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ABSTRACT 

This second volume documents the probability and consequence modeling done by the 
Performance Assessment Division of Sandia National Laboratories for the 1991 preliminary 
performance assessment (PA) of the Waste Isolation Pilot Plant (WIPP). The volume provides an 
overview of the PA calculations; discusses the mechanics of the probability modeling and 
construction of the complementary cumulative distribution functions (CCDFs); discusses the 
generic computational models and the applied (or site-specific) models used in consequence 
analysis and the results that these models predict for both undisturbed conditions (base case) and 
disturbed conditions (in which one or more hypothetical boreholes intrude the repository during 
the 10,000- year regulatory period); and tabulates the calculational results used to construct the 
CCDFs reported in Volume 1. 
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1.1 Role of Volume 2

The Waste Isolation Pilot Plant (WIPP) is planned as the first mined geologic repository for

transuranic (TRU) wastes generated by defense programs of the United States Department of

Energy (DOE). Before disposing of waste at the WIPP, the DOE must evaluate compliance with

the United Slates Environmental Protection Agency’s Standard, Environmental Radialion

Protection Standards for Management and Disposal of Spent Nuclear Fuel, High-Level and

Transuranic Radioactive Wa.we.s (40 CFR Part 191, U. S. EPA, 1985).

This volume deals primarily with probability and consequence modeling of the WTPP disposal

system for evaluating compliance with the quantitative requirements of Subpart B of the EPA

Standard. Volume 1 deals primarily with scenario dcvclopmcnt and the regulations in 40 CFR

Part 191 and their application to the WIPP, but also summarizes aspects of this volume. Volume

3 compiles pertinent data from disposal system characterization, Finally, uncertainty/sensitivity

analysis is discussed in Volume 4.

1.2 Organization of Volume 2

This introduction to Volume 2 provides an overview of the 1991 PA calculations using the

general tasks of the performance assessment methodology as a framework. It also summarizes the

CAMCON (Compliance Assessment Methodology Controller) computer system used to perform

these complex calculations.

The two chapters following the introduction discuss probability model ing and complementa~

cumulative distribution function (CCD~ construction for the 1991 PA:

● Chapter 2 describes the probability model for computational scenarios in the 1991

calculations.

“ Chapter 3 dcscribcs the mathematical construction of the CCDF for WIPP performance

assessment.

The next four chapters discuss the generic computational models and the applied (or site-

specific) models used in conscqucncc analysis and the results that these models predict:

● Chapter 4 discusses prcdictcd undisturbed performance of the repository/shaft system (where

no borcholcs intrude the repository during the 10,000-year regulatory period). Because no

releases beyond the repository shaft are predicted for undisturbed conditions, radionuclide

release into the groundwatcr of the Culebm was not evaluated.

● Chapter 5 discusses disturbed performance of the repository/shaft system (in which one or

more hypothctical borcholes intrude the repository during the 10,000-year regulatory

period).

1-1
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● Chapter 6 discusses predicted radionuclide n?lease into the Culebra groundwater for disturbed

conditions.

● Chapter 7 discusses predicted radionuclide release by transport of cuttings and eroded materiat

to the surface during borehole intrusion.

Discussion in Chapters 4 through 7 is limited to the seven generic computational models

(“codes”) and the corresponding applied models used to simulate the major conceptual components

of the WIPP disposal system. Details of code development and uses are not presented here; in

most cases, that information is available separately in user’s manuals for the various codes.

Furthermore, details of CAMCON, including information about the codes that link the major

models and control data flow, are also not presented here. That information is contained in the

CAMCON user’s manual (I&hard et al., 1989).

Finatly, this volume contains two appendices:

● Appendix A discusses the theory of muhiphase flow through porous media. This appendix

is included in the report because two of the analysis models, BOAST II (for undisturbed

conditions) and BRAGFLO (for disturbed conditions), describe simultaneous flow of brine

and gas through porous media.

● Appendix B presents the input and output data for calculations reported in Volumes 1 and 2.

1.3 Background on PA Methodology

The Sandia methodology for assessing the compliance of the WIPP with the Containment

Requirements, $191.13 of 40 CFR Part 191 (U.S. EPA, 1985), hereafter referred to as

performance assessment (PA), consists of six general tasks (Figure l-l):

1. characterization of the WIPP disposal system and regional area

2. scenario development and selection of scenarios to model

3. development and execution of probability medels

4. development and execution of consequence models (both generic computational and site-

spccific models) including uncertainty

5, regulatory compliance assessment

6. uncertainty/sensitivity analysis.

The first task is performed primarily outside the PA organization (except for estimating the

radionuclide inventory), and the data are compiled in Volume 3. The other five tasks are performed

inside the PA division.

For the WIPP, the PA process is conducted in annual cycles, and the 1991 PA is the second*

in a series of annual “Performance Analysis and DOE Documentation” activities shown in the

* The PA process actually started in 1989, but it was primarily a demonstration with a specific example
from the WIPP.
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Performance Assessment Time-Phased Activities for the Test Phase (U.S. DOE, 199 1). In each

cycle, data from the test program are used to update scenarios, update conceptual models (and

computational models if necessary), and provide input to applied models to evaluate compliance.

The first two PA tasks listed above are referred to collectively as modcI conceptualization

(Figure 1-1). Characterization of the disposal system and surrounding regional hydrology has been

in progress since project inception in 1975 (e.g., Powers et al., 1978) and is nearing completion.

Scrccning of events and proccsscs that may affect performance of the system during the next

10,000 years is also nearly complete, and significant summary scenarios have been identified for

consideration in conscqtrcncc modeling (Gtrzowski, 1990; and Volume l).

For Task 3, a probability model has been dcvclopcd to cvaltratc probabilities of dctailc(i

computational scenarios for analysis, which arc a decomposition of the summary scenarios

developed above as part of Task 2. The scenarios incorporate stochastic variability (IAEA, 1989)

into the performance assessment.

A major portion of lhc methodology consists of simulating physical proccsscs to cstima[c the

amount of radionuclidcs released to the accessible environment. This process is rcfcrrc(i to as

consequence modeling and analysis and actually is a composite function of several models (Task 4)

(Figure 1-l). Construction of the modeling system begins with the development of conceptual

models that identify the proccsscs that will be simulated. These conceptual models provide a

ffiimcwork in which to intcqrct observational data and a basis for developing predictive

mathematical moticls, In most cases, the choice of a conceptual model introduces simplifying

assumptions about the real world that permit interpretation of entire components of the sys[cm

using Iimitcd available data. In some cases the choice of a conceptual model may also bc

influenced by the availability of computational models to simulate it. For some proccsscs,

available generic computational models required adaptation. For other components of the disposal

systcm, such as the coupled processes of gas generation, brine flow, and crccp closure in the

repository domain, computational models were developed specifically for the WIPP.

The complexity of the WIPP disposal systcm and the need to usc multiple codes to dcscribc

lhc v:irious componcrrls poses operational problems in performing calculations. An cxccu[ivc

con[rollcr, CAMCON (Compliance Assessment Methodology Controller) (Rcchard ct al., 1989),

1inks codes within the modeling systcm, manages (iata flow from onc componcnl to the next, ami

minimizes the opportunities for operator error.

Bccausc of imprecisely known paramclers, uncertainty is incorpomted into the performance

assessment through a Monte Carlo analysis (part of Task 4). As discussed in more detail in

Chapter 3 of Volume 1 and compiled in Volume 3, Monte Carlo analysis consists of first

identifying the imporlant pararnctcrs to vary and assigning ranges and distributions. Second,

sample clcmcnts arc gcncratcd from these distributions. In the WIPP pcrformarrcc assessment,
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Latin hypercube sampling (LHS) is used to minimize the number of sample elements needed to

capture variability in the parameters adequately. And finally, each sample element is propagated

through the consequence modeling system. For the 199 I calculations, 60 sample elements were

drawn from the distributions assigned to 45 imprecisely known parameters. The repository

performance was evaluated for each sample element (a vector of 45 parameter values).

From the consequence results using Monte Carlo analysis, the final two tasks naturally

follow. In Task 5, estimated releases are combined into a complementary cumulative distribution

function (CCDF) for each sample element. A CCDF (exceedance probability curve) is used for

evaluating compliance with $ 191.13 of 40 CFR Part 191. The CCDF from each sample element

results in a distribution (family) of CCDFS. Summary statistics of the CCDFS (e.g. mean,

median, and different quantiles) are also produced. The CCDFS for the WIPP arc presented in

Volume 1.

In Task 6, sensitivity analyses arc used to analyze the results. For example, sensitivity

analyses can be used to identify those paramc[crs for which variability in the sampled value had the

greatest effect on results, to provide guidance for research that may improve confidence in the

estimate of performance. This sixth task is reported in Volume 4. CCDFS using several different

modeling assumptions arc also presented in Volume 4.

1.4 Overview of Calculations

The following discusses the calculations using the framework of the PA methodology. (Tasks

3 and 4 are particularly pertinent to Volume 2.)

1.4.1 SUMMARY SCENARIOS MODELED

Four summary scenarios from the scenario development task arc examined for the 1991 PA:

three disturbed (human intrusion) scenarios and the undisturbed (base case) scenario (see Chapter 4,

Volume 1). (These same scenarios were examined for the 1990 PA calculations.) Disturbed

performance scenarios include the possibility of human disruption of the repository by exploratory

drilling or the occurrence of unlikely events. Undisturbed performance forms the base case for

scenario development (Guzowski, 1990). As defined in the EPA Standard, “undisturbed

pcrformancc” 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” (U.S. EPA, 1985, $ 191.12(p)).

The approach for the calculations for the human intrusion and base case scenarios differs

somewhat for the WIPP disposal system. If human intrusion by drilling hypothetically occurs

some time in the next 10,000 years, some releases by removal of cuttings are certain (but do not

necessarily exceed EPA limits). Furthermore, the long-term consequence from disrupting the
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repository must be evaluated. Consequently, a complex modeling effort is required. For

undisturbed conditions, a number of deterministic calculations are performed to investigate

radionuclide transport in and adjacent to the re~sitory. It is tempting to describe the deterministic

calculations as bounding since the conceptual model often appears conservative-but they are not

always. For example, in one analysis the disposal region was assumed to be directly in the

MB 139 anhydrite layer, a potential pathway. However, the selection of conservative values for

many of the parameters of these models was problematic since it was often difficult to assess their

influence on such a complex system a priori. Thus, median values (not “conservative” values)

were typically selected. (The Monte Carlo calculations for undisturbed conditions are dcscribcd in

Volume 4.) Because of the excellcnl isolating capabilities of the bedded salt in the Salado

Formation, the undisturbed scenario has zero releases of radionuclides, and only lhe region directly

around the repository needs to bc modeled.

1.4.2 PROBABILITY MODELING AND REGULATORY COMPLIANCE
EVALUATION

Following the usuat sequential order of the tasks presented above, regulatory assessment (Tfik

5) would be discussed later, However, because probability modeling is intimately tied 10

regulatory evaluation, both are discussed here prior to the consequence analysis (Task 4)

discussion.

Last year for the 1990 PA, probabilities for the four summary scenarios were determined from

(1) professional judgment and (2) assuming a Poisson process. These probabilities were then

paired with EPA-summed normalized releases, and the CCDF was constructed.

For the 1991 PA, the probabilities were also evaluated assuming drilling is a Poisson process.

However, although Ihc summary scenarios are the same as for the 1990 PA, these summary

scenarios were decomposed based on (1) number of drilling intrusions (1 to 15), (2) time of

intrusion (5 times—l 000, 3000, 5000, 7000, and 9000 years), and (3) the activity level of the

waste pcnetrauxt by the boreholcs (five activity Icvcls—four for contac[-handled (CH) and one for

remote-handled (RH) waste). This decomposition more fully resolves the CCDF, that is, each

individual CCDF has numerous small steps rather than the four large steps (with two being

identical) shown in (hc 1990 PA calculations (Bcrtram-Howcry ct al., 1990). The decomposition

of the summary scenarios required many more simulations, as dcscribcd in the following sections

of this introduction.

The construction of the CCDF is possible once all the simulations are completed in each of

the three modeling systems describcxi below. The code, CCDFCALC, extracts the radionuclidc

concentration history and the cuttings concentration history calculated in the consequence modeling

described below and evaluates cumulative releases and EPA-summed normalized releases. The
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actual construction of the CCDF required a new program, CCDFPERM, in addition to

CCDFCALC to decompose the summary scenarios. The Poisson probability model for evacuating

decomposed scenario probabilities and the theory underlying the CCDF construction are

thoroughly described in Chapters 2 and 3, respectively.

1.4.3 CONSEQUENCE MODELING OF DISTURBED CONDITIONS

The consequence modeling of disturbed conditions of the WIPP is discussed first because the

modeling for undisturbed conditions is actually a simplification of this complex modeling system.

1.4.3.1 Physical Features Modeled

Of the numerous computer codes required to perform the PA, relatively few generic

computational models (“codes”) arc necessary to simulate the major physical features of the WIPP

disposal system (Figure 1-2). Five computational models are used for disturbed conditions. (Four

computational models arc used for undisturbed conditions, the base case summary scenario [see

Section 1.4.5 of this introduction]). Except for PANEL, which implements analytic solutions to

the mathematical model to model flow and mdionuclide concentration in a WIPP disposal panel,

the computer codes arc generic and implement a variety of mathematical models using several

numerical solution techniques. Hcncc, some codes were used to model several different physical

features of the WIPP disposal systcm and arc repeated in several places. Furthermore, the

CAMCON model system was dcvclopcd so that different codes could be used to model any onc

physical feature with relative case; thus some WIPP disposal systems features in Figure 1-2 show

more than one code being used. Specifically, three codes (BRAGFLO, STAFF2D, and SLJTRA)

can be used to simulate flow and transporl within the repository environment. PANEL estimates

radionuclidc concentrations in repository brine and can analytically simulate flow near the

repository. CUTTINGS estimates the amount of radioactive material brought to the surface during

drilling. SECO_2DH simulates regional groundwatcr flow within the Culcbra Dolomite Member

of the Rustler Formation, and STAFF2D simulates local groundwater flow and radionuclidc

transport within the Culcbra.

1.4.3.2 Modeling Systems

Depicting the generic computational models and the physical features they represent is fairly

straightforward. However, the actual mechanics of moving through the calculations arc more

complicated. For modeling, the WIPP disposal system was divided into three modeling systems:

repository/shaft/boreholc, Culcbra groundwatcr flow and transport, and cuttings. The seven major

computational models and the systems they model arc listed in Table 1-1. For disturbed

conditions, all three modeling systems are used. Each of these modeling systems are analyzed in
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Major Computational Models and the Physical Features They
the WIPP Disposal System (Disturbed Conditions). Five

generic computational models used for disturbed conditions.

Table 1-1. The Seven Major Computational Models Grouped According
to the Modeling Systems Used in Modeling the WIPP
Disposal System in the 1991 PA

Modeling System Generic Computational Models (“Codes”)

Repository/S haft/Borehole BOAST II, BRAGFLO

SUTRA, STAFF2D, PANEL

Culebra Grmmdwatcr Flow and SECO_2DH, STAFF2D

Transport

Cuttings CUTTINGS
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parallel and results are combined during the regulatory compliance assessment (described in the

previous section) and sensitivity analysis (described below) tasks.

The modeling systems do not correspond to the geologic and engineered barrier systems

associated with physical parts of the WIPP disposal system and defined in the EPA Standard.

Rather, these categories are an alternate subdivision of the WIPP disposal system done to facilitate

modeling. The modeling subdivision and the identified components may change from year to year

as required by the analysis whereas the physical systems described in the EPA Standard are

invariant.

Twenty-nine major and support codes arc used in these modeling systems (Figure 1-3).

Section 1.5 provides a brief description of these codes. A more thorough discussion of the codes is

provided in the CAMCON user’s manual (Rcchard et al., 1989).

The codes and general flow of information used in calculations of disturbed conditions has not

substantially changed from the 1990 PA calculations. Specific changes for calculations of

disturbed conditions are (1) the full incorporation of BOAST II and BRAGFLO, used to analyze

two-phase flow, and CUTTINGS, used to analyze cuttings release, into the procedure mthcr than

their use as subsidiary calculations as in the 1990 PA, (2) the use of the codes GARFIELD (which

generates equally likely transmissivity fields), GENOBS (which generates head impulse functions

at selected points along the boundary), FITBND (which determines functional relationships

between well heads and pressure boundary conditions and optimizes the fit of pressure boundary

conditions), and SWIFT 11 (which models hydrologic flow) during model conceptualization to

evaluate uncertainty of the transmissivity field within the Culebra Dolomite Member of the

Rustler Formation, and (3) the evaluation of scenario probabilities and the permutation of

computational scenarios within CCDFPERM, which calculates decomposed scenario probabilities

(Chapter 2). This last change is a result of decomposition of the summary scenarios used in the

PA (mentioned earlier). Although the software tools have not substantially changed, the

underlying treatment of the calculations, as represented by CCDFPERM, has changed substantially

and is described in Chapters 2 and 3.

The overview of the mechanics of the 1991 PA calculations for disturbed conditions is shown

in Figure 1-3. Model and paramclcr selection and the modeling steps in each of the modeling

systems arc discussed in the following sections.

1.4.3.3 Model and Parameter Selection

The calculations start with model and parameter selection. This can be a time-consuming

process, but in short, the process involves evaluating data and then developing conceptual,

mathematical, and computational models if necessary. It is then followed by a selection of

parameters to vary (45 parameters in the 1991 PA). Following these decisions, data are entered in

1-9



1. Irrtroduct ionChapter

General
Task

Description

I

Model

Concepluallzatlon

(D fsposal System

and Rea>onal
Ck,aract.izal,on

and Scenario

Develoc m! (S,))

t

I
Consequence

Model!ng

C,(s,xk)

f

4
Probab,l,!y

Modeling P(SI( X,))

1
4

Regulatory

Compliance

Assessment

t

4%nstl,wty
Analys,s

t

CAMCON
Modules *

+
Data Base

. ...!.

I
Mesh

General,..

+.. . . . . .

I

R@~tOrY/ Groundwater Cuttings Model and
Shaft Flow and Modeling Parameter

Modeling.. Transport Selection
Culebra Select Scenanos Sl(xn)

Modeling .* (Scenario Unccwwnty) and

Models and Alternatives

[Conceptual Model

Uncerlamty)

II

Aswgn Data(xJ and

Place [n SDB Ffle
wtth INGRESSC3... .:.

Mesh Reposiory and ;
Mesh Culabra

Mesh Borehole :

.%lado wfih GENMESH
w!th GE NMESH

and RESHAPE
wmh GE NNET

Compute Code
Parameters with

ALGEBRA

r---~ ~,

I
1

1
I Generate Transmrsslww it

Water
Flow

)_ :
i.
t

Tra”spofi

1

ICornplaa”ce

1
t

Slat,?.l,cal

I

Ed
F,elds iwlh GARFIELD’

Evaluate Transm,sslwty
Field Plaus,blh!y wllh

GENOBS FITBND and
SWIFT

m

I Sample Data

with LHS

m
----1

* Codes from the Suppofl and Utlllty

Modules Are Used throughout

Calc.latlOns

b, Although Typ!cal Codes Shown

Other Codes from CAMCON

Modules May Be Used,

Furthermore, Translators

Necessary for Several Codes

Haue Been Om[ttedb,Evaluate Contam(nat,on
Concemrat,on m

DIsPosal Area and

Borehole wfth PANEL

Eval.a!e Local Flow

and Transpofl m

Culebra 10 Boundary alter
Inlnmon w[th STAFF 20

and ALGEBRA

*

Evaluate Scenar,o Pmb

abIIItIes withCCDFCALC
and CCDFPERM

I v v

Evaluate WIPP Com-

pliance wllh 40 CFR 191
EvaluaIe Overall

iwth CCDFPLOT
Safely lor NEPA w[!h

and NUCPLOT
GENII and DOSE

I

Perform %“s,twbty

Analysm wtth

PCCSRC
STEPWISE TRI 6342563

+

Evaluate Removal

of C uttmgs with
CUTTINGS

Figure 1-3. Overview of 1991 PA Calculations for Disturbed Conditions
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the data base and arc sampled. The parameters sampled and the sampled values are presented in

Tables B-1 through B-3 in Appendix B. All other data used for the 1991 PA calculations are

documented in Volume 3. The fixed data arc not repeated in this volume unless the data differed

from what is reported in Volume 3. (Differences usually occurred only for the undisturbed

calculations because they began in May 1991, prior to final decisions for some parameters.)

Once this critical step is completed, the analysts can begin the task of performing the

calculations. (In this volume, the analysts have authored the parts of the calculations for which

they are responsible.) As mentioned previously, the next steps are performed in parallel. In

general, this consists of preparation of input with several computer coclcs, followed by the

simulation and finally followed by examination of intcrmcdiatc results and usually very little

preparation for usc by other codes. The intermediate rcsul~s, along with the details of the appl ic(i

models, are the subject of Chapters 4, 5, and 6.

1.4.3.4 Cuttings Modeling

The mechanics of modeling the initial human intrusion by drilling into the repository is fairly

simple. It involves input preparation using GENMESH, the mesh generation model of

CAMCON, (the mesh is a simplc Iinc representing ~he borcholc since the analysis of cuttings is

implemented with an analytic solution), extraction of pertinent data from the database using

MATSET and sampled parameters from LHS using ALGEBRA. Then the CUTTINGS CO(!Cis run

for each sample clement for each time, first assuming an intrusion into contact-handled (CH) waste

and then an intrusion into remote-handled (RH) waste. (The time of intrusion was important

bccausc of radionuclide decay.) Six hundred simulations arc required—two for the RH and CH

wastes, five for the time intervals, and 60 for the sample elcmcnls. Once the 600” simulations
.

arc complctc, the output is stored for usc by CCDFCALC. The simulation rclcasc results for Cl{

and RH waste are presented in Tables B-6 and B-7, respectively (Appendix B).

1.4.3.5 Repository /Borehole Modeling

The repository/borcholc modeling systcm models phenomena around the repository. These

phenomena include gas generation from corrosion and microbiological degradation of the waste,

brine movement around the waste over lime, and the possible saturation of the waste by the brine

reservoir following intrusion and creep closure. The two-phase numerical CO(ICBRAGFLO and th~i

onc-phmc analytic code PANEL were dcvc]opcd specifically to model these phenomena. (The

crccp closure phenomenon is not modeled in the 1991 PA calculations, Rather, constant room

state corresponding to high porosity after gas generation was selected.) For most calculations

* The numerous additional simulations required for the sensitivity analysis prcscn[ed in Volume 4 arc not
included in these or any of the following simulation counts.
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reported in Chapter 5, the brine-phase flow results from the cylindrical approximation of the

repository, Castilc brine reservoir, and Culebra using BRAGFLO were used by PANEL w cva]ualc

radionuclidc concenkations using a equilibrium-mixing cell mathematical model. However, in onc

case PANEL was also used to evaluate analytically brine inflow from the Salado and brine

reservoir to make comparisons with BRAGFLO.

Modeling the repository/boreholc area required 600 simulations: 2x5x60; two for the E2 and

E1E2 summary scenarios, five for the five time intervals selected to dccomposc these LWO

scenarios, and 60 for the sample clcmcnts used to describe parameter uncctiinly. (Bmcd on onc-

phasc and early two-phase simulations, the El summ,ary scenario was assumed m be similar 10 the

E2 summary sccnaritiand bounded by lhc E IE2 summary sccruuio. This assumption is Inorc

thoroughly examined in Volume 4.)

1.4.3.6 Culebra Groundwater Flow Modeling

Flow and transport arc grouped into the same modeling subdivision bccausc they rnodcl the

same physical features of the same unit, the Culcbra Dolomite Member al the Rustler Formation.

However, the modeling and number of simulations arc different and arc scpara[ed in this discussion.

(Transport modeling is discussed in Section 1.4.3.7 of this introduction.)

The groundwalcr flow compcmcnt of the Culcbra modeling syslcm was quilt compli;alcd. It

not only consisted of a normal data-preparation slcp using GENMESH to set up a planar, [wo-

dimensional mesh at the Culebra and MATSET, BCSET, and ICSET LO set fixed malcria]

properties and boundary conditions, but as indicated in Figure 1-3 it also consisted of evaluating

the uncertainty of Lhc KansmissiviLy fields using GARFIELD, GENOBS, FITBND, and Lhc

groundwtcr flow code SWIFT 11.

Specifically, the proccdurc consisted of using GARFIELD 10 randomly gcncralc Lhousands of

Winsmissivity fields of the Culcbra, which had the general spaLial variance (same variogram) as

suggcsLcd by Lhc data, afLcr which a set of hca(i impulse funcLions aLsclcclcd poinLs along lhc mesh

boundary were gcncmtcd (40 impulse funcLions in the 1991 PA), followed by an Cvalualion 01 lhc

steady-state, linear response of [he thousands of Culcbra “systems” (including brine density

variation) 10 these impulse funcLions using Lhc hydrologic code SWIFT II. Finally, each of the

gcncra[cd transmissiviLy fields were conditionc(i to the steady-state equivalent head mcasurcmcnts at

wells by using the 40 linear responses to SCICCLthe optimal pressure conditions on the bcmndarics

of Lhc regional model using FITBND. The first 60 transrnissivity fields gcncrotcd by [his

procedure that had (1) good agrccmcnL with the head mcasurcmcnK and (2) agrccmcnt v.il.h known

general flow directions in Lhc area were retained. (About 1 in 5 meets these selection criteria; dlus,

about 12,000 simu]aLions (60x40x5) of ~hc sLeady-state Cuicbra system were m:idc with

SWIFT 11.) Uncertainly of Lhc transmissiviLy fields is the subjccl of Lhc firsL part of Chapter 6,

1-12
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Once the final 60 transmissivity fields were selected, the regional fluid flow assuming

constant brine density was determined 60 times with a newly developed hydrologic code,

SECO_2DH. The regional analyses included effects from varying head boundary conditions that

were related to increases in precipitation. Capabilities of SECO_2DH and the results are Lhe

second Lopic discussed in Chapter 6.

1.4.3.7 Culebra Groundwater Transport

The second part of the Culebra modeling system is the evaluation of radionuclide transport

from the intrusion borehole to the 5-km boundmy of the accessible environment and through the

Culebra. The code RELATE was used to evaluate fluid flow boundary conditions on a greatly

dccrcased local mesh. STAFF2D was then used to evaluate first flow and then transport on this

local two-dimensional domain. Note that no borehole model was used; rather, the radionuclide

concentrations (mass flux only) from the repository/boreholc modeling system were direcLiy

injected into the Culebra at a point directly above the center of the disposal area. Following the

STAFF2D simulations, the support program ALGEBRA was used to evaluate radionuclide

transport across the 5-km boundary of the accessible environment.

While the evaluation of local fluid flow with STAFF2D only required 60 simulations, the

evaluation of transport required 600 simulations bccausc 600 different “source terms” come from

the repository/borchole modeling system. The transport conceptual model reported here and in

Volume 1 is dual porosity. A fracLurc-porosity -only transport model is rcportc(i in Volume 4.

The integrated rclcascs from these Lransport simulations arc reported in Tables B-4 and B-5

(Appendix B).

1.4.4 SENSITIVITY ANALYSIS

The final task, sensitivity analysis, can only start after major results have been calculated.

Hence, Volume 4, where the sensitivity analysis is described, must of necessity be produced after

Volumes 1, 2, and 3. It involves plotting scatter plots and developing regression models between

the pararnctcrs varied (and their ranks) and various results (e.g., EPA-summed normalized releases

for cumulative releases of each radionuclide from the 600 combined simulations or the 600

cuttings simulations) using the Sandia statistics codes PCCSRC (which calculates partial

correlation coefficients and standardized regression coefficients) and STEPWISE (which selects the

regression model using stepwise tcchniqucs). In addition, several other issues such as conceptual

model uncertainty is explored in Volume 4, so the number of total simulations increases four or

five times.
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1 .4.5 CONSEQUENCE MODELING SYSTEM FOR UNDISTURBED
CONDITIONS

Prcliminary results from the 1989 PA demonstration showed no releases to the accessible

environment (Marietta ct al., 1989) for undisturbed conditions. Consequently, simulations of

undisturbed conditions were not performed in 1990; instead, the preliminary results showing no

releases were summarized (Bertram-Howery et al., 1990). Simulations of undisturbed conditions

were repeated in 1991 with updated data and computational models to verify these results and

examine the influence of gas generation in the repository.

Prior to running the two-phase undisturbed calculations with BRAGFLO, much work was

expended to gain expcricncc in using several one-phase models (both planar and cross-sectional

using STAFF2D and SUTRA) assuming a constant and varying gas drive with modifications to

the porosity and permeability to examine various alternative modeling schemes. The

modifications to porosity and permeability were based on preliminary calculations using BOAST II

because development of BRAGFLO was not complete in May 1991, when these undisturbed

calculations were being run. The alternative modeling schemes could find use in providing design

criteria for panel and shaft backfill or for examining engineered modifications to the waste where

detailed calculations may be necessary and approximations to the two-phase flow formulation may

be desirable. The different modeling schcmcs arc prcscntcd in Chapter 4. (The physical features

modeled and the codes used arc shown in Figure 1-4.) The overview of the mechanics of the 1991

PA calculations for undisturbed conditions is shown in Figure 1-5. Thirteen major codes are used

in the repository/shaft modeling system.

For the undisturbed calculations incorporating two-phase flow, two cases were run using

BRAGFLO. First, the 60 simulations of the cylindrical model for the E2 scenario (without a

borchole) were extended to the full 10,000-year performance period. Second, a separate BRAGFLO

vertical cross-section model of the repository that included the shaft was also run. This latter two-

dimcnsional model included three-dimensional effects by gradually increasing the thickness of

clcmcnts as a function of distance from the repository. (Because only fluid-flow comparisons were

planned, this latter case used a new LHS sampling with only 22 sampled e.lemcnts.) These

undismrbcd calculations with BRAGFLO arc reported in Volume 4.

The conclusion has remained the same since the 1989 preliminary calculations: if no one

drills into the repository during the 10,000-year performance period, there will bc no radionuclidc

releases from WIPP to the accessible environment, and furthermore, no radionuclidc movement

ouL~idc the Salado Formation.

1.5 Background on the CAMCON System

As shown in Figures 1-3 and 1-5, many different types of software arc necessary to investigate

various events and physical processes, perform the assessment, and present the final output M a

1-14
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complementary cumulative distribution function (CCDF) for comparison with the probabilistically

based rcleme limits in 40 CFR 191. While Figures 1-3 and 1-5 show the modeling mechanics of

producing a CCDF, the support structure (framework) for the modeling system is CAMCON

(Compliance Assessment Methodology CONWallcr). CAMCON manipulates this software as an

analysis systcm (analysis “toolbox”) by assisting the flow of information bcLwccn numerous

C(xics.

1.5.1 ASSISTING THE FLOW OF INFORMATION: THE CAMCON SYSTEM

CAMCON, the analysis toolbox for running the calculations, has two important functions.

First, it provides the analyst with the nccesszwy tools and flexibility to build and execute all or

portions of an assessment for the WIPP. For example, it allows an analyst to quickly identify

available software and the necessary information (or using individual codes, enabling the analyst 10
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select the code(s) best suited for a particular study. Second, several of CAMCON’s procedures,

utility programs, and even directory structure assist in implementing software QA procedures

(Rechard et al., 1989). For example, CAMCON serves as a software management system,

providing (1) rudimentary configuration control, (2) FORTRAN libraries of commonly used

subroutines, and (3) on-line documentation for each code, consisting of a description of the code

and its capability, summary of user commands, update history, and examples.

Related to the first function, CAMCON has five main features that help the analyst perform a

quality analysis: (1) the ability to read model parameters from one central data base to ensure data

consistency; (2) semi-automated linkage of codes, reducing errors in keying in data, (3) a

computational data base that stores all data results in one location; (4) codes to algebraically

manipulate and plot any intermediate (and final) results for careful scrutiny; and (5) a procedure to

help archive analysis input and output.

1.5.2 THE CAMCON SYSTEM PARTS

The primary parts of the CAMCON system consist of (Figure 1-6):

1. Code modules broken down into:

. seven computational modules (mesh generation, property assignment and Monte

Carlo sampling, etc.)

. one support module (e.g., plotting and atgebraic manipulation) (eighth module)

. one utility module for archiving input files and results, listing programs, reporting

code discrepancies, etc. (ninth module)

. a data base modttlc containing software for storing and/or manipulating the secondary

and computational da~{ bmcs

2. A computational data base, CAMDAT, and several secondary data bases

3. A collection of frequently used subroutines in FORTRAN object libmrics (e.g., plot

libraries)

4. A suite of proccctural files (and symbols to set up the computer environment) for rcacty

access and execution (either batch or interactively) of the compuntional and suppor~

modules. The VAX/VMS procedures are written in DEC (Digital Equipment

Corporation) Control Language (DCL).

5. Directory structure and protocols for storing codes for rudimentary configuration control.

6. Help files for on-line documentation.

The CAMCON software (modules, procedures, help files, and libraries) is stored within its own

directory on the WIPP 8810 VAX computer.
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1.5.3 CODES AVAILABLE IN THE CAMCON MODULES

The ten code modules (groupings of codes) mentioned above are the (1) mesh generation

module, (2) material property module, (3) regional and local hydrologic module, (4) panel module,

(5) transport module, (6) compliance calculation module, (7) statistical module, (8) support

module, (9) utiliLy module, and (10) datii base module.

● The Mesh Generation Module discrclizcs the models needed for assessing consequences of

one scenario.

● The Property (Monk? Carlo sampling) Module samples distributions of geologic and

hydrologic properties needed for uncertainty and sensitivity calculations.

. The Regional and Local Fluid-Flow Module establishes flow conditions within the

controlled area of the repository.

● The Repository Module develops a source lerm for transport calculations by incorporating

the complex proccsscs in lhc waste container, storage room, drifts, shaft, and suds.

● The Nucl idc Transport Motiulc prc(iicLs rwiionuc]idc migra~ion from the repository source to

Lhc accessible environment boumitiry for EPA standar(i calculations or the maximally

exposed individuals for the NEPA calcukllions.

“ The Compliance Module evaluates the cumulative distribution function (CCDF) from

simulations on all scenarios to assess compliance with the EPA Standard.

● The SK~tistical Module cval uakx parameter sensitivity through regression analysis.

● The Support Module provides data base manipulation and plotting codes to SUf)POtl Lhc

other mo(iulcs.

● The Utility Module contains codes tha[ assist in the opcralion of the CAMCON system

(e.g., listing programs, etc.).

. The Property Data Base Module inputs an(i manipulates the data collected during disposal

system characterization.

CAMCON currently consists of abouL 75 codes and FORTRAN object libraries, which

includes those codes and libraries dcvclopcd external to Sandia, those internal to Sandia but

developed in other organizations, and those dcvclopcd spcci fically for the WIPP project. The 10M1

FORTRAN lines of software written specifically for the WIPP project is about 300,()()0 (of which

about 51 % arc comment Iincs). Imported sollwarc, much of’ which was modified for usc in Lhc

WIPP projec[, tolals about 175,000” (25% commenls) hut cxcludcs six libraries and codes for

which only cxccutiiblcs arc available. Thus, d~c KM] is aboul 475,()()() lines of FORTRAN coding

that may be selected by the analyst.

In most cases, a choice of computer codes is available within each module. For example, five

codes are available in the groundwatcr flow module; the selection depends upon the type of

problem under consideration. The codes available within each module arc listed below:
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Mesh Generation Module

● FASTQ: generate finite-clement mesh

* GENMESH: gcncratc rectilinear mesh

● GENNET: gencmtc nclwork

c PATEXO: transform PATRAN ncuKal file to CAMDAT data base format

Property Module

● BCSET: sc~ up boundary condition

● FITBND: determine functional relationships between well heads and pressure boundary

conditions and optimize fh of pressure boundary conditions

● GARFIELD: gcncratc equally likely attribute fields, e.g., tr’nsmissivity

● GENOBS: gcncra[c a set of impulse functions at selected points along the boundary

● GRIDGEOS: intcrpolalc from data to mesh

● ICSET: set up initial conditions

● LHS: sample using Latin hypcrcubc sampling

PRELHS: translate from property secondary data base to LHS

POSTLHS: translate from LHS output to CAMDAT

● MATSET: set up rnatcrial properties

● RELATE: intcrpolalc from coarse to fine mesh and fine to coarse mesh (relates property

and boundary conditions)

● SORTLHS: reorders LHS vectors

Groundwatcr Ftow Module

● BRAGFLO: model two-phase flow

● BOAST_II: model black oil

PREBOAST: umslate from CAMDAT to BOAST_II

POSTBOAST: translate from BOAST_II to CAMDAT

● HST3D: model hydrologic flow

PREHST: translate from CAMDAT to HST3D

POSTHST: translate from HST3D to CAMDAT

● SECO_2DH: model 2-D hydrologic flow using head formulation

● SUTRA: model hydrologic flow

PRESUTRA: translate from CAMDAT to SUTRA

POSTS UTRA: translate from SUTRA to CAMDAT

● SUTRA_GAS: SUTRA modified for Iluid as gas instead of liquid
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● SWIF_II: model hydrologic flow

- PRESWIFT’: translate from CAMDAT to SWIFT_II

- POSTSWIFT: translate from SWIFT_II to CAMDAT

Repository Module

● CUTTINGS: evaluate amount of material removed during drilling

● PANEL: model flow (analytically) and radionuclide conccntra[ion (mixing cell) in a WIPP

disposal panel

Transport Module

● NEFTRAN: simulate transport with nclwork model

PRENEF: translate from CAMDAT to NEFTRAN

- POSTNEF: translate from NEFTRAN to CAMDAT

D STAFF2D: model transport using finite clcmcnts

- PRESTAFF translate from CAMDAT to STAFF2D

- POSTSTAFF: translate from STAFF2D to CAMDAT

Compliance Module

● CCDFCALC: preprocess radionuclidc time histories for CCDF

● CCDFPERM: calculate decomposed scenario probabilities

● NUCPLOT: plot box plots of each radionuclidc contribution to CCDF

● CCDFPLOT: PIO1 CCDF

● GENII: calculate human doses

● DOSE: calculate doses from transfer factors

Support Module

“ ALGEBRA: manipula[c data in CAMDAT

“ BLOT: plot mesh and results

* GROPE: read CAMDAT file for debugging

● RESHAPE: redefine blocks (i.e., groupings of mesh elements)

■ TRACKER: tmck a neutrally buoyant particle

● UNSWIFT’: convert SWIFl_II input files into CAMDAT data base

Statistical Module

● PCCSRC: calculate p’artial correlation coefficients and standardized regression coefficients

= STEPWISE: select regression model using stcpwise techniques
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● LHS2STEP: translate from LHS output to STEPWISE or PCCSRC

● CCD2STEP: translate from CCDFCALC to STEPWISE or PCCSRC

Utility Module

● CHAIN: calculate radionuclide chains

● CHANGES: record needed enhancements to CAMCON or codes

w DISTRPLT: plots pdf’s given parameters

● FLINT: analyze FORTRAN codes

. HLP2ABS: convert help file [o software abstract

● LISTDCL: list DEC command procedural files

● LLSTFOR: list programs; summarize comments and active FORTRAN lines

● NEFDIS: plot NEFTRAN dischwgc history m a function of time

Dam Base Module

● GENPROP: enter itcm into property dau base

● INGRES: store and manipulate data (commercial relational data base manager)

● LISTSDB: tabulate data in secondary data base for reports

● PLOTSDB: plot parameter distributions in property secondary data base

● CAM2TXT: convert binary CAMDAT to ASCII format file

● SCANCAMDAT: quickly summarize data in CAMDAT

● TXT2CAM: convert ASCII file to binary CAMDAT data base
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Introduction

2. DRILLING INTRUSION PROBABILITIES—Jon C. Helton

2.1 Introduction

The U.S. Environmental Protection Agency (EPA) has promulgated the following as a

requirement for the geologic disposal of radioactive waste (U.S. EPA, 1985):
191.13 Containment requirements.

(a) Disposal systems for spent nuclearfuel or high-level or (ransuranic radioactive wastes
shall be designed to provide a reasonable expectation, based upon performance
assessments, (ha~ the curnula[ive reieases of radio nuclides 10 the accessible environment
for 10,000 years after disposal from al[ significant processes and events [hat may [ffect

the disposal syslern shall:
(I) Have a likelihood of less than one chance in IO of exceeding [he quanlitie.r 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).

The term accessible environment means “(1 ) the atmosphere; (2) land surfaces; (3) sur~~cc waters;

(4) oceans; and (5) all of the lithosphere that is beyond the controlled area” [U.S. EPA, 1985,

191.12 (k)]. Further, controlled area means “(1) a surface location, to bc identified by passive

institutional controls, that encompasses no more than 100” square kilo[mctcrs an(i extends

horizontally no more than 5 kilometers in any direction from the oulcr boundary of lhc original

location of the radioactive wastes in a disposal systcm; and (2) Lhc subsurface underlying such a

surface location” [U.S. EPA, 1985, 191.12 (g)]. Table 1 (Appendix A), which is referred to in the

preceding containment requirements, is reproduced here as Table 2-1.

For releases to the accessible environment that involve a mix of radionuclides, [hc limits in

Table 2-1 are used to define normalized releases for comparison with the rclcasc limits.

Specifically, the normalized release for transuranic w~stc is defined by

f)nR = ~ Q (lx106Ci/C\, (2-1)

Qi =

Li =

ad

cumulative release (Ci) of radionuclidc i to the accessible environment during the

10,000-ye~ period following closure of the repository,

the release limit (Ci) for radionuclide i given in Table 2-1,

amount of transuranic waste (Ci) emplaced in the repository.~=

For the 1991 WIPP performance assessment, C = 11.87x 106 Ci,
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Table 2-1. Release Limits for the Containment
(U.S. EPA, 1985, Appendix A, Table 1)

Radionuclide Release Limit Li
or Other Unit of

Americium-231 or -243

Carbon 14

Cesium-135 or -137

iodine-129

Neptunium-237

Plutonium-238, -239, -240, -or -242

Radium-226

Strontium-90

Requirements

per 1,000 MTHM*
Waste (Curies)

100

100

1,000

100

100

100

100

1,000

Technetium-99 10,000

Thorium-230, or -232 10

Tin-126 1,000

Uranium-233, -234,-235,-236, or -238 100

Any other alpha-emitting radionuclide with a half- 100
life greater than 20 years

Any other radionuclide with a half-life greater than 1,000
20 years that does not emit alpha particles

8

9
10
11 * Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of
12 heavy metal (MWd/MTHM) and 40,000 MWd/MTHM.
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In addition, the EPA directs that the results of a performance assessment intended to show

compliance with the release limits in 191.13 should be assembled into a single complementary

cumulative distribution function (CCDF). Specifically, the following statement is made:

. whenever practicable, the implementing agency will assemble all of the results of the

performance assessments to determine compliance with [section] 191.13 into a

“complementary cumulative distribution function” thal indicates the probability of

exceeding various [evels of cumulative release. When the uncertainties in parameters are
considered in a pe~ormance 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

[section] 191,13$ this single distribution function mee[s the requirements of [section]
191.13(a), (U.S. EPA, 1985, Appendix B, p. 38088).

Construction of the single CCDF requires a clear conceptual representation for a performance

assessment. A representation breed on a set of ordered triples provides a suitable way to organize a

performance assessment and leads naturally to the presentation of the outcome of a performance

assessment as a CCDF (Kaplan and Garrick, 1981; Helton et al., 1991). Specifically, the outcome

of a performance assessment can be represented by a set of X ordered triples of the form

where

Si = a set of similar occurrences,

pSi = probability that an wcurrencc in set .$i will take place,

CSi = a vector of consequences associated with Si

ad

n S = number of sets selected for consideration.

(2-2)

In terms of performance assessment, the Si are scenarios, the PSi are scenario probabilities, and

the CSi are veetors containing results or consequences associated with scenarios.

The information contained in the PSi and CSi shown in (2-2) can be summarized in CCDFS.

