d//dY) of the objective function J with
respect to Y, the logarithm (10 base 10) of pilot-point transmissivity. Coupled adjoint sensitivity analysis and
kriging are used to compute the required derivatives (RamaRao and Reeves, 1990). The transmissivities at pilot
points are assigned by an unconstrained optimization algorithm and a subsequent imposition of constraints. The
optimization algorithin, which belongs to a class of iterative search algorithms, involves the repeated application
of the following equation until convergence is achieved:

Yo =Y;+Bid;, (7-10)

where i is the iteration index, d; is the dircction vector, B; is the step length (a scalar), and Y; is a vector of
parameters 10 be optimized (i.e., logarithns of pilot point transmissivitics to base 10).

There are two levels of iteration used in the calibration process, designated as “inner” and “outer” iterations.
An inner itcration relates to the iterations nceded to optimize the transmissivilics of the pilot points. When the
convergence of an inner iteration is achieved, the pilot points are added to the transmissivity data set, and then the
outer iteration may proceed. During the outer iteration, optimal location of the next set of pilot points is
determined using coupled kriging and adjoint sensitivity analysis. Subscqucntly, their transmissivities are
optimized by a sequence of inner iterations.

Convergence criteria for the inncr iterations are as follows:

 The performance measure J drops below a prescribed minimum value.

The number of iterations cquals a prescribed maximum for the inner iterations.

The ratio of the norm of the gradient to the initial gradient norm reduces below a prescribed value.
» The gradient nonn is less than a prescribed minimum.
+ The relative change in the objective function falls below a prescribed value.

Ouler iterations cease once the performance measure J drops below a prescribed minimum valuc or the number of
iterations cquals a prescribed maximum for the outer iterations.
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Groundwater Flow and Transport

7.6 Groundwater Flow and Trahsport

Following the occurrence of an E2 or E1E2 scenario (Section 4.2.3.2), flow of brine through a collapsed
WIPP panel may result in mobilization of dissolved, radionuclide-bearing compounds from waste (Scction 7.4),
the transport of these compounds up an intrusion borchole, and cventually their injection into the Culcbra
Dolomite Member of the Rustler Formation (Section 2.2.2.6). Dissolved compounds that reach the Culebra could
then be carried lo the accessible-environment boundary by advection and diffusion in groundwater flowing in the
Culebra. Thus, to estimate consequences of certain disturbed-casc scenarios, models of groundwater flow and
solute transport through the Culebra are needed.

The consequence model that simulates groundwalter flow in the Culebra is currently implemented by a
compuler code called SECO_2DH (Appendix C). The mathematical model on which SECO_2DH is based is
described in Section 7.6.1 (below), which details assumptions that were made in order to arrive at the current
model of groundwater flow; this scction also contains discussions of modceling the effects of climate change on
boundary conditions for the Culcbra flow model.

Simulations of solute transport in groundwater flowing through the Culebra are currently implemented by a
companion to the SECO_2DH code called SECO_TP (Appendix C). The mathematical model on which
SECO_TP is bascd is described in Section 1.4.6 of Volume 3 of the present series of reports. Section 7.6.2
(following) contains discussion of the assumptions that were made in order (o arrive at the current model of solute
transport; it also contains discussion of the 1992 weatments of hydrodynamic dispersion (Section 7.6.2.1) and
chemical sorption in fracture flows (Section 7.6.2.2).