With the assumptions that a particular consequence result CS (e.g., normalized release to the

accessible envimnmcnt) is under consideration and that the values for this result have been ordered

SO that CSi < C~i+] for i = 1,2,..., nE – 1, Figure 2-1 shows the resultant CCDF. As illustrated in
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Figure 2-2, the EPA containment requirement in 191.13 specifies that the CCDF for normalized

release to the accessible environment should fall below a curve defined by the points (1, 0.1 ) and

(10, 0.001). The vertical lines in Figure 2-2 have been added for visual appeal but are not really

part of the CCDF. A waste disposal site can be considered to be in compliance with the EPA

release limits if the CCDF for normalized release to the accessible environment falls below the

bounding curve shown in Figure 2-2.

Since the representation for a performance assessment in (2-2) and the resultant CCDFS in

Figures 2-1 and 2-2 involve probabilities, there must be an underlying sample space. For

performance assessments conducted to provide comparisons with the EPA release limits, the

sample space is the set .$ defined by

S = {x:x a single 10,000-year

under considcmtion }.

time history beginning at decommissioning of the facility

(2-3)

Each 10,000-year history is complete in the sense that it provides a full specification, including

time of occurrence, for everything of importance to performance assessment that happens in this

time interval. The .Si appearing in (2-1) are disjoint subsets of $ for which

nv

(24)

i=l

In the terminology of probability theory, the $i arc events and the PSi are the probabilities for

these events. It is the discrctization of.$ into the sets si that leads to the steps in the Cstimatcd

CCDFS in Figures 2-1 and 2-2. The use of more sets will reduce the step sizes but will not atter

the fact that CCDFS are the basic outcome of a performance assessment (Helton et al., 1991,

Chapter VI).

Important parts of any performance assessment are the discretization of ,S into the sets Si,

commonly referred to as scenario development (Hunter, 1989; Ross, 1989; Cranwell et al,, 1990;

Guzowski, 1990), and the subsequent determination of probabilities for these sets (Mann and

Hunter, 1988; Hunter and Mann, 1989; Guzowski, 1991). For radioactive waste disposal in

sedimentary basins, many computational scenarios (i.e., scenarios defined specifically for the

construction of CCDFS) result from unintended intrusions due exploratory drilling for natural

resources, particularly oil and gas. To construct CCDFS of the form shown in Figures 2-1 and 2-

2, the time histories associated with these drilling intrusions must be sorted into disjoint sets such

that (1) each si is sufficient y homogeneous that it is reasonable to use the same consequence

2-4
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result CSi for all elements of si, (2) a probability PSi can be determined for each .$i, and (3) the

computational costs for estimation of PSi and CSi are acceptable.

This chapter describes a decomposition of drilling intrusions into computational scenarios on

the basis of number of intrusions and their times of occurrence and derives the necessary formulas

to convert from drilling rates to scenario probabilities. For these derivations, the occurrence of

individual drilling intrusions is assumed LObe random in time and space, although the drilling rate

is not assumed to be constant or, for that matter, even continuous through time. A following

presentation will describe a computational procedure that can be used to determine CCDFS for

intrusions due to drilling (Chapter 3).

2.2 Mathematical Preliminaries

The symbol Sk (a, b) will bc used to denote the subset of 3 [see (2-3)] defined by

.$~(a, b)={x:x an clement of .S that involves exactly k drilling intrusions in the time

interval (a, b] }. (2-5)

One of the objectives of this presentation is to derive a probability p[..$k (u, b)] for .$k(a,b).

Membership in Sk (a, b) only places a restriction on intrusions in the time interval [a, b] and thus

does not preclude intrusions in other time intervals. As a result, an additional objective will be to

determine the probability P[fi~=l.$n(i)([i-l,~i)] for the set (l~=l~n(i) (ti-l, ti), where

to<ll< ...<[n and each n(i), i = 1,2,,.., n, is a nonnegative integer. This corresponds to

determining the probability of a computational scenario in which exactly n(l) intrusions occur in

time interval [t., tl],exactly n(2) intrusions occur in time interval [[1, [2 ], and so on.

The probability of having exactly one intrusion in the time interval [u, v] will be

approximated by a function F such that

p[e$(u,v)] = F’(u,v)+ O[(v - U)q, (2-6)

where the preceding notation is a shorthand for the statement that the ratio

31

32

p[.$(u, v)] - F(u, v)

(V-U)2

2-7
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is bounded as v – u approaches zero. More precisely, the statement in (2-6) is satisfied on a time

interval [a, b] if there exists a number B and a sequence of times a = to < [1 <... < [n = b such

that, ifl~i~n andri--l~u<v ~b, then

P[-$I(u,v)] - F’(u, v) <B

(V-U)2 “
(2-8)

The expressions in (2-6) and (2-8) are providing a mathematical form for the statement” F(u, v) is

a good approximation to p[.$ (u, v)] when v – u is small. ”

The function Fin (2-6) can be defined in a number of ways. The simplest definition is

F(u, v)=l(v–u). (2-9)

In this case, F corresponds to a Poisson process (Cox and Lewis, 1966; Haight, 1967; Cox and

Isham, 1980) with a fixed rate of constant k (i.e., a homogeneous Poisson process). A step up in

complexity is

F(u, v) = k(u)(v - u) , (2-lo)

in which case F corresponds to a Poisson process with a time-dependent rate constant (i.e., a

nonhomogeneous Poisson process). Results obtained in an expert review process indicate that the

WIPP performance assessment may need to use time-dependent values for 1 (Hera et al., 1991).

Another possibility is

F(u, v) = f(u)[g(v) -g(u)], (2-11)

where g(t) is the probability that no intrusions will have occurred by time t and ~(~)= –1 / g(l).

As a final example, F might be defined by

{

ifti_l<U<V=[i
F(u, v) = ‘i

X(v – u) otherwise,
(2-12)

where ti_l <ti and O<pi <1 for i=l,2, . . . . The preceding example allows nonzcro failure, or

intrusion, probabilities at fixed points in time; this type of discontinuity is unlikely to arise in

radioactive waste disposal problems but does help show the generality of characterizing a Poisson

process with an inlerval function.
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The following presentation will require two types of integrals involving interval functions of

the type defined in (2-9) through (2-12): sum integrals and product integrals. These integrals,

along with some related terminology, are now defined.

Definition 1. The statement that ‘D= {xi}fl{) is a subdivision of an interval [a, b] means

a=xo<x~<... <xm=b.

Definition 2. The statement that m is a refinement of a subdivision !D of [a, b] means (1) !lC

is a subdivision of [a, b] and (2) every point in 9 is also a point in ~.

J

b
Definition 3. The statement that the sum integral F exists means there cxiski a number

a

L such that, if &>() , then there exists a subdivision ‘D of [a, b] such that, if ~ = {ri}~=o is a

refinement of 5D,then L–Z~=l F(fi_l ,fi ) <&.

Definition 4. The statement that the product integral a IIb(l + F) exists means there exists a

number L such that, if e >0, then there exists a subdivision ‘DOf [a, b] such that, if R = {ri}~=o

is a refinement of D, then L–~~=l [l+ F(q_l,~ )] <E.

As indicated in the two preceding definitions, the sum and product intcgrds

J

b
F and ~~b(l+fl)

a

are simply representations for limits involving

21

22 respectively. These definitions lead to the equalities

23

(2-13)

(2-14)

(2-15)

25

26 ad

27

2-9
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fora~x<b, where

J‘F’= Oand X~x(l+F)=l.
x

(2. 16)

(2-17)

As shown by the following two theorems, there is a reciprocal relationship between sum and

product integrals.

Theorem 1 (Hclton, 1973a). If F is an interval function defined on [a, b] and either

(1) Jb F exists and ~b F2cxists,
a a

or

(2) ~b Fexists and ~b(l + F) exists and is not zero,
a a

or

(3) each of ~b(l+ F) and ~b(l -F) exists and is not zero,
a a

YMthen F, ‘F2 and ~y(l+F) exist fora SxZy Sb.
x x x

Theorem 2 (Davis and Chatficld, 1970; Hcllon, 1973 b). If F is an interval function defined on

[a,b] andeithcr 1~~ exists or ~~y(l + F) exists for a S xs y S b, then either of thefollowing

two s~tements implies the other

(1
(1) ~y(l+F) and ~yF both exist and ~y(l+F)=cxp ~yF for a<x<y <b,

x x x x

ad

(2) ~bF2 =0.
a

27

2-1o



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Mathematical Preliminaries

The definition of F in (2-9) satisfies both theorems, as does the definition in (2-10) if k(u) is

bounded and integrable on [a, b]. It is also possible for the definition in (2-11) to satisfy both

theorems when g does not have any discontinuities. The definition in (2-12) satisfies Theorcm 1

when ~~=1 pi exists but will not satisfy Theorem 2 unless Pi = O for i = 1,2, . . . . Theorem 2 is

important because it presents the relationship between product integrals and cxponcntials of sum

integrals.

In the discussions that follow, it will be assumed that F is sufficiently well-behaved for

existence of both J~F2 and x~y(l + F’) for a < x < y < b. Actually, we will be interested in

existence of ,XHy(l – F), which follows from Theorem 1 if J~F and x ~y(l + F) both exist,

the

the

or

cquivafently, if J~F and j~F2 both exist. Further, the exponential relationship in Theorem 2

will be used to simplify relationships under the added assumption that J~F2 = O.

Although not widely used, product integrals are a very useful mathematical construction.

Additional background and information can be found in several rcfcrcnccs (Mmani, 1947; Hciton,

1977; Dollard and Friedman, 1979; Gill and Johanscn, 1990).

2.3 Computational Scenario Probabilities for Single Time
Intervals

This section presents a derivation for the probability that exactly k intrusions will occur in a

fixed time interval. More specifically, the purpose of this section is to determine the probability

p[~k(a, b)] of Sk(a, b). Notation will involve a subdivision {fi]~=o of [a, b]. Further, limits

arc assumed to be of the subdivision-refinement type, although the notation does not expressly

indicate this. The function F is also assumed Lo bc sufficiently well-behaved for all indicated

integrals to exist.

The probability of no intrusions in the interval [a, b] is given by

[J)b
=exp– F

a [J ]b
if F2=0

a

2-11
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= exp[–k(b – a)] , [if F(r,s) = L(s - r)] (2- 18)

where the final expression is the usual form for a Poisson process with a fixed rate constant 1.

The expressions

a (J ]
@F) and c?xp -‘F

a
(2-19)

give the probability of no intrusions under less restrictive conditions. In particular, the

exponential form includes time-dependent values for k, and the product integral form is sufficiently

general to permit nonzero intrusion probabilities at fixed points in time. A discussion of similar

derivations in other contexts is given in Gill and Johansen (1990), Section 4.1.

The probability of exactly one intrusion in the interval [a, bl is given by

i=l

= Jjp[.$O(a~)]fl~,~) P[.%(s,~)]

=j:a~r(l-F)F(r>s) ~b(H-)
$

=[J:++t’F)
=[k(b - a)]cxp[-k(b- a)], [if F’(r,.Y) = L(s - r)] (2-20)

wherethefinalexpressionisagaintheusualformfora Poissonprocesswitha fixedrateconstant

k. The expressions

~fa~’(l-F)F(r,s)~b(I-F).s ~d[f++rq
give the probability of exactly one intrusion under less restrictive conditions.

The probability of exactly two intrusions in the interval [a, b] is given by

(2-21)

2-12
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p[S2(4b)] = nl~cO jj PIL$l (a,fi-1 )~(ti-l ,fi)P[.$O([i,b)]

i=~

= j~p[.%(a,~)]~(wv)P[.$o(v,~)]

bu——
J[JH 1‘(1-F)fw,s),n”(l-F)F’(W“)~~b(l - F’)

a au

=J:[p][aHu(l-F)]F(u,v)v~b(l-F)
[fJ:F2=o]

={j:[j:F]F(u,v,}aHb(l-F,

={J:[J:F]F(UV)}.XP[-J:F)

‘P2(b~a)21cxp~-k(b-a)J[if F(u,v) = X(v-u)] (2-22)

L A

8

9 where the final expression is the usual form for a Poisson process with a fixed rate constant k.

10 Various representations for a Poisson process under less restrictive assumptions are also given in

11 the preceding sequence of equalities.

12 The preceding derivations can be continued for k =3,4, . . . . In general, the probability of

13 exactly k intrusions, k = 1,2,3,..., in the interval [a, b] is given by

14

15

16

17

p[~k(a, b)] = nl~m~ ~p[sk-l(a,fi-l)] ~(~i-l,fi)p[so(fi, b)]

i=l

=[J:{J;[(J:~]F(.$)]]F(~v)].xP(-J:F] p’,’y=o]

[1kk(b-a)k——
k!

exp[-l(b– a)], [if F(u,v) = L(v - u)] (2-23)

18 where the preceding iterated integral involves k integrals. The final expression is the usual form

19 for a Poisson process with a fixed rate constant k. As before, the two preceding expressions give
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2 the equalities in (2-23) could bc established by mathematical induction.
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2.4 Computational Scenario Probabilities for Multiple Time
Intervals

This section presents a derivation for the probability of a pattern of intrusions involving

multiple time intervals. Suppose {ti }~=o is a subdivision of the time interval [a, b]. Further, for

2 =1,2,... ,n, let .$(/i_l ,/i) denote a subset of 3 that is defined on the basis of drilling intrusions

occurring in the time interval [[i–l ,ti ]. That is, the conditions that dctcrminc whc[hcr or not an

clement x of .$ is also an clement of .S([i_l, [i) arc specified only for [ti–l,~i), and thus, the

possible intrusions associated with x in other time intervals do not affect membership in

.$(ti-l,li).

A set of time histories satisfying the conditions imposed on S(ti-1 ,ti) for all i can be

obtained by forming the intersection of the sets S(ti–l ,ti ). Specifically, the time histories in the

set.

n

17 S(a, b) = nJ(fi_l ,ti) (2-24)

i=]

18

19 satisfy the conditions imposed on each of the sets $( fi_l, ti ). The intrusion model is based on the

20 assumption that the occurrences of boreholes arc independent in time and space. Thus, the sets

21 (i.e., events) S(~i_l ,~i) and S(tj_I, tj ) arc indcpcndcnt for i #j. As a result, the probability of

22 .S(U, I-J)can be obtained from the relationship

(2-25)

24

25 In words, the probability of S(a, b) is the product of the probabilities for the sets .$([i-l ,ti ).

26 The sets 5(ti_1 ,(i ) are often specified by the number of drilling intrusions (i.e., boreholcs)

27 occurring within the time interval [ti–1, fi]. AS indicated in Section 2.2, Sri(i) ([i–l ,fi ) can bc

28 used to denote the subset of 5 such Lhat x c ~$n(i)((i-l ,~i) only it x involves exactly n(i)

29 intrusions within the time interval [[i_l ,[i]. Then,
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n

.$(a, b) = n.Sntjj(fi_l,fi)

i=l

denotes the set of time histories

(2-26)

in which exactly n(l) intrusions occur in the time interval

[,o,q], exactly n(2) intrusions occur in the time interval [tI,(2], and so on. As shown in (2-25),

the probability of .$(a, b) is given by

p[~(a,b)] = fiP[Sn(i)(~i-1 ,Ii)] .

i=l

(2-27)

Section 2.3 provides computational formulas for the probabilities p[.$n(i) ([i-l, [i)]. These

formulas in conjunction with the relationship in (2-27) provide a means to determine the

probabilities of a wide variety of scenarios involving drilling intrusions.

Several examples are now presented to illustrate the use of the formula in (2-27). The first

[1
example is for a single borehole in time interval t~_l, [j and no intrusions in all other intervals,

which is equivalent to

{

lifi=j
n(i) =

Oifi#j.

In this case,

p[~(a, h)]= fi P[5n(i)(ti-1 .(i)j

1=1

[from (2-27)]

{P[sl(fj-l,fj)]}~ fiP[sO(ti-l,ti)]
j=j+l

[from (2-28)]

(2-28)

[from (2-18)]
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1 ={a”’~-l(,-F,}{p[s,(fj_,>fj)]}{,i_, ~’i(l-~)} ~

2

3 The value for p[~l (tj_l, tj )] is given in (2-2o) and resul~ in the equality

5 ●{fjHb(l-F)}

(2-29)

(2-30)

6

7 The preceding representation for p[~(a, b)] was developed with no resmictions on F other than the

8 existence of the integrals involved. Simpler representations result when additional restrictions are

9 placed on F.

10 When the requirement that j~F2 = O is added, the representation in (2-30) bezomes

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Further, the representation in (2-30) becomes

p[.$(a, b)] = [k(f~ - fj-l)]e.p[-k(b - a)]

when the additional requirement that F(M, v) = L(v – u) is added,

(2-31)

(2-32)

The intrusion pattern indicated in (2-28) is equivalent to no intrusions in the time intervals

[d b] [a ( ._l and f b together with exactly 1 intrusion in the time interval tj_l, tj ]. When this

decomposition is used, the representation for p[.$(a, b)] is

p[~(a,b)]={p[So[a,fj-l)]}{p[Jl(~j-lfj)]]{ P[~o[fjb)]]
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={a=’j(l-F)}{PISl(~j-ltj)]}{fj~b(l-F)} (2-33)

[from (2-27)]

which is the same as the representation in (2-29).

The second example is for exactly k boreholes in time intewal [~j–1, ~j ] and no in~usion in

all other intervals, which is equivalent to

{

kifi=j
n(i) =

Oifi#j.

As indicated in both (2-29) and (2-33), this case leads to

/7[.$(~,b)]‘{a~’j-’ (1 - ~)}{PIS~[fj-l,fj )]}{,j ~b(l- ‘)}

The form tien by P[.$k (tj_l, tj )1 is shown in (2-29), which leads to

(2-34)

(2-35)

14 p[~(a,b)] ={a~tj-l (1 - F)}{~~_l P[~k-l(tj-l~)~(~v) P[~o(v,tj)]~{tj ~b(l-~)}

15 (2-36)

16

17 for the general case,

19

20 for the case J~F2 = O, and

21

[1

kk([j – fj-1 )k

p[.$(a,b)] = k, exp[–l(b – a)]

(2-37)

(2-38)

22

23 for the case F’(u, v) = L(v - u).
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[1The third example is for exactly k boreholcs in time interval tj–1, tj , exactly m boreholcs in

time interval [~f_l, tf],and no intrusions in all other intervals, which is equivalent to

1
k ifi=j

n(i)= m ifi=l

O otherwise,

(2-39)

Derivations similar to those shown in (2-29) and (2-33) lead to

p[S(4b)] = {a~fj-’ (1 - ~)}{PISk[tj-I,fj)]]{,j ~“-’ (1-~)}

“{P[.$n(O-l >0)]}{/1 ~a(l – 0}> (2-40)

with the assumption that tj < t[. The forms taken by p[~k (tj_l,tj)]ad p[.$~(tf-l,fi)]are

shown in (2-29) and can be substituted into (2-40) to produce expressions corresponding to those

shown in (2-36), (2-37) and (2-38). The general case and the case for ~~F2 = O will involve two

pairs of iterated integrals. The relatively simple expression

[

)bk+m(tj - tj_~ )k(t[- t~_~)m
p[.$(a,b)]=

k!m!
exp[–k(b - a)] (2-41)

is produced for the case F(u, v) = L(v– u).

This section concludes by returning to the general case shown in (2-27) in which exactly n(i)

intrusions occur for each time interval. Equation (2-29) provides computational formulas for the

probabilities ~~~n(i) (ti_l, ti)]appearing in (2-27). Thus, a general formula for p[.$(a,b)] could

be generated by substituting the relations in (2-29)into (2-27). The resultant relationships for the

general case and the case j~F2 = O are rotationally messy due to the many iterated integrals

involved. However, the relatively compact relationship

cxp[–l(b – a)] (242)
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results for the case F(u, v) = L(v – u).

2.5 Computational Scenario Probabilities for Pressurized
Brine Pockets

Field data indicate that part of the waste panels at the WIPP may be underlain by one or more

pressurized brine pockets in the Castile formation (Earth Technology Corp., 1987). The possible

location of these pockets is shown in Figure 2-3. As a result, a potentially important summary

scenario involves two or more boreholes through a waste panel in which at least one borehole

penetrates a pressurized brine pocket and at Iemt one borehole does not. The significance of this

summary scenario results because fluid may flow up one borchole from the pressurized brine

pocket, through the panel, and then out through another borehole. This was referred to as the

E1E2 scenario in the 1990 WIPP performance assessment for the case involving two boreholes

through a panel in which one borchole penetrates a pressurized brine pocket, one boreholc does not

penetrate a pressurized brine pocket, and the borcholc seals fail in a pattern that induces flow

through the panel as shown in Figure 2-4 (Bertram-Howery ct al., 1990).

Determination of probabilities for E 1E2-typ computational scenarios is based on the subsets

‘lM?; (l; a,b) and @Pk–(/; a,b) of 5, where

KP;(l;a,b) = {x:x an element of J that involves exactly k drilling intrusions through

waste panel 1 in the time interval [a, b] that penetrate a pressurized

brine pecket} (2-43)

and

!B!Pk-(/; a,b) = {x:x an element of .$ that involves exactly k drilling intrusions through

waste panel 1 in the time interval [a, b] that do not penetrate a

pressurized brine pocket }. (244)

Computational scenarios of the E 1E2-type are defined by the intersection of sets of the form

shown in (2-43) and (2-44).

As shown in (2-18) and (2-23), the probabilities for @P~ (l; a,b) and ‘B!Pk-(l; a,b) arc given

by

34 (245)
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Figure 2-3. Contour Map of Elevation to First Major Conductor below
WIPP Disposal Area (after Earth Technology Corp., 1987) (see
Section 5.1.1 of Volume 3 of this report).
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Figure 2-4. Conceptual Model for Scenario EIE2 (Bertram-Howery et al.,
1990, Fig. IV-6). Arrows indicate direction of flow. The indicated plugs
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degraded. )
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1 (246)

(2-47)

2

3

4

5

6

ad

7

8

9

10

where,k=l,2,... in (246) and (2-48) and the functions F+ (1;u, v) and F– (/; u, v) approximate the

probability of drilling through panel 1 in time interval [u, v] and penetrating a pressurized brine

()pocket F+
()

and not penetrating a pressurized brine pocket F– , respectively.11

12

13

14

Since drilling is assumed to be random in time and space, F+ (/;u, v) and F-(/; u,v) are

related to the function F used in Sections 2.3 and 2.4 by

F+,l;U,V,=(:;:;;,)(a;::))F,U,V,

()

UBP(l)
. ~ F(u, v)

15

16

17 ad

18

(249)

F’-(l; u,v)==( )( )aTOT(/)- aBP(l) uTOT(l)
~ToT F(u, v)

aToT(/)

(

= aT07(l) – uBP(l)

)
F(U>v),

aTOT19 (2-50)

20

21 respectively, where

22

23 uBP(/) = area (m2) of pressurized brine pocket under waste panel 1,

24 aTOT(l) = total area (m2) of waste panel 1,

25

26 ad

27
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a70T = total area (m2) of all waste panels.

For the special case in which F(u, v) = k(v–u), the functions F+(l; u,v) and F’-(l; u,v) are

defmcd by

F+(l;u, v) = et(f) (v-u) and F-( f;u, v)= ~(f)(v- u),

where

(2-51)

(2-52)

The probability of having an E 1E2-type computational scenario involving waste panel 1

during the time interval [a, b] is given by

p[IBT~(l;a,b)f7’BT1- (l;a, b)] = p[WP~(l;a,b)] p[~fp~(f; a,b)], (2-53)

[
where p ~Y1+ (/; a, b)] and p[~~,– (/; u,b)l arc defined in (2-46) and (2-48). For the special case in

which F’(u, v) = 1( v – u), the preceding expression becomes

P[~$’~(Lat~)n~~’(h ~)]
= {a(f)(b-a)exp[-a( l)(b-a)]}{~(l)(b -a)cxp[-~(l)(b -a)]}

= a(f)~(l)(b - a)2 exp{-[a(l)+ ~(l)][b- a]}

{ }

_ aBP(l)[a70T(l)- uBF’(1)] 2
— k (b - a)2 cxp{-[a”1’07’(1 )/aTOT]k(b - a)], (2-54)

aTOT2

where u(I) and ~(l) are defined in (2-52) and the values for p[~~~(l; a, b)] and p[~~-(~;u,b)]

follow from a derivation analogous to the one shown in (2-20).

In a similar manner the probability y of having an E lE2-type computational scenario for the

time interval [a, b] in which r boreholcs pass through waste panel 1 and subsequently penetrate a

pressurized brine pocket and s borcholcs pass lhrough waste panel 1 but do not penetrate a

pressurized brine pocket is given by

2-23



Chapter 2. Drilling Intrusion Probabilities

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

(2-55)p[~~~(~;a,b)fi~~~-(l;a,b)] = p[3!P~(f;a,b)] p[wP~-(/;a,b)].

For the special case in which F(u, v) = A(v – u), the preceding expression becomes

P[%%’; (L% b)nm’-(b?b)]

={[a(f)]r[b-a]r exp[a(f)(~-a)]]{[p(l)]s[b-a]$tw[b(l)(b-a)]]

'{[aBp(i)]r[a~~~(,) -~Bp(~)]L'/aTOl-r+s}~r+s(b_a)r+`

● exp{[aTOT(/)/aTOT] l(b – a)}, (2-56)

which reduces to the expression in (2-54) when r =.; = 1.

Rather than basing the probability of an El E2-type computational scenario for waste panel 1

on the sets !bfPl+(l; a, b) and ‘BT1-(l; a, b), a more conservative (i.e., larger) probability can be

obtained by using the sets

‘IZP+(l; a, b)={x:x an clement of .S that involves one or more drilling intrusions through

waste panel 1 in the time interval [a, b] that penetrate a pressurized

brine pocket} (2-57)

ad

!lYP-(l; a, b)= {x:x

In this case, the probability

an element of S that involves one or more drilling intrusions through

wasle panel 1 in the time interval [u, b] that do not penetrate a

pressurized brine pocket}, (2-58)

for an El E2-type computational scenario is given by

p[5KP+(l;a,b)n@ P-(l;a,b)] = p[%l’+(l;a,b)] p[!B!P-(l;a,b)]

={l-a~b [l- F+(l;u,v)]}{l-a~b [l- F-( I; U,V)]}, (2-59)
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where the second equality follows from (2-1 8). For the special case in which F(u, v) = A(v – u),

the preceding expression becomes

p[’2YP+(l;a,b)n’2M)-( /;a,b)]= {1 -exp[-cx(l)(b - a)]} {l- exp[-~(l)(b - a)]}, (2-60)

where u(l) and ~(f) arc defined in (2-52).

Thus far, this section has dealt with E 1E2-type computational scenarios that involve a single

waste panel. A complete performance assessment requires consideration of all waste panels. This

leads to computational scenarios defined by sets of the form

WP1~- (a,b) = {X:X an element of .$ in which at least one waste panel is penetrated by

exactly two boreholcs during the time interval [a, b 1, of which onc

penetrates a pressurized brine pocket and one does not}.

(2-61)

where nP is the number of waste panels in the repository. The probability of 5BT1;– (a,b) is then

given by

——

20

21

22 As indicated in (2-54), the preceding relation becomes

23 p[~~<~-(a,b)]g ~[~(f)13(f)(b - a)2 cxp{-[~(1) +P(f)][b - a]}]

1=1

(2-62)

(2-63)

24

25
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when F’(u, v) = L(v– u) , where et(l) and ~(f) arc defined in (2-52).

As shown in conjunction with (2-60), it is also possible to determine a more conservative

probability for E 1E2-type computational scenarios by considering onc or more borcholcs rather

than the single borcholes associated with the sets fBP1+(l;u,b) and 2W- (l;a,b). This leads to

computational scenarios defined by sets of the form

‘EE’+-(u,b)={x:x

nf ,

an clemenL or.5 in which al Icasl onc waste panel is pcnclratcd by two or

more boreholes during the time interval [u, b], or which at Icasl onc

pcnctralcs a prcssunmd brine pocket and at Icmt one does not}

= u {9P+(/;a,b)n31’-(/;a,b)}. (2-64)

1=1 L
J

As shown in (2-62), the probability or @!I)+– (a,b) can be approximated by

p[WP+-(a,h)]~~lp [! BT+(l;a,b)]p [! B!l-(/;a,b)].

Further, when the condition that F’(u, v) = L( v – u) is added, it follows from (2-60) that

p[~q)+-(a~~)lg~{l -cxp[-~(~)(h-a)] ]{l-cxp[-p(O(~~- a)]]
[=1

where cc(f) and ~(l) arc defined in (2-52).

The approximations appearing in (2-62), (2-63), (2-65) and (2-66) result rrom use of the

identity

[1

N)N

P Usi = ~P(Ji)- ~P(~i~nJJ+O. +(-1)”+1 ~p(.$i, n.5i,fl...f15in)

i=l i=l il <iz il<iz<...<in

+... +lpl+1+l ~p1fp2n... fpN], (2-67)

which leads to the incqualiLy

(2-65)

(2-66)
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(2-68)

(~=1 ) j=l

Thus, the reiations in (2-62), (2-63), (2-65) and (2-66) actually provide bounds on the probabilities

involved. Strict equalities could bc derived. However, as indicated by (2-67), the resultant

relationships would be very cumbersome.

As indicated in (2-52), CX(I)and ~(l) depend on the ratios

aBP(l)/a’f’OT and [aTOT(l) - aBF’(1)]/aT07”. (z.~g)

Thus, as shown in (2-63) and (2-66) for F(u, v) = ?L(v-u), p[5?YP~-(a,b)] and p[%!P+-(a,b)]

also depend on these ratios. When only an estimate for

nP

UBP = y aBP(l) (2-70)
w

1=1

is available, where

estimated by

uBF’ is the total brine pocket area under the waste panels, uBP(f) can be

aBP(l) = aBP/nP, (2.7 1)

The preceding values for u([) and ~(l) can be used in conjunction with (2-63) and (2-66) to

estimate the probabilities for K!?l:-(a, b) and %2’+– (a, b), which correspond to El E2-type

computational scenarios involving exactly one intrusion of each type and one or more intrusions

of each type, respectively.

2.6 Example Results

The 1990 WIPP performance assessment (Bcrtram-Howery et al., 1990) used a value of
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k = 3.28x 10-4yr-1

for drilling intrusions, which

per 10,000-years (U.S. EPA,

(2-73)

was derived from an assumption of 30 boreholes ~r square kilometer

1985) and an excavated disposal area of 1.09 x 105 m2 (Volume 3 of

this report). For illustration, Table 2-2 shows the probability of various computational scenarios

involving drilling during different 2,000-year time intervals over a 10,000-year time period.

For a specified number of intrusions, the first column in Table 2-2 indicates the time interval

in which the first intrusion takes place, the second column indicates the time interval in which the

second intrusion takes place, and so on. The last column lists the probability for each

combination of intrusions. For example, the row

11 12 13 14 Prob

1 3 4 1.062 x10-2

under 3 Intrusions indicates that the first, second and third intrusions occur during the time

intervals [0, 2000], [4000, 6000] and [6000, 8000], respectively, and that the probability of this

pattern of intrusions (i.e., scenario) is 1.062x 10–2. When expressed with previously used

notation, this row indicates that

$1(0, 2000)n SO(20M14000)nSl (4000,60(X))nS1 (5000,8000)

f150(80W,10~O)] = 1.@52x10-2.
(2-74)

The probabilities appearing in Table 2-2 were calculated with the relationship shown in (2-42).

For each specified number of intrusions, say k, in Table 2-2, the resultant number of cases, or

scenarios, is the total number of combinations of the 2,000-year intervals taken k at a time with

repetition. In general, the number of combinations of n elements taken k at a time with repetition

is given by (Gellcrt et al., 1977, p. 578)

%’k =
[)

n+k–1

k“
(2-75)

For Table 2-2, n = 5 and k = 1, 2, . ... 15.

The EPA standard allows a 100-year period of administrative control to be assumed after the

decommissioning of a waste disposal facility in which no disruptions duc to human intrusion can
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occur. Table 2-3 shows the result of recalculating the scenario probabilities in Table 2-2 with an

assumed 100-year period of adminismation control (i.e., no drilling intrusions can occur in the first

100-years after decommissioning, which is equivalent to assuming that k = O in the time interval

[0, 100]). As comparison of Tables 2-2 and 2-3 shows, the assumption of a 100-year period of

administrative cm.rol has little effect on scenario probabilities defined by a Poisson process over a

10,000-year period.

Probabilities for El E2-type computational scenarios are shown in Table 2-4. The

probabilities in this Lablc arc actually approximations duc to the usc of the rclalions in (2-62), (2-

65) and (2-66). Exact results can bc obtained but Lhc formulas arc very involved. The values used

for aL?P(l), a7’OT(f) and u’I”OT in the generation of Table 2-4 arc shown in Table 2-5. For

comparison, Table 2-6 shows the probabilities that result when an initial 1()()-year period of

administrative control is assumed. As previously seen in Tables 2-2 and 2-3, the exclusion O!

drilling for a 100-year period dots not have a large impact when a lo,000-year period is un(icr

consideration.

Probabilities for various types of drilling scenarios arc shown in Tables 2-2, 2-3, 2-4 and 2-6.

Another factor that can enter into computational scenario definition is (IICdistribution of activity

Icvels (i.e., Ci/m2) within the waste cmplaccd in lhc repository. A projected distribution for the

activity levels in waste that will bc shipped m the WIPP is shown in Table 2-7. Chapter 301 this

volume discusses how activity loading can bc incorporated into both the definition and probability

of individual computational scenarios and the CCDF that can bc dctcrmincd for comparison with

the EPA rclcasc limits.
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1
2

3
4
5
6
7
8
9

10
11

12

Table 2-2. Probabilities for Computational Scenarios Involving
Multiple Intrusions over 10,000-years for
k = 3.28x 10-4yr-1 and 2,000-Year Time Intervals. For a
specified number of intrusions, the first column indicates
the time interval in which the first intrusion occurs, the
second column indicates the time interval in which the
second intrusion occurs, and so on, where 1 - [0,2000],
2. [2000,4000], 3- [4000,6000], 4- [6000,8000]
and 5 -- [8000,10000]; the last column lists
probability for each pattern of intrusions calculated
the relationship in (2--42).

O Intrusions

(prob = 3.763 E-02)

(cum prob = 3.763 E-02)

(comb of intrusions= 1)

1 Intrusion

(prob = 1.234E-01 )

(cum prob = 1.61OE-O1)

(comb of intrusions= 5)

11 12 13 14 Prob

1 2.468E-02

2 2.468E-02

3 2.468E-02

4 2.468E-02
5 2.468E-02

1.234E-01

2 Intrusions

(prob = 2.024E-01 )

(cum prob = 3.635 E-01)

(comb of intrusions= 15)

II 12 13 14 Prob

11 8.096E-03
12 1.619E-02
13 1.619E-02
14 1.619E-02
15 1.61 9E-02
22 8.096E-03
23 1.619E-02
24 1.619E-02
25 1.619E-02
33 8.096E-03
34 1.619E-02
35 1.619E-02
44 8.096E-03
45 1,619E-02
55 8,096E-03

2,024E-01

3 Intrusions

(prob = 2.213 E-01)

(cum prob = 5.848 E-01)

(comb of intrusions= 35)

11 12 13

111
112
113
114
115
1 22
1 23
1 24
1 25
1 33
1 34
1 35
144
1 45
155
222
223
224
225
2 33
234
2 35
244
245
255
333
334

3
3;:
345
355
444
445
455
555

14 Prob

1.770E-03
5.311 E-03
5.311 E-03
5.311 E-o3
5.311 E-03
5.311 E-o3
1.062E-02
1.062E-02
1.062E-02
5.311 E-03
1.062E-02
1.062E-02
5.311 E-o3
1.062E-02
5.311 E-o3
1,770E-03
5.311 E-03
5.311 E-03
5.311 E-03
5.311 E-03
1.062E-02
1.062E-02
5.311 E-o3
1.062E-02
5.311 E-03
1.770E-03
5.311 E-03

5.311 E-o3
5.311 E-03

1.062E-02
5.311 E-03
1.770E-03
5.311 E-o3
5.311 E-o3
1,770F-03
2.213E-01

4 Intrusions

(prob = 1.815 E-01)

the
with

(cum prob = 7.662E-01 )

(comb of intrusions= 70)

11 12 13 14 Prob

1111 2.903E-04
111 2 1.161 E-03

12 3 4 6.968E-03

.,

455 5 1.161 E-03
5555 ?.903F-04

1.815E-01

5 Intrusions

(prob = 1.190E-01 )

(cum prob = 8.853 E-01)

(comb of intrusions= 126)

6 Intrusions

(prob = 6.508 E-02)

(cum prob = 9.503 E-01)
(comb of intrusions = 21o)

7 Intrusions

(prob = 3.049 E-02)

(cum prob = 9.808 E-01)

(comb of intrusions = 33o)
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Example Results

1 Table 2-2. Probabilities for Computational Scenarios Involving
2 Multiple Intrusions over 10,000-years for

3 k= 3.28x 10-4yr-1 and 2,000-Year Time Intervals.
4 (Concluded)
5

8 Intrusions 11 Intrusions 14 Intrusions

(prob = 1.250E-02) (prob = 4.456 E-04) (prob = 7.200 E-06)

(cum prob = 9.933E-01 ) (cum prob = 9.998E-01 ) (cum prob = 1.000E+OO)

(comb of intrusions= 495) (comb of intrusions =1 365) (comb of intrusions =3060)

9 Intrusions 12 Intrusions 15 Intrusions

(prob = 4.556 E-03) (prob = 1.21 8E-04) (prob = 1.574E-06)

(cum prob = 9.979E-01 ) (cum prob = 1.000E+OO) (cum prob = 1.000E+OO)

(comb of intrusions=715) (comb of intrusions =1 820) (comb of intrusions =3876)

10 Intrusions 13 Intrusions

(prob = 1.494E-03) (prob = 3.073 E-05)

(cum prob = 9.994E-01 ) (cum prob = 1,000E+OO)

(comb of intrusions =1001) (comb of intrusions =2380)
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1
2

3
4
5
6
7
8
9

10
11
12
13

14

Table 2-3. Probabilities for Computational Scenarios Involving
Multiple Intrusions over 10,000-years for

k = 3.28x 10-4yr-1, a 100-year Period Of Administrative
Control During Which No Drilling Intrusions Can Occur,
and 2jO00-Year Time Intervals. For a specified number of
intrusions, the first column indicates the time interval in
which the first intrusion occurs, the second column
indicates the time interval in which the second intrusion
occurs, and so on, where 1 . [0,2000],
2 - [2000,4000], 3- [4000,6000], 4 _ [6000,8000]
and 5 . [8000,10000]; the last column lists the
probability for each pattern of intrusions calculated with
the relationship in (2-42).

O Intrusions

(prob = 3.888 E-02)

(cum prob = 3.888 E-02)

(comb of intrusions= 1)

1 intrusion

(prob = 1.263E-OI )

(cum prob = 1.651 E-01)

(comb of intrusions= 5)

11 12 13 14 Prob

1 2.423E-02
2 2.551 E-o2
3 2.551 E-o2
4 2.551 E-o2
5 2.551 E-o2

1.263E-01

2 Intrusions

(prob = 2.050E-01 )

(cum prob = 3.701 E-01)

(comb of intrusions= 15)

11 12 13 14 Prob

11 7.551 E-03

12 1.590E-02
13 1.590E-02

14 1.590E-02
15 1.590E-02
22 8.366E-03
23 1.673E-02
24 1.673E-02
25 1.673E-02
33 8.366E-03
34 1.673E-02
35 1.673E-02
44 8.366E-03
45 1.673E-02
55 8.366E-03

2.050E-01

3 Intrusions

(prob = 2.219E-01 )

(cum prob = 5.920E-01 )

(comb of intrusions= 35)

11 12 13

111
112
113
114
115
122
1 23
1 24
1 25
1 33
1 34
1 35
1 44
1 45
1 55
222
223
224
225
233
234
235
244

45
:55
333
334
335
344
345
355
444
4 45
455
555

14 Prob

1.569E-03
4.953E-03
4.953E-03
4.953E-03
4,953E-03
5,214E-03
1,043E-02
1,043E-02
1.043E-02
5.214E-03
1,043E-02
1.043E-02
5,214E-03
1.043E-02
5.214E-03
1.829E-03
5.488E-03
5.488E-03
5.488E-03
5.488E-03
1.098E-02
1.098E-02
5.488E-03
1.098E-02
5.488E-03
1.829E-03

5,488E-03

5.488E-03
5.488E-03
1,098E-02
5.488E-03
1,829E-03
5.488E-03
5.488E-03
1.829E-03
2.219E-01

4 Intrusions

(prob = 1.801 E-01)

(cum prob = 7.722E-01 )

(comb of intrusions= 70)

11 12 13 14 Prob

111 1 2.444E-04
111 2 1.029E-03

.,.

1 23 4 6.841 E-03

.

4 i i i 1.200E-03
55 5 5 3.000E-04

1.801 E-01

5 Intrusions

(prob = 1,170E-01)

(cum prob = 8.891 E-01)

(comb of intrusions= 126)

6 Intrusions
(prob = 6.331 E-o2)

(cum prob = 9.525E-01 )
(comb of intrusions= 21 O)

7 Intrusions

(prob = 2.937 E-02)

(cum prob = 9.818 E-01)

(comb of intrusions= 33o)
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Example Results

1 Table 2-3. Probabilities for Computational Scenarios Involving
2 Multiple Intrusions over 10,000-years for
3 k = 3.28x 10-4yr-1, a 100-year Period Of Administrative
4 Control During Which No Drilling Intrusions Can Occur,
5 and 2,000-Year Time Intervals. (Concluded)
6

8 Intrusions 11 Intrusions 14 Intrusions
(prob = 1.192E-02) (prob= 4.123E-04) (prob = 6.464 E-06)
(cum prob = 9.937E-01 ) (cum prob = 9.999 E-01) (cum prob = 1.000E+OO)

(comb of intrusions = 495) (comb of intrusions =1 365) (comb of intrusions =3060)

9 Intrusions 12 Intrusions 15 Intrusions

(prob = 4.3o1 E-o3) (prob = 1.1 16E-04) (prob = 1.399E-06)
(cum prob = 9.980 E-01) (cum prob = 1.000E+OO) (cum prob = 1.000E+OO)

(comb of intrusions= 715) (comb of intrusions =1820) (comb of intrusions =3876)

10 Intrusions 13 Intrusions

(prob = 1,397E-03) (prob = 2.787 E-05)

(cum prob = 9.994E-01 ) (cum prob = 1.O(IOE+OO)

(comb of intrusions =1001) (comb of intrusions =2380)
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Table 2-4. Probabilities for El E2-Type Computational Scenarios
(i.e., boreholes through a single panel in which at least
one borehole penetrates a pressurized brine pocket and
at least one borehole does not penetrate a pressurized
brine pocket) over 10,000-years for A = 3.28x10 -4yr-1
and 2,000-Year Time Intervals.

Time 2 Boreholesa 22 Boreholesb 2 Boreholesc >2 Boreholesd
Intervals (Eqs 2-63, 2-52) (Eqs 2-66, 2-52) (Eqs 2-63, 2-72) (Eqs.2-66, 2-72)

[0,2000] 0.005635 0.005825 0.009964 0.010304

[2000,4000] 0.005635 0.005825 0.009964 0.010304

[4000,6000] 0.005635 0.005825 0.009964 0.010304

[6000,8000] 0.005635 0.005825 0.009964 0.010304

[8000, 10000] 0.005635 0.005825 0.009964 0.010304

a.

b.

c.

d,

At least one waste panel penetrated by exactly two boreholes during the

indicated time interval, of which one penetrates a pressurized brine pocket and

one does not. Calculation uses approximation in (2-63) with a(l) and ~(f)

defined in (2-52). Values for aBP(f), aTOT(/) and aTOT consistent with Figure 2-

3.