The mathematical models of groundwater flow and solute transport are based on a common, highly simplificd
conceptual model of the Culebra Dolomitc Member of the Rustler Formation: The Culebra Dolomite Member is
imagincd to be a shect-like mass of rock having lateral dimensions of the order of tens of kilometers and uniform
thickness of about 8 meters. Sects of planar fractures, all parallel to the plane of bedding, run continuously
throughout the rock mass (Figure 7-4, top) and it is assumed that all water flow through the Culebra is sustained
by the fracture scts, i.c., there is no flow through mairix blocks scparating fractures (Figure 7-4, lower left) even
though the matrix blocks are assumed to be saturated and have a finite kinematic porosity. The surfaces of
fracturcs are assumed to be uniformly coated with layers of clay of constant thickness greater than or equal to 0
(Figure 7-4, lower right) that are never allowed to entircly fill the void space of a fracture; these clay layers are
assumed (o be saturated and to have finite kinematic porosity, but as in the matrix matcrial, no advective flow is
allowed through a clay layer.
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Figure 7-4. Conceptual hydrologic model of the Culecbra Dolomite Member.
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7.6.1 Groundwater Flow in the Culebra

Groundwater flow at regional and local scales within the Culcbra Dolomite is simulated by solving the
following partial differential cquation in two dimensions (x,y):

8,9 =V e (K eVh) (7-11)
ar
where
h = h(xy.t), the hydraulic head(in),
S = S(x,y1), the specific storage of the Culebra (m-1),
K = K(xy.1), the hydraulic conductivity tensor (m/s).

The specific storage and hydraulic conductivity tensors are obtained from morc directly measurable quantities.

S = S(Z;) . K= TS‘;’), (7-12)
where
S(x,y) = storage coefficient in the Culcbra (dimensionless),
AZ = Z(xy), Culebra thickness (m),
T(xy) = oneof aset of simulated transmissivity tensors (units: m2/s). See Section 2.6.9 of Volume 3

for a discussion of how transmissivity fields are gencrated. Also sce Section 7.5 of this report.

Given appropriate initial and boundary conditions, the SECO_2DH code is used to solve Equation 7-11
numerically to yield a potentiometric head ficld, A(x,y,t), which may be used to compute specific discharge (or
Darcy velocity) at any point in the Culebra:

g(x,y,t)=-KeVh(m/s). (7-13)

The storage coefficients S(x,y), and the Culebra thickness AZ are treated as constants (as opposed to functions
of position) in the 1992 series of calculations.
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Chapter 7. Consequence Modeling

7.6.1.1 BOUNDARY CONDITIONS

Groundwater flow is modeled separately in regional and local grids (Figure 7-5) to provide increased resolution
in the area of primary interest around the WIPP. In solving Equation (7-11), boundary conditions are spccified on
the outer edges of the regional grid; these boundary conditions may be a mix of the following kind, depending
upon geological and hydrological conditions at a point on the regional boundary: (1) Dirichlet (specified h on
boundary); (2) inhomogeneous Neuman (specified gradients of 4 on boundary); (3) Robin boundary conditions [a
mixture of (1) and (2)]; and (4) adaptive boundary conditions, in which flux () is specified at inflow boundaries
and head (h) is specified at outflow boundaries. Boundary conditions for the local grid, in which radionuclide
transport is modeled, are determined by the groundwater flow calculated for the regional grid. The actual problem
geometry and specifications for boundary conditions that were used in the 1992 series of calculations can be found
in Volume 4 of this report.

7.6.1.2 EFFECTS OF CLIMATE CHANGE

The effects of climate change are simulated through inclusion of time-dependent Dirichlet boundary
conditions. Specifically, potentiometric hcads on portions of the northwestern and northeastern edges of the
regional grid (closest 1o the assumed recharge area for the Culebra) are set according to the formula (Swift, 1992,
1991)

he(x, 1) = hy(x, y){3A§+ L (ARZ_ 1)(00891 - sin%z + % cosd>t)] (7-14)

where

hf = future potentiometric head (m)

hp = present potentiometric head (m)
Agp = Recharge amplitude factor (dimensionless)
0 = Pleistocene glaciation frequency (Hz)
& = frequency of Holocene-type climatic fluctuations (Hz).