At least one waste panel penetrated by two or more boreholes during the

indicated time interval, of which at least one penetrates a pressurized brine

pocket and at least one does not. Calculation uses approximation in (2-66) with

a(f) and ~(l) defined in (2-52). Values for aBP(/), aTOT(f) and aTOT consistent

with Figure Z-3.

same as a. but a(l) and (1(l) defined in (2-72) and aBP(l), aTOT(/) and aTOT
defined to be consistent with Figure 2-3.

Same as b. but a(l) and ~(l) defined in (2-71) and aBP(/), aTOT(/) and aTOT

defined to be consistent with Figure 2-3.
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Example Results

Table 2-5. Parameter Values Used in Example Calculation of
Probabilities for El E2-type Computational Scenarios
(Source: Table 5.1-1 of Vol. Ill of this report with depth to
pressurized brine assumed to be less than 1250 m).

aTOT(lla aBP(l)b aBP(l) J aTOT(l)

Panel 1

Panel 2

Panel 3

Panel 4

Panel 5

Panel 6

Panel 7

Panel 8

Southern Panel

Northern Panel

11,530

11,530

11,530

11,530

11,530

11,530

11,530

11,530

8,413

8,701

10
Additional Values: aTOT = ~aT07’(1) = 109,354

1=1

10

aBP = ~aBP(l) = 49,291

1=1

aBP J aTOT = 0.45075

‘aTOT(l) = area (m2 ) of waste panel 1

11,530

8,249

3,548

8,869

4,833

0

0

7,432

3,786

1,044

1.0000

0.7154

0.3077

0.7692

0.4192

0.0000

0.0000

0,6446

0,4500

0,1200

baBP(/) = area (m2 ) of pressurized brine under waste panel 1
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Table 2-6. Probabilities for El E2-Type Computational Scenarios
(i.e., borehoies through a single panel in which at least
one borehole penetrates a pressurized brine pocket and
at least one borehole does not penetrate a pressurized
brine pocket) over 10,000-years for k = 3.28x10-4 yr-1, a
100-year Period of Administrative Control During Which
No Drilling Intrusions Can Occur, and 2,000-Year Time
Intervals.

Time 2 Boreholesa >2 Boreholesb 2 Boreholesc >2 Boreholesd

Intervals (Eqs 2-63, 2-52) (Eqs 2-66, 2-52) (Eqs 2-63, 2-72) (Eqs 2-66, 2-72)

[0,2000] 0.005102 0.005266 0.009022 0.009315

[2000,4000] 0.005635 0.005825 0.009964 0.010304

[4000, 6000] 0.005635 0.005825 0.009964 0.0”

[6000,8000] 0.005635 0.005825 0.009964 0.0’

0304

0304

[8000,10000] 0.005635 0.005825 0.009964 0.010304

a. At least one waste panel penetrated by exactly two boreholes during the indicated time

interval, of which one penetrates a pressurized brine pocket and one does not. Calculation

uses approximation in (2-63) with CX(l) and ~(l) defined in (2-52). Values for aBP(l),

aTOT(l) and aTOT consistent with Figure 2-3.

b. At least one waste panel penetrated by two or more boreholes during the indicated time

interval, of which at least one penetrates a pressurized brine pocket and at least one does

not. Calculation uses approximation in (2-66) with a(f) and ~(f) defined in (2-52). Values

for aBP(f), aTOT(f) and aTOT consistent with Figure 2-3.

c. Same as a. but u(1) and ~(l) defined in (2-72) and aBP(l), aTOT(l) and aTOT defined to

be consistent with Figure 2-3.

d. Same as b. but u([) and ~(f) defined in (2-71) and aBP(l), aTOT(l) and aTOT defined to

be consistent with Figure 2-3.
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Example Results

Table 2-7. Projected Activity Levels (Ci/m2) in Waste That is
Currently Stored and May be Shipped to the WIPP (based
on Table 3.4-11 in Volume 3 of this report).

Time (years)

Activity Proba-

Level Typea bilityb 0 1000 3000 5000 7000 9000

1 a-i 0.4023 3.4833 0.2718 0.1840 0.1688 0.1575 0.1473

2 Cl-l 0.2998 34.8326 2.7177 1.8401 1.6875 1.5748 1.4729

3 CH 0.2242 348.326 27.177 18.401 16.875 15.748 14.729

4 Cl-l 0,0149 3483.26 271.77 184.01 168.75 157.48 147.29

5 R-1 0.0588 117.6717 0.1546 0.1212 0.1139 0.1082 0.1030

Average for CH Waste: 150.7905 11.7648 7.9658 7.3053 6.8174 6.3764

a CH designates contact handled waste; RH designates remote handled waste

b Probability that a randomly placed borehole through the waste panels will intersect waste of

activity level (/) , 1 = 1,2,3,4,5.
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Introduction

3. CONSTRUCTION OF COMPLEMENTARY CUMULATIVE
DISTRi BUTION FUNCTIONS—Jon C. Helton

3.1 Introduction

Sandia Na[ional Laboratories is conducting an ongoing performance assessment for the Waste

Isolation Pilot Plant (WIPP) in southcastcm New Mexico (BcrLram-Howcry and Hurrlcr, 1989;

Lappin et al., 1989). At present, a performance assessment is performed each year 10 summarize

what is known about the WIPP and to provide guidance for fuurrc work (Marietta CLal., 1989;

Bertram-Howcry et al., 1990). It is anticipated that these iterative performance assessments will

continue until the WIPP is either Iiccnscd for lhc disposal of transuranic waslcs or found to bc

unsuitable for such disposal.

The result of grcatcsl interest obtained in these performance assessments is a complcrncntary

cumulative distribrrlion function (CCDF) that is used for comparison with the U. S.

Environmental Protection Agency (EPA) rclcasc limlLs for radioactive waste disposal (U.S. EPA,

1985). As discussed in the preceding chapter (Chapter 2 of this volume), the EPA standard rcqrrircs

that the normalized releases to the accessible environment be expressed as a single CCDF and that

this CCDF fall under certain spccificd bounds. At present, drilling intrusions arc believed to k

the most severe pomntial disruptions that ncc(i be considered at the WIPP (C,uzowski, IWO and

199 I). Thus, the construction of this CCDF for the WIPP is based on summary scenarios that

result from drilling intrusions.

This presentation will dcscribc how a CCDF can bc constructed Jor comparison against the

EPA release limits when the disruptions to the waste disposal site. under consi(icration result from

drilling intrusions. For the results prcscntcd here, the drilling intrusions arc assumed to follow a

Poisson process (i.e., occur randomly in time and space) (Cox and Lewis, 1966; Haight, 1967;

Cox and Isham, 1980) with a fixed rate constant. However, the dcscribcd approach woul(i work

with any probability model for drilling intrusions.

With regard to the risk rcprcscntation

R={(Si,~~i,cSi),iAl,...,!}!} (3-1)

described in the preceding chapter and clscwhcrc (Kaplan and Garrick, 1981; Hclton cl al., 1991),

.$i is a set of similar time histories defined on the basis of drilling intrusions, [~.$i is the

probability for si, and Csi contains the EPA normalized release for si . Th~ e$i appearing in

(3-1) arc obtained by discretixing a suitable sample space. For comparisons with the EPA release

limits, this sample space is
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S= {X:X a single 10,000-year time history beginning at decommissioning of the facility

under consideration}. (3-2)

in what follows, an approach will be described for defining the .S1, assigning probabilities pSi and

consequences CSi to these Si, and then constructing the resultant CCDF.

3.2 Construction of a CCDF

The following factors will be used to define the computational scenarios ~i appearing in (3-

1): number and time of the intrusions (see Tables 2-2 and 2-3), flow through a panel due to

penetration of a pressurized brine pocket in the Castile formation (see Tables 2-4 and 2-6), and

activity level of the waste penetrated by a borehole (see Table 2-7). The preceding Factors all relate

to stochastic or type A uncertainty (Kaplan and Garrick, 1981; Helton et al., 1991; Intcmational

Atomic Energy Agency, 1989) since they lead to values for the probabilities appearing in (3- 1) and

ultimately to a CCDF. Scenarios defined at this level of detail are referred to as computational

scenarios in the WIPP performance assessment due to their role in defining the actual calculations

that must be performed in the construction of a CCDF for comparison with the EPA release

limits.

As shown in Tables 2-2 and 2-3 of this volume, even a fairly coarse gridding on time leads to

far too many computational scenarios to perform a detailed calculation for each of thcm.

Construction of a CCDF for comparison against the EPA release limits requires the estimation of

cumulative probability through the 0.999 level. Thus, depending on the value for the rate constant

k in the Poisson model for drilling, this may require the inclusion of computational scenarios

involving as many as 10 to 12 drilling intrusions, which results in a total of several thousand

computational scenarios. Further, this number does not include the effects of different activity

levels in the waste. To obtain results for such a large number of computational scenarios, it is

necessary to plan and implement the overall calculations very carefully. The manner in which this

can be done is not unique. In the following, one computational procedure for calculating a CCDF

for comparison with the EPA release limits is dcscribcd.

The 10,000-year time interval that must be considered for comparison with the EPA rclcasc

limits can be divided into disjoint subintervals

[Zi-1,1’i], i=l,2,...,flT, (3-3)

34
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where nT is the number of time intervals selected for use. The following results can be calculated

for each time interval (e.g., with the assumption the intrusion takes place at the middle of the time

interval):

rCi = EPA normalized release to the surface environment for cuttings removal due to a

single borehole in time interval i with the assumption that the waste is

homogeneous (i.e., waste of different activity Ievcls is not present), (34)

rCij = EPA normalized release to the surface environment for cuttings removal duc to a

single borehole in time interval i that penetrates waste of activity level j, (3-5)

rGWli = EPA normalized release to the surface environment for ground water transport

initiated by a single borehole in iimc interval i, (3-6)

arrf

rGW2i = EPA normalized release to the surface environment for groundwatcr transporl

initiated by two boreholes in the same waste panel in time interval i, of which one

penetrates a pressurized brine pocket and one does not [i.e., an E lE2-type summary

scenario (Berhzdm-Howery et al., 1990)]. (3-7)

In general, rCi, rC~, rGWli and rGW2i will be vectors containing a large variety of

information; however, for notational simplicity, a vector representation will not be used.

For the WIPP performance assessment, the cuttings release to the accessible environment

(i.e., rCi and rC~) is determined by the CUTTINGS (Rechard et al., 1989) program, and the

groundwater release to the accessible environment (i.e., rGWli and rGW2i ) is determined through

a sequence of linked calculations involving the SECO_2DH (draft of SAN D90-7096, Roachc et

al., in preparation; also see Chapter 6 of this volume), BRAGFLO (Chapter 5 of this volume),

PANEL (Rechard et al., 1989) and STAFF2D (Huyakorn et al., 1989) programs. The overall

operation of these programs is controlled by a driver called CAMCON (Rcchard et al., 1989).

Additional information on the actual calculations that must bc performed to obtain rCi, rCij,

rG Wli and rG W2i is available elsewhere (Chapters 5 through 7 of this volume).

The rclczuscs rCi , rCti, rG W 1i and r~ W2i can be used to construct the releases associatc(i

with the many individual scenarios that must bc used in the construction of a CCDF for

comparison with the EPA release limits. The following assumptions arc made:
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1.

2.

3.

With the exception of ElE2-type compumtional scenarios, no synergistic effects result

from multiple borcholcs, and thus, the LOU1release for a scenario involving multiple

intrusions can be obtained by adding the rclcx~scs associated with the individual intrusions.

An ElE2-type computational scenario can only take place when the necessary borcholcs

occur within the same time interval [fi_l , ti 1

An ElE2-type computational scenario involving more than two boreholcs will have the

same release as an ElE2-type computational scenario involving exactly two borcholcs.

The preceding assumptions can now bc used systematically to construct the releases for inciividual

computational scenarios.

Computational scenarios tha[ involve nBfI intrusions, but not an El E2-type inmusion, arc

considered first. For a time history involving exactly nBIl intrusions over 10,000 yrs, let

I = [/(1),/(2), . . . . /(nB//)] (3-8)

m= [morn, . . . . rn(nBil)] (3-9)

ad

n = [n(l), n(2), . . . . n(n7)] (3-lo)

represent vectors such that f(j) designates the activity lCVC1penetrated by the jfh borcholc, ttl(j)

designates the time interval in which the jfh borcholc occurs, and n(i) equals the number ol

[hintrusions that occur in the t trmc interval. Each clement l(j) of I will take on an integer value

between 1 and nL, where nL is the number of activity levels into which the waste has been

classified, and each element m(j) of m will take on an integer value between 1 and n’1’,where nT is

the number of time intervals in use. Similarly, each clement n(i) of n will take on an integer

value between () and nBI1. The clcmcnts of m satisfy the ordering m(j) S rn(j + 1), and the

elemen~s of n satisfy the equality Zin(i) = nf311. Further, a reciprocal relationship cx ists bctwccn

m and n in the sense that, if either is known, then the other can bc dctcrmind.

The vectors 1, m and n can be used LOdefine computational scenarios in a manrmr Lhat will

lead naturally to the calculation of their probabilities and consequences. Spccil’ically, Ict
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S(n) ={x:x an elemenL of 5 for which exactly n(i) intrusions occur in time interval

[fi_I,t~] for i = 1,2,...,nT} (3-11)

ad

.S(l, n) = {x: x an clement of 5 for which the jth borcholc encounters waste of activity l(j)

and exactly fr(i) intrusions occur in Lime inlcrva! [li–l,l[] fOr

i=l,2 ,..., nT}. (3-12)

The computational scenarios S(n) and .$(l,n) are related by

.$(n)=U.$(l,n),
I

(3-13)

where, for a fixed value of n, the union is uikcn over all possible values for I (i. e., over all

possible combinations of activity loading that the borcholcs specified by n might cncountcr).

It follows from Eq. (2-42) that the probability p.$(n) for ~(n) is given by

‘s(n)={wn(i)(’~~~+n(i)lle(3-14)

when drilling follows a Poisson i>roccss with a rate constant k. Further, the probability p.’$(l,n)

for s(l,n) is given by

(3-15)

where pS(tI) is defined in (3-14) and PL[(j, is the probitbilit y that a randomly placed borcholc in

the repository will encounter waste of activity Icvcl l(j).

The normalized releases rCi , rCti and rG W I~ can bc used to construct the EPA normal izcd

rclcascs for computational scenarios s(n) and .f’(l,n), For .$(n), the normalized rclcasc to Lhc

accessible environment can bc approximated by
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Cs(n) = ‘i~H(~Cm(j) + ~GIVl~(j) ), (3-16)

j=l

where m is the vector defined in (3-9). As indicated earlier, m is uniquely determined once n is

specified. The computational scenario S(n) contains no information on the activity levels

encountered by the individual boreholcs, and so c.$(n) was constructed with the assumption that all

waste is of the same average activity. However, S(I, n) does contain information on activity

levels, and the associated normalized release to the accessible environment can be approximated by

(3-17)

which dms incorporate the activity levels encountered by the individual boreholes.

Computational scenarios of the El E2-type arc now considered. This is a relatively unlikely

type of computational scenario (ses Tables 2-4 and 2-6) but has the potential to cause large releases

due to flow between two boreholes within a single panel. Specifically, ElE2-type computational

scenarios are defined by

s+-(f~-l, t~)={x:x an element of.$ involving two or more boreholes that penetrate the

same waste panel during the time interval [tk_l, tk ], at least one of

these boreholes penetrates a pressurized brine pocket and at least one

does not penetrate a pressurized brine pocket}. (3-18)

Further, the computational scenario .S+- (t~-~,[~) can be subdivided on the basis of the activity

levels encountered by the boreholes, which produces computational scenarios of the form

~+- (1;t~.-l, r~ ) = {x: x an element of .$+– (t~_l, tk ), for which the jdr borehole encounters

waste of activity level l(j)} . (3-19)

It follows from Eqs. (2-63) and (2-66) that the probability for 5+-(tk_l ,tk) can be

approximated by
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pS+-(f~-I,f~):f[cz(f)~(l)(r~-tk-~)2]exp[-[a(/)+ ~(l)][f~ - [~_I]}

1=1

or

pS+-(lk_I ,tk )S ~{1 - exp[-a(f)(rk - fk_I)]}{l - exp[-~(l)(tk_~, tk)]],

where

a(1) =

p(l) =

aBP(l) =

aTOT(l) =

aTOT =

np =

1=1

[aBP(l)]k / aTOT,

[aTOT(l) - aBP(f)]L i aTOT,

area (m2) of pressurized brine pocket under waste panel 1,

total area (m2) of waste panel 1,

total area (m2) of waste panels,

number of waste panels,

(3-20)

(3-21)

and drilling is assumed to follow a Poisson process with a rate constant 1. The expression for

pS+- ((k_l ,tk ) in (3-21) was derived for two or more drilling intrusions and lhus provides a

somewhat larger value for P,$+– (tk_l, (k ) than the expression in (3-20), which was derived for

exactly two intrusions. However, as illustrated in Tables 2-4 and 2-6, there is not a large

difference in the values for pS+- ([k-l,~k) obmined fOr these two expressions. If desired, an exact

probability can bc obtained with the relationship in Eq. (2-67) in Chapter 2 of this volume.

Further,

(3-22)

Before continuing, it is pointed out that the expression in (3-21) is actually greater than

pS+– (tk_l, (k ) (see Eqs. (2-67) and (2-68)) and also incorporates the probability for the occurrence

of an E 1E2-type computational scenario in two different waste panels during the time interval

[tk_~,fk].
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The normalized release to the accessible environment for .$+– (tk_l, t~ ) can be approximakd

by

c5+-(tk_~,tk ) = 2 rCk + rGW2~, (3-23)

where it is assumed that all waste is of the same average activity for cuttings removal. Similarly,

the normalized release cS+– (l;rk_l ,tk) for .$+- (l;tk_l ,tk ) can be approximated by

CS+-(t;tk-l,tk)= $~c~,f(j) + ~Gw’2~ , (3-24)

j=l

which incorporates the activity Ievcl of the waste. The approximations for C’S+– (l~_I, (~ ) and

c5+-(l;tk_l,[k) in (3-23) and (3-24) are based on exactly two intrusions in [he lime interval

[tk-~ ,tk]. More complicated expressions could bc developed to define releases for multiple ElE2-

type. intrusions. However, due to the low probability of such patterns of intrusion (e.g., compare

the probabilities for 2 and 22 boreholcs in Tables 2-4 and 2-6), the use of such expressions would

have little impact on the CCDFS used for comparison with the EPA release limits.

The results contained in this section can be used in conjunction with the risk representation in

(3- 1) to calculate CCDFS for comparison with the EPA release limits. The choices for .$i, PSi

and Csi with and without the consideration of activity level for cuttings removal are summarized

in Table 3-1.

Table 3-1. Calculation of a CCDF for Comparison with the EPA
Release Limits with and without the Effects of Activity
Loading

Si P.’$i CSi

Without .-$(n), S+-(tk_l, fk)
Activity (Eqs. 3-11, 3-18)
Loading

With S(l, n), S+-(l; f~-l ,/k )

Activity (Eqs. 3-12, 3-19)
Loading

p,S(n), pL$+-(~~_l ,f~) ~S(n), CL$+–([~_l ,(k )

(Eqs. 3-14,3-20, 3-21) (Eqs. 3-16, 3-23)

p.$(l,n), p.$’--(l; {l-l ,t~) Cs(l,n), CS+-(l; ~~_l ,[~)

(Eqs. 3-15, 3-22) (Eqs. 3-17, 3-24)

3-8



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Construction of a CCDF

Example CCDFS calculated with the techniques discussed in this section arc given in Section

3.4. However, there is a numerical problem that must be addressed first. The computational

scenarios S(l, n) are based on taking all possible combinations of aclivity levels that mighl be

encountered by the boreholes associated with S(n). As the number of boreholes increases, the

number of activity level combinations incrcascs rapidly and becomes too large to pcrm it a

systematic consideration of every possible combination. A numerical procedure for determining

the distribution of cuttings releases that results from the consideration of activily loading is

presented in Section 3.3. This procedure is then used in the generation of the CCDFS prcscntcd in

Section 3.4.

3.3 Computation of Activity Loading Effects

The computational scenario S(n) defined in (3-11) involves nflll drilling intrusions (i.e.,

Zin(i) = nBH) and n7 time intervals; in addition, the computational scenario .$(I, n) defined in (3-

12) involves rtL levels for activity loading. This results in

(S-.25)

possible values for S(n) and S(l,n), respectively [ Eq. (2-75)]. As illustrated in Table 3-2, the

number of possible computational scenarios incrcascs rapidly with incrcmes in n13/1.

Construction of the CCDF for comparison with the EPA release limits may require the

consideration of as many as 10 to 12 drilling intrusions when the suggested default drilling rate of

30 borcholes/km2/10,000 yrs is used (Tables 2-2 and 2-3). As examination of Table 3-2 shows,

use of the computational sccn~os S(n) and their associated conscqucnccs in the, construction of a

CCDF should be possible. However, a systematic incorporation of each computational scenario

S(l,tI) into a CCflF is likely to require an unreasonable amount of computation. This is

especially true when sampling-based uncertainty/sensitivity studies arc used to investigate the

possible variation in the CCDF used for comparison with the EPA rc]casc limits (Hclton et al.,

1991, Chapter VI).
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Table 3-2. Number of Possible Computational Scenarios for Varying
Numbers of Intrusions (nBH), Time Intervals (nT) and
Levels for Activity Loading (n-L)

nBli nT=3, nL=3 nT=5, nL=5 nT=lO, nL=5

.$(n) S(l,n) .$(n) .$(l,n) S(n) .$(l,n)

o 1

1 3

2 6

3 10

4 15

5 21

6 28

7 36

8 45

9 55

10 66

11 78

12 91

13 105

14 120

15 136

1

9

54

270

1215

5103

20412

78732

295245

1.08XI06

3.90XI06

1.38x107

4.84x 107

1.67x 108

5.74X108

I.95X 109

1

5

15

35

70

126

210

330

495

715

1001

1365

1820

2380

3060

3876

1

25

375

4375

43750

393750

3.28x 106

2.58x 107

1.93XI08

1.4OX1O$J

9.78x 109

6.67x1010

4.44 X101 I

2.91x1012

1.87x1013

1,18x1014

1 1

10 50

55 1375

220 27500

715 446875

2002 6.26x 106

5005 7.82x 107

11440 8.94x108

24310 9.50X 109

48620 95OX1O1O

92378 9.02x 1011

167960 8.20x 1012

293930 7.18x1013

497420 6.07x 1014

817190 4.99X1015

1307504 3.99x 1016

Computational costs associated with the construction of a CCDF involving the computational

scenarios .$(l,tI) can bc control Icd by considering all computational scenarios for rclativel y small

values of nBH and then switching to a Monte Carlo procedure for larger values of nlll-{. Further,

storage requirements can be significantly reduced by sorting the individual consequence results into

groups based on size and accumulating the associated probability as the calculation progresses. In

cssencc, this constructs the desired CCDF as the calculation progresses and removes the need to

save results for the Iargc number of individual computational scenarios until the end of the

calculation. These idcm arc now elaborated on.

First, a “binning” systcm must bc established to accumulate the probabilities for the

individual computational scenarios as the calculation progresses. To this end, the range of possible
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consequence results (i.e., normalized releases to the accessible environment) is partitioned by a

sequence of values of the form

Cso < C$ < ““”<csm–~<csn, (3-26)

where CSO is less than or equal to the smallest anticipated consequence value and cSm is greater

than or cquat to the largest anticipated consequence value. The increments

A(cSi ) = ~Si – cSi_l (3-27)

will determine the horizontal step sizes in the final CCDF. After each consequence value CS in

the integrated calculation has been determined, the integer i such that

CSi_l < CS < CSi (3-28)

is determined and the probability for the associated computational scenario is accumulated in a

variable PSi. At the end of the calculation, the PSi will determine the vertical step sizes in the

final CCDF.

Second, a systematic coverage of the computational scenarios S(l,n) is performed for small

values of nBH (e.g., <5). For each of these computational scenarios, cS(l, n) will be calculated,

an integer i will bc determined such that

CLS–1< cs(l, n) S CSi, (3-29)

and pS(l, n) will be accumulated in PSi. Since there are relatively few of them, the scenarios

.$+- (!; [k_ I ,[k ) can b handled simikwly at this point.

Third, a Monte Carlo procedure can be used to incorporate computational scenarios for larger

values of nBH (e.g., >5). For a fixed nBH and each associated computational scenario 5{tI), a

distribution must be estimated for the releases cS(I, n) defined in (3-17). The variable in this

estimation is the vector 1, which characterizes the activity levels encountered by the individual

boreholes. Each element l(j) of I is an integer-valued variable defined by the discrete distribution

(I,,D.L.l), (2,pL~), . . . . (nL,pL~), (3-30)

33
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Specifically, l(j) = 1 occurs wilh probability pLf and indicates that the j~h borchole encountered

waste of activity level 1. Since drilling is assumed to be random in time and space, the individual

elements of I have the same distribution but arc indcpcndcnt of each other. Random or Latin

hypercube Sampling (McKay et al

can be used to generate a sample

Is = [1~(1),1~(2), . . . . f@lH)],

from the set of all possible values

, 1979) in conjunction with the distribution indicated in (3-8)

s=l,2,..., nR, (3-31)

for 1, where nBlt is the total number of borcholcs associated

wilh S(n) and nR is the sample size. The following assignments arc made for each sample

element Is:

p~$ = ps’(n)
~ and CS,Y= cS(l~, n). (3-32)

For each sample clement Is, the integer i such that

CSi_~ < CLT~< CSi (3-33)

is determined and pS~ is accumulated in pSi. The preeeding proccdurc must bc rcpcatcd for all

nBH sclectcd for consideration and all S(n) associated with each nBlf. The number of .$(n)

associated with various values of nfllf is shown in Table 3-2.

Fourth, once the calculations are completed for all nilH, the probabilities pSi and the

associated consequence values cSi can bc used to construct the desired CCDF. Specifically, this

CCDF is given by the function

F(x) = probability that CS exceeds a specific consequence value x

m
——

x
ps; ,

j=~

(3-34)

where i is the smallest integer such that c.$i > x.

An observation on computational logistics with respect to the sampling procedure in the third

step is now made. The most computationally efficient approach would be to gcncratc the sample

shown in (3-31) for a large value of nB1/ (e. g., nBII = 15) and then use this sample for all values

of nBH and associated computational scenarios in the analysis. For any specific value of nBIl,

only the first nBH values in each vector would bc used. The advantage of this approach is that Lhc
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generation of only one sample is required. Another approach would be to generate a new sample

for each computational scenario, which has the advantages that (1) the systematic biases that might

result from the repeated use of the same sample would not be present and (2) a fuller coverage of

the possible combinations of activity loadings would be obtained. However, as shown in Table 3-

2, many thousands of samples would be required for large values of nlllf. For example, 1001

samples would be required to provide a different sample for each S(n) when nT = 5 and nBfl =

10. An intermediate approach would be to generate a new sample for each value of nBH and then

to use this sample for all computational scenarios S(n) associated with nBf/. Examples of

CCDFS constructed with the techniques described in this section are given in Section 3.4,

3.4 Examples of CCDF Construction

As indicated in (3- 1), the outcome of a performance assessment for the WIPP can be

represented by a set ~ of ordered triples. In practice, many imprecisely known variables arc

required in the determination of ~. When these variables arc included, the representation for fi

becomes

2((X)= {[Si(X), f7Si(X),CSi(X)], i= l,.--, nS(X)} (3-35)

where the vector x denotes these imprcciscl y known variables. The 1991 W IPP performance

assessment considered the 45 imprecisely known variables listed in Tables 6.01-1, 6.0-2 and 6.0-3

of Volume 3 of this report. The impact of these variables on ~ was assessed by generating a

Latin hypercubc sample (McKay et al., 1979) of size 60 from these variables and then evaluating

~ for each sample clement )(j. This produced the sequence of sets

R(xj)={[~i[x

for j=l,...,6O.

)~si(xj),csi(xj)].i=l,,nS Xj( )] (3-36)

One or more CCDFS can be constructed for each set x(x j ). In particular, Figure 3-1 shows

the distribution of CCDFS for releases to the accessible environment due to groundwater transport,

and Figure 3-2 shows the distribution of CCDFS for releases to the accessible environment due to

cuttings removal. Further, Figure 3-3 shows the distribution of CCDFS for total release to the

accessible environment (i.e., groundwatcr transport and cuttings removal combined). Each set

x(x j) shown in (3-36) leads to a single CCDF in Figures 3-1, 3-2 and 3-3, although Figure 3-1
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Figure 3-1. Distribution of CCDFS For Normalized Releases to the

Accessible Environment Due to Groundwater Transport with a Dual

Porosity Model for the Culebra Formation. Each CCDF shown in this

figure results from one of the sets ~(xj ) shown in (3-36).
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Figure 3-2. Distribution of CCDFS For Normalized Releases to the

Accessible Environment Due to Cuttings Removal. Each CCDF shown in

this figure results from one of the sets Z/(xj) shown in (3-36).
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contains less than 60 CCDFS because some sample clcmcnts result in no groundwatcr rclcascs m

the accessible environment.

This section will usc results associated with one of the wimplc clcrncnts on which Figures

3-1, 3-2 and 3-3 arc based to illustrate CCDF construction. In particular, results associated with

sample clement j = 46 will be used. The variable values associated with sample clement 46 are

listed in Appendix B of this volume. For perspective, the CCDF for groundwatcr releases

associated with this sample clement is identified in Figure 3-1; further, sample clcmcnt 46 results

in onc of the higher-probability CCDFS in Figure 3-2 for cuttings rclcmcs and also in Figure 3-3

for the tokd release duc to both grorrndwater transport and cuttings removal.

As discussed in Section 3.2, the cuttings rclcascs rCi and rCij indicated in (3-4) and (3-5) and

Lhc groundwatcr rclcascs rGN’li and rGW2i indicated in (3-6) and (3-7) arc used to consKucL

CCDFS for comparison with the EPA rclcasc limits. The values thut resulted for these variables

for sample clement 46 arc listed in Table 3-3.

The computational scenarios S(n) and 5+- (tk_l ,tk) arc defined in (3-11) and (3-18),

respectively. Further, probabilities for these scenarios arc defined in (3- 14) and (3-21),

rcspcctivcly, and the associated releases to the accessible environment under the assumption that all

WWC is of the same avcmgc activity Icvcl arc defined in (3-16) and (3-23), rcspcctivcly. The ratio

of brine pocket area Lo total repository area (i.e., uBP/aY’OT, where uBP is the area (m2) of

prcssurize(i brine under the panels and aTOT (m2) is Lhc total area of the panels) was a sampled

variable in the 1991 WIPP performance assessment. As examination of Lhc terms CZ(I) and ~(l)

appearing in the approximations for pS+– (tk-l ,[k) in (3-20) and (3-21) shows, calculation of

pS+– (tk_l, [k ) requires the mtio of brine pocket area under waste panel 1 to total areia under waste

panel 1 (i.e., af3P(l)/aT07’(1)). As only the ratio aBP/a’f’OT is known for each sample clcmcnt,

the approximations

aBP(l)/a’1”0’l’(1) = uBP/al’01’ and aTOT(l) = u7’OTjnP (3-37)

arc used in the dcLcrrnination of u(1) and ~(l), where rrF’ = 10 is the number of waste panels.

With the prcccding approximations,

a(l) = k(aBP/a’f’OT)/rzF’, ~(l)= L(l – uB/’/aTOTrrP,P,

and the rcprcscntations for pS+– (tk-l ,tk) in (3-20) and (3-21) bccomc

(3-38)
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Chapter 3. Construction of Complementary Cumulative Distribution Functions

/?S+-(tk_~, tk)g [(~)(l-~)(tk ‘tk_,)2k2/~~]~~~[-k(tk‘tk_~)/~~] (3-39)

“{l-exp[-k(l-~)(fk-’k-l)(3-40)

respectively. It is the form of (3-21) given in (3-40) that was actually used in the construction of

CCDFS in the 1991 WIPP performance awessment.

The results of the indicated probability and release calculations are illustrated in Table 3-4 for

sample element 46. Examples of the computational scenarios .$(n) appear in the first column of

Table 3-4 as 5(0,0,0,0,0 ), S(1,0,0,0,0),... ,.S(1,0,0,0, 15). As a reminder, five time intervals

are being used, and so the vector n has five elements (i.e.,

n = ((), (), (), (), t)), (1,(), t), (), O),..., ((),(),(),0,15) in Table 3-4). The scenarios .$+- (tk_l, tk) appear

as the last five entries in the first column (i.e., s+- (0,2000 ),... ,s+- (8000,10000)). The

remaining columns present the probabilities and normalized releases for the individual scenarios.

Probabilities are presented with and without a 100 year period of administrative control in which

drilling intrusions cannot take place. As comparison of the two probability columns shows,

assumption of a 100 year period of administrative control has little effect on the scenario

probabilities.

The computational scenarios .S(1,n) and .S+– (1;~k-1, (k ) incorporating activity loading effects

for the cuttings releases are defined in (3-12) and (3-19), respectively. Further, probabilities for

these scenarios arc defined in (3- 15) and (3-22), respective y, and the associated releases to the

accessible environment arc defined in (3-17) and (3-24), respectively. The results of the indicated

probability and release calculations are illustrated for .5(I, n) in Table 3-5 for sample element 46.

The calculations for s ‘– 1“[k_l tk are similar and are not shown.(,)

The CCDFS appearing in the 1991 WIPP performance assessment are constructed from

computational scenarios with probabilities and normalized releases of the form shown in Tables

3-4 and 3-5. When only groundwater releases are under consideration, it is possible to

systematically incorporate all the computational scenarios indicated in Table 3-4 into a CCDF.
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Table 3-3. Normalized Radio nuclide Releases Used to Illustrate
Scenario Construction Procedures. The releases
presented in this table were calculated for sample element
46 In the 1991 WIPP performance assessment (see
Appendix B, Vol. 2).

Timea rGWlib rGW2i c rC[ d rCil e rCi2 e rCi3 e rCi4 e rCi5 e

1 9.92E-06 1.48E-05

2 2.51 E-06 5.08E-06

3 3.61 E-o7 1.34E-06

4 7.72E-08 3.16E-07

5 0.00E+OO 5.08E-08

7.39E-03 1.71 E-04 1.71 E-03 1.71 E-o2 1.71E-01 6.96E-03

5.oIE-03 1.16E-04 1.16E-03 1.16E-02 1.16E-01 4.72E-03

4.60E-03 1.06E-04 1.06E-03 1.06E-02 1.06E-01 4,33E-03

4.29E-03 9.92E-05 9.92E-04 9.92E-03 9.92E-02 4.04E-03

4.02E-03 9.28E-05 9.28E-04 9.28E-03 9.28E-02 3.78E-03

a Time at which intrusion occurs, where 1--1000 yr, 2--3000 yr, 3--5000 yr, 4-7000 yr,
5-9000 yr.

b EPA normalized release (dimensionless) to the accessible environment for groundwater
transport (with a dual porosity model in the Culebra Formation) initiated by a single
borehole in time interval i.

c EPA normalized release (dimensionless) to the accessible environment for groundwater
transport (with a dual porosity model in the Culebra Formation) initiated by two boreholes in
the same waste panel in time interval i, of which one penetrates a pressurized brine
pocket and one does not (i.e., an El E2-type scenario).

d EPA normalized release (dimensionless) to the surface environment for cuttings removal
due to a single borehole in time interval i with the assumption that the waste is
homogeneous (i.e., waste of different activity levels is not present). Calculation of the

Ki used the average activity level shown in Table 2-7.

e EPA normalized release (dimensionless) to the surface environment for cuttings removal
due to a single borehole in time interval i that penetrates waste of activity level j,

Calculation of the rCO used the activity levels corresponding to j=l ,2,3,4,5 shown in

Table 2-7.
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Table 3-4. Probabilities and Normalized Releases for Computational
Scenarios Used to Illustrate Scenario Construction
Procedures without the Inclusion of Activity Loading
Effects on the Cuttings Releases. The probabilities
presented in this table were calculated for sample
element 46 in the 1991 WIPP performance assessment
(see Appendix B, Vol. 2), which resulted in the rate
constant in the Poisson model for drilling (i.e., k)
equaling 8.4424E-05 yr-l and the area ratio for the
pressurized brine pocket (i. e., aBP/aTOT) equaling
0.44981; the normalized releases were constructed from
the values shown for rGWli, rGW2i, and rCi in Table 3-3.

a b c d e
Computational Probability
Scenario

S(o,o,o,o,o)

S(l,o,o,o,o)

.S(O,l ,0,0,0)

S(OIO, I,O,O)

.-$(0,0,0,1 ,0)

S(o,o,o,o,l)

S(2,0,0,0,0)

.$(1,1 ,0,0,0)

5(1,0,1,0,0)

S(l,o,o,l,o)

S(l,o,o,o,l)

S(0,2,0,0,0)

3((0,1 ,1,0,0)

.$(0,1 ,0,1,0)

S(o,l,o,o,l)

S(0,0,2,0,0)

5(0,0,1,1,0)

5(0,0,1,0,1)

S(0,0,0,2,0)

S(O,O,O,I,l)

S(0,0,0,0,2)

S(3,0,0,0,0)

.S(2,1 ,0,0,0)

S(2,0,1 ,0,0)

S(2,0,0,1 ,0)

.$(2,0,0,0,1)

.$(1,2,0,0,0)

S(l,l,l,o,o)

5(1,1,0,1,0)

w/o COntr&l

0.429886

0.072585

0.072585

0.072585

0,072585

0,072585

0.006128

0.012256

0.012256

0.012256

0.012256

0.006128

0.012256

0.012256

0.012256

0.006128

0.012256

0.012256

0.006128

0.012256

0.006128

0.000345

0.001035

0.001035

0.001035

0.001035

0.001035

0.002069

0.002069

Probability Cuttings Groundwater Total
w Control Release Release Release

0.433530

0.069540

0.073200

0.073200

0.073200

0.073200

0.005577

0.011742

0.011742

0,011742

0.011742

0.006180

0.012360

0.012360

0.012360

0.006180

0.012360

0.012360

0.006180

0.012360

0.006180

0.000298

0.000942

0.000942

0.000942

0.000942

0.000991

0.001983

0.001983

0,000E+oo

6.961 E-o3

4.71 6E-03

4.329E-03

4.042E-03

3.784E-03

1.392E-02

1.1 68E-02

1.1 29E-02

1.1 00E-02

1.074E-02

9.433E-03

9.045E-03

8.759E-03

8.500E-03

8.657E-03

8.371 E-o3

8.1 12E-03

8.085E-03

7.826E-03

7.568E-03

2.088E-02

1.864E-02

1.825E-02

1.796E-02

1.771 E-o2

1.639E-02

1.601 E-o2

1,572E-02

0.000E+oo

9.922E-06

2,507E-06

3.61 OE-O7

7.724E-08

0.000E+oo

1.984E-05

1.243E-05

1.028E-05

1.000E-05

9.922E-06

5.013E-06

2,868E-06

2,584E-06

2.507E-06

7.220E-07

4.382E-07

3.61 oE-07

1.545E-07

7.724E-08

0.000E+oO

2.977E-05

2.235E-05

2.o21 E-o5

1.992E-05

1.984E-05

1.494E-05

1.279E-05

1.251 E-o5

0.000E+oo

6.971 E-o3

4.71 9E-03

4.329E-03

4.042E-03

3.784E-03

1,394E-02

1.169E-02

1.1 30E-02

1.101 E-o2

1.075E-02

9.438E-03

9.048E-03

8.761 E-o3

8.503E-03

8.658E-03

8.371 E-o3

8.1 13E-03

8.085E-03

7.826E-03

7.568E-03

2.091 E-o2

1.866E-02

1.827E-02

1.798E-02

1,773E-02

1,641 E-o2

1.602E-02

1.573E-02
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Table 3-4 (Continued).

a b c d e f
Computational Probability Probability Cuttings Groundwater Total
Scenario wlo Control w Control Release Release Release

S(l,l,o,o,l)

S(1,0,2,0,0)

5(1,0,1,1,0)

S(l,o,l,o,l)

S(1,0,0,2,0)

S(l,o,o,l,l)

S(I,0,0,0,2)

S(0,3,0,0,0)

S(0,211 ,0,0)

S(0,2,0,1 ,0)

S(0,2,0,0,1)

S(O,l ,2,0,0)

S(O,l,l,l,O)

S(o,l,l,o,l)

S(O,l ,0,2,0)

S(o,l,o,l,l)

.5(0,1 ,0,0,2)

S(0,0,3,0,0)

$0,0,2,1,0)

S(0,0,2,0,1 )

S(O,O,l ,2,0)

5(0,0,1,1,1)

5(0,0,1,0,2)

S(0,010,3,0)

S(0,0,0,2,1 )

S(O,O,O,l ,2)

S(0,0,0,0,3)

5(4,0,0,0,0)

S(3,1 ,0,0,0)

i(l,l,l,l,o)

i(o,o,o,o,4)

.5(0,0,0,0,15)

0.002069

0.001035

0.002069

0.002069

0.001035

0.002069

0.001035

0.000345

0.001035

0.001035

0.001035

0.001035

0.002069

0.002069

0.001035

0.002069

0.001035

0.000345

0.001035

0.001035

0.001035

0.002069

0.001035

0.000345

0.001035

0.001035

0.000345

0.000015

0.000058

0.000349

0.000015

8.497E-25

0.001983

0.000991

0.001983

0,001983

0,000991

0.001983

0.000991

0.000348

0.001043

0.001043

0.001043

0.001043

0.002087

0.002087

0.001043

0.002087

0.001043

0.000348

0.001043

0.001043

0.001043

0.002087

0.001043

0.000348

0.001043

0.001043

0.000348

0.000012

0.000050

0.000335

0,000015

8.569E-25

1.546E-02

1.562E-02

1.533E-02

1.507E-02

1.505E-02

1,479E-02

1,453E-02

1,415E-02

1,376E-02

1.347E-02

1.322E-02

1,337E-02

1,309E-02

1.283E-02

1,280E-02

1.254E-02

1,228E-02

1,299E-02

1.270E-02

1.244E-02

1,241 E-o2

1.215E-02

1,1 90E-02

1.213E-02

1.1 87E-02

1.161 E-02

1.135E-02

2.784E-02

2.560E-02

2.005E-02

1.5 14E-02

5.676E-02

1.243E-05

1.064E-05

1.036E-05

1.028E-05

1.008E-05

1.000E-05

9.922E-06

7.520E-06

5.374E-06

5.091 E-06

5.013E-06

3.229E-06

2.945E-06

2.868E-06

2.661 E-06

2.584E-06

2.507E-06

1.083E-06

7.992E-07

7.220E-07

5.155E-07

4.382E-07

3.61 OE-O7

2.317E-07

1,545E-07

7.724E-08

0.000E+oo

3.969E-05

3.227E-05

1.287E-05

0.000E+oo

0.000E+oo

1.547E-02

1.563E-02

1.534E-02

1.508E-02

1.506E-02

1,480E-02

1.454E-02

1.416E-02

1.377E-02

1.348E-02

1.322E-02

1.338E-02

1,309E-02

1.283E-02

1.280E-02

1.255E-02

1.229E-02

1.299E-02

1.270E-02

1.244E-02

1.241 E-o2

1.216E-02

1.190E-02

1.213E-02

1.187E-02

1.161 E-02

1.135E-02

2.788E-02

2.563E-02

2,006E-02

1.514E-02

5.676E-02
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Chapter 3. Construction of Complementary Cumulative Distribution Functions

Table 3-4 (Concluded).

a b c d f
Computational Probability Probability Cuttings Groundwate~ Total
Scenario w/o Control w Control Release Release Release

S+-(o, 2000) 0.000700 0.000632 1.392E-02 1.480E-05 1.394E-02

.$+- (2000, 4000) 0.000700 0.000700 9.433E-03 5.082E-06 9.438E-03

S+-(4000, 6ooo) o.000700 0.000700 8.657E-03 1.342E-06 8.659E-03

.$+- (6000, 8000) 0.000700 0.000700 8.085E-03 3.162E-07 8.085E-03

.$+- (8000,1 oooo) oooo700 0.000700 7.568E-03 5.080E-08 7.568E-03

a

b

c

d

e

f

J(n)and S+–(Zk_I ,t~)are defined in (3-11) and (3-1 8), respectively.

Probabilities for S(n) (defined in 3-14)) and s+-(fk_l, tk) (defined in (3-21) and (3-40)),

without a 100 yr period of administrative control in which drilling intrusions cannot take place.

Same as b but with a 100 yr period of administrative control in which drilling intrusions cannot
take place.

Cuttings releases for ~(tl) and S+-(fk_l ,fk ) are defined in (3-16) and (3-23), respectively,

with the groundwater component of the release set to zero.

Groundwater releases for S(fl) and ..$+-(fk . . ..l.fk) are defined in (3-16) and (3-23),

respectively, with the cuttings component of the release set to zero.

Total releases for .-$(tl) and s+– ([k_l, tk)are defined in (3-16) and (3-23), respectively.
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Table 3-5. Probabilities and Normalized Releases for Computational
Scenarios Used to illustrate Scenario Construction
Procedures with the inciusion of Activity Loading Effects on
the Cuttings Reieases. The probabilities presented in this
tabie were calculated for observation number 46 in the
1991 WiPP performance assessment (see Appendix B, Voi.
2), which resuited in the rate constant in the Poisson modei

for driiiing (i.e., k) equaiing 8.4424E-05 yr-l, and the
activity ioading distribution given in Tabie 2-7; the
normalized reieases were constructed from the vaiues
shown for rGWl i and rCij in Table 3-3.

a b d f
Computational Probability y Probability c Cuttings Groundwate~ Total
Scenario w/o Control w tintrol Release Release Release

Jjo,o,o,o,o)

S(l;l,o,o,o,o)

l=(l)
i=(2)
i=(3)
I=(4)
i=(5)

S(i;o,l,o,o,o)

l=(l)
i=(2)
i=(3)
I=(4)
i=(5)

s(i;o,o,l,o,o)

S(I;O,O,O,l ,0)

5(1;0,0,0,0,1)

s(i;2,0,0,0,0)

1=(1,1)
1=(1,2)
1=(1,3)
i=(l ,4)
i=(l ,5)
i=(2,1)
i=(2,2)

0.429886

0.029201
0.021761
0.016274
0.001082
0.004268
-------------

0.072585

0.029201
0.021761
0.016274
0.001082
0.004268
. ------------

0.072585

0.433530

0.027976
0.020848
0.015591
0.001036
0.004089
-------------

0.069540

0.029449
0.021945
0.016412
0.001091
0.004304
-------------

0.073200

0.000992 0.000903
0.000739 0.000673
0.000553 0.000503
0.000037 0.000033
0.000145 0.000132
0.000739 0.000673
0.000551 0.000501

0.000E+oo O.OOOE+OO

1.708E-04 9.922E-06
1,708E-03 9.922E-06
1.708E-02 9.922E-06
1.708E-01 9.922E-06
9.712E-05 9.922E-06

1.1 57E-04 2.507E-06
1.1 57E-03 2.507E-06
1.1 57E-02 2.507E-06
1.1 57E-01 2.507E-06
7.615E-05 2.507E-06

3.416E-04 1.984E-05
1.879E-03 1.984E-05
1.725E-02 1.984E-05
1.71 oE-o1 1.984E-05
2.679E-04 1.984E-05
1.879E-03 1.984E-05
3.416E-03 1.984E-05

0.000E+oo

1.807E-04
1.718E-03
1.709E-02
1.708E-01
1.070E-04

1.182E-04
1.160E-03
1.157E-02
1.157E-01
7.865E-05

3.615E-04
1.899E-03
1.727E-02
1.71 oE-o1
2.878E-04
1.899E-03
3.436E-03
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Chapter 3. Construction of Complementary Cumulative Distribution Functions

Table 3-5 (Continued)

a b d e f
Computational Probability Probability c Cuttings Groundwater
Scenario WIOCOntrol w Control Release Release

1=(5,5)

S(l;l,l,o,o,o)

1=(1,1)
1=(1,2)
1=(1,3)
I=(I ,4)
1=(1,5)
1=(2,1)
1=(2,2)

i=(5,5)

.$(1;1,0,1,0,0)

S(I;0,0,0,0,2)

S(I;3,0,0,0,0)

1=(1,1,1)
1=(1,1,2)
1=(1,1,3)

1=(2,3,5)

i=(5,5,5)

S(I;2,1 ,0,0,0)

3(1;0,0,0,0,3)

0.000021
-------------
0.006128

0.001984
0.001478
0.001105
0.000073
0.000290
0.001478
0.001102

0.000042
-------------

0.012256

0.000019

0.005577

0.001900
0.001416
0.001059
0.000070
0.000278
0.001416
0.001055

0.000041
-------------

0.011742

0.000022 0.000019
0.000017 0.000014
0.000013 0.000011

0.000001 0.000001

0.000000 0.000000
------------- -------------
0.000345 0.000298

1.942E-04

2.865E-04
1.328E-03
1.1 74E-02
1.1 59E-01
2.470E-04
1.824E-03
2.865E-03

1.733E-04

5.124E-04
2.050E-03
1.742E-02

1.889E-02

2.914E-04

1.984E-05

1.243E-05
1.243E-05
1.243E-05
1.243E-05
1.243E-05
1.243E-05
1.243E-05

1.243E-05

2.977E-05
2.977E-05
2.977E-05

2.977E-05

2.977E-05

Total
Release

2.141 E-04

2.989E-04
1.340E-03
1.175E-02
1.159E-01
2.594E-04
1.836E-03
2.878E-03

1,857E-04

5.422E-04
2.079E-03
1.745E-02

1.892E-02

3.211 E-o4
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Table 3-5 (Concluded)

a b c d e f
Computational Probability Probability y Cuttings Groundwater Tot al
Scenario w/o COntrol w Control Release Release Release

S(I;4,0,0,0,0)

a .$(l, tl) is defined in (3-12).

b probability for ~(l,rt) as defined in (3-15) without a 100 yr period of administrative control in

which drilling intrusions cannot take place.

c Same as b but with a 100 yr period of administrative control in which drilling intrusions cannot
take place.

d Cuttings release for S(l, rt) from (3-17) with the groundwater component of the release set to

zero.

e Groundwater release for ,-$(l,n) from (3-17) with the cuttings cmmponent of the release set to

zero.

f Total release for .$(l,n) from (3-1 7).

The result of this calculation is shown in Figure 3-4. Specifically, the CCDF labeled

“Groundwater” in Figure 3-4 was constructed from the probabilities and releases in the columns

“Probability w Control” and “Groundwater Release” in Table 3-4. This is also the CCDF

identified in Figure 3-1 as resulting from sample element 46. Similarly, when activity loading

effects on the cuttings releases are not considered (i.e., all waste is assumed to be of the same

average activity level), it is possible to systematically incorporate all the computational scenarios

indicated in Table 3-4 into a CCDF for cuttings release and also into a CCDF for total release

(i.e., cuttings release and groundwater release combined). The CCDF labeled “Cuttings without

Activity Loading” in Figure 3-4 was constructed from the probabilities and releases in the columns

“Probability w Control” and “Cuttings Release” in Table 3-4. Due to the small releases for

groundwater @ansport, the CCDF constructed with the releases in the column “Total Release” is

identical in appearance to the “Cuttings without Activity Loading” CCDF in Figure 3-4.
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When activity loading effects for the cuttings releases are considered, it is necessay to usc

results of the form shown in Table 3-5. Due to the large number of computational scenarios that

result from the many possible combinations of cuttings releases, it is not possible to

systematically cover all scenarios of the form listed in Table 3-5. Rather, as described in Sec~ion

3.3, these computational scenarios are covered systematically up to a certain number of intrusions

and then a switch is made to a Monte Carlo procedure. For the 1991 WIPP performance

assessmen~ computational scenarios of the form shown in Table 3-5 were systematically covered

up to nB = 4 boreholes; then, a switch was made to a Monte Carlo procedure that used a Latin

hypercube sample of size nR = 100 for each computational scenario involving more than nL?= 4

boreholes. The results of this calculation for cuttings release is shown in Figure 3-4. Specifically,

the CCDF labeled “Cuttings with Activity Loading” in Figure 3-4 was constructed from the

probabilities and releases in the columns “Probability w Control” and “Cuttings Release” in Table

3-5. This is also the CCDF for sample element 46 in Figure 3-2, although its exact identification

is difficult due to the large number of closely placed CCDFS in this figure.

Activity loading effects can also be incorporated into the CCDF for total release. This

involves use of the results in the column “Total Rclcasc” in Table 3-5 together with similar

results for computational scenarios of the form ~+– (1;fk_l, Ik ). Duc to the small groundwatcr

releases associated with sample element 46, this results in a CCDF for total release that is

identical in appearance to the CCDF labeled “CutLings with Activity Loading” in Figure 3-4. The

CCDF that results from this construction procedure for sample 46 also appears in Figure 3-3, but

is difficult to identify.

The CCDFS appearing in Figures 3-1 through 3-4 were constructed with the program

CCDFPERM, which is part of the CAMCON system. Probabilities and normalized releases for

computational scenarios are determined by CC DFPERM with the procedures illustraLcd in this

section. To reduce storage requirements, CCDFPERM uses a binning algorithm of the type

indicated in conjunction with (3-28) to accumulate the probabilities associated with individual

computational scenarios. For the 1991 WIPP performance assessment, the binning algorithm used

100 increments per order of magnitude on the release axis. To reduce unnecessary calculations,

CC DFPERM provides a mechanism to stop the CCDF construction procedure. Specifically y,

CCDFPERM determines the smallest integer n such that the probability of having exactly n

boreholes over 10,000 years is less than B, where B is a user-specified quantity. Then,

CCDFPERM only uses computational scenarios that involve less than or equal to n boreholes.

For the 1991 WIPP performance assessment, B was specified to be 1 x 10-6, which resulted in

the omitted scenario probability being far below the 0.001 point used in defining the EPA release

limits. Since the k in the Poisson model was a sampled variable in the 1991 WIPP performance
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assessment, the maximum number of boreholes used in CCDF construction varied from sample

element to sample clement.

There is actually some overlap (i.e., intersection) between the computational scenarios S(n)

and 5+-(~~_l,,k). That is, no correction has been made for the fact that some time histories in

computational scenarios of the form .$(n) also belong to computational scenarios of the form

~+-(fk-~, tk ). Further, as indicated in conjunction with (2-68), probabilities for the

~+-(tk-l, [k ) are approximated with conservative relationships that actually bound the

probabilities. As the probabilities for the scenarios .S(n) sum to 1, the total estimated

probabilities for the computational scenarios S(n) and ~+– (fk_l, fk ) will be somewhat greater

than 1. For example, the total probability for the computational scenarios indicated in Table 3-4

is 1.003432 when 100 years of administrative control is assumed. If desired, the probabilities for

the individual computational scenarios could be defined with greater resolution, but the resultant

relationship would be very complicated (e.g., see (2-67)). At present, the added complexity that

these refined probabilities would require is not justified. Specifically, they would produce few

visually iderrtifiable shifts in the CCDFS shown in Figures 3-1 through 3-4, and the effects that

they did produce would tend to shift the CCDFS downward. However, as a low-level correction,

CCDFPERM does normalize the probabilities for computational scenarios involving two or more

boreholes so that total computational scenario probability sums to 1.

The probability normalization performed by CCDFPERM is based on the ratio

f~~+-(t,-,,tk)
‘=‘=1’ZPW) ‘

(341)

n=-%

where n ~ $4 only if n has an element greater than or equal to 2 (i. e., if s(n) designates a set of

time histories in which two or more drilling intrusions can occur in the same time interval). Thus,

R is the Mo between the estimated probability for all ElE2-type computational scenarios and the

probability for all computational scenarios J(n) that could contain an ElE2-type intrusion.

Once R is determined, CCDFPERM systematically goes through all computational scenarios

S(1, n) selected for consideration. For each S(I, n), the probability @(l,n) and release d(l,n)

are determined as shown in (3-15) and (3-17), respectively. If n ~ X, no modification to p$(l, n)

is made. If n= H, then the probability ps(l, n) is redefined to be (1-R) pS(l, n). Further,

S+- (1,n) is assigned the probability

3-28



Examples of CCDF Construction

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

p~+-(l,rt) = R pS(l, n), (342)

where pS(l, n) is the initial probability for s(l, n) defined in (3-15) and

s+-(l, n)={x:x an element of .$(I, n) in which at least one waste panel is penetrated by

two or more borcholes during a time interval [ti_l, ti ], of which at least

one penetrates a pressurized brine pocket and at least one does not}. (343)

The set .$+- (1,n) is assigned the normalized release S+– (l;tk_l,tk) in (3-24), where k is the

smallest integer such that S+–(l, n)CS+– (I; fk _ 1,tk ). As p$(l, n), c~(l, n), p’$+-(l, n) and

c.$+-(l,n) are demrmincd, the probabilities pS(l,n) and p$+-(l,n) are accumulated within the

binning algorithm used in CCDFPERM.

The outcome of the preceding normalization procedure is that (1) probabilities for

computational scenarios .$(l, n) that do not contain time histories also contained in a set

3+-(1; tk-1, (k ) are unchanged, (2) probabilities for computational scenarios S(1, n) that do

contain time histories also contained in a set S ‘-(l; fk_~,/k) are scaled down by a factor of 1- R,

(3) total probability for the computational scenarios .$+- (l;tk_~ ,[k ) is unchanged, and (4) total

probability for all computational scenarios sums to 1. Other normalizations are also possible. For

example, a normalization could be used that also produces a downward scaling in the probabilities

for ~+– (1;(k_l ,rk ), which are known to be overestimates. However, no “reasonable”

normalization would have had a significant impact on the CCDFS produced for the 1991 WIPP

performance assessment.
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4. UNDISTURBED PERFORMANCE OF REPOSITORY/SHAFT

4.1 Conceptual Model

The overall hypothesized sequence of events in the disposal area for undisturbed conditions is

summarized in the scenario discussion in Chapter 4 of Volume 1 and is repeated in more detail in

Chapter 5 of Volume 1. The reader is encouraged to refer to the figures and the discussion in

Volume I when reading about the models discussed in the remainder of Volume 2.

Generally, the repository/shaft system models for the undisturbed case consist of at most six

components (or features): (1) a room or disposal region, (2) a panel and drift seaf, (3) drift backfill,

(4) shaft backfill and seal, (5) Safado Formation salt, and (6) anhydrite interbeds (MB 139 and layers

a and b, which arc combined). These features comprise both the natural and engineered barriers to

migration from waste panels during undisturbed conditions.

Groundwatcr flow and radionuclide m igralion are driven by gas generation in the waste

disposal panels. Creep closure of the repository can also affect brine flow; however, the dynamics

of this effect are not currently modeled. Two pathways for groundwater flow and radionuclidc

transport will likely dominate the disposal system (Figure 4-6 in Volume 1). In both,

radionuclides enter MB 139, either through fractures in salt or directly as a result of rooms and drifL$

intersecting the marker bcd during construction or room closure. The head gradient tends to force

radionuclide-bcanng brine into MB 139 beneaththe panel, along the fractures in M B 139 to tht base

of the shaft. Radionuclidcs may then move up the shaft to the Culebra dolomite mclmbcr, and

downgradient in the Culebra to the accessible environment. The second conceivable pathway is

along MB 139 to the subsurface extension of the accessible environment (5 km boundary) from the

waste-disposal area (Figure 4-6 in Volume 1).

For the undisturbed scenario type, four primary generic computational models were used to

assess the response of the repository/shaft system to this base case: BOAST II, a thrcc-

dimensional, multiphasc code for isothermal Darcy flow; PANEL, an analytical model th:it

estimates the discharge of radionuclides from a repository panel breached by a borcholc; SUTRA, a

two-dimensional, satumted or unsamrated, coupled flow and transport code; and STAFF2D, a Lwo-

dimensional, single-phxic, flow or transport code.

The simulations described examine the importance of the principal migration pathways for

radionuclides to reach the accessible environment during the undisturbed scenario. The

hypothesized migration paths assume that under undisturbed conditions brine with dissolved

radionuclidcs is expelled from the storage rooms by gas generated from anox ic corrosion of the

containers and microbiological degradation of the waste, Because the computer codes SUTRA and

STAFF2D model single-phase-flow instead of two-phase flow, liquid (brine) replaces gas in these

simulations and the pores of the waste are assumed to be completely filled with liquid. An cffec(
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of substituting a liquid source for the gas drive is that the liquid tends [o leave the storage area in

all directions, while gas-driven brine would be expected to leave the repository mainly through the

floor (because the waste-generated gas rises to the top of the waste panels). To account for the

presence of undissolved gas in an approximate sense using the single-phase codes SUTRA and

STAFF2D, the material properties (permeability and porosity) can be modified to reflect the

changes that occur as the result of varying gas saturation. These changes, in terms of brine (or

gas) saturation, relative permeability, and porosity can be determined from a separate calculation

with the two-phase code BOAST II, which does account for both gas generation and combined

brine and gas flow.

SUTRA, STAFF’2D, and PANEL were used to evaluate the flow of brine and tic transport of

dissolved radionuclides from the repository in the undisturbed case. Vertical cross-sections through

the repository, anhydrite layers a and b, MB 139, the drift, and the shaft were modeled to determine

the path and extent of transport from the repository. Calculations assuming single-phase flow

with and without properties modified by the effects of gas were performed.

Recognizing that radionuclide migration from the repository is three dimensional, additional

calculations were performed with SUTRA modeling a horizontal plane through the repository.

MB 139 has been hypothesized to bc the principal brine palhway out of the repository. In these

calculations it was assumed that the entire waste repository was Iocatcd within MB 139. This

conservative assumption eliminated any resistance to 11OWafforded by the DRZ bctwccn the

repository and MB139, maximizing the advcctive flow in MB139.

STAFF2D and PANEL were the two codes used to quantify the transport of radionuclidcs up

the shaft and away from the repository within MB 139. Using these codes it was determined that

the quantity of radionuclides passing a point 20 m up the shaft from the repository horizon and

through a boundary 100 m away from the repository within MB 139 were several orders of

magnitude less than the EPA normalized limit of one. The SUTRA code was used primarily to

verify the extent of transport calculated by STAFF2D and to assess the importance of trmsicnt gas

pressures. SUTRA was also used to investigate some of the three-dimensional aspects of flow

away from the repository. The BOAST II code was used to calculate the transient pressure from

waste-generated gas and to provide relative permcabilitics and porosities for use in the single-phase

codes SUTRA and STAFF’2D.

Subpart B of 40 CFR Part 191 (The Standard) limits the probabilities of cumulative releases

of mdionuclides to the accessible environment for 1(),()()()ycm-s and Iim its the dose to irrdividuuls

for 1000 years after disposal (Volume 1, Chapter 1). Bounding calculations that show that no

releases reach the accessible environment can be used to satisfy the requirement of the Standard for

undisturbed conditions. It is not always intuitively obvious, however, that the selection of
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extreme values for input parameters for computation have the effect of providing an upper bound

on radionuclidc transport.

In the following calculations for undisturbed performance, many of the assumptions were

indeed conservative, tending to maximize transport away from the waste panel. However, this was

not wholly true for all parameters; often average or median properties were used. Therefore, it

cannot be claimed that these calculations are truly bounding. Indeed, it may not be possible to

prove that any fixed set of assumed input parameters will produce a bounding result.

These calculations had several objectives:

● To determine the path and extent of m igmtion of radionucli(ics from the waste panels, and to

quantify the magnitude of radionuclide transport up the shaft.

. To evaluate (in an approximate sense) the effect of waste-generated undissolved gas on

migration of radionuclides for undisturbed conditions.

● To assess the importance of three-dimensiond effects on mdicmuclide migration in MB 139.

● To cross-verify the results from the two single-phase codes SUTRA and STAFF2D.

4.2 Consequence Models

4.2.1 BOAST II AXIS YMMETRIC APPROXIMATION OF TWO-PHASE
FLOW—James E. Bean and James D. Schreiber

4.2.1.1 Model Overview

For undisturbed conditions, the generation of gas by corrosion and microbial degradation of

waste is the principal driving force that moves brine and dissolved radionuclidcs OULof the

repository. The presence of an undissolved gas phase also affects the brine saturation and other

material properties governing flow in and around the repository.

To account for these effects, the three-phase code BOAST II was used to calculate the pressure

history, brine saturations and relative pcrmcabilitics within and adjacent to the repository waste

panel. These parameters could Lhcn be used to modify material parameters (e.g., porosity and

permeability) and calculate brine flow using the single-phase codes SUTRA and STAFF2D.

Since BOAST 11 was originally written as a petroleum reservoir model, the three phases

normally considered are gas, oil, and water. In using BOAST II to simulate flow of brine and gas

in and adjacent to the repository, only two of the three phases in the model arc used. What is

referred to as “oil” in BOAST II is given properties of brine. “Gas” is given properties of

hydrogen gas. “Water” is not used. “Oil,” rather than “water,” is used to simulate brine simply as

a matter of convcnicncc. As long as the corrccl properties arc used, the same results will be

obtained regardless of which phase is used to simulate brine.
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Chapter 4. Undisturbed Performance of Repository/Shaft

The following description of BOAST II hinges largely on a conccptuafization of multiphasc

flow through porous media described in detail in Appendix A. The reader is encouraged to refer to

Appendix A for a broader view of the underlying assumptions.

4.2.1.2 Model Description

Nomenclature

Symbols may appear with subscripts g (gas), o (oil), or w (water) substituted for phase

subscript symbol p.

BP

CGP

Cp

c~

et

g

K

krp

Pp

qp

RSP

Sp

Vp

Xp

up

Pp

4

v

v-

——

.

=

——

——

——

——

——

——

——

——

.

.

—

——

—

.—

——

——

Formation volume factor for phase p [m3 @ reservoir conditions/m3 @ rcfercncc

conditions]

Collections of terms for phase p, defined by equations (4-15), (4-16), and 4-17 [s-l]

Compressibility of phase p [Pa-l]

Compressibility of rock [Pa-l]

Total compressibility Pa- 1]

Gravitational acceleration [m/s2]

Absolute permeability (m2]

Relative permeability of phase p

Pressure of phase p [Pa]

dimensionless

Well injection rate for phase p [m3/s]

Volubility of gas in phase p [m3 gas/m3 phase p]

Saturation of phase p [m3 phase p/m3 void]

Darcy velocity (or flux) of phase p [m3 phase p/(s*m2 cross-section flow area)]

Mobility of phase p [(Pa=s)-l]

Viscosity of phase p [Pa*s]

Density of phase p [kg/m3]

Porosity [m3 void/m3 rockJ

Gradient operator [m-l]

Divergence operator [m- 1]

Description

BOAST II (Black Oil Applied Simulation Tool, enhanced version) is a petroleum reservoir

model that simulates isothermal Darcy flow in three dimensions. BOAST H assumes that

reservoir fluids can be described by three fluid phases, two that arc immiscible fluids and a third

that is conceptually a gas soluble in Udch of the other two. Each phase has a constant composition

with physical properties that depend only on pressure. All three phases, as well as the porous

medium, are assumed to be compressible. A complete description of BOAST II and its capabilities
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is found in Fanchi et al. (1987). The model description that follows is based closely on the

presentation in Fanchi et al. (1982).

BOAST II uses a finite-difference, implicit-pressure, explicit-saturation (IMPES) numerical

technique m solve the three differential mass balance equations that describe the simultaneous flow

of the three phases. In the IMPES procedure, the mass balance for gas is recast in terms of fluid

pressures, and the equations for the other two phases are written in terms of the saturations of each

phase. This procedure simplifies the solution, but the explicit solution of the pressure equation

results in certain limitations. For example, neither the pressure or the saturations can change

rapidly (as in “coning” situations where liquid flow converges rapidly toward a well) because the

IMPES solution technique then requires an impracticably small time step. This problem will also

occur if the capillary pressure is not constant. The system of algebraic equations resulting from

discretizing the differential equations can be solved using either direct or iterative techniques.

Boundary conditions other than no-flow conditions must be specified by WCIIS. Well models in

BOAST II allow rate or pressure constraints on well performance to be specified so that gas

generation and brine sinks can be simulated in a variety of realistic ways. Time steps are adjusted

automatically to ensure accurate solutions. Permcabilities can be varied in each of the three

orthogonal directions, and porosities can vary from cell to CCI1.

BOAST II solves the flow equations for three fluid phases in three dimensions in a porous

medium. In the discussion that follows, the three fluid phaws are referred to as oil, water, and gas,

in keeping with the original development of BOAST 11as an oil reservoir simulator (Fanchi et al.,

1982). The flow, or mass conservation, equations for each phase, in their simplest form, are:

f%c ar(o 01 0)’.v.%-~=~ $ B

B.
(4-1)

G=;(@SW/BW) ,_v*%_ qw
Bw

(4-2)

ad

28

29 where the symbol V ● VP is shorthand for the divergence of the velocity of phase p:

(4-3)

30 v.; .2VXP
a a

p ax ‘zvyp+zvzp “

4-5

(4-4)
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The parameters B., B~, and Bg are formation volume factors in units of volume at reservoir

conditions/volume at reference or standard conditions. (The subscript sc refers to standard

conditions.) R~o and RW are solubilities of gas in oil and water, respectively.

The phase densities are related to formation volume factors and gas solubilities by

Po = ;[POSC +&Pgsc] ●

o

Pw =+[PWSC + %@gsc] >
w

ad

Pgsc
pg=T .

(4-5)

(4-6)

(4-7)

The velocities ;p are assumed to be Darcy velocities and their x-components are

v~= 1–Kx~p:[PP –Ppgz . (4-8)

Similar expressions can be written for the y and z components. This equation is generally

valid for incompressible fluids (oil and water). It is also valid for compressible fluids (gas), as

long as the flow is irrotational and the fluid density is a function of pressure only (Bear, 1972),

which is true for the simulations done using BOAST II.

The phase mobility hp is defined as the ratio of the relative permeability to flow of the phase

divided by its viscosity; thus,

(4-9)

The presence of oil, water, and gas phase pressures in (4-8) complicates the problem. For

many situations, the difference between phase pressures is much smaller than the individual phase

potentials and can be either ignored or treated less rigorously mathematically. The handling of the

phase pressures and potentials in the flow equations can be simplified by using the capillary

pressure concept. BOAST H defines the difference in phase pressures as

Pcow = Po – Pw (4-10)
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Pcgo = Pg – Po ~

Consequence Models

BOAST II Axisymmetric Approximation of Two-Phase Flow

(4-1 1)

The differences pcow and pcgo are the capilkwy pressures of oil-to-water and gas-to-oil phases,

resWctivelY. Expenmentatl y pcow and pcgo have been observed to bc principally fUnCtiOns of

water and gas saturations, respectively.

Combining (4- 1) through (4-3) with (4-8), (4-9), (4-10), and (4-11) and rearranging yields

Ql

‘“[ko(s)vpol+c’o-t’:[ot)

[(v. i. k+ R~oko RMkw

)1

qg
—+— Vpo + CGg – —

B&’ ‘o
Bw Pgsw

(4-12)

(4-13)

(4-14)

The notation ~ signifies that permeability is a second-order tensor. The common assumption

is made that the coordinate axes of the reference system are aligned along the principai axes of J?.

The gravity and capillary conmibutions to the phase pressures have been collected in the terms

CGO , CGW , and CGg :

cGo=-v.[i.(~)v(,ogz)] (4-15)
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Chapter 4. Undisturbed Performance of Repository/Shaft

[()

Lw
CGW = –V ● ~ ● ~ V(pWgz + pcOW)]

w
(4-16)

al-d

the

Hk

(CGg=VO ~. ‘Vpcgo *V(PCOW + Pwgz)- Pgl?’) - *-Q’(POW)– w
% It

(4-17)

Essentially BOAST II’s task is to solve (4-12) through (4-14) and (4-18) (discussed below) for

four unknowns p., So , Sw, and Sg. All other physical properties in the equations are

known, in principle, as functions of the four unknowns, or from field and laboratory data.

The procedure BOAST II uses to solve the flow equations requires combining (4-12) through

(4- 14) with the equality

So+sw+sg=l (4-18)

such that only one equation for the unknown pressure p. remains:

[ ( 5p0)+cG0-is
(B.–R~oBg) Vo iO

(4-19)

The equation in (4-19) is called the pressure equation because no explicit time derivatives of

saturations are present. BOAST 11 solves the three-dimensional, three-phase flow equations by

first numerically solving the pressure equation for po, then using the results in (4-20), (4-21), and

(4-18) to find the phase saturations.
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Consequence Models
BOAST II Axisymmetric Approximation of Two-Phase Flow

The oil, water, gas, rock, and total compressibilities are identified as

1 aBo , ‘g a% ,
c“ = – B. apo Bo apo

1 8BW + ~ 8RW
c

“ ‘–~ apo Bw apo ‘

cl = Cr + Coso + Cwsw + Cgsg

(4-20)

(4-21)

(4-22)

(4-23)

(4-24)

(4-25)

(4-26)

respectively.

Code Modifications for CAMCON Version

A number of improvements have been incorporated into the version used in CAMCON,

.

.

●

●

BOAST II has been tied into CAMCON via the preprocessor, PREBOAST, and the

postprocessor, POSTBOAST.

Darcy velocities of each phase in each direction can be calculated and included in the output

along with time-dependent phase pressures and saturations.

Interpolation between values of physical properties in lookup tables has been improved for

greater speed.

Rock compressibility calculations have been modified from the original version. Non-zero

capillary pressures can now be used although the IMPES formulation may require the

capillary pressure to be constant to maintain reasonable time steps.
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● An algebraic multigrid (AMG) solver (Ruge and Stuben, 1987) has been added; it is much

faster and requires far less memory than the direct solver and is more accurate and robust

than the other iterative solvers in BOAST II. The multigrid solution is checked by

following it with at least one iteration of a point-successive overrelaxation solver. The

advantage of AMG over simple iterative or even direct methods commonly used in

groundwater flow and transport programs is more pronounced with finer meshes.

4.2.1.3 Spatial Grid

Although BOAST II has three-dimensional capabilities, the complexity of the WIPP

repository or even of a waste panel precludes using BOAST II in three dimensions. Consequently,

the geomemy used in the two-phase model for undisturbed performance represents a cylindrical,

equivalent panel surrounded by the Salado Formation with anhydrite layers above and below

(Figure 4-1). The region modeled extends upward to the Culebra, downward to the Castile

Formation, and outward approximately 21 kilometers. The Castile and Culebra were included

because they represent the major sources and sinks for brine flow to and from the repository. The

far-field boundary is intended to be far enough away to justify the use of a no-flow boundary

without the boundary affecting the behavior of the repository. Anhydrite Iaycrs a and b

immediately above the repository have been consolidated into a single Iaycr with a thickness equal

to the combined thicknesses of a and b and located at the elevation of layer b. The panel thickness

was chosen to be 2 m. The floor area of the cylindrical panel is the same as the enclosed area of an

actuaf equivalent panel, including the area occupied by pillars. To account for the inclusion of the

pillars, the porosity of the panel is adjusted (decreased) from the original waste porosity. The

initial brine saturation is also adjusted for the presence of pillars fully saturated with brine. The

disturbed rock zone (DRZ) extends vertically upward through the anhydrite layer and downward

through MB1 39. Beyond the outer radius of the panel, both the anhydritc layers and the Salado arc

intact.

4.2.1.4 Material Properties, Boundary Conditions, and Initial Conditions

The generation of hydrogen as a result of corrosion and microbial action was simulated by

means of gas injection wells in the repository grid blocks. Gas generation resulting from anoxic

corrosion was assumed to occur for the fwst 450 years at a fixed rate of 2 moles per equivalent

drum per year (Brush and Lappin, 1990), with the repository capacity being 556,000 equivalent

drums. During the first 600 years, microbial action was assumed to generate gas at a fixed rate of

1 mole per equivalent drum pcr year (Brush and Lappin, 1990). Thus, the total gas generation rate

from O to 450 years was 3 moles per drum per year, and from 450 to 600 years, the rate was 1

mole per drum per year. All corrodible metal was assumed to be reacted in 450 years, so corrosion
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ceased then. Biodegradable material in the waste wascomplctely consumcd in 600 years, so gas

generation bymicrobial processes ended then. Thcinjcction rates actually uscdinthcmodclwcrc

on Lhc basis of a unit volume of repository, or panel, grid block: 2.5x10-9 m3 Hi (s=m3 panel)

for years O to 450, 8.3x 10-10 m3 H2/ (s=m3 panel) for years 450 to 600, and O m3 Hi (s~m3

panel) for years 600 to 10,000. The gas generation rates used for anoxic corrosion and

biodegradation were based on values available at the time the calculations were performed and do

not necessarily correspond to values given in Volume 3 of this report. Currently, anoxic corrosion

at 2 moles per drum equivalent corresponds to twice the maximum rate for humid conditions and a

biodegradation rate of 1 mole per drum equivalent corresponds to the maximum rate for humid

conditions (see Brush, July 8, 1991, memo, Volume 3).

For initial conditions, the brine saturation in the waste was assumed to bc 13%; when

averaged in with the pillars in the enclosed panel, which were msurncd to bc fully saturated with

brine, the panel average saturation was 19.270 (80.8% gas saturation). The value chosen for inilial

brine saturation (13%) was sclcctcd from literature values reported for analogous materials. The

uncertainty in this value was addressed in the calculations for Disturbed Conditions by varying it

from zero to the residual saturation of the waste, 27.69i0, but for the Undisturbed Conditions, the

fixed value of 13% wm used. In all other regions, an initial brine saturation of 100% was used.

The initial pressure in the equivalent panel was 0.1 MPa (1 atm). Initial fm-field pressures

were not known with any certainty, so a value midway between hydrostatic (-7 MPa at the

repository elevation) and lithostalic pressure (--15 MPa at the clcvatiou of the repository) was

chosen, 11 MPa. An average gradient midway belwccn hydrostatic and iithostatic was used to vary

the far-field pressure with depth. No-flow boundary conditions were used on all six sides of lhc

region modeled.

Because of the Implicit Pressure-Explicit Saturation formulation used in BOAST II, stability

requirements initially resulted in time steps that were too small for 10,000-year simulations. To

overcome this limitation, the capillary pressure, which is a nonlinear function of saturation, was

assumed to bc constant and equal to Lhc threshold displacement pressure. The threshold

displacement pressure is the pressure that is just large enough for gas to enter and move through a

fully brine-saturated porous medium and displace some brine from it. This assumption allows

simulations to proceed at a reasonable lime step size. A fully implicit code, such m BRAGFLO

(SCCChapter 5), is Icss sensitive to the nonlincarities of the capillary pressure function; however,

this code was not ready for usc when these calculations were done, and was used only for the

calculations for disturbed conditions with borcholc intrusion.

35

36
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4.2.1.5 Results and Discussion

Figure 4-2 illustrates the pressure in the repository as a function of time. As a result of gas

generation, the pressure increases from 0.1 MPa initially to approximately 15.5 MPa after about

500 years. The pressure at that time exceeds lithostatic (-15 MPa). The effect of internal pressure

near lithostatic would cause an actual waste panel 10 inflate slightly, forcing salt to creep outward

to relieve the rising pressure in the repository. BOAST H ignores these creep effects.

Figures 4-3 and 4-4 provide vertical slices through the grid near the repository panel boundary

of the brine relative permeability and the brine saturation. It can be seen in Figure 4-4 that gas hw

moved up into the DRZ and anhydritc layers within the first 1000 years (3 1.5x109 s). At 1000

years and later, the brine saturation was greater than residual saturation (0.276). Bccausc the initial

brine saturation in the waste was below residual saturation, there had to be a period of time during

the first 1000 years in which brine flowed into the waste, some of it draining from the DRZ and

some flowing in from the anhydrite layers and MB 139. This brought the brine saturation in the

waste above residual saturation, thus allowing brine to brine flow. After 1000 years, the relative

permeability to brine flow in the waste decreases continuously to 10,000 years, which indicates

that brine Saturation is decreasing. Thcrcforc, brine is flowing out of [he waste, transporting

radlonuclides away from the repository.

To determine the amount of radionuclidcs that leave the repository, a transport model such as

SUTRA or STAFF2D, rather than just a flow model such as BOAST II, was needed. However,

since SUTRA and STAFF2D are single-phase modc!s, it was necessary to modify the material

properties to simulate the effect of gas generation on brine flow. The relative permeability results

from these BOAST 11calculations, as shown in Figure 4-3, were used to modify the waste, DRZ,

and anhydritc pcrmcabilitics used by STAFF2D and SUTRA in order to model the effects of gas on

radionuclide transport. These calculations arc discussed in Sections 4.2.2 and 4.2.3.

4.2.2 STAFF2D VERTICAL CROSS SECTION SIMULATIONS—David K.
Rudeen

4.2.2.1 Model Overview

Gas generation within the repository is cxpcctcd to be the primary driving force causing

radionuclides to be driven out of the waste repository into the adjacent halite and anhydritc layers.

To determine the primary paLhways and estimate the magnitude of the release, finite-clement flow

and transport calculations were performed in a vertical cross section that passed through the

repository, drift, shaft, and surrounding geology. The intent of ~hcsc calculations is nol to predict

the actual behavior of the repository, but to show with conservative calculations that rclcasc to the

accessible environment will not exceed current EPA standards. Models and most parameters were

chosen to maximize release yet still be within expected ranges.
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Figure 4-1. BOAST II Geologic/Waste Panel.
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The simulations in the model described here are designed to study the effect of the

repressurization of the repository as the result of gas generation. The hypothesized episodes

described in Section 4.1 assume that under undisturbed conditions, the repository remains in a gas-

filled state after brine is expelled. Brine is expelled from the repository by the gas, which is

generated from anoxic corrosion of the containers and microbiological degradation of the waste.

The generation of gas causes a decrease in the brine volume in the pores. There is less brine

available for transport and it is more disconnected; therefore the effective porosity, effective

permeability, and effective diffusion are reduced. Because STAFF2D models saturated groundwater

flow instead of gas, liquid (brine) replaces the gm in these simulations, and the repository is

assumed to be completely saturated. pressurized pore liquid becomes the force driving brine out of

the repository. The brine generation is not realistic but an artifact of the pressure boundary

condition applied to the nodes in the interior of the repository. An influx of brine is required to

maintain the pressure above ambient. The effect of substituting a brine source for the gm drive is

that brine leaves the storage area in all directions; gas-driven brine would bc expected to leave

primarily through the floor (because gas rises to the top of the repository) and then circle outward

and up within the DRZ and host rock. The effect of gas generation on cffectivc properties will be

examined in later sections of this report (SCC Section 4.2.3 and Pseudo-Unsaturated Flow

discussion in Section 4.2.2.6).

These calculations are an extension of those reported in the parameter sensitivity studies of

Rechard et al. (1990b). In the cument calculations, (1) the undisturbed MB 139 is included beyond

the repository, (2) the anhydrite layers above the repository are also included, (3) the drift seals

have been removed, (4) the entire repository is modeled rather than only one room, (5) material

properties have been updated to the current best estimates (Volume 3), particularly the cffectivc

diffusion coefficient, which includes tortuosity. STAFF2D requires the input of an effective

diffusion coefficient (DO’r) where Do (lcngth2/time) is the free water diffusion coefficient and ~

(length/length) is the tortuosity. Including tortuosity has the effect of dropping the effccti ve

diffusion by about one order of magnitude. This results in lCSSradionuclide diffusion into lhc

surrounding host rock making more radionuclidcs available for advective transport along (or

“within”) MB 139.Solute diffusing into the surrounding reck does not diffuse back Wcausc, with

the constant pressure and concentration source, there is no solute pulse propagating away from the

repository. Diffusion is constantly away from the repository, which is another conservative aspect

of the model.

Analysis was pm-formed primarily with two computer codes: STAFF2D and PANEL. The

STAFF2D finite-element code calculamd the steady-state flow and transient transport of a passive

solute from the waste repository assuming a constant panel pressure. The choice of a constant
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pressure tends to maximize flow away from the repository over 10,000 years.* Calculations with

STAFF2D used either median properties or effective properties adjusted to account for dcmturation.

The source concentration of the passive solute was 1 kg/m3. Simple scaling was then be used LO

estimate field concentrations for radionuclides with specific source concentration determined by

their volubility limits. Steady-state flow was driven by a constant pressure of 17 MPa within the

repository. The value chosen was the peak pressure seen from preliminary two-phase calculations

similar to Section 4.2.1.5 that had been completed at the time this analysis was initiated. The

PANEL code was used to calculate the quantity of radionuclides dissolved in the brine passing

through the repository. The PANEL results, which take into account repository and radionuclidc

properties, were assumed to bc source values that were scaled by the STAFF2D normalized

concentrations to obtain conservative estimates of concentrations for specific radionuc]idcs.

4.2.2.2 Model Description

STAFF2D (Solute Transport and Fracture Flow in 2 Dimensions) is a two-dimensional,

finite-element code designed to simulate groundwater flow and solute transport in fractured or

porous aquifers (Huyakom et al., 1991). The original version was developed through a joint effort

by HydroGeoLogic, Inc., and the International Ground Water Modeling Center of the Holcomb

Research Institute. Improved versions of the code have since been commercially available through

HydroGeoLogic, the latest being Version 3.2. CAMCON originally adapted Version 2.0 of the

code and has since included upgrades from Version 3.2. Additional changes to the code have been

made to accommodate CAMCON input/output requirements and tailor code inputs to the WIPP

database (Rcchard et al,, 1989). The model description that follows is based C1OSCIYon the

presentation in Huyakom et al. (1991).

Governing Physical Equations

Fluid Flow. The model description for fluid flow that follows is based closely on the

presentation in Huyakom et af. (1991). The governing equation for fluid flow in STAFF2D is

where,

(4-27)

* Steady-state calculations neglect the effects of flow transients. To address this, transicnl STAFF2fl

flow and transport calculations using a constant repository pressure were performed after the bulk of this
report went to press and consequently could not be reported here in detail. Briefly, the transient
integrated flow and transport results were within 1O’-Zof the results determined using a steady flow
assumption. The reader is also directed to the SUTRA calculations of Section 4.3.3.2, where fully
transient calculations were performed.
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h=

Qj =

s=

A=

~=

hydraulic head (length)

transmissivity tensor (length2/time)

storage coefficient (dimensionless)

volumetric rate of fluid transfer per unit area from porous matrix blocks to the

fracture when using dual-porosity flow (length3/(time* length2))

volumetric rate of fluid flow per unit area for sources or sinks

(length3/(time* length2))

In accordance with standard definitions for transrnissivity and storage coefficient, l~j and S can

be expressed as

fij = ~fIIK~ (4-28)

ad

S = 4fHS, for conlined aquifers (4-29)

where,

Ii =

Kij =

of =

s. =

formation thickness (Icngth)

hydradic conductivity tensor (kmgth/Lime)

porosity (fracture or secondary porosity for dual porosity) (dimensionless)

specific storage coefficient (l/length).

The term A represents the interaction between the porous rock matrix and fractures and is

analogous to the rl in the transport equation. For the flow calculated here, A is assumed to bc

zero. The fluid exchange between the matrix and fractures in the Culebra dolomiLe is assumed Lo

negligible. T?ICq term is also zero. The fluid injected inLo the Culebra at the intrusion borcholc

LhaLcarries dissolved nuclidcs is assumed 10 have negligible effect on the existing

Transport. STAFF2D can perform boLh fluid flow and transport

governing equaLions for transport in STAFF2D arc

flow field.

problems. The

/=1,2,

where,

c! =

Dq =

Vi =

q=

k! =

,.. , M species, (4-30)

concentration (mass/volume) of spccics f,

hydrodynamic dispersion tensor (lcngth2/Lime),

Darcy velocity (Icngth/time) of the flow field,

porosity (dimensionless),

first order decay constant (time- 1) of species t,
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Re =

%rl =

q=

c; =

rl =

retardation coefficient (dimensionless) of species 1,

fraction of parent spceies m (dimensionless) that transforms into daughter species /,

rate of fluid injection per unit volume of formation (time-1),

concentration of species I in the injected fluid, and

rate of material transfer of component / from the rock matrix to the fracture

(mass/(volumc*timc)) (see dual-porosity model, Section 6.5)

In the transport mode, the Darcy velocity is considered as input to the code and is obtained

from STAF’F2D or other flow codes. The dispersion tensor is defined as (Schcidcgcr, 1960),

where mL and aT arc the longitudinal and transverse dispcrsivitics, and D; and D; are the

effective coefficients of molecular diffusion.