The rccharge amplitude factor, A p, is a number 10 be chosen between 1 and y>1. If Ag = 1, it is seen that
there are no effects of climatic change. If Ap>1, the maximum future head, hf, will be greater than the present
head. The constant ¥ is a scaling factor that is chosen to cnsure physically reasonable head values on the portion
of the recharge boundary where boundary conditions are applied.
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Figure 7-5. Example of regional and local grids used for disturbed fluid flow and transport calculations.
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7.6.2 Solute Transport in the Culebra
‘The mathematical model of solute ransport at the local scale is described in Section 1.4.6 of Volume 3 of the
present series of reports. The physical assumptions and limitations of the 1992 version of the solute transport

model are the same as those of the 1991 version (sec 6.5.2.3 in WIPP PA Division, 1991b), namely:

1. The numerical solution is limited to two dimensions, reflecting the conceptual model of the Culebra
Dolomite member (Figure 7-4).

2. Hydrodynamic dispersion is quantificd with a Fick's law term.
3. Fracture flow is modeled as an equivalent porous medium of constant porosity.

4. No advectve transport exists through the Culebra matrix; however, one-dimensional diffusion of solutes
across fracture-matrix interfaces are allowed (Figure 7-4).

5. Adsorption of solutes on solid phascs obeys a linear isothenn.
6. Local chemical cquilibrium always exists between solutes and solid phases.

7. Material-property parameters are trecated as constants over distinct material regions; in other words,
intramaterial spatial variability is ignored.

The purposc of assumption 4 is to permit simple simulation of the phenomenon of dynamic solute storage
within porous materials surrounding fractures. As solute concentration in fractures increases, solute will diffuse
into and become immobilized within the matrix; if concentrations in fractures decrcases with time, solute is
returncd to fractures by diffusion out of the matrix.

The major differences between the 1992 and 1991 versions of the solute transport model lic in the former's
treatment of dispersivity parameters and adsorption effects in fracture flows. Details of changes in the way these
important physical cffects are implemented in the model are presented in the remainder of this section.

7.6.2.1 MODELING HYDRODYNAMIC DISPERSION

The components of the hydrodynamic dispersion tensor for the fracture system D,'j. are (Scheidegger, 1960)
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where V;, i = 1,2, arc the components of the average linear velocity vector in the fracture system (m/s), o and
a1 are respectively longitudinal and transverse dispersivities (m), D* is the molecular diffusion coefficient of the
"average” solute species (m2/s), and

M= (v +v2)"?

The dispersivities, o) and o, arc measures of the dispersion of the true linear velocity vector about the
average value. ldeally, these parameters would be estimated by fitting transport model calculations to results of
tracer tests conducted in the Rustler Formation at an appropriate scale; but, in the absence of tracer-test results
suitable for paramcler estimation, the PA Department has had to rely on subjective judgments and results from
stochastic transport theory to form the necessary estimates. In 1991, it was assumed that ap, ot were
impreciscly known constants (WIPP PA Division, 1991c, Scction 2.6.2), with longitudinal dispersivity varying
between 50 and 300 meters and transverse dispersivily varying between 5 and 30 mcters (i.e., onc-tenth of
longitudinal dispersivity).

The weatment of Culebra dispersivily in the present (1992) series of PA calculations relies heavily on
stochastic transport theory, exemplified by the universal scaling approach used by Neuman (1990) to investigate
the compatibility of fractal transmissivity fields with the observed scale dependence of dispersivity. Neuman
provides an expression that relates longitudinal dispersivity to the mean value of the variogram of In T variance at
the scale S and the travel distance L, namely

ap =C, Lo2(S), (1-15)
where C,, is a constant ~ | in isotropic media; and
1
(S) 7(v, v)_—z-J J y) dxdy, (7-16)
vV Vv

where y(h) is the variogram of In T, i = |x-y |, and each integration in the above expression is carricd over a
fixedarea v, ~ L2, In current (1992) PA calculations, C, = 1 and L is taken 1o be the size of the model block in
which « is being evaluated.
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The variogram, y (%), is taken to bc the one used in the "local” scale gencration of the 1992 random
transmissivity fields (Section 7.5 and Appendix D, Volume 3),

¥(h)=12x10-3 h. 7-17)

Here, the "local” scale is defined as that appropriate for the transmissivity measurements, i.e., a scalc length
between slug tests radii of influence and pump tests radii of influence; such a scale length is of the order of 10
mcters. Notc that Equation (7-17) is a linear variogram, for which the concepts of "correlation length” and
"integral scale" have no meaning.