The decay constant is

where T1/2 is the half-life of spccics 1.

Retardation is given by

Rl=l+ ‘“(~- ‘) Kd,/

(4-32)

(4-33)

where Kd e is the distribution coefficient, and p,~ is the solid density.

In (4-30), rf represents a source term modeling the matrix-fracture interaction when using Lhc

dual-porosity model. The undisturbed calculations did not use the dual porosity capability, so

rf = O. Also, for a passive solute with an infinite half-life and no retardation, ke = O and

Rt=l. ().
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Consequence Models
STAFF2D Vertical Cross Section Simulations

The finite-element approximation technique applied to the convective-dispersive equation is an

upstream-weighted residual technique (Huyakorn and Pinder, 1983) designed to overcome

oscillations of the numerical solutions when the convective terms are dominant.

Physical Assumptions and Limitations

Assumptions are as follows:

.

.

.

.

.

The code is limited to two dimensions.

Transport is govemcd by Fick’s Law.

The dispcrsivity is assumed to correspond to an isotropic porous medium so that only two

constants, the longitudinal and transverse dispersivity, are important.

Adsorption and decay of radionuclides obey a linear equilibrium isotherm.

Solute concentration effects on fluid density are ignored.

CAMCON Enhancement: Spatially Varying Material Properties

The HydroGeoLogic version of STAFF2D is limited to having distinct material regions over

which physical properties do not vary. In the transport case, these include porosity and tortuosity.

In addition, the free-water molecular diffusion parameter is independent of species in Version 3.2.

The CAMCON data base contains spatially varying data for tortuosity and porosity and spccies-

dependent molecular diffusion parameters. The CAMCON version of STAFF2D was modified to

permit input and use of these data.

Benchmark Tests

Several benchmark calculations have been performed to compare STAFF2D with analytical

solutions. Generally, good agreement with the anal ytic solutions is claimed. Unfortunately, for

the case of multiple species transport, analytic solutions are confined to one-dimensional model

problems. The following list of documented benchmark problems is discussed in Huyakom et al.

(1991):

.

.

.

.

.

longitudinal transpat in fractures and transverse marrix diffusion

longitudinal transport in fractures and spherical matrix diffusion

onc-dimcnsiona I transport of a three-member radioactive daay chain

radial transpon in fractures and transverse matrix diffusion

two-well tmnsport in a porous medium systcm

4.2.2.3 Summary of Results

A brief summary of results and conclusion is presented here. Details of the calculations

including spatial and temporal grids, material properties, and boundary conditions follow. Results

from STAFF2D indicate that the primary migration pathway is from the repository down into
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MB 139, and within MB 139 to the shaft. Solute is transported up the shaft at concentrations much

less than 1Y. of the source. The effect of desaturation via effective properties on flow and transport

was minimal. An estimate of the normalized EPA sum of radionuclides passing a point 20 m up

the shaft was several orders of magnitude less than the normalized EPA limit of 1, during the

10,000-year regulatory period. A similar result was obtained for radionuclides moving in MB 139

away from the repository and shaft.

Flow rates up the shaft are less than ().03 m3 /yr with no shafl seal system, and

concentrations in the shaft are much less than l% of the source. A six order-of-magnitude decrease

in shaft permeability, from 10–12 m2 (permeability of sand) to 10-’8 m2 (permeability of

initially placed satt), drops the flux up the shaft by only a factor of three. The shaft seals were not

included in the original model, again to maximize flow up the shaft. Varying the shaft

permeability in a parameter study showed that the properties of an engineered shaft seat would have

to approach the properties of the intact Salado before it would have an effect on the undisturbed

performance.

4.2.2.4 Spatial and Temporal Grids

Two grids were initially used for these simulations. A very large, coarse grid was used for a

regional simulation to establish boundary conditions on a much smaller, finely zoned local

simulation. Comparisons of both pressure and concentration contours from both calculations

show that the extra step was not necessary. The large regionat grid adequately resolved the flow

and transport within MB 139 and up the shaft. Therefore, all remaining results are for the large,

coarse grid.

The region covered by the grid extended from 1,000 m below the MB 139 to the top of the

Culebra dolomite and for 1,000 m downgradient from the shaft to 1,500 m up gradient from the

repository (Figure 4-5). Details of the grid are shown in Figure 4-6 at the shaft/drift intersection.

The MB 139 and anhydrite layers were modeled using one element through the thickness. Two and

three elements were used through the thickness of the Salado DRZ below and above the repository

respectively. Three zones were used through the thickness of the repository. One clement was

used through the thickness of the shaft. Along the drift, the zones increased in length from 5 LO

about 40 m; in the repository they were approximately 30 m long. Zones expanded in all

directions away from the repository/shaft system. The zoning resulted in some rather large aspect

ratios (e.g., greater than 30). However, they did not cause numerical problems for flow, as

evidenced by a comparison with the fine-zoned mesh discussed above.

The two-dimensional calculations are for a 1-meter-thick cross section through the center of

the repository, drift, and shaft. The code calculates specific flux (m3/(s”m2)) or Darcy velocity

(m/s) per unit thickness. The reported fluxes are scaled to the actual shaft dimension by awuming
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a 25-m2 shaft cross-sectional area. The assumption is conservative in that the repository, drift,

and shaft are assumed to be infinite in the direction orthogonal to the plane of the calculation.

4.2.2.5 Material Properties, Boundary Conditions, and Initial Conditions

Material properties used in the simulations are given in Volume 3 of this report. The entire

shaft has been modeled with upper shaft properties (no lower shaft seat system) to maximize flow

up the shaft. The shaft permeability was varied between 10-12 and 10-18 m2 in a parameter study

to obtain a possible bound on properties of the engineered barrier-shaft seal syslem. The region

below the repository is assumed to be entirely Salado. The Cmtilc formation has been cxcludc(i.

The effect is assumed to be minimal.

Boundary conditions are shown schematically in Figure 4-7. It has been hypothesized that the

initial fluid pore pressure at the repository is between Salado brine hydrostatic (7.0 MPa) and

lithostatic (14.9 MPa); a value of 11 MPa has been selected. Generating the quasi-hydrostatic

conditions using a fluid density of 1200 kg/m3 and a pressure of 11 MPa a[ the repository horizon

results in a hydrostatic pressure of about 6 MPa at the Culcbra dolomite. The other choices

required either an artificially high fluid density to get realistic fluid pressure at the Culcbra or rcsull

in boundary-condition-induced vertical flow. To cnhancc the flow up the shaft, a no-flow boundary

was used along the top of the Culebra, except at the shaft, which had a 2.8 MPa pressure

corresponding to the actual hydrostatic pressure due to a column of brine extending to the ground

surface. Flow is induced by an 17-MPa pressure boundary condition in the waste part of the

repository. For the STAFF2D simulations, these pressure, boundary, and initial conditions were

convcrtcd to hydraulic head. A steady-state governing equation was used. The solute source in the

repository was modeled with a constant normalized concentration boundary condition of 1.0

kg/m3.

4.2.2.6 Results and Discussion

The results are summarized in Figure 4-8 as pressure and total hydraulic head contours an(i in

Figure 4-9 as normalized solute contours at 10,000 years. The pressure and head contours show

the gradients away from the repository, between the repository and the shaft, and up the shaft.

Compared to other regions near the repository in the computational plane, there is very little

gradient between the base of the shaft and the Culebra and therefore very little flow, The solute

contours show that vcrtica] transport into surrounding host rock adjacent to the waste panel is

small compared to transport along MB 139 (note the magnified vertical scale in Figure 4-9). The

primary migration pathway is from the repository to MB 139, and within MB 139 to the shaft.

Concentrations in the shaft arc ICSSthan 17. of the source. Solute under the inftucncc of incrcascd
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pressure primarily moves irrlo the disturbed region (Salado and MB 139) below the repository and

drift.

The fluid flux up the shaft is aboul ().()26 rn3/yr. For U234 with a current median volubility

limit of 1.0x10-4 molar, this corresponds to 4.68x10-6 kg/yr or 4.68x10-2 kg/l o,O()() yr. For

PU239 with a current median volubility of 6X10-10 molar, it corresponds to 2.86x 10-5

kg/10,000 yr. U234 and Pu239 are the primary radionuclides contributing to the normalized EPA

sum.

The permeability and porosity values of the shaft (10-12 m2 and 0.10, respectively) arc for

unconsolidated sal[. To estimate the properties of an cnginccrcd shaft seal System that would tw

effective in reducing transporl up the shaft, a series of simulations was performed with varying

shaft permcabilitics. Two and four order-of-magnitude dccrcases in permeability ( 10-14 m2 and

10-16 m2) resulted in essentially no change in the flow up the shaft. A permeability of 10-18 m2

resulted in a factor-of-three dccrasc in flow. This implies for undisturbed conditions an engineered

shaft seal has Iittlc effect unless the permeability approaches that of the intact Sala(io.

In conclusion, for fully saturated conditions, no si~mificant quantity of radionuclidcs move up

a shaft, even when it is filled with a rnatcrial with a permeability of 10-12 m2. The permeability

of the shaft backfill MIISLbe within a few (2 to 3) orders of rnagnitrrdc of the surrounding host rock

LOreduce this already insignificant migration even further. These results arc consistent with results

reported earlier by Rcchard et al., 1990.

Release Estimates

Nuclide release up the shaft was estimated conservatively by combining the normalized

concentration from STAFF2D with actual source concentration for radionuclidcs as calculated

using the PANEL code (Section 5.3). PANEL uses the repository inventory, radionuclidc

properties, repository proper-tics and intrusion kmrcholc flow history to calculate mdionuclidc mass

flux up an intrusion borcholc. For this problcrn the steady-state flow up the shaft of 0.026 m3/yr

as calculmd in Lhc undisturbed simulations Ltiscusscct above was used as an intrusion borcholc [low

history. The flow rate was calculakd from the Darcy vcloeity times the shaft cross-sectional aru~.

Transport up the shafL as calculated by PANEL assumes that the shaft intersects a waste panel.

The cffccL is that there is no Lirnc delay or diffusion due to travel down the MB 139 from the

repository Lo Lhe shafL and conscqucnt]y no conccntraLion gradient; what comes out of the

repository goes directly up Lhc shaft. The rcsulling radionuclidc discharge is very conservative.

PANEL-calculaLcd discharges up a shaft arc much Iargcr Lhan they would bc up a shafL 366 m

away. Rclcascs calculated by PANEL were then scaled by Lhe normalized conccnLrations aL

locations of intcrcsL up the shaft w calcrrlaLcd in the 5TAFF2D undisturbed simulations 10 accounL

for the transport and time delay duc m transport down the MB 139.
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Three PANEL calculations were run using two sets of radionuclide solubitities (median and

maximum, see Volume 3) and two vaIues of repository pore water volume (1 m3 and 4000 m3).

The pore water volume of 4000 m3 corresponds to an inundated waste panel and was used in the

December 1990 PA. The value of 1 m3 was used to generate concentration of the radionuclides

near their solubilily limits. It provides a bound to release but not a least upper bound or a

maximum. PANEL mixes the in-flowing fluid with the fluid in the repository and then releases it

with dissolved radionuclides. Larger volumes of pore water result in lower release concentrations.

The normalized EPA sum (Section 2.1) for the three calculations are shown in Table 4-1 for

the release as calculated by PANEL (column 4). These releases are then reduced to account for the

actual 366 m separation of the repository and shaft by combining the PANEL and STAFF2D

results. For Case 1 (column 4), 99?10of the EPA sum comes from the activity of AM241, which

is released from the repository in the first 200 yr. AM241 can be excluded from the EPA sum

since the average t.rwel time down the MB 139 is over 10,000 years and the hatf-life of AM241 is

432 years. This results in the values shown in column 5. There are similar results for Case 2

where AM241 contributes 70910of the EPA sum. The values shown in columns 6 and 7 have been

scaled by the normalized concentrations 366 m from the repository and 20 and 50 m up the shaft

(above the repository horizon)---O.OOl and 0.0001, respectively.

Other factors that would significantly reduce radionuclide release up the shaft would be

retardation, reduced solubilities, larger pore water volume, travel time delays for all radionuclides,

and time varying concentrations. For the analysis presented the concentration scale factors arc

constant at their value at 10,000 yr. They arc actually much smaller early in time when releases

from PANEL are large.

Another pathway for release from the undisturbed scenario is within MB 139 dircctl y to the

accessible environment. Darcy velocities 100 m from the far side of the repository (away from the

shaft) are 0.03 times the velocities in the shaft; however the flux area is significantly larger-on

the order of 3600 m2 assuming discharge at 100 m from all four sides of the repository.

Normalized concentrations are 5x10-5 100 m from the repository within MB 139. The associated

EPAsumwouldbe2.2x10-4(5x10-5*0.03*3600/25)times the release calculated by PANEL or

one-fifth as large as the release 20 m up the shaft, column 8. Concentrations drop off considerably

with distance away from the repository. At 200 m the scale factor is 8.4x10-7 or 250 times

smaller than at 100 m, column 9. In summary, the results in Table 4-1 show that normalized

EPA sums for release up the shaft and out the MB 139 when conservatively estimated by PANEL

and appropriately scaled to account for diffusion and travel time down the MB 139 are several orders

of magnitude below the EPA limit.
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Verification

The STAFF2D calculations were verified by performing the same simulations with the

SUTRA code and comparing results. The CAMCON system made this process quite simple as

only the CAMDAT data base had to be modified to include a few properties required by SUTRA.

Figure 4-10 shows a comparison of the 1% contour for both the SUTRA and STAFF2D

simulations at 10,000 years. The comparison shows SUTRA transporting solute slightly farther

from the repository due to the subtle modeling differences and/or different numerics. The main

difference between the two models is that the porosity fields are slightly different. STAFF2D uses

element-centered porosity as it is stored in the CAMDAT Data Base. SUTRA interpolates the

porosities to the nodes resulting in average porosities at materiaJ boundaries.

Table 4-1. Normalized EPA Sums for Release up the Shaft in the
Undisturbed Scenario From All Waste Panels

Pore - ---------------------------------EPA SUM-----------------------------------------
Case solu- Water No --------shaft -------- --------MB 139----

bility vol. PANEL AM241 20m 50m 1OOm 200m

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 max. 1 1407 4.6 4.6x10-3 4.6x10-4 1.0x10-3 4,0x10-6

2 max. 4000 6.25 1.8 1.8x10-3 1.8x10-4 3.9x10-4 1.6x10-6

3 median 4000 0.11 0.11 1.1x10-4 1.1x IO-5 2.4x10-5 9.6x10-8

Notes on columns 4 through 9:

(4) PANEL results including AM241 for shaft intersecting repository.
(5) Same as (4) but without AM241 in EPA sum.
(6) (5) scaled by relative concentration 20 m up shaft from STAFF2D.
(7) (5) scaled by relative concentration 50 m up shaft from STAFF2D.
(8) (5) scaled by relative concentration 100 m from repository within MB 139.
(9) (5) scaled by relative concentration 200 m from repository within MB 139.

Nuclides used in EPA sum: AM241, NP237, PB21o, PU238, PU239, PU240, PU242, RA226,
RA228, TH229, TH230, TH232, U233, U234, U236, U238.
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Pseudo-Unsaturated Flow

In the previous calculations, STAFF2D was run resuming that the permeability and porosily

were unaffected by the presence of was[c-generated gas. The effect of gas was included only in so

far as it provided a pressure of 17 MPa to nodes within the repository. In the following

calculations with STAFF2D, gas generation effects on effective properties were included in a

second STAFF2D simulation by modifying the properties of the waste, Salado DRZ, and

MB 139DRZ based on results of two-phase flow simulations performed with BOAST II (Section

4.2. 1). Gas-generation effexts are accounted for by effective properties that arise due to dcsaturation

of the pores and by a constant 17 MPa repository source pressure. Note that saturation refers to

the ratio of volume of brine to volume of pores. Saturation of 1 is fully brine saturated; a value of

O implies the pores are void (empty). Effcctivc porosity and cffcctivc diffusion were calculatc(i

based on brine saturation in the pores. Effcctivc permeability was calculated using relative

permeability, which is a function of brine saturation in the pores. Profiles of relative permeability

on a vertical slice through the repository were shown in Figure 4-3. The waste material w:is

broken into three layers. Permeability y in the three Iaycrs was decreased by seven, six, and five

orders of magnitude from top to bottom based on relative permeability. This reflects the higher

gas saturations (lower brine saturation) near the ceiling. To maximize dcsaturation cflccts,

pcrmcabilities in the Salado-DRZ and MB 139-DRZ were decreased by a factor of lo. Porosity in

the waste, Salado DRZ and MB 139DRZ were dccrcascd by a factor of three based on the saturation

profiles shown in Figure 4-4. Elfcctivc diffusion, which is a strong function of fluid saturation,

was decreased by a factor of 100. Dispcrsivit y coefficients were unchanged since saturation cffccls

on dispersion are accounted for via the flow velocity.

The results, summarized as a concentration contour of 1?40 of the source value, arc compared to

the original saturated flow simulations in Figure 4-11. The cffcctivc property changes duc 10 gas

generation and dcsaturation as modeled here had Iittlc effect on solute transport; a Iitdc mot-c sol utc

is transported downward and a Iittlc Icss so]utc is transported laterally along MB 139. The results

above the repository appear to bc noisy. Very Iittlc change in rcsuits will occur until cflcclivc

waste and DRZ properties approach those of the intxt Salado properties. This conclusion is

consistent with effects of shaft seal properties on flow up the shaft. The solute transport is

advection- and dispersion- (fluid velocity) dominated. The velocities arc a function of hydraulic

conductivity and head gradient. One would expect the fluid velocity and uasport to decrcasc with

dccrcascd hydraulic conductivity; however, head gradients increased resulting in velocities similar to

the those using unmodified properties. Gas generation in the undisturbed repository is nof

cxpectcd to cause rclcascs to the accessible environment or beyond the 5-km boundary in cxccss of

the EPA limit. In fact, the releases calculated here arc several orders of magnitude lower than Lhc

Iim it on] y a few hundred meters away from the repository. Gas generation effects on radio nuclidc
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transport (due to property changes) are confined to a region between the repository and access

shafts. The results presented here for time-constant “effective” properties are preliminary, for

dcmons~ation purposes only. They arc the initial effort in an ongoing investigation into possible

methods of calculating transport in the presence of two-phase flow. Other areas include fully

coupling transport into a two-phase flow code (such as BRAG FLO), uncoupling two-phmc flow

and transport, or coupling the two-phase flow to a single-phase transport code and using timc-

dcpcndcnt transport properties that arc derived from the two-phase flow field.

4.2.3 SUTRA SIMULATIONS—Jonathan S. Rath and Ron D. McCurley

In addition to the STAFF2D calculations, the SUTRA code was also used in a vertical cross-

scction through the repository to verify further the results of STAFF2D (see the steady-s~ltc

vcntlcation discussion in Section 4.2.2.6) and to shrdy in greater detail the effects of trmsicnt gas

pressures and time-varying material properties as gcncratcd by BOAST 11. The SUTRA

calculations for the vertical cross-section (Section 4.2.3.2), as opposed to STAFF2D, were run in

a fully transicnl mo(ic utilizing the time-varyirrg gas pressure and material pcrmcabilitics.

Additional c~lculations were carried out with SUTRA rnodcling a horizontal plane through the

repository (Section 4.2.3.3). The purpose of these calculations was to investigate sornc 01 the

three-dimensional aspccLs of flow out of the waste repository.

4.2.3.1 Model Description

The model description that follows is based closely on the presentation in Voss (1 984).

SUTRA (Saturated-Unsaturated TRAnsport) (Voss, 1984) evaluates density-dcpcndcnt, saturated or

unsaturated groundwatcr flow in rigid, porous media with either (1) transport of a single-spccics

solute subject to non-linear equilibrium adsorption and zero- and first-order prmiuction or decay or

(2) transport of thcrrnal energy in the groundwatcr and solid malrix of an aquifer. SUTRA

employs a two-dimensional hybrid finite-clcmcnt anti integrated finite-diffcrcrwc method [o

approximate the governing cqualions. The primary I’CSUILS are fluid pressures, velocities, and either

solute mass fractions or lcrnpcraturcs as they vary with time. SUTRA solves partial differential

equations for coupled flow and transport using backwards finite differcncing time discrctization for

time derivatives appearing in the conservation equations. Groundwatcr flow is simulated through

the numerical solution of a fluid mass balance, Similarly, lransport of either solute mass or

energy is solved numerically by satisfying a solute mass or energy balance equation. SUTRA’S

finite clcmcnt approximation equations arc derived by using the Galcrkimtypc method of wcighlcd

residuals. Isop.amrnchic, bilinear, 4-node quadrilateral clcmcnts arc used exclusively by SUTR,4,

In addition, SUTRA allows (1) steady or transient 11ow, (2) radial or Cartcsiarr coordinate

systems, (3) arcal (in plane) or cross-sectional solution domains, (4) equilibrium non-linear
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Consequence Models
SUTRA Simulations

or decay for a single species, (6) saturated or

unsaturated flow, (7) material-dependent storativity and grain density, (8) time-dependent boundary

conditions and/or sources and sinks, and (9) time-dependentmaterial properties. Items 7, 8, and 9

are enhancements developed for the CAMCON version.

Groundwater Flow Equation

The governing partial differential equation describing conservation of fluid mass in an

unsaturated porous medium is given by (Voss, 1984),

{~pfG+!&pf)*)$+{(&~l)+~;=v.{[W]*[v~-pf81]+Q(4-34)

where,

S1 =

Pf =

G=

c=
~=

k, =

P1 =

Vp =

g–
—

Ql =

krl =

Relative permeability, krf, expresses what fraction of the total permeability remains when the void

space is partiatly fluid-filled. Thus, for a saturated fluid, S1 = 1, and krl = 1. If the fluid density is

ratio of [luid saturation to [otal void volume (dimensionless),

fluid density (A41L3),

specific storativity (t 2/M),

porosity (dimensionless),

pore pressure (M/(Lt2)),

time (t),

solute mass fraction (M/M),

permeability tensor (L2 ),

relative permeability (dimensionless),

fluid kinematic viscosity (&fL/t),

pressure gradient (h41(L212)),

gravitational acceleration vector (LJt2), and

fluid mass source or sink (including pure fluid plus solute mam dissolved in ftuid)

(M/(L3;).

relative permeability (dimensionless)

not allowed to vary as a function of solute mass fraction ( dpf /a~ = O), the second term of (4-34)

drops out. Thus, the resulting fluid mass balance equation is no longer coupled to solute

transport.

Solute Transport Equation

SUTRA allows a single solute species

species may be subjcctcd to equilibrium

to be transported conservatively, or the single solute

sorption (through linear, Freundlich, or Langmuir
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isotherms). Single species solute may also be produced or decay through

reaction processes. SUTRA’S solute transport simulation allows for a single

first- or zero-order

species mass stored

in fluid solution as solute and species mass stored as adsorbate on the surfaces of solid matrix

grains. Solute concentration, ~, and adsorbatc concentration, C~, are related through equilibrium

adsorption isotherms. Assuming that species mass stored as adsorbate on the surfaces of solid

matrix grains does not occur, C~ = O (i.e., no adsorbate mass Wansfer occurs, and thus solute is

transported conservatively). The governing partial differential equation describing conservation of

solute mass fraction in a saturated, S1 = 1, porous medium is given by Voss (1984),

“f%=v”{[E’f(Dp~+Q)l*vt}-E’f’”vt+Q’(c* -t) (4-35)

where,

Df =

~=

g=

Ve =

v=—

c* =

molecular diffusion coefficient in porous media (L2/t ),

identity tensor (dimensionless),

dispersion tensor (L2// )

gradient of solute mass fraction (L-l),

interstitial velocity vector (L/t ), and

solute mass fraction of fluid mass source (M/M).

The term involving the interstitial fluid velocity vector, y, of (4-35) represents the average

advection into or out of the local volume, For saturated flow, S1 = krf = 1, this velocity term is

calculated in SUTRA from a generalized form of Dare y’s law as,

-[1
k

“=–= “ (VP– ‘f<)
EU/

(4-36)

SUTRA employs an algorithm for determination of fluid velocities that alleviates typical

spurious numerical errors common with standard finite clement methods for systems with variable

fluid density. Such errors are a result of fundamental numerical inconsistencies in spatial and

temporal approximations for the pressure gradient, Vp, and the density-gravity term, p~ g, of—

(4-36), which are used in computing the velocity field (Voss, 1984). Consistent evaluation of the

velocity is also necessary for the assembly of the dispersion tensor, Q_. SUTRA’S method of

velocity calculation applies a consistent spatial and temporal discretization to the lcrm

(Vp - p~ g ). Thus, SUTRA produces consistently evaluated velocities and allows stable and—

accurate transport modeling.

The term involving molecular diffusively of the solute, D,, and the dispersion tensor, Q, of—

(4-35) represents the contribution of solute diffusion and dispersivity to the temporal solute mass
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gradient. The diffusion contribution is based on a true physical process frequently neglcctcd at the.

field scale. The dispersion term approximates the irregularity of the velocity field and the flow

field’s mixing, which are not accounted for by average solute advection. Subsequent mixing is duc

to the presence of non-uniform, convective velocities in three dimensions about the average

interstitial velocity, y, and is conceptualized in two dimensions m a diffusion-like process with

anisotropic dispersivities.

For a system with isotropic permeabilities, SUTRA’S dispersion tensor, Q,—

components can be written in matrix form as,

‘D%w
where the tensor componcms are symmetric, defined as,

where

~L = longitudinal dispcrsivity of solici matrix (L),

aT = trartsversc dispcrsivity of solid matrix (f,), and

v = ma~mitude of the velocity vector, Ilyll .

(4-37)

When such an isotropic media model is applied to a particular field situation where aquifer

inhomogcncities are much smaller than the field transport scale, dispersivities aL and UT may

be considered to bc fundamental transport properties of a systcm in the same sense thal

permeability is a fundamental property of 11OWthrough porous media (Voss, 1984).

For an anisotropic permeability field, SUTRA uscs an ad-hoc model of flow-d ircction-

dependcnt longitudinal dispersion. SUTRA’S anisotropic-media dispersion algorithm splits

longitudinal dispcrsivity into two principal space directions aligned with the principal directions of

permeability. Since anisotropic pcrmcabilily’s transverse dispcrsivity is typically only a fraclion

of the longitudinal dispcrsivity, the transverse dispcrsivity is ignored. Dropping the (ransvcrsc

dispcrsivity term can also be justified by the limitations of mesh rcfincmcnt for accurate

simulation of low transverse dispersion. Thus, the effect of any direction-dcpcndcncc of [ranvcrsc

dispcrsivity would bc obscured by the numerical discrclization errors in a typical mesh. SUTRA’S

value of longitudinal dispcrsivily M dcpcndcnt on the [low direction for an anisotropic pcrmcabiii(y

media is given as

4-39



Chapter 4. Undisturbed Performance of Repository/Shaft

1

2

3

4

5

6

7
8
9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

aLminu LmaxaL .

aLmin(cost3kv) 2 + al,max(sin~~)
2’

(4-38)

longitudinal dispcrsivity in the minimum permeability direction (L),

longitudinal cfispersivity in the maximum permeability direction (L), ami

angle from maximum permeability direction to the local flow direction (y/llyl\)

4.2.3.2 Vertical Cross Section Simulations

Model Overview

/introduction. The following dcscribcs SUTRA calculations using vertical cross-scclionai

geometry to examine the phcnomenology of solute transport in and near the repository. This

phcnomenology inclu(ies transport due to advection and dispersion related 10 Lhcmovcmcnl of flui~i

(brine) through the repository and surrounding rock matrix, and to mokeuiar diffusion.

The SUTRA simulations described in this section differ from Lhc.STAFF2D calculations

(described in Section 4.2.2) in Lhe following ways: (1) The SUTRA calculations solvcxi for

transimrt flow and transient transpofi simultaneously; STAFF2D used a two-step proccss–-stea(iy -

stalc flow followe(i by transient transport. (2) SUTRA used smaller Lime steps (100 years). (3’)

The modeled pressure in Lhc waste (due to gits-gcmcraLion) is Linlc-cicpcnden[ in SUTRA

calculations, (4) In onc SUTRA calculation, dw pcrmcabilitics in several materials arc allowed I(J

vary with time. Otherwise, mesh gcomclry, material propcrLics, and boundary :in(i inilial

conditions arc the same as those of the STAFF2D calculations.

The results of the SUTRA calculations confirm ami augment the fin(iings of other s[uciies of

trmtsport in the undisturbed scenario. Onc significant and unique result of this stu(iy shows

quaiitaLivcly diffcrcnL and quantitaLivcly less lransport Lhan STAFF2D, duc 10 Lime-varying

pcrme.abilities (from gas invasion into porous spaces gcnet-atcxi by was(c (iccomposilion, etc.) :Ind

due to time-varying gas pressure.

SUm/T?ary Of Results. The results from SUTRA arc consistcnL with Lhosc .gcnerahxi by

STAFF2D (Sections 4.2.2.3 and 4.2.2.6). Again, as with STAFF2D, the primary migra[ion

pathway is down inLOMB139 and laterally wilhin MB 139 towards the shaft. When SUTRA usc.d

the lransienl gas pressures gcncratcd by BOAST 11and no gas mo(iificd material properties, Lhc 1Y

source concentration conlour at 10,000 years di(i not cxtcn(i as far (iown MB 139 as the STAFF2 D

1Yo source concentration contour run steady slate with a constant, higher repository (irivinp

pressure (17 MPa). When SUTRA an(i STAFF2D were both run with stca(iy-state PrL’SSUrL’S

(Section 4.2.2.6), the 1% SLJTRi4 contours prccedc(i the STAFF2D contour. It shouki bc notc{i

4-40



Consequence Models
SUTRA Simulations

1

2

3

4

5

6

7

8

9

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

that the normalized concentrations calculated in STAFF2D (given as a percent of the initial

concentration) are equivalent to normalized mass fractions (given as a percent of the initial mass

fraction) as calculated by SUTRA. When the repository and surrounding geologic permeabilities

are modified as a function of time as the result of gas generation, the SUTRA generated

concentration contours show further retardation; the 1910source concentration contour in this case is

approximately 50 m farther from the shaft than for the unmodified material case. Transport along

MB 139 without the effects of a shaft present reveals that the 170 source concentration contour

extends out from the repository by approximately 120 m (see in-plane SUTRA calculation,

Section 4.2.3.3).

Geometry, Spatial Grid, and Temporal Grid

For undisturbed conditions, SUTRA was exercised with a constant source term of solute mass

fractions, no adsorption, and no decay. The modeled geologic matrix defined a slice perpendicular

to the plane (referred to, hereafter, as the out-of-plane geometry) of arrd through the axis of the

repository. This vertical slice included, in addition to the waste, the drift and the lower shaft, [he

surrounding intact host rock, the nearby disturbed rock zones, an anhydrite layer (combining Iaycrs

a and b), and MB 139. Disturbed rock zone regions (in the Salado) and disturbed regions in the

anhydrite and MB 139 layers underlying and overlying the repository are distinct materials with

(iistinct flow properties.

The physical domain included the geological strata below the waste up to the top of the

Culebra dolomite member. To simplify modeling the geometry of the geology, no account was

taken for bending or changing thickness of layers. The thickness of the consolidated waste was

assumed to be 2.0 meters in the vertical direction. Adjustments were required to preserve the

elevation (or depth) of the repository (the original thickness is 4.0 meters). The layer thickness of

the disturbed rock zone in the Salado above the repository was increased by 2.0 meters to prcscrvc

elevations of other layers. The far-field bwrndaries and computational mesh was the same as those

used for the STAFF2D calculations (Section 4.2.2).

Two computational domains, a coarse and a fine grid, were created. The coarse grid was

intended to establish and examine transient flow and concentration fields over a Iargc domain. Duc

to constraints such as the large extent of the modeled domain and relative thicknesses of modeled

geologic layers, there was a large variation of clement size and aspect ratio (refer to Figures 4-12,

and 4-13 .). A finely meshed grid was created to examine flow and transport more accurate] y and to

study the effect of mesh geometry (e.g., clcmcnt aspect ratios) on transport. The results from the

coarse grid were used to establish boundary conditions for a fine grid. These analyses involved

several individual SUTRA calculations utilizing several pre-and post-processors. The entire series

of calculations may be summarized in the following sequence (refer to Figure 1-4 in Chapter 1:
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Chapter 4.

1. A

Undisturbed Performance of Repository/Shaft

coarse mesh with boundary conditions and material properties was developed using

CAMCON tools GENMESH, MATSET, BCSET, and ICSET. The size of the

computational domain was chosen to be the same as that used in the STAFF2D

calculations (see Section 4.2.2.4).

2. Transient flow transport calculations using the computational domain developed in Step 1

were used to investigate transport phenomena and sensitivity to variations of time-step

and diffusivity. (The term diffusivity used here and by SUTRA is the product of the pure

fluid molecular diffusivity and the tortuosity of the porous media [sometimes referred to

as the coefficient of molecul~ diffusion].) These transient calculations used no-flow

(ilQ@n = O, d~/dn = O, where n = outward or normal direction) far-field boundary

conditions. Results from BOAST II (Section 4.2.1) for gas-generated time-dcpcndcnt pore

pressures were used a.. internal boundary conditions inside the waste. The rationale for the

particular gas-generation rate used to determine BOAST II results used here is discussed in

Section 4.2.1.5. In some cases time-dependent effective pcrmcabilities and porosities

were implemented. Care was taken to usc time steps sufficiently small to reflect

adequately the time-dependent functionality of results from BOAST II. The time SLCP

used in most of the calculations done here was 100 years. A smaller time step of 10

years was used only Lostudy the effect of smaller time steps on the transport rcsuhs.

3. Finally ALGEBRA, BLOT, and TRACKER were used to display results.

Material Properties, Boundary and Initial Conditions

As noted above, in some calculations the effective permeabilitics of selected materials were

allowed to vary with time. The time variation was determined by relative brine permcabilitics

predicted by BOAST II due to gas-generation in the waste. Plots of results prcdicLcd by BOAST 11

showing changes in relative brine permeability as a function of time for different regions in and

near the repository arc shown in Figures 4-14a, b, c, d. These time-dependent relative

permeabilities were used to modify geologic permeabilitics in SUTRA in order to make thcm

time-dependent. The expression used to do this was k(t)= kokr (t), where k(t) is the derived

time-dependenL permeability, k. is the permcabiliLy and kr (f) is the time-dependent relative

permeability from BOAST IL In all calculations SUTRA was used in the fully saturated mode (S1

= 1). The time variaLion in pcrmeabilities was inLroduccd to account for some of the effects of gas’

generation in the waste and Lwo-phase flow in the surrounding geology.

A plot showing changes in drift permeability, due to time-dependent consolidation, is also

included as Figure 4-14e. This figure is taken from Rechard et al. (1990b). The wasLe maLcrial
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was subdivided into lower and upper regions in the model using Lime-varying permeabilitics (se.c

Figure 4-15). This was both reasonable and desirable because results from BOAST II showed

significantly different permeability variations in the two regions. The upper region had dramatic

decreases (many orders of magnitude) in brine permeability due to gas saturation; the lower region

(the bottom row of elements) showed only small changes (lCSSthan an order of magnitude). Rclcr

to Figures 4-14a and 14b.

The materiat and fluid properties used in these calculations were identical to those listed in [hc

data report (Volume 3), with the exception of those shown in Tables 4-2 and 4-3. Inclucicd in

these tables arc material properties of the lower shaft that arc to bc dctcrminc(i by engineering

design (Table 4-2). Also, as already indicated, the diffusivity used is a rcprcscn~ltivc val uc of’

inventory radionuclides (Table 4-3).

Table 4-2. SUTRA Material Properties that Differ from
Volume 3

Property Value

Zone

Anhydrite (DRZ)

Anhydrite (FF)

Culebra

Drift

MB139 (DRZ)

MB139 (FF)

Salado (DRZ)

Salado (FF)

Shaft

Waste

Dns Grain

(kg/m3)

Perm x

(m2)

Perm y

(m2)

I.ooxlo-lg 1.OOX1O-I9

2.19x103

2,70x 103

I.ooxlo-lg

3.5 OX1O-21

1.OOX1O-I2*

* Undetermined engineered value.

those Found in

Porosity

(dimensionless)

0,1

1.50XI 0-3

I.ooxlo-lg

3.50 XI0-21

1,OOX1O-I2* 1.OOX1O-1’
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Table 4-3. SUTRA Brine Properties that Differ from those Found in
Volume 3

Brine Property

Compressibility (Pa-l )

Density (kg/m3)

Viscosity (Pa.see)

Diffusivity (m2/see)

Value

2.70x10-10

1.20XI03

1.60x 10-3

1.4 OX1O-II*

* Generic radionuclide

The initial flow field for the coarse-zoned transport calculations was established in lhc

following way. The pore pressure at the rcposimry elevation was assigned a value of 11.() MPa.

This vafue represents a median value between hydrostatic pore pressure at that depth (7.0 MPa) and

lithostatic pressure (1 5.0 MPa). The pressure in the repository itself is initially 0.1 MPa

(atmospheric). The pm-c pressures at other elevations in the grid are determined by using a brine

density of 1200 kg/m3, gravitational acceleration of 9.8 m/s2 and the relation

P(z) =Plz=391m + pg(z – 391m) (4-39)

where z is the elevation of a node in the grid, g is the gravitational constant, p is the brine density

and p is pore pressure (see Figure 4- 16). (The repository is located at an elevation of 391 m above

sea Icvcl.)

Far-field boundary conditions are no-flow (dQ/dn = ()), cxccpt aLthe top boumiw-y of Lhc shalt

where the pressure is brine hydrostatic (due to a column of brine up to the surface). The boundary

pressures inside the repository were determined by BOAST II calculations and were applied

uniformly to all internal nodes of the waste in these calculations. Nodes on the edges of the waste

arc excluded because this would introduce artificially large flow velocities in the clcmcnts in

surrounding regions having these. nodes as comers. C,as-genemtion predictions from BOAST 11

show pressures building quite rapidly initially (a peak pressure of about 15.5 MPa is attained by

500 years) and then decaying gradually to ambient pressure (11 MPa) in 10,(K)()yews (SCCScclion

4.2.1 and Figure 4-2). Pressure contours at 600 years arc shown in Figure 4-17,

A constant solute source term of 2.OX10-7 kg solutefig solution (mass fraction) was input at

those nodes in the waste where a gas pressure boundary has bum applied. The value, 2.OX1()-7

comes from using an arbilrwy source of atomic weight 240 (specifically Pu-240). The soluhility
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limit for 240Pttti is about 10-6 molar. A simple calculation gives the vafue of 2 x 10-7 for mass

fractions.

Results and Discussion

Figures 4-18 and 4-19 show the combined effects of advection, dispersion, and diffusion on

mass fraction (the ratio of solute mass to total fluid mass) contours at 10,000 years for

calculations with both time-dependent pressure and time-dependent properties and with timc-

dependent gas-generated pressures only (no time-dependent properties), respective y, (To obtain

concentrations as used in STAFF2D, mass-fraction must be multiplied by fluid density.) In

Figures 4-18 through 4-23 the scale on the Y axis has been magnified by four to show the

contours more clearly. Results show that (1) contours of 1$ZO of original waste concentrations do

not intersect the shaft at 10,000 years, and (2) when changes in brine permeability duc to gas

generation are taken into account, that transport of the solute is reduced relative to calculations

with constant (in time) brine permeability.

Interestingly, if one examines mass fraction contours where permeability in the anhydritc

above the repository has changed due to gas invading the pore spaces, a notable effect can bc seen.

Transport along the anhydrite layers above the repository is enhanced for the case of no-gas-

modified properties (Figure 4-19). This enhancement disappears when gas-modified properties arc

introduced (Figure 4- 18).

Calculations using diffusivities of zero, I .4x10-11, and 1.4x10 -9, and with advcction

essentially turned off (by eliminating head gradients in the near field of the waste) were done to

study both the effect of changing the value of diffusivity on solute transport and the relative effect

of diffusion compared to advection (advection includes dispersion). The mlddlc value (of

diffusivity) was chosen as representative of a generic radionuclide (Rcchard ct al., 1990a). The

upper value was chosen merely to show clearly the effect of increasing the diffusivity.

Plots (Figures 4-20 and 4-21) of mass fraction contours at 1000 years show a dramatic

spreading of plume widths using diffusivity of 1.4x10-9 rather than 1.4x10-1 1. No other effects

are evident. Comparisons of Figures 4-20 and 4-22 (diffusivity=O.O in Figure 4-22) indicate that

the value of 1.4x10-11 used for diffusivity gave a negligible diffusion effect (note negligible

differences in mass-fraction contours).

It is unclear how important diffusion is in specific local regions. The value of diffusivity used

in SUTRA is a global value and does not attempt to reflect local geologic differences due to

variations of tortuosity. Along the marker bed, diffusion may bc relatively [more significant with

respect to vertical movement of pm’titles, especially for larger values of diffusivi~y (refer to the

statements above regarding plume width).
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Comparisons of transport results in SUTRA calculations using the in-plane (of the repository)

geometry (see discussion of calculations in Section 4.2.3.3) and the out-of-plane (vertical cross-

section) geometry used in these calculations, show that both configurations predict similar

transport away from the repository, but that the in-plane geometry predicts somewhat different

transport plume dimensions. The in-plane gwmctry models predict more uniform movement in

all in-plane directions away from the repository. The out-of-plane calculations described here and

calculations done using STAFF2D all show eccentricities in the direction of the shaft. However,

the in-plane geometry does not include simulation of the shaft. To see the effect of the presence of

the shaft in the out-of-plane geometry, a calculation was done with the shaft absent (Figure 4-23).

This calculation shows that without the shaft, the vertical model produced transport rcsulls

comparable to the in-plane results (see Section 4.2.3.3). A closer examination of contour plots of

mass-fractions indicates that the (small) differences may be due, in part, LOthe relatively Iargc

dimensions of elements along the direction parallel to the repository. Because of the limitations of

computational resources and the increase of computational time with grid skc, large aspect ratios

in a large number of mesh elements are unavoidable.

Effects due to reduction of time step in coarse mesh were studied. A limited study of time

step change show a small effect on the spread of the concentration plume (of particulatcs). Smaller

time steps result in slight (less than 1%) magnification of plume intensity (i.e., the contours

spread further from the source with 10 year time steps as compared to 100 year time steps). In all

calculations a constant time step was used.

4.2.3.3 In-Plane Calculations

Model Overview

/introduction. Calculations with SUTRA (vertical cross section) and STAFF2D (Sections

4.2.3.2 and 4.2.2.3) showed that the principal pathway for radionuclides driven out of the waste

panels by waste-generated gas was downward from a waste panel, into MB 139 and then Iatcrally

through MB 139. These results are based on a vertical two-dimensional model of an cssenLially

three-dimensional phenomenon. of course, once brine from the repository reaches MB 139 the

flow spreads in all directions in the plane defined by the thin (approximately 1.0 m thick) MB 139.

To assess transport in this horizontal plane the SUTRA code was used to model several waste

panels assuming that its entire contents were located in MB 139. This assumption essentially

neglects any flow resistance afforded by the DRZ in the small thickness of halite beLwccn the

repository and MB 139. SUTRA was run with the transient gas pressure history generated within

the repository by the BOAST II code. Sec Section 4.2.1.5 and Figure 4-2. No gas-modified

material properties were used and the shaft was not included. These calculations provide an

estimate of the spatial extent of transport in the MB 139 medium and can be compared LOrcsu IM
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Figure 4-13. Detailed View of Coarse Mesh for SUTRA Boundary
Conditions
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Figure 4-14b. Relative Permeability in Upper Region of Waste Due to
Gas Generation
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Figure 4-17. Pressures at 600 Years
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obtained from calculations performed in a vertical cross section (Section 4.2.3.2). Since the

calculations have been performed utilizing single-phase groundwater flow theory, no adsorbate

mass transfer, and since the panels are assumed to lie within MB 139, the following results

represent a conservative estimate of transport phenomena away from the panels in the MB 139

medium. References to variables and equations used in SUTRA correspond to definitions provided

in Section 4.2.3.1,,

Summary of Results. Contours of solute concentrations were plotted at different times

and at the end of the 10,000 year regulatory period. At 10,000 years the 1?10 source-concentration

contour extended 75 to 110 m from the repository boundary. These results are consistent with the

SUTRA results obtained in a vertical cross-section (approximately 120 m, Section 4.2.3.2) and

tend to confirm the validity of the two-dimensional methods used.

Spatial and Temporal Grids

SUTRA was used to investigate transport phenomena as if the WIPP repository fed directly

into the fractured anhydrite of MB 139. This assumption eliminates the resistance to brine flow

that exists in the DRZ just below the repository and maximizes the flow in MB 139. Using

symmetry and areal geometry (in plane), only one-fourth of the waste panel’s shadow projected

onto the MB 139 layer needs to be modeled. To simulate accurately the gas-generation effects, a

pressure history (obtained from BOAST II; sw Figure 4-2) was applied to interior repository nodes

that lie in the disturbed zone. All calculations were run to 10,000 years. The effect of the shaft is

not included.

Simulations using SUTRA were performed assuming single-phase, saturated flow (S1 = 1), no

adsorbate mass production (i.e., C. = O), single-species solute without decay, and no density

change with concenmation. Since density was not allowed to vary as a function of concentration

change, (dp~/d~ =0), SUTRA’s coupling process between flow and transport was eliminated.

This is a valid assumption since Lhe initial mass fraction is quite small compared to the initial

brine solution density. The assumption that adsorption does not occur is conservative. The model

used SUTRA’S time-dependent boundary-condition capability to handle the transient pressure

condition from BOAST II calculated due to gas generation (Figure 4-2).

Two different spatial and temporal grids were used to model the repository/MB 139 medium.

A come finite-element (FE) mesh used 2,160 elements (45 x 48 elements and 46 x 49 nodes) with

a maximum element length (El) of 78.50 m (Figure 4-24). The fine FE mesh of 2,116 elements

(46 x 46 elements and 47 x 47 nodes) modeled a smaller domain within the coarse mesh. With a

maximum element length of 39.25 m, the exterior boundaries of the fine mesh arc also shown in

Figure 4-24. The coarse mesh calculation was run to provide boundfly conditions for the fine

mesh calculations. The first temporal grid used 100 100-year time steps. The second temporal
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grid used 200 50-year time steps. The coarse spatial mesh was initially constructed to maintain a

mesh Peelet number (P%) lCSSthan 10 (the mesh Peclet number estimates the ratio of advection

to transport, and can be approximated as Pem=MAX(E/)/aL ). The fine mesh was used to study

the sensitivity of the model to smaller mesh Peclet numbers. The first temporal scale of 100-year

time steps was chosen to handle accurately the pressure history simulating gas generation.

Although SUTRA uses an implicit time integration scheme (backwards time-differcncing method),

a finer temporal scale of 50-year time steps was applied to both coarse and fine spatial grids. The

smaller time-step runs were used to investigate sensitivity of time-step size when using time-

dependent boundary conditions. The SUTRA codes states that spatial stability is usually

guaranteed when P% s 4. Since the El of the fine mesh was 39.25 m and the longitudinal

dispersivity of both MB139 materials modeled was 15.00 m, the resulting Pem = 2.619.

Materia/ Properties, Boundary Conditions, and Initial Conditions

Excavation damage and creep damage is expected to modify the properties of MB 139 directly

under the repository (Lappin et al., 1989). Consequently, two material regions were modeled with

both the fine and coarse FE grids: MB 139FF and MB 139DRZ. (The suffix FF represents “Far

Field”; DRZ denotes “Disturbed Reek Zone.”) l%e required SUTRA flow properties are (1) grain

density (of solid matrix), (2) fluid density, (3) permeability (assumed isotropic for this calculation),

(4) bulk compressibility (of solid matrix), and (5) fluid compressibility. The required SUTRA

transport properties are (1) dispersivity, (2) diffusion, (3) fluid density, and (4) fluid viscosity. The

material property values of both MB 139FF and MB139DRZ are for the most part given in

Volume 3 of this report. Certain parameters differed, however, from those found in Volume 3 of

this report. For MB 139FF a permeability of 1.0x10-19 m2 was used (as opposed to the report

value of 2.87x10-20 m2) and for MB 139DRZ a porosity of 0.06 was used as opposed to a vahte of

0.055 reported in Volume 3 of this report. The SUTRA input variable for solid (bulk)

compressibility, corresponding to the MB 139 bulk compressibility was calculated as the inverse of

the solid mechanics bulk modulus (K~u~k). Therefore the bulk compressibility equals

3(1 – 2v)/E, where v and E are Poisson’s ralio and Young’s modulus, respectively. It is assumed

that the anhydrite material and MB 139 material have equivalent bulk compressibilities, Both v and

E values are referenced from Table A-8 of Rechard et al. (1990a). The MB 139 fluid’s molecular

diffusion, density, compressibility, and viscosity were assumed equivalent to Salado brine

properties found in Table A-9 of Rechard et al. (1990b).

The SUTRA code uses a coefficient of apparent molecular diffusivity of solute in solution in a

porous medium, including tortuosity effects (DP, Section 4.2.3. 1), for the diffusion term of the

transport partial differential equation (PDE). Thus, for diffusive/dispersion-dom inated transport,

solute concentration is highly sensitive to the input diffusion and dispcrsivity values. The
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apparent molecular diffusivity term used in SUTRA calculations was computed as the product of

the free-water molecular diffusion in a pure fluid, D*, and tortuosit y, ‘c (1.000x10-10 m2/s and

0.140, respectively).

Dirichlet boundary conditions (of p= 11.00 MPa and ~ = 0.000 kg/kg) for the coarse grid

were applied to the far-field boundaries. The far-field pressure of 11.00 MPa was taken as the

median vatue of brine pressure at the repository level found in Rechard et al. (1990b). Neumann

boundary conditions (dp/du = O and d~/13u = O, where u = outward normal direction) were applied

to the one-fourth repository/MB 139 symmetric boundaries as shown in Figure 4-25. In addition,

time-dependent pressure conditions were applied at interior nodes of the MB 139DRZ to simulate

gas generation effects. The time-dependent conditions (a pressure history function) from BOAST II

(see Figure 4-2) were applied exclusively to interior nodes of the MB139DRZ because SUTRA

computes an associated fluid-flux term at each pressure boundary condition node. According to

Voss (1984), SUTRA computes specified pressures at nodes through cellwise addition of fluid

flux, Q~C (where i denotes a node number) [L.3/t], as

Q:c = V(P~ - pi) (440)

where v is the conductance [L4 t/M ], pL is the specified pressure node [A4/Lt21, and pbc is the

spczified pressure value [M/Lt2 ].

SUTRA defines a “cell” as a node centered among four separate quadrants of four neighboring

elements. Thus for a cell in which a large number is assigned to v, the flux term Q~c dominates

the fluid mass balance equation. This results in p[ ~ pbc and achieves the specified pressure at

the node representing cell i. It is because of this “cellwise” fluid-flux terminology involving fluid

sources and flows across boundaries that the time-dependent pressures were applied only to the

interior nodes of material MB 139DRZ. Thus, applying a pressure condition on the material

boundary of MB 139FF/MB 139DRZ would invoke unrealistic fluid-flux terms. Figures 4-26a and

4-26b display the MB 139DRZ material and the interior nodes at which the BOAST 11 pressure

function was applied for both spatial grids. In conjunction with the pressure function, a constant

concentration (SUTRA’S concentration is actually a mass fraction: mass solute per mass total

solution) of 2.000 x10-7 kg/kg was also set at the interior MB 139DRZ nodes. This value of

concentration is about the maximum volubility limit of brine solution transporting radionuclide

240pu+4.

At first, the fine FE mesh calculations used two sets of time-dependent conditions, transient

boundary conditions and a transient source function (pressure history and constant concentration

applied on the MB 139DRZ interior nodes). To remain consistent with the coarse FE mesh
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calculations, the fine grid’s boundary pressures and concentrations were interpolated at each time

step from the coarse mesh solution. (Note that the fine mesh is nested completely within the

coarse mesh as shown in Figure 4-24). However, the interpolated fine mesh boundary values at

each time step were found to be identicaf tQ the coarse mesh constant boundary values. Thus, the

same constant coarse mesh boundary conditions were applied to the fine mesh boundaries and the

coarse grid calculations were, in fact, not necessary.

Initiat conditions of the two primary variables (pressure and concentration) for both the coarse

and fine grids were p = 11.00 MPa and ~ = 0.000 kg/kg, applied at the nodes of the MB 139FF

materiat and at nodes of the MB 139FF/MB 139DRZ boundary.

Results and Discussion

Because the interior nodes of MB 139DRZ are initially at a lower pressure than the nodes of

MB 139FF (MB 139DRZ at atmospheric pressure and MB 139FF at a far-field pore pressure of

p= 11.00 MPa), the SUTRA solution resulted in flow into the MB 139DRZ material until the gas

generation source function (pressure history) reached 11.00 MPa. After that time, the MB 139DRZ

pressure exceeded the MB 139FF far-field pore pressure, and flow was driven outward from the

MB 139DRZ material.

Viewing the concentration contour plots, it can be seen that both grid size and time-step size

have a noticeable effect on transport. Studying the coarse mesh analyses, it was found that

decreasing the t.imc-step size from 100 to 50 years had no affeet on the transport distance of the 1%

source concentration contour line (2.OX10-9 kg/kg) after 10,000 years (Figures 4-27a and 4-27 b).

In contrast, the fine mesh SUTRA calculations were more sensitive to smaller size time steps.

The fine mesh analyses resulted in a greater transport distance of the 1% source-concentration Iinc

for 50-year time steps than for 100-year time steps. Yet, decreasing the time-step size even further

(lO-year time steps) showed no difference from using the 50-year time steps. The effects of

concentration transport due to decreased time-step size on the fine mesh after 1,000 years are shown

in Figures 4-28a, 28b, and 28c. Comparing the coarse and fine mesh calculations for 50-year lime

steps, it can be seen in Figures 4-27b and 4-29 that the fine mesh shows the 1‘% sourcc-

concentration contour line traveling much further and around both “fingers” of the one-fourth

repository’s shadow in the MB 139 layer. Since the fine mesh SUTRA calculations revealed that

decreasing the time step to 10 years had no effeet compared to the calculations using 50-year time

steps, it follows that 50-year time steps are adequate for temporal discretization. This SUTRA

transport calculation (fine mesh and 50-year time steps) predicts that after 10,000 years the 1%

source-conccntmtion contour line (2.000x 10-9 kg/kg) has traveled approximately 75 m from the

MB 139DRZ-MB 139FF material intersection (Figure 4-29).
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To verify that this model is not diffusion/dispersion dominant, additional calculations setting

the velocity field equal to zero would be necessary. If the velocity contribution of

PDE were omitted from equation (4-35), the resultant PDE becomes more parabolic,

the transport

(4-41)

where,

& .

‘f =

v=

● =

DP =

~=

g.

Ve .

pxosity (dimensionless),

fluid density (A41L3 ),

del operator,

dot product,

diffusion coefficient (L2/I ),

identity tensor (dimensionless),

dispersivity tensor (L2/t ), and

concentration gradient ( L–l ).

Equation (4-4 1) reveals that if the dispersivity tensor, Q, components were small (functions—

of the velocity components), the transport PDE would be diffusion, Dp, dominat~- A brief study

was made to investigate the influence of diffusion on contaminated groundwater transport. Rather

than use a zero-velocity field (y=O) to study the uncoupled effects of diffusion, a calculation was

performed using an order-of-magnitude increase in the apparent molecular diffusion coefficient, DP

(1.400x10-10 m2/s), with the fine FE mesh and a temporaf grid of 100-year time steps. As seen

in Figure 4-30a, the resulting calculation’s increased diffusion in the transport is noticeable when

compared to the fine mesh calculation with the originaf diffusion coefficient(l .4x10 -11 m2/s of

Figure 4-30b (especially between the “fingers” where the 1% source-concentration contour line has

traveled farther). However, the increased diffusion does not dominate the solution (conccntration-

contour lines), and since P% = 2.619, the model is not completely diffusion-dominated and

advection should not be ignored.

An additional calculation was performed to study the effect of placing source concentration

nodes on the boundary of the MB 139FF and MB 139DRZ materials. This slight modification to

the boundary conditions retained the flow equation’s time-varying Dirichlet conditions applied to

the interior MB 139DRZ nodes, while extending the transport equation’s constant Dirichlel

conditions to all interior MB 139DRZ nodes and MB 139 DRZ/IvfB 139FF boundary nodes.

Previous calculations assumed that the source terms for transport were applied only to the interior

MB 139DRZ nodes. Thus employing the fine mesh, a temporal discretization of 50-year time

steps, identical initial conditions, and these slightly modified boundary conditions, the calculation

was run to 10,000 years. As displayed in Figure 4-31, the 170 source concenwation contour line
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Figure 4-27b. Solute Concentration Contours at 10,000 Years (Coarse
Mesh, At = 50 Years)
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Figure 4-28a. Solute Concentration Contours at 1000 Years (Fine Mesh,
At G 100 Years)
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Figure 4-28b. Solute Concentration Contours at 1000 Years (Fine Mesh,
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Figure 4-28c. Solute Concentration Contours at 1000 Years (Fine Mesh,
Al = 10 Years)
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Figure 4-30a. Solute Concentration Contours at 10,000 Years With
Increased Diffusion Coefficient (Fine Mesh, At = 100 Years)
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Figure 4-30b. Solute Concentration Contours at 10,000 Years With
Original Diffusion Coefficient (Fine Mesh, Af = 100 Years)
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Figure 4-31. SOIWe Concentration Contours at 10,000 Years With
Modified Concentration Source Placement (Fine Mesh, Ar = 50 Years)
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has traveled 110 m into the MB 139FF material, whereas previous calculations indicated a distance

of 75 m @lgure 4-29). In addition, the concentration contours of Figure 4-31 depict no internal

concentration gradients within the MB 139DRZ material. This calculation is more conservative

and provides an upper bound for transport phenomena in the MB 139FF medium for this set of

calculations.

4.3 Summary of Results for Undisturbed Performance of the
Repository/Shaft

The calculations performed to assess the undisturbed performance of the Repository/Shaft

System had four objectives

w To determine the path and extent of migration of radionuclides from the waste panel, and to

quantify the magnitude of radionuclide transport up the shaft.

● To evaluate (in an approximate sense) the effect of waste-generated, undissolved gas on

migration of radionuclides for undisturbed conditions.

● To assess the importance of three-dimensional effects on radionuclide migration in MB 139.

● To cross-verify the results from the two single-phase codes SUTRA and STAFIZ2D.

To address these objectives, the four codes BOAST II, STAFF2D, SUTRA and PANEL were

used in one or more configurations with varying material properties and operational assumptions.

In utilizing these codes an attempt was made to use conservative assumptions that tend to

maximize migration of dissolved radionuclides away from the waste panels. However, this was

not done for all parameters where often average or median values were used. Thus the results from

the calculations cannot be claimed to be a worst-case or a bounding result. In fact, it may not be

possible to prove that any set of assumed input parameters will produce a bounding result. The

results from the calculations are summarized below.

1. In determining the pathway and extent of movement of radionuclides from the repository

an effort was made to use assumptions that were believed to be conservative and that

would tend to maximize the extent of migration. Using STAFF2D as the principal

computational tool and aided with results from BOAST II and PANEL, it was determined

that the primary pathway of dissolved radionuclides out of the repository, as the result of

pressurized gas generated by the corrosion and biodegradation of the waste, is downward

through the small thickness of fractured Salado halite below the repository into MB 139.

The greater permeability of MB 139 compared to the surrounding Salado channels the

movement of dissolved radionuclides along the MB 139 primarily toward the shaft.

Movement of radionuclides along MB 139 in the direction away from the shaft is slower

than toward the shaft by approximately a factor of 2. Radionuclide concentrations
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decrease steadily toward the shaft and also after the primary flow path turns upward into

the shaft. The quantity of radionuclides passing a level of 20 m up the shaft from the

repository in 10,000 years was calculated and shown to be several orders of magnitude

less than the EPA limit of 1 for releases to the accessible environment at five kilometers

from the waste emplacement panels. Similar results were shown for radionuclide

migration away from the repository and shaft in MB 139 at distances of 100 m from the

repository.

Decreases in shaft permeabilities of 2 and 4 orders of magnitude (10”12 m2 to 10-14 m2

and 10-12 m2 to 10-16 m2) resulted in essentially no change in flow up the shaft. This

implies that for undisturbed conditions the presence of an engineered shaft seal has little

effect in restricting flow up the shaft unless the permeability of the seal approaches that

of the intact surrounding Salado.

2. As configured in the undisturbed calculations, both SUTRA and STAFF2D considered

only a single phase (brine) in assessing flow in and around the repository. The two-phase

BOAST II code was used in the undisturbed calculations to provide input source pressures

for the SUTRA calculations, and gas-modified material properties for both SUTRA and

STAFF2D. The use of gas-modified material properties in SUTRA and STAFF2D

allowed these single-phase codes to account for (in an approximate sense) the presence of

undissolved gas in the waste and surrounding geology. Calculations with gas-modified

material properties in SUTRA and STAFF2D revealed that the presence of undissolved

gas has little effect on solute transport compared to the unmodified (fully saturated) case.

The principal effect of the presence of gas is to delay the transport of dissolved

radionuclides along the primary pathway to the shaft (MB 139).

3. The majority of calculations for the undisturbed case were performed using a two-

dimensional vertical cross-section through the repository, drift, and shaft. This two-

dimensional representation neglects potential three-dimensional effects that may be

important. In an effort to investigate this, two-dimensional SUTRA calculations were

perfomned using a computational grid based on a horizontal plane through the repository

and surrounding geology. Moreover, an additional conservative assumption was made

that divided the permeabilities in the computational plane into two regions+ne that

corresponds to the excavation-disturbed MB 139 and the other to the undisturbed MB 139.

These assumptions had the effect of placing the contents of the waste repository within

MB 139, the primary transport medium. In this configuration, the magnitude of the radial

solute transport away from the repository (in MB 139) was found to be entirely consistent

with SUTRA vertical cross-section calculations, which were run with lhe same source

pressure and where the shaft was assumed to be absent. These results suggest that the
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two-dimensional vertical cross-section calculations with SUTRA and STAFF2D

performed to ascertain the pathway and spatial extent of migration of solute are valid.

4. The calculations performed for a vertical cross-section through the waste panel, drift, and

shaft were accomplished with the two codes, SUTRA and STAFF2D. These codes, based

on the same governing equations, nevertheless use different centering schemes for some

element variables such as porosity. A comparison of results from the two codes,

modeling the same problem, reveal similar results based on solute-concentration contours.

The SUTRA solution is somewhat more numerically dispersive than the STAFF2D

solutions. In spite of these slight differences, for the calculations performed, the two

codes tend to cross-verify one another.
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Conceptual Model

5. DISTURBED CONDITIONS OF REPOSITORY/SHAFT

In addition to the undisturbed performance, the Standard (40 CFR 191, Subpart B) requires a

study of combinations of hypothetical events and processes (scenarios) in which a waste repository

is intruded by humans (see Chapter 4 of Volume 1). In these scenarios, the primary component of

the geologic barrier (the Salado Formation) has been breached leaving only the waste form,

possibly intervening panel and borehole seals, and the Culcbra Dolomite as barriers. Thus,

characterizing the behavior of the disposal systcm is much more important under these conditions

than for the undisturbed scenario and requires the usc of several additional simulation models (e.g.,

CUTTINGS, SECO_2DH, GENOBS, BRAGFLO and others) (see Figure 1-3 in ChapLer 1).

5.1 Conceptual Model—Palmer Vaughn

In Sections 5.1 and 5.2 the term “flow” is used repeatedly. Unless otherwise stated, “flow” is

meant to represent the cumulative volume of contaminated brine that has flowed up the intrusion

boreholc in 10,000 years and enters the Culebra. The term “flow rate” is the rate of this flow.

Currcndy, two summary scenarios arc directly used in performance-assessment analysis during

disturbed conditions: (1) one or more intrusion boreholes terminating in a disposal panel (E2) and

(2) one intrusion boreholc terminating in a disposal panel followed by a second borehole

penetrating the same panel and terminating in a lower Castile brine pocket (E1E2). The

computational scenarios used in modeling consequences of these summary scenarios are further

distinguished by the number of intrusions and the time of intrusion. Conscqucnccs of the El

summary scenario, in which an intrusion borcholc intersects both a disposal panel and a lower

Castilc brine pocket, arc not calculated for the 1991 analysis and are assumed to be the same M E2

consequences (SCCSection 5.1 .2). The El, E2, and EIE2 summary scenarios are defined in detail

in Chapter 4, Volume 1 of the report.

The E2 summary scenario consists of onc or more borcholcs that penetrate a waste-filled room

or drift in a panel. Shortly after completion, plugs are placed to isolate any aquifers (i.e., above

and below the Culcbra) and the WCII is abandoned and packed with concrete. The concrete

remaining in the borchole degrades with time into a sand-like maLcrial. The borehole below the

Culebra crccps partially closed due [o movement of halite in the surrounding Salado. All plugs

cxccpt the one above the Culcbra degrade thus forcing any flow out through the Ctdebra. This

maximizes Lhc possible release through the Culcbra. During multiple E2 WCII intrusions no

interaction between WCIISrecurs (Volume 1, Chapter 5).

The E 1E2 summary scenario consists of onc or more borcholcs that penetrate a waste-filled

room or drift in a panel and another borcholc that penetrates a panel and a pressurized brine pocket

in the Castile formation. The borcholes arc abandoned, plugged, and creep patlially closed as in

the E2 summary scenario. The plugs also dcgmdc as before except that a plug located between the
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panel and Culebra in all but one of the wells that terminate in the panel remains intact. This

forces all brine leaving the pressurized brine pocket through the waste panel before it flows out a

well connected to the Culebra (Volume 1, Chapter 5).

When an intrusion of a waste panel fwst occurs, the room quickly depressurizes (the entire

panel does not) and gas escapes through the borehole. As suggested in Appendix B of the

Standard, the intruders “soon” (interpreted as less than one month) detect that the area is

incompatible with their intended use and they seal and abandon the well. The room repressurizes

either from continued gas generation or from a redistribution of pressure and saturation from the

surrounding formation. Over time (less than 75 years) the boreholc degrades and partially creeps

closed. The net effect is a permeable and porous borehole that provides communication between

the repository and the Culebra formation. After this period of degradation, the remaining gas

moves out of the panel and brine will flow toward the panel and well tire. During the E2 scenario

the primary path of this brine in-flow is along MB 139 from the far field and up through lhe DRZ

into the panel near the panel/Salado boundary. During an E 1E2 scenario the primary source of

brine in-flow is from the Castile brine pocket, although some Sal ado brine flows along MB 139

toward the panel. Little brine flows into the panel from the intact Salado during the E2 or E 1E2

scenarios because of its low permeability. Brine flowing through the upper anhydntc layers takes

longer to reach the panel because the gas drive during room pressurization forces brine out the

anhydrite farther than it is forced out MB 139 and gravity drainage tends to saturate the lower

MB 139 to a greater extent than the upper anhydrite. Once brine saturations in the room exceed

residual, interconnected brine pathways are formed in the void space and brine eventually reaches

the well. Brine may then be forced out the well, up toward the Culebra against hydrostatic

pressures in the well. Exactly how far up the well or how much brine reaches the Culebra during

the regulatory 10,000 years depends, in part, upon how much gas flow can dissipate room

pressure.

5.1.1 APPROXIMATION TO E1E2 SUMMARY SCENARIO

The E1E2 summary scenario is modeled by BRAGFLO (see Section 5.2) as an El scenario

with the important conservative assumption that all of the Castile brine mixes with all of the

waste. This conservative approximation is a necessary result of the limitations in modeling the

waste panel in two dimensions as a cylinder with an axis of symmetry coincident with the

intrusion well (Section 5.2.3). While a second borehole in the El E2 summary scenario could be

modeled in three-dimensional Cartesian or radial geometry, there is no convenient way of locating

a second well in the two-dimensional radial representation while accurately describing well

interactions and individual well flow. The assumption of total mixing of Castile brine with the

waste overestimates the contamination of the brine compared to a true two-well E 1E2 scenario
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since the flow paths between two separated wells located anywhere in the panel results in less than

100’?10of the waste volume being in contact with brine.

The cumulative “flow” of brine in a true two-well E 1E2 summary scenario also cannot exceed

this conservative single-well approximation. In a true E 1E2 summary scenario, the two intrusion

wells are spatially separated. The flow path in this case is longer and is through the less

permeable waste material (compared to the borehole) than in the single well El approximation to

the E 1E2 scenario. This lengthens the time required for brine to reach the Culebra through the

borehole and increases pressure drop requirements to maintain flow up the borehole in the true

E 1E2 compared to the conservative E1E2 approximation. The existence of a second borehole in

the true E1E2 scenario also increases the total void space available for brine. More time is required

to saturate the panel with brine. Except for occasional gas pockets, the panel must be brine

saturated before brine can flow up the borehole that connects the panel to the Culebra. Therefore,

in a true E1E2 summary scenario, less brine reaches the Culebra after 10,000 years than would for

the conservative El scenario approximation of an E 1E2 scenario.

5.1.2 APPROXIMATION TO El SUMMARY SCENARIO

The consequences of El summary scenarios have been assumed to fall in the same

consequence “bin” as those of the E2 summary scenarios. Results from the two-phase flow

calculations using BRAGFLO indicate that for many scenario vectors the “flow” resulting from the

E2 summary scenario bounds that from the E 1 scenarios. The “flow” associated with the El

summary scenarios is obtained from the E 1E2 BRAGFLO simulation results a..suming that the

Castile brine does not mix with the waste after the waste panel becomes saturated with brine. In

Figure 5-1 the “flow” from the El scenario vectors is compared to the “flow” from the E2 scenario

vectors for each of the five intrusion times (1000, 3000, 5000, 7000, 9000 years). Points above

the indicated 45 degree line correspond to E2 scenario “flows” in excess of E 1 scenario flows. The

cases where the “flows” from the El scenario exceed those from the E2 scenario either occur at low

or zero E2 “flow” or are close to each other (near the 45 degree line).

In Figure 5-1 a clustering of data points according to intrusion time is also observed. For

instance, the large releases tend to be dominated by the 1000-year intrusion scenarios followed by

3000-, 5000- and 7000-year intrusions. All 9000-year intrusion vectors produce no release. In

addition, the relative degree to which the E2 “flows” exceed the El “flows” for the high E2 “flow”

vectors is qualitatively preserved among the various intrusion times. This suggests some scaling

or correlation factor may exist to relate “flow” at one intrusion time to “flow” at another intrusion

time.

In the case assuming single-phase flow of brine and a fully brine-saturated panel, the “flows”

from E2 summary scenarios bound those from the E 1 summary scenarios if Cmtile brine bypasses
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the contaminated waste in the panel. Figure 5-2 compares the “flow,” resulting from El summary

scenarios with that resulting from E2 summary scenarios. The “flows” are accumulated over

10,000 years for a well intrusion at 1000 years. On the figure the E2 “flows” are plotted on the

vertical axis against the E 1 “flows” on the horizontal axis; logarithmic scales are used for both

axes. All data pairs fall above the indicated 45 degree-sloped line, indicating that the E2 “flows”

bound the El “flows” under the conditions and assumptions used. These results are obtained from

the analytic model, PANEL, a single-phase flow model (Section 5.3) in which it is assumed that

the waste panel is fully saturated with brine and that a negligible amount of Castile brine mixes

with waste panel brine.

When two-phase flow is considered, E2 scenarios do not necessarily bound E 1 scenarios,

particularly at lower levels of “flow.” When considering two-phase flow, brine dots not flow up

the intrusion shaft from the panel to the Culebra until the portion of the panel surrounding the

shaft becomes highly saturated with brine. Those E2 scenario vectors that result in no “flow” arc

vectors in which the panel is not brine filled in 10,000 years. When the panel is conncetcd 10 a

pressured brine pocket by an intrusion well, less time is required to fill the panel with brine and

flow toward the Culebra may begin earlier.

At the higher release levels, the E2 “flows” bound the E 1 “flows.” This primarily rcffects [he

higher brine pocket pressure retarding the flow of brine into the waste panel from Lhc Par field

along the anhydritc layers. Once the intrusion occurs, the Culebra, panel, and Castilc become

connected. When the gas is displaced from the panel and the panel is brine-filled a nearly linear

pressure gradient will be established between Culebra pressure and brine pocket pressure. This can

result in the establishment of a higher panel pressure in the E 1 summary scenarios compared to the

panel pressure established in the E2 summary scenarios. The higher panel pressures rcducc the

pressure gradient belwcen the panel and far field, and consequently less Salado brine flows ink) the

panel from the far field along the anhydritc layers. For the high “flow” vectors compared to the

low “flow” vectors, the panel becomes brine saturated earlier and the Culebra to Castile pressure

gradient is established and remains for a longer period of time.

In summary, E2 “flows” bound El “flows” for large release vectors because the established

panel pressure retards or reverses Salado brine in-flow toward the panel. E 1 “flows” bound E2

“11ows” for small release vectors because the flow of Castile brine decreases the time required to fill

the panel with brine so that brine may begin to flow toward the Culebra.
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5.2 Two-Phase Flow: BRAGFLO—Palmer Vaughn

5.2.1 MODEL OVERVIEW

BRAGFLO is used to evaluate the effect of gas on the flow of brine through the repository

and up an intrusion borehole. (BRAGFLO is based on conceptualizations of porous media and

multiphase flow presented in Appendix A.) The presence of gas and its rate of production may be

extremely important in evaluating the flow characteristics of the repository. With respect to

contaminants transported primarily in the brine phase (radionuclides and dissolved chemicals) gas

may have negative and positive impacts. A potential negative impact is the increased brine phase

mobility because of increased dissolved gas, possibly causing lower brine viscosity and higher

relative permeability. Gas may additionally increase the driving force for moving brine away from

the repository and may increase permeability through fracture development. Positive impacts

associated with gas include the partial occupation of pre space by gas and the associated reduction

in brine relative permeability and its mobility. Gas pressurization may drive brine from the room

along the anhydrite layers to the far field creating unsaturated conditions around the waste. In

addition, if the mechanism for gas generation consumes brine, then brine saturation may be reduced

well below residual levels in the waste resulting in immobile brine at the time of intrusion.

In addition to quantifying the brine and gas flow fields in and around the repository for

consequence analysis calculations, BRAGFLO is used to evaluate the effect of gas generation on

the flow of brine. The comparisons are made to evaluate our hypothesis that the assumptions of

no gas generation and predominantly single-phase brine flow is conservative with respect to

predicting brine flow through the retxxitory and borehole.

5.2.2 MODEL DESCRIPTION

5.2.2.1 Nomenclature

The following nomenclature is used throughout the model description of the two-phase flow

model BRAGFLO:

Erwlish

mass fraction of component M dissolved or miscible in phase ~

depth in reservoir measured from surface [L], [m]

gravitational acceleration constant [L 1-2], [m s-2]
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G

H

J

k

kx

ky

kr~

PC

Pe

qe

qr!

qv

St

Ux

T--y

x ,y

rx

v

V*

A(

AZ;

vector obtained in evaluating the finite differences analogs of the

–3 -1conservation equations at each grid block location [ML t 1,

[kg m-3 S-l]

length in the direction normal to the flow phase [L], [m]

shorthand notation for the Jacobian Matrix

absolute permeability of the reservoir [L* ], [m2]

absolute permeability in the x direction [L2 ], [m2]

absolute permeability in they direction [L2 ], [m2]

relative permeability to phase / [dimensionless]

capilkwy pressure [ ML–it–2], [Pa]

pressure of phase 1 [ML-1 [-2 ], [Pa]

potential of phase 1 dcfimd as Pe – p~ g D [ML-if-2], [Pa]

mass rate of well injcctiorr (or production, if negative) pcr unil

‘3 /–1 ], [kg m-3 s-l]volume of reservoir [ML

mass rate of products produced (or reactant consumed, if negative) pcr

unit volume of reservoir due to chemical reaction [ML–3 t–l 1,

[kg m –3 s-l ~

volumetric flow rate of water per unit cross sectional area normal to

the flow direction [L3 .!-2 [–1 ]

saturation of phase f [dimensionless 1

shorthand for the group py kx krl / u? for phase /

shorthand for the group, pe ky kre / Uf for phase 1

spatial dimensions (x-horizontal, y-vertical)

geometric factor (in three dimensions, [x= 1; in two dimensions, (x=

Icngth; in one dimension, u = arcxa

gradient, shorthand for vector d / ax, d / dy in two dimensions

divcrgcncc, shorthand for d / dx + ~ / dy in two dimensions

time step [t], [s]

maximum change in dependent variable values during time step, k

34 (see equation (5-9))
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AZ*

Subscripts

B

b

G

g

N

n

w

w

the change in dependent variable values during a time step such lhal

the new estimate for time step size remains the same as the current

time step size (see equation (5-9))

solution vector of dependent variable changes for time step k

reservoir porosity [dimensionless]

density of phase ~ [M1 L-3], [kgl m-31

viscosity of phase I [ML-l 1-1], [cp]

brine component

brine phase

gas component

gas phase

nonwetting component

nonwctting phase

wetting component

wetting phase

5.2.2.2 Background

BRAGFLO is a computational model that dcscribcs the multiphasc flow of gas and brine

through a porous, heterogeneous reservoir. BRAGFLO was developed in-house for the Sandia

National Laboratories WIPP Performance Assessment (PA) Division and is used by PA m

simulate two-phase flow in and around the WIPP repository waste rooms. The rooks of lhc

BRAGFLO formulation are in TSRS, a multiphasc compositional thermal reservoir simulator

used to model the in-situ processing of tar san(i (Vaughn, 1986). TSRS was dcvclopcd for the

DOE through an agreement with Wcstem Research Institute, Laramic, WY. The version of

BRAGFLO currently used by PA rcprcscrrts a significant improvement beyond its prcdcccssor. A

technical user’s manual for BRAGFLO is being prepared and should bccomc available in the latlcr

part of 1992.

BRAGFLO is a ncccssary tool for PA primarily bccausc no other public domain model was

available for simulating the convergent flow of brine and gas to an intrusion WCII in a

hcterogcncous reservoir under conditions of gas generation and brine consumption. Rcpcatcd

attempts using BOAST 11during disturbed conditions resulted in cxccssivcly small time steps and

unstable oscillations in satumtions. The causes of these problems arc chardctcristic of the IMPES
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(implicit-pressure, explicit-saturation) solution technique, which BOAST II uses. BRAGFLO,

because of its fully implicit numericat formulation, does not suffer from the stability and time-step

restrictions that hamper BOAST II.

BRAGFLO was developed as a research tool capable of expanding and evolving to

accommodate our changing conceptual models. Its highly structured architecture facilitates making

future enhancements. The description that follows is a summary of the version of BRAGFLO

used for this year’s calculation, BRAGFLO 1.0; additional enhancements to the model are

anticipated. Because the theory of BRAGFLO has not been previously documented, the summary

for BRAGFLO is more extensive than tic summaries presented in this volume on the other WIPP

PA consequence anatysis models.

5.2.2.3 Benchmark Results

Prior to its use in PA calculations, BRAGFLO was put through a series of benchmark tests.

This verification process consisted of running three multiphase reservoir codes (BRAGFLO,

BOAST II, and TOUGH) and comparing the results. The results of four one-dimensional, radial

benchmarks (with/without dissolved gas and with/without gas generation) showed excellent

agreement between the three codes, supporting our confidence in using BRAGFLO. For example,

in Figures 5-3 and 5-4 the results of repository pressure and brine saturation are compared among

BRAGFLO, BOAST, and TOUGH for the one-dimensional, constant gas generation benchmark.

In this problem the repository is initially fully gas saturated and gas is generated at a rate of

2x10-7 kg/s/m3. No well intrusion occurs and the simulation continues for 700 years. Pressure

in the repository rises due to gas generation from the initial pressure of 0.1 MPa to 13 MPa at 700

years. The gas saturation (initially 100Yo) in the room falls to 15% in the frst 100 years as brine

flows into the repository from the Salado, after which increased pressure in the repository reverses

the direction of brine flow. Gas saturation increases for the remainder of the simulation.

The results of a more realistic two-dimensional simulation with an intrusion well and the

inclusion of the repository stratification and material zoning also showed excellent agreement

between BOAST II and BRAGFLO up until the time of intrusion. (BOAST was unable to proceed

beyond intrusion.) In the two-dimensional benchmark the repository is bounded top and bottom

by a disturbed rock zone, anhydrite layers, and Salado and is surrounded by Salado in the horizontal

direction. Gas is generated at two rates to simulate differing corrosion and biodegradation reaction

rates: 1.7x 10-10 kg/s/m3 for 525 years followed by 5.7x 10-11 kg/s/m3 for 185 years. The

repository panel volume is 5.6x104 m3. The panel is initially 80% gas saturated with a porosity

of 8.470. In Figure 5-5 the repository pressures predicted by BRAGFLO arc compared to those of

BOAST for the first 1200 years (the time of well intrusion). The high pressures predicted by both

models are primarily a result of the gas generation rates and the low repository porosity used. The
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comparisons of other resulting parameters such as saturations similarly showed excellent

agreement. Results from TOUGH on this two-dimensional benchmark are unavailable at this

time.

5.2.2.4 Fundamental Equations

BRAGFLO solves simultaneously the partial differential equations (PDEs) that describe the

mass conservation of each mobile component (gas and brine) along with appropriate constraint

equations, initial conditions, and boundary conditions. The fundamental equations can be found in

Peaceman (1977) and Crichlow (1977). A total of five independent equations (two component

mass conservation PDEs and three constraints) can be written to define the two-phase flow

phenomena:

Gas Component Conservation:

[
~f’;’ (VP. - pngv~) + VW ( 1CZCNWPWKkrW Vpw . pwgVD) + ~n + cWrn

14 v.

d($pnsn++CNWOWSW)
15 =a

at

16

17 Brine Component Conservation:

[ 1 a(~cwwpwsw)~CWWpWKkrW Vpw – pwgVD) + ~w + wm = a18 v.
P’w

( at

19

20 Saturation Constraint:

21

22 Sn+sw=l

23

24 Mass Fraction Constraint:

25

26 CNW + Cww = 1.0

27

28 Capillary Pressure Constraint

29

30 Pn-Pw=Pc

31

(5-1)

(5-2)

(5-3)

(54)

(5-5)
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In the above equations uppercase subscripts refer to components while lowercase subscripts

refer to phases. The subscript n or N refers to the nonwetting phase or component (assumed to be

gas), while the subscript w or IV refers to the wetting phase or component (assumed to be brine).

In the case of the mass fraction terms (CNW, CWW), the first subscript refers to the component

while the second refers to phase. In other words, CNW is the mass fraction of the nonwetting

component (gas) in lhe wetting phase (brine), and Cww is the mass fraction of the wetting

component (brine) in the wetting phase (brine). The term ct in (5-1) and (5-2) is a geometric

factor that generalizes the equations regardless of spatial dimension. In two dimensions, cx is the

“thickness” in the direction perpendicular to flow. The rest of the nomenclature is defined in

Section 5.2.2.1.

In casting the PDEs in this form, a number of assumptions have been made. For instance,

the conservation equations arc balances on components and not phases. Because of the possibility

of transfer of components between phases, it would not be appropriate to conserve the mass of

each phase. Instead, the total mass of each component must be conserved. Equations (5-1) and

(5-2) describe the simplest two-component, two-phase compositional mode. We have assumed

that gas may exist in the gas phase as well as in the brine phase (as dissolved gas). We have

further assumed that brine only exists in the brine phase (zero vapor pressure) so that CNn = 1 and

CWn = O. Tbe amount of gas which is dissolved in the brine is described by a gas volubility

parameter which may vary with pressure. The gas volubility parameter is defined as the ratio of

the volume of dissolved gas (measured at standard conditions) to a unit volume of brine and can be

related to c~b, the mass fraction of gas dissolved in brine. Imbedded in the PDEs is the

assumption that Darcy’s law, which lincady relates flow rate and pressure drop, remains valid.

The equation in (5-1) states that the net change in gas flow rate into and out of a control

volume in pure or dissolved form, plus any gas added to or taken out of the control volume due to

well or chemical reaction, equals the rate of gas accumulation in the control volume. The equation

in (5-2) states the same for the brine componcm except there is no gas phase contribution to brine

flow. The equation in (5-3) states that the volumes of the two mobile phases must occupy all of

the void space. The equation in (5-4) states that the oil phase consists of brine and dissolved gas.

Finally, (5-5) defines the concept of capillary pressure.

Bccausc the amount of dissolved gas can bc cxprcsscd as a function of pressure and the

capillary pressure can be expressed as a function of saturation, the six unknowns can be reduced to

four (brine and gas pressure and brine and gas saturations); two of these unknowns can be aligned

with two PDEs and the other two found by application of the constraints expressed in (5-3) and

(5-5). Other combinations of alignment may be more efficient. In the current version of

BRAGFLO, (5-1) is aligned with gas saturation while (5-2) is aligned with brine pressure. We
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have found no difference when (5-l) and (5-2) are aligned with gas pressure and brine saturation

respectively during test cases.

In two dimensions (5-1) and (5-2) become respectively:

——H; (@PgSg + @bsbcGb )
(5-6)

ad

xHTbxcBba+d’{Tb,cBba+H(5-7)

In (5-6) and (5-7) the n, N, w and W subscripts have been replaced with g, G (gas) and b, B

(brine) rcspcctivcly. In addition, [f (thickness in meters) has replaced u, T is shorthand for the

group pKkr /p and P* is P – pgD. In writing (5-6) and (5-7) we distinguish anisotropic

permeability by expressing it in terms of kx and /cy, which are contained in the groupings for Tx

and TY.

The equations in (5-6), (5-7), (5-3), (5-4), and (5-5), along with appropriate boundary and

initial conditions and material physical property relationships, form the basis of the model’s

fundamental equations. All of the physical properties may be functions of any of the dependent

variables (saturations and pressures) or independent variables (spatial position and time).

5.2.2.5 Wells

In reservoir models, wells arc used to inject or withdraw fluids at specific locations in the

reservoir. In BRAGFLO wells may be accommodated by using simple well models or by directly

including well geometry and properties into the numericaf mesh. In addition to describing the

human intrusion borchole, wells can be used to approximate the gas generation process in the

waste during corrosion and biodegradation and to modify the boundary condition from no-flow to

fixed pressure or non-zero flow.

The WC1lmodels treat a well as a point source or sink. Bccausc of the finite size of the grids

making up the numerical mesh of the reservoir, a true point source or sink can only be

approximated. A true point source has infinite now rate per unit volume of reservoir at the well

and zero elsewhere (Peaccman, 1977). Instead, for finite-sized grids, the WCII is assumed to bc
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located in lhc center of a grid block of volume VB. The mass flow rate per unit volume 01

reservoir into Lhc grid block then is the well flow rate divided by the block volume. Outsi(ic the

block the well does nol directly contribute 10 flow rate. Weiis arc described according m type

(injection or production) and operation (pressure or rate controiicd). Injection wciis may be of

either operation whiic production wciis are aiways pressure controlled. Injection wclis only inject,

and production wells only produce. If a production weli is specified, but the wcii pressure cxcccds

reservoir pressure, fluid wiii not be drown into the reservoir from the well; flow wii i be /cro. 11’a

well is tofunction as both an injec[or or producer, two wclis are specified at the same Ioca[ion.