The integral in Equation (7-16) has been cvaluated by Journel and Huijlbregts (1978, p. 113) for a linear
variogram y(h) = h and a rectangular mesh with dimensions L and £. Their result is analytically messy, but in
the case where L = £ (v = area of a square of side L), their expression reduces (0

F(v.v)=0.5213 L.

Multiplying this cxpression by the constant in Equation (7-17), 1.2 x 103, and substituting for ¥(v,v) in
Equation (7-13) gives an expression for the longitudinal dispersivity in terms of the size of the model block in
which oy is being evaluated:

0y =6.2x10~4 [2 (m). (7-18)

In practice, a value of 1.5 metcrs is added to the o obtained by Equation (7-18) in order to account for microscale
dispersion that must occur below the "local” scale.

The ratio of longitudinal to transverse dispersivity docs not scem to be scale dependent; data from Gelhar ct al.

(1992) suggest that this ratio is almost always between 10 and 50. In the present (1992) serics of calculations,
the fixed relation

oT =—0oL (7'19)

was adopted.

Note that using model block size as travel distance in obtaining Equation (7-18) is cquivalent to the
assumption that dispersivity rcaches its asymptotic limit at the scale of a modcel block, and any other non-
asymptotic bchavior is taken care of by variability of the simulated transmissivity fields (Section 7.5 and
Appendix D, Volume 3).
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7.6.2.2 MODELING CHEMICAL SORPTION IN FRACTURE FLOWS

Chemical retardation of solutes by sorption on fracture surfaces was modelled in 1990-1991 PA calculations with
a formula proposed by M. D. Siegel (1990). Sicgel suggested that the effective solute velocity in a clay-lined
fracture, Ve is related 1o the average lincar velocity of groundwater in the fracture, V, by

Vs =1+pc Kge (bc10)., (7-20)
where
pc = density of clay liner (kg/m3),
K4c = partition coefficient of solute in clay (m3/kg),
2b,. = total thickness of clay layer in a fracture (m), and
2b = fracture aperture (m).

The expression on the right side of Equation (7-20) is called R, the retardation factor; the partition coefficient Ky
is also called the distribution cocfficient.

Consideration of Equation (7-20) will show that it cannot gencrally describe retardation of solutes being
transported through an open, saturated fracture; in this case, retardation of solute molecules must proceed by
reactions between the mobilized species and stationary species located on the solid surface facing the fracture void
space. In contrast, Equation (7-20) turns out to be a "thin-skin” approximation to retardation of mobile solutes
within pore spaces of the clay layer, which is valid only after solute molecules have diffused or been advected into
the clay layer and concentrational equilibrium is nearly established. In other words, Equation (7-20) is appropriate
for concentrational equilibriun; note, however, that it may take a long time to reach concentrational equilibrium
by diffusion of solute through highly sorbing clay and that, by assuming instantancous cquilibrium, the
retardation of solutes in fracture flows may have been overestimated in the 1990-1991 calculations.

The PA Department abandoned use of Equation (7-20) in 1992 and, for reasons provided below, has sct R =1
in fracture flows (sce Equation 1.4.6-1 in Section 1.4.6, Volume 3 of this report). An approximale, but
physically motivated expression for the retardation of solutes in fracture flows is derived in the remainder of this

subsection and used to justify the choicec of R = 1.

Frecze and Cherry (1979, p. 411) give an expression for the retardation factor in solute transport through a
planar fracture of aperture 2b:

R=1+%K,,, 321
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where

_ 