This may be desirable when spccirying a pressure along a boundary. Flow may then occur in

either direclion dcpcndcnt on the direction of the pressure gradient.

In BRAGFLO wells may be accommodated by using simple well rnmicls or by directly

including Lhc WCIIgeometry and properties into the numerical mesh. The well rnodcl approach is

more computationaiiy efficient; however, the parameters that dcscribc the flow properties of the

well arc unknown in advance. These parameters arc typical] y determined from hismrical produc[ ion

or reservoir pressure and flow data. Because collection of such data at the WIPP is not I’casit)lc,

current calculations do not usc the well mo(icls to simulate the human intrusion borcholcs. Instead

the borcholc dirncnsions, pcrmcabiiity, and porosity arc directly incorporate.d in[o the numerical

grid.

The wcli model, however, is used in certain ,arcas aiong the rar-llcld boundary where a consLanL

pressure condition rather than a no-flow condition is desirable. Such an arm is in the Culcbra

zone. The no-ilow boundary condition is vali{i only to the extent its location is far enough

removed such that events in the repository do not produce responses at the boundary ovc,r the

simulated time rramc. This may bc questionable in the Cuicbra zone ror some of the ~’~’ctors

associated with human intrusion scenarios. The relatively high pcrmcabilily in the kmrcht)lc and

throughout the Cuicbra may cause pressure and saturation to Ilucttratc at the Culcbra’s l’ar-licid

boundary. By specifying both an injcclion WC]]and a production wcii chamcLcrizcd by a Iargc

infectivity and productivity index, constimt pressure and saturation can be maintained al Lhc

Culebra boundary. This ailows for the possibility or flow across the Culcbra rar-t_icid boundary,

thus avoiding unrealistic pressure buildup in the Culcbra.

While wclis can also be used to approximate gas generation in the waste, more sophisticatc(i

descriptions ot_ the ,gas-gcncratirrg reactions and [heir dcpcndcncc on brine saturation have bc>cn

included in BRACJFLO. Inclusion or separate corrmsion and bio(icgradatiorr rcactlon (icsc’riplions

allow sensitivities associated with inventory variability and brine saturation variability [o be

evaluated. These sensitivities cannot be evaluated directly using a well modci rcprcscnta[ion for

reaction sources.
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5.2.2.6 Numerical Solution Techniques

The numerical techniques in BRAGFLO are based on a fully implicit finite difference

representation of the nonlinear conservation equations. In implicit methods the dependent variable

at a particular location is evaluated as a function of the current values of its neighbors and the

current value of any coefficients. In explicit methods current values of the dependent variables are

evaluated as a function of previously determined (or past-dated) values of dependent variables and

coefficients. Implicit methods are inherently more numerically stable compared to their explicit or

hybrid (IMPES) counterparts (Fanchi et al., 1982; Carnahan et al., 1969; and Smith, 1965). The

penalty for this increased stability is the increased computational effort associated with the

simultaneous solution of the resulting finite difference analogs of the conservation equations at

each grid block center.

In BRAGFLO the Newton-Raphson (Hildcbrand, 1974; Carnahan et al., 1969; and Pcaceman,

1977) iteration technique is used to generate solutions to the nonlinear partial di ffcrential

equations. In the Newton-Raphson method a sequence of dependent variable values are produced

which come increasingly close to the solution of the nonlinear analogs. The Newton-Raphson

technique is chosen because of its quadratic convergence behavior @rovided a good initial guess is

available), its robustness (Camahan, 1969; and Hildebrand, 1974), and its proven track record in

solving multi-phase flow problems arising in petroleum reservoir modeling (Peaccman, 1977;

Rubin, Vinsom, 1980; Coats, 1980; Crookston, Cuiham, Chen, 1979; Vaughn, 1986; and Price

and Coaks, 1974).

Five steps comprise our implementation of the Newton-Raphson solution method. The first

is the linearization of the finite difference analogs of the conservation equations by truncation of a

Taylor series expansion around the solution at each grid block center.

The second step is forming the recurrence formulas which relate values at successive intra-time

step iteration Icvels. In matrix notation the recurrence equations become

,l(z~]s~ = -G(2~) (5-8)

where k is the iteration level, Sk is the solution vector of corrections to the dependent variables

()?,G~k ]s a vector of the finite difference analogs evaluated at each grid block position, and

J(zk) is the Jacobian matrix (Smith, 1965; and Hildebrand, 1974). The Jacobian matrix consists

of the values of tic partial derivative of finite difference analogs with respect to each dependent

variable evaluated at each grid block center. In our implementation, the recurrence formula relates

the changes in dependent variable values at successive iterations rather than the values themselves.

This simplifies the computational process somewhat. The solutions to this system of equations
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are then the changes in (or updated corrections to) the dependent variable values from the values

convcrgcd to in the previous time step.

The third step is the evaluation of the elements in the Jacobian matrix. If Lhc nonlinear

analog functions are known analytically, then in principle analytical forms of their partial

derivatives with respect to the dependent variables may be obtained. If the functions are not

analytic or arc complicated through coefficients which depend nonlinearly on the (icpcndent

variables, it bccomcs more practicat or ncccssary to evaluate the Jacobian elements numcriczd 1y.

Wc choose the numerical approach in BRAGFLO for the reasons above as WCIIas the increased

flexibility which results from the ability to replace or modify property (cocfficicnl) funclionalitics

without requiring rc-derivation of the analy~ical partial derivatives. The numerical evaluation of

the Jacobian elements does not significantly affect the convcrgcncc characteristics providc(i lhc

change in dcpcndcnt variables for calculating the derivatives numerically is small enough dial it

captures the true nature of the slope at the point required. The change should not bc so small:

however, that machine precision errors dominate. Wc have found thal chan,gcs on the order of (). 1

to 0.01 percent of the depmdcnl variable values arc satisfactory.

The fourth step is the solution of lhc systcm of equations resulting from the rc.currcncc

equations in step 2. The flnitc diffcrcncc analog functions which appear in the rccurrcncc equations

and are used in forming the Jacobian relate Lhc value of a dcfxmdcnt variable (or its change), a grief

block (i, j) to values of the dcpcmicnt variable evaluated at the four closest grid blocks: (i – 1,j).

(i+l,j), (i,j-1), and (i, j+l) . This may bc rcprcscntcd by a 5-point stencil (Figure 5-6)

(Smith, 1965). The structure of the Jacobian made from the 5-point stencil is sparse (contains

many O elements), consisting of five diagonal bands with a minimum bandwidth that may bc

calculated from grid block dimensions (Price and Coats, 1974; and Smith, 1965). The solution

techniques available in BRAGFLO take advantage of the sparseness. For large problems this

bccomcs a ncccssity from bolh storage and computational considerations.

Four solution options arc available in BRAGFLO for solving the malrix cquatiorrs. Two

techniques are iterative solvers (Smilh, 1965), PSOR (Poinl Successive Over Relaxation) and a

Multi-Grid Algorithm. The third and fourth options arc direct solvers using a banlfcd L[J

decomposition (Contc and de Boor, 1972) and an LU decomposition routine from LINPACK

(Dongarra et al., 1979). The Multi-Grid solver has the potential for being the rnos( cfficicnt

technique for meshes in cxccss of 16 by 16 blocks while the LU solver is Icss cfficicnt for Iargc

systems. Unfortunately for the current WIPP application, modeling matrix conditioning numbers

(an indication of the determinant of dtc Jacobian matrix) arc such that both iterative solvers suffer

from extremely slow convergence to a solution. These conditioning numbers arc calculatc(i during
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the LINPACK implementation of the LU decomposition method. This results in the LU solver

being the most efficient and robust solver of the three options for this particular application.

In general the Jacobian matrix must be evaluated and solved for each intra-time step iteration.

Fortunately, experience has shown for this particulw application that the Jacobian can be evaluated

only once at the start of each time step and left unchanged throughout the time step without

significant impact on convergence or on the results. This results in a great computational savings

since only one matrix evaluation and decomposition is required for each time step. All other intra-

time step iterations only require the right-hand side of the matrix equation (5-8) to be updated and a

back substitution to obtain the iterate solution vector, Sk.

The fifth step in Newton-Raphson procedure is to update the dependent variables and check for

‘k+l = ~k + Sk, where k is the iteration level.convergence, The updating is done as Z

Convergence is assumed when the right-hand side function vector of (5-8) is within a small

tolerance of zero and atl the ~k’s are within a specified tolerance of zero.

There are a few caveats associated with the application of Newton-Raphson technique to the

multiphase flow of brine and gas at the WIPP. One is that the if the time step is too large an

overshoot of gas saturation (Sg s 1) or an undershoot (Sg <0 ) can occur during the iterations. It

is not appropriate to accept these values even if they occur when convergence is satisfied. Internal

checks in BRAGFLO flag these situations and cause the time step calculations to bc repeated at a

reduced time step. The selection of time step is another important issue.

Secondly, during the simulation when saturation and/or pressure are changing rapidly smaller

time steps are required than when variables change slowly. In BRAGFLO the time step is updated

continuously and is proportionat to the change in dependent variables by

*tk+l

[1

2Az*
= Atk

Az*+Azk m

(5-9)

In (5-9), Az * is input and is the change in dependent variable (pressure and saturation) such

that Atk+l = Atk. Azk~ IS the maximum change in a dependent variable across all grid blocks

k The time step is further restricted such that Atm~ < Alk < Almax anddefined as zk+l - z .

Atk+l/Atk < Atr. Atm~, Atmax and Atr are all user specified. The time step calculated above

is reduced if required so that the resulting elapsed simulation time is coincident with the times

required for specifying a change in well data, material property data, or for printing output.

A third issue concerns the spatial location where the various coefficients in the finite difference

anatogs of the conservation equations, (5-6) and (5-7), are evaluated. These coefficients involve the
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Figure 5-6. Five-Point Finite Difference

grouping of parameters, (pbk~CBb /Pb ) ● (krb ) in the brine phase and

Stencil.

(pg~tCGb/~b) ● (kg) in

the gas phase in the direction 1. The discretization of (5-6) and (5-7) about a grid block center

located at i, j as used in BRAGFLO necessitates the evaluation of these coefficients at the

interfaces between i, j and its four neighboring grid block centers (i.e., at (i + 1,j), (i – l,j),

(i, j + 1), and (i,j – l)). This raises the following question: How should the values of the

coefficients evaluated at adjacent grid block centers be correctly averaged to obtain the interface

value?

Mass balances about the interface between two grid blocks indicate that a harmonic average of

its coefficients evaluated at adjacent grid block centers conserves mass, (Fanchi et al., 1982;

Peaceman, 1977). Furthermore, experience (Crichlow, 1977; Rubin and Vinsome, 1980;

Pcaccman, 1977; Crookston et al., 1979; Coats, 1980) has shown that use of a relative

permeability in the block that has the larger phase potential of the two neighboring blocks yields

more reliable results. This is called “upstream weighting” in the reservoir modeling literature.

The formulation in BRAGFLO combines the upstream weighted relative permeability with the

harmonic average of remaining grouping of parameters in the coefficients to yield interface

coefficient values.

Upstream weighting of relative permeability produces more realistic results compared to

complete harmonic averaging. This can be best understood by considering the flow of a phase
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between two adjacent grid blocks for the case when the grid block having the lower potential also

has none of the flowing phase present (i.e., relative permeability = O). In this case, using a

straight harmonic average would never allow any of the phase to flow into the lower potential

block. In other words, assuming only potential flow, once a phase saturation in part of the

reservoir is reduced to below its residual saturation it will remain below residual saturation

regardless of the potential gradient. Upstream weighting eliminates this unrealistic behavior.

Upstream weighting also produces more stable results allowing larger time steps to be taken.

Unfortunately, upstream weighting also tends to increase numerical dispersion producing a

smoothing of sharp fronts (in saturation and pressure fields) particularly around interfaces between

differing materials. The shape and magnitude of the fronts may become distorted (broadened);

however, the area under (or spatial integral o~ the saturation or pressure distribution is conserved.

5.2.3 SPATIAL AND TEMPORAL GRIDS—James D. Schreiber

The geometry used in the two-phase disturbed conditions modeling is similar to that used in

the undisturbed calculations. It represents an axisymmetric approximation to an equivalent panel.

Cylindrical geometry was necessary for two reasons. First, the actual geometry of the WIPP

repository is too complex for PA modeling; a mesh having all the detail of the repository, or even

of a single panel, would be prohibitively large and would require more computation time than is

available for a single year’s PA calculation. Second, BRAGFLO is currently a two-dimensional

model; cylindrical geometry allows the most important aspects of flow over a large areal extent to

be simulated in only two dimensions. Specifically, the convergence of flow radially toward a

point sink can be modeled more accurately in cylindrical geometry than in rectangular geometry.

This is important because on a large scale the flow is radial toward the intrusion borehole, which

is located along the axis of symmetry. Even within a panel, because of the relatively high

permeability of the waste, flow will be essentially radial, though constrained by the pillars to be

more rectilinear. For flow into a panel from the far field, the most important features of a panel

are its perimeter, both the length and Lhe distance of the perimeter from the center where an

intrusion well is assumed located, and the enclosed volume. How these parameters are averaged

into a cylinder is somewhat arbitrary, and compromises are necessary.

In modeling a panel for PA purposes, the panel is treated as a cylinder having the same

enclosed floor area as an actual panel, including the area occupied by the pillars. This results in a

cylinder having a radius of 96.78 m. To account for the inclusion of the pillars, which have a

very low porosity, the porosity of the panel is adjusted from the final porosity of the waste alone.

The initial brine saturation is also adjusted for the presence of pillars that are fully saturated with

brine. These calculations are discussed in Section 3.4.8 of Volume 3.
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The region modeled includes the cylindrical equivalent panel and the surrounding Salado

formation with anhydrite layers above and below (see Figure 4- 1). The borehole is coincident

with the axis of symmetry. The region extends upward to the top of the Culebra, downward to the

bottom of the Castile brine reservoir, and outward approximately 22.3 km. By including the

Castile and Culebra, the major sources and sinks for brine flow to and from the repository are

represented in a single model. The far-field boundary is intended to be far enough away to juslify

the use of a no-flow boundary, which is required in BRAGFLO, without the boundary affecting the

behavior of the repository. While a further removed boundary might be desirable for greater

accuracy with this model, the formations being modeled actually extend only about 10 km north

of the repository (see Figure 1.5-2, Volume 3). Anhydrite layers a and b immediately above the

repository have been consolidated into a single layer with a thickness equal to the combined

thicknesses of a and b and located at the elevation of layer b, the one closer to the repository. The

panel thickness wm varied, depending on the final porosity of the waste, which in turn depends on

the composition of the waste and the total gas generation potential. The procedure for calculating

the panel height and porosity, and the assumptions used, are described in Section 3.4.8 of

Volume 3. The DRZ extends vertically upward through the anhydrite layer and downward through

MB 139. Beyond the outer radius of the panel, both the anhydrite layers and the Salado are intacL.

The center of the intrusion borehole is located at the axis of symmetry.

5.2.4 MATERIAL PROPERTIES AND BOUNDARY AND INITIAL
CONDITIONS

Specification of boundary and initial conditions are required to complctc the formulation.

Upon examination of equations (5-6) and (5-7) it is evident that they are second-order with respect

to gas pressure (I’g) and brine pressure (Pb). Thus two boundary conditions arc required for each

phase pressure in each dimension (two on Pg and Pb in x and two on F’gand f’b in y). BRAGFLO

handles boundary conditions in a way that typifies reservoir models; that is the reservoir of

interest is enclosed by a boundary across which there is no flow in the direction normal to it.

Mathematically these types of conditions arc Neumann boundary conditions in which the normal

derivative of pressure to the boundary is zero. In BRAGFLO this is accomplished by assigning a

zero value to the normal transmissibilitics along each of the boundaries for both the gas and brine

phase.

Through the use of wells, BRAGFLO has the capability to override the no-flow conditions.

By locating pressure-constrained or flow-constrained fictitious wells along the boundaries, fixed

pressures along the boundary or non-zero flow into or out of the reservoir across the boundary can

be approximated.
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The calculations of this report are based on the assumption of no-flow boundaries with the

exception of a constant pressure condition located at the far field in the Culebra. The no-flow

conditions occur on two types of boundary lines: (1) along the far-field boundary and above and

below the repository and (2) along a vertical line of symmetry that passes through the ccntcr of a

panel (the smallest unit of the repository that is assumed to be hydrologically isolated). For

application to WIPP, an implicit assumption is that the boundaries of tfrc no-flow type arc located

far enough away from the repository that they have a negligible intluencc on the Ilow bc.havior in

and around the repository over the 10,000-year time span. A constant-pressure WCI1is Iocatcd at

the far-field Culebra boundary because the Culebra zone is the most permeable material in our

reservoir model. The constant pressure well allows for the possibility of flow across the bounci:iry

in the event that the flow fields affect the pressures and saturation near this boundary.

A number of variables and properties must be spccificd at time [=0. These initial conditions

consist of (1) the two dcpcndcnt variables aligned with (5-6) and (5-7) (.$X and PI)), (2) the

reservoir properties of porosity and the dircclionai pcrrncabililics, and (3) [hc concentrations ol

metal and CC[IU1OSC.These wrriablcs musl bc spccificd throughout lhc simulation volurnc and

along the boundaries. All other material (fluid and reservoir properties) must also bc spccificd;

however, properties such as relative pcrmcabilitics, capillary pressures, densities, viscosities,

dissolved gas, etc., arc functions of the previously spccificd dependent variab]cs and arc calculated

in BRAGFLO. (Details on malcrial, fluid, and reservoir properties used in BRAGFLO

calculations arc provided in Volume 3 of this report.)

5.2.5 RESULTS AND DISCUSSION—Palmer Vaughn and James D.
Schreiber

5.2.5.1 Overall Results

PA calculations using BRAGFLO have been complclcd for the 1W 1 “snap-shot.” Tbc KXU]lS

from the 600”two-phase-flow simulations quantify the flow fields in and around the rcposi[ory over

10,000 years for all tile vectors comprising the E2 and E 1E2 summary scenarios. A vector is a SCL

of model input parameter values obtained from onc particular sampling of pararnclcr value

probability dis~ibutions. The (low fields from ti~c El scenarios arc inferred from the El E2 K? SUj LS

as justified cadicr, in Scctiorr 5.1.2. In addition to (I1c 600” simulations used in ~hc conscqucncc

analysis, an additional 120 simulations were complckd for cxm~piring k ef’(ccLsof gas generation

with no gas gcncralion.

A detailed analysis of all the BRAGFLO results is an ambitious txk and is not available al

this time. Such an analysis is focused on analyzing the oulput of ajl 600” simulations with rcspccl

to pressures, saturations, gas generation, iron conccntratiorrs, and ccljuk~sic concentrations in order
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that phenomenological differences resulting from the wide disparity in parameter values associated

with each vector may be evaluated.

A number of general conclusions that have important impact and implications on the final

CCDFS can bc made at this time. The discussion of results in this section is focused on the

intermediate flow-field results from BRAGFLO and not on final CCDFS. A discussion of the final

CCDFS and the effect of gas on radionuclidc release is summarized in Chapter 6, Volume 1 of this

report. Unless otherwise defined, the term “flow” in this section is usc[i to rcprcscnl the

cumulative amount of contaminated brine (in m3) that flows up an intrusion WCIIand enters the

Culcbra over the 10,000 years following cmplaccmcnt.

The first conclusion is that for each vector of the E2 and E 1E2 scenarios the “flow” dccrcascs

for Iater-occuming intrusions. In Figures 5-7 and 5-8 Lhc “flows” arc ploucd for each vector at lhc

sclcctcd intrusion times of 1000, 3000, 5000, 7000, and 9000 years after the repository is scalmi.

Figure 5-7 corresponds to the E2 scenario while Figure 5-8 corrcspomis to the El E2 summary

scenario. In all cases the flow not only dccrcascs with increasing intrusion time but it dccrcxscs at

an increasing rate as the time of intrusion incrcmcs.

This is an important conclusion. The trend in “flow” versus intrusion time had been obscrvrd

in the case of single-phase, fully brine-saturated flow, but was unverified, until now, Ior the case

of simultaneous flow of brine and gas with gas generation. This suggesL$ that the rclcasc of brine

from early intrusion times may bound that of laltcr times. As long as CCDFS basc(i on early time

rclcasc comply with the regulation there may be no need to consider la[c intrusion time scenarios.

This conclusion dots not apply when considering Resource Conservation and Rccoi”cry AcL

(RCRA) complimcc and may not hold for other corwcp[ual models or other combinations of

parameters.

A second conclusion is that the “flows” from the EIE2 summary scenario cxcecd the “flows”

from the E2 scenarios in all vectors for each intrusion lime investigated. Figures 5-7 an(i 5-8

dcscribcd earlier support this conclusion. The Iargcr EIE2 “flows” compared to E2 arc fiomina~c(i

by the flow of Castilc brine rather lhan the flow of Salado brine. The flow of Castilc brine inm

the waste panel and up [he intrusion borcholc is ktrgcr than that from tbc Sala(io for Ii nurnbcr of

rcasms. First, the borcholc connecting [hc Castilc brine pocket LOthe waslc panel is much more

pcrmcablc (4 to 6 orders of magnitude in m2 units) than arc the mthycintc layers (tbc primary 11OW

paths for Salado brine to reach the panel). Second, the Castilc rock comprcssibiiity, which is

calculated from the bulk stomgc cocfficicnt, is Iargcr than that of the anhytiritc. The Iargcr rock

compressibility results in a smaller pressure dcclinc pcr unit volume of brine removal from the

brine pocket than that which occurs in the anhydrilc. Thus the potential diffcrcncc (the potential

for flow) bctwccn the brine pocket and the waste panel (iocs not decline as rapi(ily as that (iilfcrcncc

bctweerr the anhydrite and the panel. Thirci, the brine volume availablt in the anhydri[c is small
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compared to that of the brine pocket and the brine which flows out of the anhydrite is replaced

slowly by the surrounding Salado due to low Salado permeability. Finally, good connectivity

between the panel and the brine pocket and Lhe high brine pocket pressure generally causes the

panel to pressurize more rapid] y and to a higher level in the E 1E2 compared to the E2, thus

reducing further the component of flow from the far field afong the anhydritc in the E 1E2 comyarcd

to the E2. However, this is more than offset by the large contribution to borehole flow from the

brine pocket.

A third conclusion is that gas generation produces lower “flow” than in the abscncc of gas

generation for all of the vectors in the E2 and E IE2 1000-year intrusion time summary scenarios.

Comparisons for the El scenario are believed to result in the same conclusion. In Figures 5-9 and

5-10, the flows from the 12(I input vectors arc compared to the flow from the same input vectors

with zero gas generation rates. The zero reaction rates are the only diffcrcnccs between the two

input vector sets. Figure 5-9 corresponds to the E2 scenario class, while Figure 5-1() corresponds

to the EIE2 scenario class. The intrusion time is 1000 years (the intrusion time which pro(iuccs

the highest releases). The “flows” from the gas generation simulation are lower and the amount or

percentage of reduction in “flow” differs from vector to vector.

The effect of gas generation on “flow” is more pronounced in the E2 scenarios than in the

E1E2 with respect to the percent reduction in “flow” bccausc of the smaller “flows” associated with

the E2 cases. The amount of the reductions arc, however, consistently Iargcr for the E 1E2

scenarios. An analysis of the results prcscntcd in Figures 5-9 and 5-10 indicate that for the E2

scenario the average “flow” of the 60 vcclors is rcduccd from 9.OX103m3 m 4.OX103m3, a

reduction of 5.OX103m3 or 55910when gas generation occurs. The number of E2 vectors resulting

in zero “flow” increases from O to 22 when gas is considered. The average “flow” of the 60 E 1E2

vectors is reduced from 8.2x1($ to 7.0x104, a reduction of 1.2x104 or 15%. The Iargc flow rates

of Ca..tile brine into the panel compared to the flow rates of brine from Salado into the panel once

the repository and brine pocket is breached is partially responsible for the Iowcr pcrccnlagc

reduction in flow observed in the E 1E2 scenario compared to E2. The large flow from the brine

pocket occurs in spite of rising gas pressure in the waste panel bccausc at the 1()()() year time of

intrusion the pressure in the panel is still signifitztn[ly lower than that of the brine pocket and lhc

connection between drc brine pocket and panel is quilt permeable.

The percent reduction in “flow” is cxpectcd LObe Iargcr in E 1E2 scenarios at Iatcr intrusion

times provided gas generation still occurs for at least two reasons. First, the higher pressures from

continued gas generation at the latter intrusion times will slow the flow of Castilc brine. Second,

the longer reaction times before intrusion result in increased brine consumption and gas generation.

The larger prescncc of gas in the panel at the time of intrusion results in ]owcr brine
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nobilities so no[ only must a larger amount of gas bc displaced from the panel before brine flows

up the intrusion well but it is displaced at a slower rate.

Conclusion 4 is that the “flows” produced during E2 summary scenarios do not bound lhc

flows produced during the E 1 summary scenario in some vectors. For reasons discussed earlier in

Section 4.2.3, the E2 “flows” exceed those from El at the higher E2 “flow” vectors cxccpl for

many of the veclors that produced little or no E2 flow. In those vectors where El “flow” cxcccds

E2 flow, the “flows” are close in magnitude to each other. In generating ~hc final CCDFS, the

releases from El arc approximated by those from the E2 scenario. This is justiilcd since the E2

releases either bound those of El or the magnitudes of the El releases arc sufficiently close to

those of E2 that Lhcy fall in the same discrctizcd rclcasc “bins” used in calculating the CCDFS.

Conclusion 5 is that the “flow” produced during El summary scenarios at early intrusion

times does not bound that which is produced at later intrusion times for some vectors. This is

different behavior than is seen for flows pro(iuccd from E2 and El E2 summary scenarios. In

Figure 5-11 “flow” produce(i during E 1 summary scenarios is prcscntc(i for each vector at the

five intrusion times (1000,” 3000, 5000, 7000, and 9000 years). At the higher “flow” magnitudes

(in excess Of 5ooo m3) thc early inmusion “flows” exceed the “flows” at later intrusion times for

all vectors. At low “flow” magnitudes (less than 5000” m3) the early intrusion “I1ows” (io not

necessarily cxcccd the “flows” at later intrusion times when comparing “flows” resulting from Lhc

1000-, 3000-, and 5000- year intrusion times (vector 18 and 38 for example). Because the rclcascs

for these particular vectors are low this behavior does not appreciably affect the CCDFS, The

causes of Lhcsc trends at low “ilow” magnitude arc being investigated and while interesting from a

phenomcnological or mechanistic point of view, they arc not at this time bclicvc(i to bc important

with respect to compliance assessment.

Preliminary examination of some of the details in pressure, saturation, an(i reaction ralc

profiles from vector 58 (a vector where “flow,” although small, is greater for the 3(X)()-, 500W, an(i

7000-year intrusion time than for the 100f)-year intrusion time) suggest that the incrc~sc in E 1

“11ow” at later intrusion times may be a result Of increased gas generation. In this vector a large

gas pocket forms in lhc panel shortly after flow from the panel through the intrusion well begins.

The gas pocket is located in the upper ptir[ of (hc panel some 20 to 50 m from tic well, isolating a

portion of the panel from the brine. The gas pocket corrtinucs to cxpan(i throughout the 1(),()()()

years and drives brine predominantly toward the wcil but also out along the MB 139 as WCII.

During the 1000- year intrusion time scenario this gas pocket does not form and the subscq ucnt

“gas drive” does not occur. The additional contribution to “flow” from the gas drive is bcl icvc<i to

result in some of the iater intrusion times having larger releases. Gas pockets typically do not

persist throughout the 10,000 years. They Lend to dissipa(c shortly after intrusion. Exactly how

they form and under what conditions they form is being invcstigatc(i.
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5.2.5.2 Results for a Typical Vector

A “typicat” vector is analyzed to illustrate the significant features and behavior of two-phase

flow under disturbed conditions when an intrusion borehole opens at 1000 years. Vector 18 was

chosen as typical in that brine releases were very low, but nonzero, in the E2 scenario (the

majority of the 60 vectors showed zero release) when gas generation was included. Without gas

generation, the release was higher by a factor of about 6, well within the range of differences seen

among the 60 E2 scenario vectors. In the E 1E2 scenario, the release for vector 18 was near the

mean for the 60 vectors when gas generation was modeled. With no gas generation, the release

was just slightly higher, as was generally the case.

The behavior seen in vector 18 appears typical, particular y the pressure history in the waste,

which, in the case of gas generation, shows a rapid buildup followed by an even more rapid

pressure release when the intrusion borehole opens at 1000 years. The pressure builds up again,

rapidly in the El E2 scenario, and very slowly in the E2 scenario. Without gas generation, the

pressure in the wa..te simply rises monotonically approximately to hydrostatic pressure at the time

of borehole opening, then the pressure levels off and remains nearly constant for the remainder of

the 10,000-year period.

Comparison of E2 With E1E2, With Gas Generation

During the first 1000 years, the behavior of the two scenarios is identical, since the Castile

brine reservoir is modeled as being completely isolated from the Salado by an impermeable layer of

Castile anhydrite. Pressure in Lhe waste rises rapidly to 9.2 MPa primarily as a result of gas

generation. Small amounts of brine also flow in from the anhydrite layer above the repository and

from MB 139, which tends to equalize the pressure in the waste with the pressure in the far field,

which is at 12.8 MPa. In this vector, gas generation by anoxic corrosion occurs rapidly compared

to other vectors; approximately 55% of the corrodible metal in the waste is consumed by 1000

years. The biodegradation rate is slower, but the ‘amount of biodegradable material is one of the

lowest among the 60 vectors, and it is fully consumed in about 350 years.

The intrusion borehole opens at 1000 years, resulting in rapid depressurization in both

scenarios. In the El E2 scenario, the pressure (Figure 5-12) bottoms out at 2.5 MPa 280 years

later. (It should be noted that in the WIPP repository and the surrounding geologic media, “rapid”

changes occur over centuries, not days, weeks, or a fcw years.) During this period, a gas column

(i.e., a gas-filled degraded borchole plug) connect.s the waste panel with the Culebra. Since the

pressure in the Culcbra remains fairly constant at about 1.05 MPa, the pressure in the waste could

continue to drop to this level. Countering the drop in pressure is continued gas generation by

anoxic corrosion, which finally consumes all corrodible metal by 1630 years. At the same time,
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brine flow from the Castile is rapidly filling the panel. By 1540 years, the waste panel is

connected to the Culebra by a column of brine, and the pressure in the waste rises above

hydrostatic, Because the pressure in the Castilc (1 1.57 MPa) is above hydrostatic, a gradient

higher than hydrostatic is maintained in the borehole, resulting in the pressure being higher than

hydrostatic in the waste. The panel pressure peaks at 7.9 MPa immediately after connection is

made with the Culcbra, and drops very slowly over the rest of the 10,000-year period to 7.7 MPa.

Hydrostatic pressure at the repository level, with the Culebra pressure fixed at 1.053 MPa and

brine density of 1230 kg/m3, is 6.04 MPa. The pressure in the waste is actually slightly greater

than even the gradient from the Czstile would impose. This is probably caused by brine flow from

the far field, which will tend to elevate the pressure closer to the far field pressure of 12.8 MPa, m

long as there is some resistance to flow up the borchole. The pressure in the waste drops slowly

over time because the Castde brine reservoir pressure is slowly decreasing as brine is withdrawn.

Because of the high storage capacity of the brine reservoir, the pressure there drops only from

11.57 MPa initially to 11.51 MPa after 10,000 years. During the 8500 years that brine flows

upward from the wawe panel, about 31,500 m3 of brine is released (Figure 5-13).

In the E2 scenario, the pressure in the panel (Figure 5-14) continues to dccrcasc long after the

borchoIc opens. Gas continues to bc gcncratcd by anoxic corrosion until all corrodible metal is

rcactcd after 4100 years, but the production ram is low because the brine saturation is low owing to

the slow recharge from the far field and consumption of brine by the corrosion reaction. The

boreholc is filled with gas and offers little resistance to gas flow, so m gas is generated, it simply

flows up to the Culebra, where the relatively high permeability results in nearly constant pressures

of 1.05 MPa. Thus, waste pressure bottoms out at 1.09 MPa after 5400 years. Brine is flowing

in from MB 139 and from the anhydrite Iaycr during this time, and once corrosion ceases, the panel

slowly fills up. After 7700 years, the panel is finally filled and a brine column fills the borehole

to the Culebra after 7700 years, at which time the pressure in the waste climbs to just above

hydrostatic. It continues to nsc very slowly for the remainder of the 10,000 years, presumably as

a result of inflow from the far field and some resistance to flow in the borehole. Until the panel

and borchole are filled with brine, there is actually a downward flow of brine from the borchole

into the panel (see Figure 5-15). This brine is seeping into the borchole from the Salado along the

400 m of Salado between the repository and the Culebra. Once the panel is filled, at 7700 years,

the direction of brine flow in the boreholc reverses, and 1300 m3 of brine flows from the panel

over the next 2300 years.

There arc clearly some major diffcrcnccs in behavior between the E2 and the E 1E2 scenarios,

owing to the high pressure in the Castilc brine reservoir. Without that large source of brine,

rclcmcs from the waste panel are delayed 6700 years, and the rate of release is far lower. Over the
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10,00@year regulatory period, the amount of brine rekdscd in the E2 scenario is only 1300 m3,

compared with 31,500 m3 when a pressurized brine reservoir is intercepted.

Comparison of E1E2, With Gas Generation, With E1E2, Without Gas
Generation

Without gas generation, the pressure in the waste rises slowly at first (Figure 5-16), the only

mechanism for increasing pressure being inflow of brine from MB 139 and the anhydrite layer.

Only when the panel is nearly full of brine does the pressure rise rapidly. This occurs just prior to

the borehole opening. When the borehole does open at 1000 years, the pressure in the panel has

not yet reached hydrostatic. Brine then drains into Ihe panel by way of the borchole from the

Salado DRZ, the anhydritc layer and the Iowcr Salado above the repository, and pressure in the

neighborhood of hydrostatic is achieved. Only a small amount of the gas that was present initially

flows into the borehole (less than 0.2 m3 at reference conditions); the rest has been compressed to

less than residual saturation and remains trapped in the waste. The borehole then fills with brine

up to the Culcbra. The pressure holds nearly constant for the remainder of the 10,000 years, as

was the case with gas generation, except that the pressure is very slightly lower without gas

generation than with gas generation. The greatest effect of gas generation is on the brine flow out

of the waste (Figure 5-17). Although the time when the brine first flows out is about the same in

both cases, the flow mtc is higher (4.32 m3/yr at 10,000 years, vs. 4.08 m3/yr) and the total flow

out over the 10,000 years is greater when no gas is generated. Cumulative reieases of brine are

31,500 m3 with gas generation and 37,300 m3 without. The process of filling tic panel, driving

out enough gas for brine to make the connection to the Culebm, and starting flow out of the panel

seems to take nearly as long whether or not gas is generated.

There are several reasons for the higher releases when no gas is generated. With gas

generation, the panel initially fills with gas over the first 1000 years; and at the same time, brine

is consumed by anoxic corrosion, further reducing the brine content of the panel. Gas production

via corrosion consumes about 2660 m3 of brine. The rapid pressure buildup with gas generation

restricts the flow of brine from the anhydritc layer and MB139 during the first 1000 years

preventing another 150 m3 of brine from coming in through MB 139, compared with when gas is

generated. (F1ow through the anhydrite layer is largely unaffected during this time period.)

Without gas generation, essentially all the gas that is present is compressed down to residual

saturation or less before the borehole opens. Thus, there is no resistance to brine flow imposed by

the presence of gas. With gas generation, there is gas present in some part of the panel at

saturations greater than residual for the full 10,000 years. This restricts flow from the far field and

flow through the panel from the Castilc, even after the panel is sufficiently filled with brine that it

flows upward to the Culebra, which is delayed 540 years while the panel fills. The result is
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slightty higher pressure in the panel. At the same time, the gas bubble driven up into the Culebra

is restricting flow there, resulting in higher pressures in the Culcbra at the top of the borcholc.

The pressure there is high enough that the pressure drop from the panel to the Culebra is lower

than when no gas is generated, which also reduces the flow rate of brine from the panel.

Comparison of E2, With Gas Generation, With E2, Without Gas
Generation

As with the E 1E2 scenario, the E2 scenario shows no pressure spike when no gas is generated

(Figure 5-18). The pressure in the panel reaches hydrostatic in about 1850 years. When the

borchole opens at 1000 years, the pressure is still below hydrostatic, and brine drains down from

above to fill and pressurize the panel. The source of this brine is the Salado DRZ, the overlying

anhydritc layer, and the lower Salado Formalion above the repository. Flow upward 10 the Culcbra

(Figure 5-19) begins after 1760 years. The effect of gas generation is clear in this case: With gas

generation, the time lag between borehole intrusion and brine flow out of the panel is 6730 years;

without gas generation, the time lag is only 760 years. This shorter lag time results in far greater

releases of brine: 8430 m3 vs. 1300 m3 with gas generation. When no gas has been gcncratcd,

only residual saturation remains a short time after the boreholc opens, so gas imposes no

resistance to flow of brine through the waste from the anhydrilc layer or h4B 139, as it dots when

gas is gcncratcd. Thus, the flow rate out of the panel is higher even after 10,000 years when no

gas is generated: 0.92 m3/yr vs. 0.68 m3/yr with gas.

5.3 Repository Discharge (PAN EL)—Walt Beyeler and James
W. Garner

Borcholes penetrating a waste panel and possibly a Castilc brine pocket can initiate the flow

of brine and dissolved radionuclidcs between the repository artd the Culebra Dolomite. Based on

coupled models of fluid flow and the geochcmical proccsscs occurring within the repository, the

dischwge rate can be calculated with Lhccode PANEL.

This model estimales rales of discharge of radionuclidcs and brine to the Cttlcbra result-ing

from interconnection by one or more borehoies of the Culebra, repository, and possibly a Castilc

brine pocket underlying the repository. Radionuclidc dischtige depends on flow through the waste.

Flow rates may bc calculated internally in PANEL, or may be specified from a separate mode]

(e.g., BRAGFLO). The 1991 calculations of the consequence analysis for disturbed conditions

used flow rates calctrlakxi by BRAGFLO and not those of PANEL. Only the waslc mobilization

and mmsport model of PANEL is used.

Figure 5-20 is a schematic diagram of the Castilc, repository panels, and Culcbra following

penetration.
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Chemical/physical processes governing radionuclide flux are

a. Dissolution of solid waste in the repository,

b. Radioactive duay, and

c. Advection of dissolved radionuclides born the repository to the Culebra.

Processes considered in the internal flow model are:

a. Upward flow through each borehole (QL [L-3T-1]) from the Castile reservoir due to the

difference between the reservoir pressure and the pressure in the panel at the borehole

location;

b. mow into each repository panel from the Salado (Q1 [L3T-lI);

c. FIOW between boreholes k and j within a panel (Q~ki [L3T-11),

d. Upward flow through each borehole from the repository to the Culebra (Q~j [ L.37’-11).

The following describes the mathematical models used to represent the above process.

5.3.1 FLUID FLOW MODEL

5.3.1.1 Assumptions

While the fluid-flow model of PANEL was not used during the consequence analysis

calculations, it was used for preliminary screening and comparison calculations. For this reason a

discussion of PANEL’s fluid-flow model follows.

All flow is assumed to occur as a single fluid phase. Possibly relevant processes which are

neglected in this simplified approach include gas generation within the waste, exsolution of gases

from Castile brine, and precipitation in the wellbore resulting from chemical or thermal

disequilibrium between Castile brine and borehole fluid. All components of the flow system

which are explicitly included in the model (see below) are assumed to be governed by Dare y’s law.

Hydrologic properties of each component are therefore completely characterized by hydraulic

conductivity, specific storativity, and component geometry.

Volume 3 discusses ranges of values of these properties for the Castile, borehole fill, waste,

and Culebra.

Using these properties, an analysis of the hydrologic response of these components following

interconnection by a borehole of the Castile, repository, and Culebra suggests the following

(Rechard et al., 1990b):

a. During discharge, pressure in the Culebra is not significantly elevated above its initial

value;
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Repository Discharge (PANEL)
Fluid Flow Model

b. Time constants for internal pressure transients in the Castile (both large and small fracture

sets), borehole, and waste range from less than a year to tens of years;

c. The discharge time of the Castile reservoir ranges from thousands to hundreds of thousands

of years.

On this basis, the following assumptions about the Castile, boreholes, waste, and Culebra have

been made in the fluid flow model:

a.

b.

c.

The Culebra acts as a fixed pressure discharge for all boreholes.

The transient behavior of the system over the period of interest is governed by the

depletion of the brine reservoir, rather than by internal pressure transients within any

component. Accordingly, all components are assumed to be at steady state with respect to

boundary pressures at any given time.

The evolution of boundary pressures is controlled by depletion of the brine reservoir.

Pressure change is assumed to be a linear function of the change in reservoir brine volume

(e.g., due to linear elastic expansion of reservoir fluid and anhydrite):

AVP = SbApP (5-lo)

In terms of parameters of the Darcy flow model, the storativity of atl components other than

the brine reservoir is assumed to be zero. The conductivities of the brine reservoir and Culebra are

assumed to be infinite.

Brine inflow rates from the Salado are assumed to k described by a differential equation which

is linear in boundary pressure (such as the Darcian flow equation). In addition, pressure gradients

within the panel due to flow from the Salado are assumed to be small, so that the pressure at the

waste/Salado interface is effectively equal to an equivalent panel pressure F’oi. Salado brine inflow

for an arbitrary pressure history in the panel can be estimated by convolution.

5.3.1.2 Mathematical Formulation

Volume balance expressions are written for each borehole at the point of penetration of the

waste panel (Figure 5-2 1) as follows:

Q~j = Q~j + Q~j + Q:j (5-1 1)

where Q; is that portion of Q; discharged through the control volume.

Darcy’s law allows all flow components at each junction to be expressed in terms of the

discharge (Culebra) pressure (PD ), pressure in the panel at each wellbore (F”), the pressure in the

panel at other wellbores (l’;) and the instantaneous pressure in the brine reservoir (F’p):
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(5-14)

(5-15)

The connection terms ~ ● are the effective hydraulic conductance (in units of m3/s/Pa) of the

pathways associated with each flow component. /$j and ~~j are the conductance of the upper

and lower portions of wellbore is as follows:

(5- 16)

(5-17)

where,

K=

A=

Azl =

AZ’2 =

P=

g=

hydraulic conductivity of the borehole fills,

borchole cross-sectional area,

lengths of the lower segment of the borehole,

lengths of the upper segment of the borehole,

fluid density, and

gravitational acceleration.

The effects of alteration of borchole hydraulic properties through plug degradation and closure may

be included by varying the product KA for each borehole with time.

Q~ is allocaled among wcllborcs in panel i based on the wellbore radius (via the

well~re/w~tc conducwcc term ~~w.) and the pressure at the wellbore (via the far-field waste
1

pressure po). Accordingly, the individual discharges Q~j must collectively satisfy
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(5-18a)

The instantaneous inflow rate to the panel, Q~, is given by the pressure history in panel i and

the unit pressure response function h(t):

Qj=(P@’$*~ (5-18b)

where PI is the equilibrium (far field) pressure at the repository elevation.

The wellbore/waste conductance is estimated as the steady-state conductance between the

wellbore radius r~, and a radius r= equal to one-half the widti of a panel excavation:
1

Cbj=
2rtKRb

[1

in S pg
r$,

J

where KR is the hydraulic conductivity of the waste, and b is the panel height.

~ is the conductance between boreholes within the same waste panel, and is given by:

(5-19)

(5-20)

where ~~jk is that portion of the inter-borehole conductance due to borehole separation, i.e., the

conductance of the paths between the far fields of each lxxehole (Figure 5-22).

Substitutingforflowtermsin($11)gives:

c~j(p~-pD -%)=c~j(p~-p~)+ ~cij~(pi-p~)

k#j

+&jj (Pp - P; -q)
(5-21)

The linear relationship between Castile brine reservoir pressure decline and total reservoir

discharge volume can be written:
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(5-22)~p(~2)=~p(fl)-+J;xxQ;j~~
i]

Because of the possibility of time-varying borehole properties (see above), coefficients of

(5-21) are not constant. The system is therefore

expression for Qi in (5-22) to approximate PP:
PJ

solved numerically using a semi-implicit

(5-23)

(5-24)

—.
where ~~, is an effective conductance for the lower portion of the borehole over the interval

J

(t, -+ 12), estimated from the harmonic mean of the end point values:

Substituting (5-24) into (5-23) and defining

At=t2–tl

yields

Pp(t2)= ~+~(l){[l-wL(')]pp(rl) +WL[plm(tl)]+~L[p~m(t2 )]+2M~L(l)}

Collecting junction pressure terms p; in (5-21) gives:

(5-25)

(5-26a)

(5-26b)

(5-27)
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2 (5-28)

3

4 Substituting for Pp in (5-28) and collecting pressure terms at time tz on the left hand side

5 yields:

7 -~cikjpj(t,)

k+j

8

L:j
9

+ ,+wL(l){pP(’1)[’-~L(’)] +~L[pm(’l)]+2wFL(l)]

10

11 Substituting for Q~j from (5-13) into (5-18),

(5-29a)

(5-29b)

13

14 Convolution in (5-29b) is approximated from tabulated values of h(f) and accumulated values

IS of P;, expanded arwnd P;(I):

16

17

18

19 giving

(5-30)

(5-31)
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Equations (5-29a) and (5-29b) can then be solved for the pressures at each junction in each panel

P; and for the equivalent far-field pmxwure in each panel l’;.

~k, <~j are usually much larger than the boreholeIn practice, the waste conductance terms ~~ “

conductance terms. Small inaccuracies in calculated junction pressures can produce large mass

balance errors within the waste panel. To overcome this problem, flow rates in each borehole are

fwst calculated assuming infinite waste conductivity (yressure equilibrium in the waste). These

flow rates are then used with the waste conductivity and borehole locations to cafculate an upper

bound on pressure variation induced at each borehole as a result of resistance to flow through the

waste. If this variation is within some specit%d tolerance, the infinite-conductivity approximation

is retained. If no~ the full system, including waste permeability y [i.e., equation (5-29)], is solved.

5.3.1.3 Required Parameters

The following parameters are required by the modek

a. Culebra discharge pressurq

b. Length, area, location, fill hydraulic conductivity, and time of construction for each

,. .,,

c.

d

e.

Dorenol~

Waste hydraulic conductivi~

Rate of brine inflow from the Salado as a function of time for some fixed pressure change

at the waste/Salado bounckuy

Castile reservoir initial pressure and bulk storage coefficient (change in volume per unit

change in pressure).

In addition, the product of the hydraulic conductivity and area of the borehole maybe made to

vary in an arbitrary way with time, in order to represent (e.g.) the effects of plug degradation and

closure.

5.3.2 WASTE MOBILIZATION AND TRANSPORT MODEL

~sstm?pfkms. The following are the waste mobilization and transport assumptions:

a. Concentrations of all species ate assumed to be uniform throughout the waste panel.

b. Concentrations of all species are assumed to be in equilibrium at any time.
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c. Volubility limits for a given element are allocated among its isotopes on the basis of

relative abundance.

5.3.2.1 Mathematical Formulation

Radionuctide concentration and discharge are calculated at discrete time steps as follows:

a. The total volume of fluid entering the panel over the interval displaces an identical volume

of fluid with the appropriate concentrations of all isotopes. This volume is limited to no

more than 10’ZOof the pore volume of a panel by selection of the time step.

b. Concentrations within the panel are updated by:

1. Mixing the remaining panel pore fluid with the introduced fluid volume;

2. Updating the existing inventory of all species from radioactive decay during the

interval; the amount of each radionuclide at time T + AT is AI (T + AT) with decay

constant A[ is defined as Al (T + AT) = AI (T)#~AT + Parental, Grandparental and

Great-Grandparentd contributions as defined by Bateman Equations (see discussion in

CUTTINGS, Chapter 7).

3. Calculating the new equilibrium concentrations of all species with respect to

dissolution. The amount in solution for each element is the volubility limit (molar) *

1,000 liters/m3 * volume of panel (m3). If this amount is more than the amount of

the element in the panel, the amount in solution is the entire amount of the element,

The concentration of each radionuclide is the mass of its corresponding element in

solution times the moles of this radionuclide in the panel/the total moles for its

corresponding element in the panel. Since this is a mixing-cell model, there are no local

variations.

5.3.2.2 Parameters

The following are the waste mobilization and transport required parameters:

a. Initial inventory of all isotopes in each panel;

b. Half-lives and daughters for each isotope;

c. Solubilit y 1im its for each element;

& Pore volume of each panel;

e. Rate of fluid flow through the waste (derived from the fluid model discussed above or

specified from results of another model, e.g. BRAGFLO).

5.3.3 FLUID-FLOW/WASTE MODEL COUPLING

Two components of the flow system may potentially mobilize waste; flow from the Salado to

a borehole, and flow from one borehole to another. The sum of these components at any time

provides an estimate of the rate of flow through the waste. In the event of a single intrusion, only
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provides an estimate of the rate of flow through the waste. In the event of a single intrusion, only

flow from the Safado is assumed to pass through the waste. In the E1E2 scenario, flow from the

Castile is also assumed to pass through the waste. Integration of fluid flow rate through the waste

over some time interval provides an estimate of the volume of contaminated fluid (with

concentrations calculated as described under waste mobilization) discharged to the Culebra through

the intrusion boreholes. Final flow rates and concentrations discharged to the Culebra from a

given borehole are estimated from the mixing of fluid entering the borehole from the waste with

fluid flowing through the borehole from the Castile. This procedure ignores any decay or sorption

in transport through the upper half of the borehole. Short travel times and expected borehole fill

material suggest that the effect of these would be negligible.

5.3.4 RESULTS

The total flow input to PANEL from the BRAGFLO (Section 5.2.5.1) calculations varied

from O m3 to 44,000 m3 for intrusions that did not intersect a brine pocket and from O m3 to

675,000 m3 for intrusions that intersected a brine pocket. These flows, coupled with solubilities

that varied over many orders of magnitude produced releases of the various radionuclides from

PANEL that varied from zero to the inventory of one panel. These releases were then used as

input to the program STAFF2D. The EPA normalized releases from PANEL are shown in

Figures 5-23 and 5-24. A comparison of Figure 5-23 with 5-7 (the “flows” from BRAGFLO)

reveals that large flows are a necessary condition for large releases, but not a sufficient condition

(compare vectors 16 and 24). Also, comparing E2 releases and E1E2 releases for vectors 15 and 16

indicates that vector 16 has large releases for both E2 and E 1E2, but vector 15 has a near zero

release for E2 and a maximum release for E1E2.

PANEL can also be run in a mede that does not require fluid flows produced by BRAGFLO.

In this mode, it calculates internally the flows through the waste. The runs made in this mode

were used as a diagnostic tool for BRAGFLO. This type of calculation was not used in any of the

results reported.

5.4 Summary of Results for Disturbed Performance of the
Repository/Shaft

The calculations performed to assess the disturbed performance of the Repository/Shaft

System had two primary objectives:

.

.

To determine the path and extent of flow of contaminated brine and to determine migration

and transport of radionuclides from the waste panel up an intrusion borehole.

To evaluate the effect of waste-generated gas on the flow of contaminated brine and on the

migration of radionuclides.
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To address these objectives, two computer codes (BRAGFLO and PANEL) were used with

varying material, reservoir, and waste properties. A Latin hypercube sampling procedure was used

for selection of the parameter values from parameter probability distributions documented in

Volume 3 of this report. The sampling procedure resulted in 60 vectors (differing sets of sampled

input parameter values) for each of two summary scenarios E2 and E 1E2. The E2 summary

scenario is single intrusion of the waste panel, the E 1E2 summary scenario is a multiple intrusion

of the repository with one well terminating in the waste panel and a second well passing through

the panel and terminating in a pressurized brine pocket. The consequences of a third scenario

summary the E 1 (in which a single borehole penetrates the waste and a brine pocket) was assumed

identical to the E2 summary scenario. All three summary scenarios were further sub-divided

according to the time of intrusion (1000, 3000, 4000, 7000, and 9000 years). A total of 600

BRAGFLO and PANEL simulations were performed for assessing the disturbed performance of the

repository 300 E2 and 300 E1E2 simulation sets.

In PA the calculations, BRAGFLO was used to quantify the two-phase flow fields in and

around the repository. PANEL was used for calculating the radionuclide concentration and discharge

of radionuclide from the waste through the intrusion borehole. The time-dependent flow fields,

phase saturations, and waste porosity from BRAGFLO served as input to PANEL. The well bore

flow rates and radionuclide concentrations in the brine resulting from BRAGFLO and PANEL are

source terms for models such as SEC02D and STAFF2D (Chapter 6), which quantify the flow

fields and radionuclide transport in the Culebra dolomite member of the Rustler formation,

considered to be the most likely subsurface pathway to the accessible environment during human

intrusion.

Results for a typical vector were described to illusmate the significant features and behavior of

two-phase flow under disturbed conditions when an intrusion borehole opens at 10W years. The E2

and E 1E2 scenarios, with gas generation occurring, were compared. Then the effects of gas

generation were examined by comparing the results of each scenario with and without gas being

generated.

The following general conclusions are based on analysis of the BRAGFLO and PANEL

intermediate results. (The term “flow” is defined as the accumulated volume of contaminated brine

which enters the Culebra horn an intrusion borehole during a 10,000-year interval following panel

sealing.)

● Tlow” and radionuclide release decreased for later- occurring intrusions.

● “Flow” and radionuclide release was larger during E 1E2 summary scenarios than during E2

summary scenarios.
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1 ● Waste generated gas reduced “flow” and radionuclide release during the 1000-year intrusion

2 E2 and E 1E2 summary scenarios for the range in waste properties and gas generation rates

3 sampled.

4 ● The “flows” produced during E2 summary scenarios were of similar magnitude to those of

5 El summary scenarios but did not necessarily bound the El produced “flows” for all vectors.

6 ● Large “flow” was a necessary but not a sufficient condition for producing a large

7 radionuclide release from the waste panel.

8
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Conceptual Model

6. DISTURBED GROUNDWATER FLOW AND TRANSPORT

6.1 Conceptual Model—Walt Beyeler

The Culebra Dolomite member of the Rustler Formation is considered to be the most likely

subsurface pathway for radionuclide transport to the accessible environment in the event of human

intrusion into the repository (Volume 1 of this report). Because of its perceived importance to site

performance, conceptual and numericat models of the Culebra continue to receive much attention.

The conceptual model of the Culebra Dolomite underlying the current performance assessment

calculations describes the hydrologic state and behavior of the Culebra Dolomite within the model

domain shown on Figure 6-1. The conceptual model consisLs of the following assumptions:

.

.

.

.

Single-porosity Darcian flow. Results of hydrologic tests on wells completed in the

Culebra are consistent with the response of a heterogeneous medium obeying Darcy’s law.

Results of some well tests indicate double-porosity response during the early part of the

tests (see, for example, Beauheim, 1987). This is interpreted to be caused by disequilibrium

between pressure in coextensive fracture and matrix porosity sets. Because the time of

pressure equilibration between the porosity sets is much smaller than the time scale of

processes considered in the human-intrusion scenario, the Culebra Dolomite is modeled as a

heterogeneous single-porosity medium for the purpose of fluid flow calculations. (Dual

porosity effects on transport arc considered, however).

Two-dimensional flow. Most hydrologic test wells in the Culebra Dolomite are

completed across the entire vertical extent of the Culebra. Parameters derived from tests on

these wells are therefore composite or average vatues over the vertical extent of the member.

Although flow is known to be localized to particular elevations within the Culebra at

several wells (Mercer and Orr, 1979), [here is insufficient information to characterize vertical

variability of hydrologic properties within the Culcbra Dolomite. A vertically integrated

two-dimensional model has therefore been adopted.

No flow through upper and lower boundaries. Potentiometric differences between

the Culebra and other members of the Rustler suggest that vertical flow between the

members is exwemely slow over the WIPP and in much of the surrounding study area. The

present conceptual model includes impermeable upper and lower boundaries on the Culebra.

Parallel-to-axis-flow along the axis of Nash Draw. Nash Draw is believed to be

a major sub-surface drain for the Rustler in the vicinity of the WIPP (Davies, 1989;
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Brirrster, 1991). Flow in the Rustler would therefore follow the axis of Nash Draw; the

axis of the draw is treated as a streamline (no-flow) boundary.

● Pressure equilibrium and flow prior to WIPP construction. Time constants of

pressure changes due to compression of the fluid and matrix are small compared to time

constants of fluid density change, transmissivity evolution, or other transient processes

affecting pressure. For any subdomain of the Culebra, and in the absence of fluid sources or

sinks within the subdomain, the Culebra pressure is assumed to be currently in equilibrium

with pressures around the boundmy of the subdomain.

● Future flow-field transients induced by external changes. The future state of

the Culebra flow field is assumed to differ from the present state through regional climate

change. Climate change is assumed to affect recharge and discharge rates external to the

model domain, and therefore to influence flow within the model domain through a change in

boundary pressures.

● Transport decoupled from flow. In the human intrusion scenario, one or more

boreholes create a long-term connection Eetwcen the repository and the Culebra. Hydrologic

properties of the borehole fill limit potential fluid discharge to the Culebra to approximately

80 m3/yr. This rate of fluid injection is assumed to have no impact on the prevailing

Culebra flow field (Reeves et al., 1991). In addition, fluid injected from the repository is

assumed to have negligible effect on the Culebra fluid density. Estimation of the Culebra

flow field, and estimation of radionuclide transport through this flow field resulting from

intrusion, are therefore considered as separate problems.

● Dual-porosity transport. Matrix and fracture porosities that arc coextensive and

communicating can result in local disequilibrium in radionuclide concentrations between the

fracture and matrix. The time constant associated with this disequilibrium is determined by

the rate of exchange of radionuclidcs between the two porosity sets, and the radionuclide

storage capacity of the fracture and matrix. Because this equilibration time may be

significant in comparison to the time scale of source-term concentration change, a dual-

porosity transport model has been adopted.

o Linear equilibrium sorption of radionuclides. In addition to hydrodynamic

processes, radionuclide concentrations in Culcbra groundwater are assumed to be affcctcd by

geochemical interactions with the host rock. Reversible sorption is assumed to be the only
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mechanism of interaction of the radionuclides with the Culebra Dolomite. Sorption is

further assumed to follow a linear Freundlich isotherm, with different coefficients describing

sorption on the Culebra matrix and on clays in Culcbra fractures.

Several assumptions made in the present conceptual model are tentative and may be revised

after evaluation of more comprehensive models of the regional flow system. Specific areas being

investigated by Sandia’s Fluid Flow and Transport research group include:

● The extent to which leakage between the Culebra and adjacent units can be neglected. While

this assumption may be acceptable in many areas, it is not universally valid. For example,

extensive dissolution of Rustler haliLc and anhydrite in lower Nash Draw has resulted in the

Rustler becoming highly fracmred, forming a single unconfined aquifer. A more accurate

description of vertical flow may be made on the basis of existing data, regional fluid balmce

requirements, and geologic considerations.

● Geochcmical interaction of radionuciidcs with LhcCulcbra may not be adequately described

by a linear sorption model A more detailed representation of the specific interactions

beLwtin radionuclidcs, pore fluid, and maLrix may be required to predict potential migraLion

rates.

6.1.1 PARAMETERS OF THE CULEBRA MODEL

The Darcian flow model requires values for transmissiviLy, storage coefficient, fluid density,

and initial pressure defined throughout the model domain, in addition to boundary conditions and

internal fluid sources and sinks. The dual-porosiLy transport model requires a fluid seepage velocity

field (derived from the Darcian flow model), fracture and matrix porosities, effecLivc matrix

di ffusivity, fracture dispersively and diffusivit y, and isoLope-specific geochemical pamrneters

(retardation factors in both porosity sets) defined over the model domain, as well as specification of

internal sources. Parameter values used in the performance assessment arc discussed in Volume 3.

6.1.2 MODEL IMPLEMENTATION

Separability of the flow and transporLproblems allows Lhcrclca$cassociatedwith intrusion to

be estimatedas follows:

● estimation of the prevailing Culcbra flow field

● estimation of integrated release due to radionuclidc sources introduced into the Culebra flow

field.

Because of the complexity of the spatial distribution of transmissivity, and the resulting

spatial variability of the flow field, numerical approximations are used to simulate flow and

transport processes. Uncertainly in release due to uncertainly in model parameters is addressed by
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creating equally likely realizations of the set of parameters controlling transport. Most parameters

are assumed to have a single value over the entire model domain for each realiz~tion. Because of

the large variability of transmissivity, the dependence of transmissivity on location, and the large

number of estimates of transmissivity over the site, spatial variability of transmissivity is

explicitly included in the model. Realizations of transmissivity arc required to honor the point

estimates at well locations as well as indirect constraints imposed by the Culebra head distribution,

as dcscribcd below.

6.2 Generation of Transmissivity Fields by Geostatistics—Walt
Beyeler

Previous WIPP Performance Assessments used a simple zonal approach for including

uncertainty in the transmissivity (1] field within the Culcbra Dolomite Member of the Rusdcr

Formation. The zonal method divides the regional and local computational domains into

geographic regions; 8, 13, and 15 regions have been used for different analyses reported in Marietta

et al. (1989) and Bertram-Howcry et al. (1990). In each region, a distribution was constructed

using transmissivity measurements from available WCIIS. This empirical distribution was sampled

and onc constant value used for the transmissivity in each zone. Each zone was sampled

independently, so a single simulation used 8 (or 13 or 15) transmissivity values to represent the

regional T field. Some simulations used distributions constructc(i from pilot point values

(LaVcnuc ct al., 1990) at locations assigned during calibration in addition to actual measurements

at WCII locations.

This approach can be improved in two ways:

● The reason for varying transmissivity over geographic zones is to include spatial variability

in the T field. Correlations exist in the T field over distances greater than five kilometers;

however, assuming that the 8 (or 13 or 15) zones are independent during sampling is only a

first approximation. Spatial dependence should bc included over the whole model dotmairr.

. The T fields gcncratcd by the simple zonal approach directly used transmisstvity

mcasurcmcnts whereas other information was included indirectly through pilot point values.

Many other data are available, and it would bc better to incorporate these data directly, e.g.

hydraulic head mcasurcmcnts and geologic information.

Several methods have been proposed in the scientific literature to resolve these two issues.

Most suggestions have relied on geostatistical lcchniqucs combined with inverse methods (dc

Marsily, 1986; Ych, 1986). To obtain fast guidance on development of a package for WIPP PA to

use in the final compliance assessment, a Gcostatistics eXpcrt Group (GXG) was cmrvcncd. The

GXG was asked to provide advice given the modeling work complctcd, calibrated tmnsrnissivity

6-5



Chapter 6. Disturbed Groundwater Flow and Transport

1

2

3

4

5

6

7

8
9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

field, data collected, and the above two objectives listed for improvement of the earlier zonal

approach. The group’s recommendations were organized into three categories:

● Proposing methods for generating conditional random fields to be used in the present

assessment.

. Proposing methods for including conceptual model uncertainty.

● Proposing methods for including geological information.

These recommendations are summarized in the following discussion.

6.2.1 GENERATION OF CONDITIONAL RANDOM FIELDS

Transmissivities display a variability in space that can bc characterized using measured data,

e.g. pump tests, by geostatistical analyses. This spatial variability was found to be stationary in

the mean (hVenue et al., 1990), but intrinsic in the second moment (IRF = O) with a linear

variogram without nugget effect (i.e., locally described by a constant with random perturbations

that increase in variance with distance. Several techniques are available to generate random fields

having this spatial structure: turning bands, inversion of the full covariance matrix, and spectral

methods. Many such realizations could be generated and each realization could be used as one

input for a system simulation. Each realization would then have the correct spatial structure of the

true field, and would satisfy the first objective above.

However, these realizations would not be fully coherent with the actual measurements, and

would overestimate the uncertainty in the T field. Making realizations of random fields coherent

with measured information is called conditioning, which was the major focus of the GXG. For

WIPP PA, conditioning can be performed on at least four types of information:

● Measured T values at the wells.

● Measured or estimated head values aLthe wells in prc-excavation steady-state conditions.

● Measured head values during various transient hydraulic tests (e.g., long-term pump tesK,

shaft excavation).

● Indirect geologic data that can be correlated with transmissivity (such as overburden

thickness, or presence of evaporiLes in Lhe Culebra or Rustler).

Conditioning on the measured T values is one available technique (Delhomme, 1979). A

second technique, conditioning on steady-state and transient head data is discussed below.

Conditioning on geologic information will bc discussed later.

Six methods of conditioning on head data were discussed by the GXG. These methods range

from the simple to the complex. Each method has potential advantages and disadvantages. The

GXG will compare these methods on the WIPP data base, and make a rczommendation for the fiml

compliance assessment. Given the time constraints for the present PA, only the first method

could be implemented. A brief description of the six methods follows.
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Generation of Transmissivity Fields by Geostatistics

1. The first method considered by the GXG was used in the 1991 Preliminary Comparison

2

3

reported in Volume 1 of this document set. Random fields conditioned on T

measurements at WC1llocations and on values assigned during manual calibration were

assigned to pilot point locations where no measurements were available (LaVenuc et al.,

1990). Forty-one measured-T and 41 pilot-point values are available. The pilot point

values were assigned to insure coherence of the calibrated T field with the measured head

data (both steady-state and transient conditions) so conditioning on head data is indirectly

included.

This approach still needs to bc validated on the transient data. An advantage of this

method is that it does not require any assumption on the acccptahlc range of variability of

T ( Var(T)). Many methods require that the Var(ln T) >1, and in the Culebra the

Var(ln T) is abou~ 3.5. This first method also allows using a variable-density fluid-flow

model which may be important in the Culcbra (Davies, 1989). Other methods are. linear,

but can only accommodate constant-density fluid-flow models. A second advantage is

computational efficiency because the Cholesky decomposition only needs to be performed

once regardless of the number of simulations.

The second method considered by the GXG wm to apply method one only on measured T

values. Conditioning on head values (steady-state and transient) would be accomplished

simply by screening out T fields not satisfying an assigned acceptance criterion on

observed head. Upon testing, the rejection rate proved to be high, so this method was not

pursued further.

The third method considered by the GXG was to use an available code, INVS (Bras and

Kitanidis, 1991; Kitanidis and Vomvoris, 1983; Hoekscma and Kitanidis, 1984, 1985 a

and b), that conditions on both measured T values and also steady-state head values, with

or without using pilot point values. However, this method is restricted to Var(ln T) <1

because of linearization of the flow cqua[ions (only constant-density fluid flow). The

present code assumes full stationarity of In T with an exponential covariance function,

and automatically fits the corresponding covariance of the head and cross-covariance

functions. The relationship between these covariances is derived analytically assuming

that average flow direction and gmdient are constant. Uniform rectilinear grids with less

than about 103 blocks are also required. After automatic fitting of the covariances, an

optimal T field can bc estimated by co-kriging, and conditional simulations can be

generated.

A similar method relying on spectral techniques (Gutjahr, 1989) is also part of the

ongoing comparison exercise between methods 1 and 3.
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4. The fourth method considered by the GXG is an extension of’ the pilot point approach

used for the calibration of the Culcbra T field. This method should generate random fields

conditioned on T measurements, steady-state, and transient head data without restriction

on Var(ln T) and with variable-density fluid-flow models. This method, if successful,

will be used for the 1992 PA.

First, random T fields conditioned only on the measured T values are generated. These

fields are further conditioned on the head data by calibrating them with the pilot point

approach both on steady-state and transient data. To generate a large number of calibrated

random fields, the procedure will be automated. Order of pilot point selection and the

uniqueness of the resulting T field are issues to be examined during operational tests and

sensitivity analyses.

5. The fifth method considered by the GXG was a semi-analytical approach (Rubin and

Dagan, 1987a and b, 1988; Rubin, 1990; Rubin 1991, in press). This method is similar

to method 3, but uses semi-analytical expressions. It will be added to the comparison

exercise with methods 1, 3, and 4.

6. The sixth method considered by the GXG is complex relying on a maximum likelihood

approach (Camera and Neuman, 1986 a,b, and c). This method conditions on both steady-

statc and transient head data, assumes linearity iteratively (in the vicinity of the optimal

solution), and constant-density fluid-flow. It may also be added to the comparison

exercise.

The comparison exercise will expose potential discrepancies among these six methods.

Depending upon the resolution of these discrepancies, the GXG will recommend a method(s) for

use in the final PA.

6.2.2 INCLUDING GEOLOGICAL INFORMATION

Geological information should be included in the estimation of the T field because of

● An apparent non-stationarity of the T field; an increasing trend from east to west exists in

the data.

● An observed difference between kriged T field and the conditionally simutated fields above.

● A large amount of available geologic information that has not been directly used in either

the calibration or the conditional simulations.

The GXG discussed two proposals. First, relevant geologic information such as thickness of

the overburden, total esli mated thickness of evaporates in the Rustler, slope or curvature of

Culebra, density of lincamcnts, che,nical data, etc. should be tested by co-kriging with

transmissivity. If a candidate geologic data set(s) is found to improve the T estimation, it can be
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retained, and a new T estimation procedure developed. Second, after a new co-kriging procedure

using geologic data sets is developed, co-kriged estimates should be compared with measured

values at well locations to look for any systematic bias. If a bias is found, the quality of those

measurements would be questioned. This would allow WCII measurements which have been

questioned (e.g., well P-18) to be evaluated objectively.

6.2.3 INCLUDING CONCEPTUAL MODEL UNCERTAINTY

After considering the detailed problem of residual uncertainty in the T field of the Culebra, the

GXG discussed the general problem of how to include conceptual model uncertainty in WfPP PA.

The approach discussed was the same as used in previous analyses (Marietta et al, 1989; Bertram -

Howery et al., 1990). For each conceptual model, the underlying parameter uncertainty is

characterized, and different sets of CCDFS are produced as described in Volume 1, Chapter III.

These sets of CCDFS are compared with respect to potential impact on a compliance decision that

would be based on a mean CCDF constructed from one or more of these conceptual model sets of

CCDFS with an assigned weighting. If a conceptual model produces a set of CCDFS that would

have negligible impact on the eventual compliance decision, it can be discarded. The goal is then

to identify possible alternative conceptual models that are qualitatively different, and can be

calibrated on the available data.

Preliminary approaches for identifying such alternative conceptual models were discussed:

● A fractal model of the Culebra transmissivity was proposed (Grindrod and Capon, 1991).

Using a fractd approach allows an extension of the spatial variability in the transmissivity

fields to scales less than the measured scale, In this way the effect of possible smaller scale

features than have been observed can be evaluated.

● Basin-scale hydrologic modeling over past geologic time states could evaluate the steady-

state assumption of the present PA modeling. Sensitivity studies with such a model would

assess different conceptual models for boih recharge/infiltration and geologic framework of

the Culebra, other Rustler units, and overlying formations.

c A lithofacies modeling approach was proposed (Ravennes et al., 1991). Instead of

describing spatial variability by just parameter variability, lithofacies models represent

geometric descriptions of geologic strata by sequential stratigraphy in a stochastic

framework. These models can be conditioned by geologic information.

● Upscaling block properties and modifying the governing equations appropriately is an

approach that was also proposed.

These proposed methods will be assessed by the GXG after the results of the variability studies in

the Culcbra are available.
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6.3 Selection of Transmissivity Fields—Walt Beyeler

At least three types of information are available for estimating values of Culebra

transmissivity (T,): slug tests, drill stem tests, and short-term pumping tests arc interpreted to give

estimates of T in the neighborhood of the tested well; long-term pumping tests with pressure

observations made at several wells can yield a T value integrated over a large region surrounding

the pumped well; and the distribution of pressures over the aquifer is related to the distribution of

transmissivities by the flow equation.

The estimation procedure used in the present PA is intended to identify transmissivity fields

which are consistent with both point observations of T and the equilibrium pressure distribution.

An approach being developed for the 1992 PA (method 4, described above) will allow

transmissivities to be constrained by both short- and long-term transient pressure data, in addition

to the transmissivity observations and equilibrium pressures used in the present method. As an

interim means of incorporating information about transmissivity from long-term transient

observations, pilot points derived during calibration of the Culebra flow model (LaVenue et al.,

1990) were introduced as additional observations of T.

The present method consists of four steps: generation of candidate transmissivities constrained

by point data; determination of the sensitivity of pressure at all observation wells to changes in

boundary pressure; assembly of an optimal boundary pressure function which minimizes the

deviation of model pressures from estimated equilibrium pressures; and evaluation of acceptability

of the resulting model. Detailed information on these four steps follows.

The CAMCON program GARFIELD (draft of SAND90- 1983, Rechard et al., in preparation)

was used to simulate transmissivity fields over the discretized model domain. GARFIELD uses a

set of point observations, and a generalized covariance describing the spatial variability of the

observations, to simulate any number of alternative fields conditioned by the point observations.

The point observations of transmissivity, and the associated generalized covariance function, were

identical to those used in the final calibrated flow model of LaVenue et al. (1990). Conditioning

on both measured and pilot point values was done by a Cholesky decomposition of the full

covariance matrix of the kriging estimation error. An IRF = O random function was considered

with the linear variogram determined by LaVenue et al. (1990). Point simulations on a 32 x 25

km2 grid (52 by 44 elements) were produced. The resulting realizations honor the point estimates

of transmissivity (within bounds established by the variance of the point estimate), and the spatial

variability of transmissivity reflected in the generalized covariance.

Since this conditioning on head measurements is only indirect, a systematic measurement of

the coherence of the calculated heads with the measured heads was performed, but given the time

constraint, only steady-state heads could bc considered. Uncertainty in the vatue of the prescribed

heads on the boundary was also taken into account. These prescribed heads on the boundary are
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Selection of Transmissivity Fields

estimated by kriging the local head measurements at well locations. Therefore, they are given a

variance of their estimation error. Programs GENOBS and SWIFT were then used to calculate

sensitivity of steady-state model pressure with respat to pressure changes on segments of the

model boundary. In order to reduce the number of independent pressures, the pressure distribution

along a boundary segment was assumed to be piecewise linear.

Program FITBND then used the above sensitivity coefficients to derive fixed-pressure

boundary conditions which optimized model agreement with estimates of pre-construction Culebra

pressure at the 36 control points used in the LaVenue et al. (1990) study. The resulting pressure

fields are optimal in the sense of minimizing the following objective function:

where N is the number of elements of a particular type, P is pressure, o is the estimated standard

deviation of the error of the observation, obs denotes an observation well location, bound denotes a

model boundary element, and mod denotes a model-calculated pressure.

To decide on the acceptability of a conditionally simulated field, the boundary conditions of

the calculated head fields were first optimized within their uncertainty range. Then, two acceptance

criteria were used:

.

●

6.3.1

The average standard deviation of the model error over all wells where steady-state head data

are available should not exceed W ● s where $ is the standard deviation of the measured head

error.

The corresponding flow field should be globally coherent with known flow in the area

including general direction, recharge and discharge zones

RATIONALE FOR FIRST CRITERION

The value of model error (X 2 ) at the minimum was used as an indication of the plausibility of

the underlying T field. X 2 is the average normalized squared deviation of the model pressure from

the observed pressure or prior estimate of boundary pressure. If the variance of the observation and

boundary errors have been correctly estimated, and the observation errors are normally distributed,

the expected value of X2 for the correct model would be 1. If the observation error distribution is

less compact than the normal distribution, X2 for the correct model would be larger than 1. To

allow for this possibility, a threshold value of 2 was selected for X2 (as discussed below, the

particular threshold value selected has little effect on release). If the model error for a given

transmissivity field was greater than this threshold, the transmissivity was considered irreconcilable
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with pre-construction equilibrium pressures. Transmissivity fields (along with optimal boundary

conditions) which produce an error less than the threshold were considered to be plausible. All

plausible transmissivity fields were considered to k equally likely.

6.3.2 RATIONALE FOR SECOND CRITERION

Because pressure data near the model boundaries are sparse, the optimizing procedure has

considerable latitude in assigning some boundary values. In a few cases, the location of minimum

pressure in otherwise plausible fields was believed to be unrealistically located along the

southeastern boundary. For this reason, a further screening of flow fields satisfying the maximum

error criterion was made on the subjective basis of requiring discharge to occur along the

southwestern boundary.

6.3.3 TRAVEL TIMES FOR RETAINED FIELDS

The procedure described above was applied 10 produce 60 plausible transmissivity fields and

associated equilibrium boundary pressures. About 350 simulations conditioned on point

~ansmlsslvities were generated.Thefirstcri~rionSdeckd88acceptable T fields. The second

criterion, although subjective, reduced that number to 76.

The resulting flow fields control advection of radionuclides released into the Culebra Dolomite

from an intrusion borehole. For this reason, the travel time of a neutrally buoyant particle from

the hypothesized location of an intrusion borehole to the accessible environment boundary is an

appropriate index of the influence of the flow field on discharge. The first 60 of the 76 T fields

were retained and then ordered by travel time to the accessible environment. This travel time was

calculated for each plausible flow field using the program TRACKER. Figure 6-2 is a cumulative

distribution of travel times of the 60 flow fields. Figure 6-3 shows a scatter plot of model error

X2 versus travel time. There is no apparent relationship between the model error and travel time,

so that the distribution of travel times is independent of the threshold model error used to define

plausible flow fields. Figure 6-4 (part a through part o) shows the transmissivity distribution in

each of the retained fields.

Flow fields were selected for the 1991 PA calculations using a single uniformly distributed

random variable as an index of the flow field to be used in conjunction with all other parameters

defining a sample vector. Travel time from the center of the waste panel region was used to

impose a natural ordering on the flow fields to facilitate future sensitivity analyses (for example,

the tenth smallest value of the sampled index was associated with the flow field having the tenth

smallest travel time). Because the flow fields arc considered to be equally likely, the rank of the

sampled index vatue was used an an index of the flow field. The particular shape and range of the

distribution is therefore irrelevant.
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Figure 6-4a. Transmissivity Field Distribution (Fields 1-4)
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Figure 6-4b. Transmissivity Field Distribution (Fields 5-8)
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Figure 6-4c. Transmissivity Field Distribution (Fields 9-12)
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Figure 6-4d. Transmissivity Field Distribution (Fields 13-16)
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Figure 6-4e. Transmissivity Field Distribution (Fields 17-20)

6-19



Chapter 6. Disturbed Groundwater Flow and Transport

Field 21
e= -9.431
*. -1.579

Field 22
(B=-1O.17
* = -1.36

Field 23
a3= -11.41
*. -1.71

Field 24
e = -9.337
* = -1.438

Legend

LOGT (log10 m2/s)

A = -15.00 D ❑ -12.00 G = -9.00 J ❑ -6.00
B = -14.00 E=-11.00 H = -8.00 :
c = -13.00 F=-10.OO I = -7.00 Q = 1.00

TRI-6342-1372-0

Figure 6-4f. Transmissivity Field Distribution (Fields 21-24)
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Figure 6-4g. Transmissivity Field Distribution (Fields 25-28)
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Figure 6-4h. Transmissivity Field Distribution (Fields 29-32)
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Figure 6-4i. Transmissivity Field Distribution (Fields 33-36)
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Figure 6-4j. Transmissivity Field Distribution (Fields 37-40)
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Figure 6-4k. Transmissivity Field Distribution (Fields 41-44)
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Figure 6-4m. Transmissivity Field Distribution (Fields 49-52)
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Figure 6-4n. Transmissivity Field Distribution (Fields 53-56)

6-28



Selection of Transmissivity Fields

Field 57
@= -9.951
*= -1.383

—

Field 58
@ ❑ -10.36
* ❑ -1.30

Field 59
@ = -8.787
*. -1.298

Legend

Field 60
@= -10.09
*. -0.47

LOGT (log10 m2/s)

A. -15.00 D = -12.00 G = -9.00 J = -6.00
B= -14.00 E=-ll .00 H= -8.00 ~
C= -13.00 F=-10.OO 1= -7.00 Q= 1.00

TRI-6342-1 381-0

Figure 6-40. Transmissivity Field Distribution (Fields 57-60)
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6.4 Fluid Flow Modeling with SEC02D—Bruce L. Baker and
Patrick J. Roache

The SECO_2DH code was used to model the effect of climate on groundwater flow in the

Culebra Dolomite Member. Capabilities of SECO_2DH are fully documented in the SECO 2.1

User’s Manual (draft of SAND90-7096, Roache et al., in preparation). A brief overview the

SECO_2DH code is first described and then the specific options utilized to model the Culebra

aquifer are detailed.

6.4.1 MODEL DESCRIPTION

SECO_2DH, a single-phase, two-dimensional flow code, was developed specifically for the

WIPP project. For the 1991 PA calculations, SECO_2DH was used to estimate the regional

steady-state flow fields for present and climatically perturbed tx)undaries.

6.4.1.1 Governing Equation

The partial differential equation solved for potent.iometric head, h, is the following:

(62)

where K is the (tensor) hydraulic conductivity, Ss is the specific storage of the porous material, t

is time, and W is a volumetric flux (out of the porous material) percent volume representing wells.

The principal axes of K must be aligned along the coordinate directions x and y. SS, K, and W

may be functions of (x, y, t).

6.4.1.2 Discretization and Solvers

The above equation (or the steady-state version with ilh/& = O) is discretized using standard

second-order differences in space and first-order backward (fully implicit) differences in time

(McDonald and Harbaugh, 1988; Roache, 1976). The fully implicit time differencing produces

unconditional stability for this linear equation but requires solution of an elliptic (Helmholtz)

equation at each time step. In MODFLOW and other common groundwater hydrology codes, this

linear, elliptic equation is solved by either the 2-line successive over-relaxation (SOR) iterative

method or by a direct solver. The direct solver is not considered to be practical for realistic grids

(sufficiently fine resolution), being excessively sensitive to computer round-off error (especially on

VAX class computers) and very slow. In SECO_2DH, the solver options are point SOR, (single)

6-30



Fluid Flow Modeling with SEC02D
Model Description

1

2

3

4

5

6

7

8

9

10
11

12

13

14

15

16

17

18

19
20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

36

37

line SOR (e.g., see Roache, 1976), and the semi--coarsening multigrid solver MGSS2, which was

developed at Ecodynamics (Schaffer, 199 1).

The semi-coarsening multigrid solver (MGSS2) is the default option. For very coarse

resolution (e.g., a 6x6 grid that might bc used for development of code enhancements), the point

SOR solver is fastest. However, MGSS2 results in significantly increased efficiency for problems

with fine resolution and strongly varying conductance (due to either hydraulic conductivity

variations or highly stretched grids). Further, the MGSS2 solver does not require that the user

estimate an optimum relaxation factor, as SOR solvers do.

6.4.1.3 Block-Centered Discretization

SECO_2DH has been written with an option flag called MAC to select either the most

common block-centered discretization (MAC= 1), with the cell edge coincident with the aquifer

edge, or node-centered discretization (MAC=O), with the cell center (or node) on the aquifer edge.

Unless required by a specific study, the default cell configuration is MAC= 1. This configuration

clearly more accurately locates the aquifer edge fc}rboth Dirichlet (flied head) and Neumann (fixed

gradient) boundary conditions. For QA purposes, MAC=O is unsupported in SECO_2DH.

6.4.1.4 Problem Decoupling

To make the problem definition convenient and to facilitate the running of grid convergence

tests and local-area simulations within the larger regionat-area simulation, the problem definition

is decoupled from the computational grid. The aquifer properties are defined on a discrete data base

that can be independent of the computational grids. A sequence of grid solutions does not require

the user to define aquifer properties point by point in each computational grid; likewise, the

regional computational grid is decoupled from the local computational grid, both in space and

time. A number of parameters, including the boundaries of the computational regions, the spatial

increments (cell sizes), the simulation times, and the time steps, are all decoupled in both space

and time. The only requirement is that the local grid problem domain of definition must lie within

the regional grid problem domain of definition. Likewise, definition of boundary conditions (types

and values) and wells (locations and pumping schedules) are decoupled from the computational grid

and are defined in the continuum.

6.4.1.5 Initial Conditions

Initial conditions on hydraulic head may lx specified by one of three methods: (1) by using the

values set in the aquifer-defining grid; (2) by specifying other values by way of linear variations in
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the x and y directions (the initiaf condition subroutine, SET IC, may be readily modified for other

distributions); or (3) by solving the steady-state problem with the specified boundary conditions

and all wells turned off.

6.4.1.6 Boundary Conditions

Unlike most groundwatcr hydrology codes, SEC0_2DH allows a fairly gencral sPccificati~n

of boundary conditions. The SECO_2DH boundary conditions can bc of the following types:

Dinchlet (specified head), non-homogeneous Neumann (specified, possibly non-zero gradient), or

Robin (mixed) conditions. A further option is an adaptive boundary condition, which sets

specified flux at inflow boundaries and specified head at outflow boundaries. These types of

boundaries may bc set independently along each of the four rectangular boundaries of the grid or

along an arbitrary number of user-specified sections on each boundary. (FoIlowing the basic

philosophy of the SECO codes, the specification of these boundary sections is done in the

continuum rdther than being tied into tbc discrctization.) In particula, sections of spccificd-gradient

boundm-ies can bc uscci to simulate recharge boundaries; these values can bc modified by climatic

variation.

Constant-head regions may also be set on interior regions, as can time-independent wells and

hke/river levels, which differ from simple constant-head regions in that they affect the CCIIblock

heads via a riverbed conductance term. The specification of these interior boundaries is not

automated at present: the user must specify each inlerior boundq on a cell-by-cell basis in the

aquifer-defining grid, as is the case with other aqui fcr properties. However, once established, these

values can be used without further user specification in any rcgionaf or local grid. In this sense,

the interior boundaries are still defined independently of the discretization of the computational

grids.

6.4.1.7 Additional Capabilities

Although the SECO codes solve the same equation for hydraulic head as the United States

Geological Survey (USGS) code MODFLOW (McDonald and Harbaugh, 1988), the SECO codes

have the following additional capabilities:

● Regional and local grid solutions

● General boundary conditions

■ Interactive problem definition and output

“ Options for initial condition specification

● Options for either cell-ccntercd or node-centered grids

6-32



Fluid Flow Modeling with SEC02D
Model Description

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

● Automated specification of grid spacing, including uniform spacing or power-law stretching

for increased resolution near physical features

● Automated specification of time steps, including uniform spacing or power-law stretching

for increased time resolution near events

s Parametrized climatic variations

● Particle-tracking capability

The regional and locat grid capabilities inclu(ic the following:

● Independent specification of aquifer properties in an aquifer-defining grid (independent of the

computational grids)

● User-friendly specification of regional and local grid translation and rotition without the

need for redefining aquifer propertim

● A single specification of well properties and localions applicable to both the regional and

local grids

● Independent sWcification of time stepping

● Time events such as WCIIschedules, clilma[ic variability, and time-dependent boundaries are

defined independent of the modeled lime.

● Automated, conservative interpolation of lime-dcpcndcnt or steady boundary conditions from

the regional grid solution to the local grid knmmiarics

● Automated particle tracking from the k)cal into the regional grid with the entire particle

history expressed conveniently in the regional grid

Particle tracking is accomplished by the SECO Tracker codes (which are scparwe from the

SECO_2DH flow codes) for the local and regional grid flow solutions with either time-dependent

or steady-state solutions. For time-dependent solutions, lhc particle-tmcking time intervals are

equal to the flow-solution time intervals as output 10 a file. There is no requirement for scpamte

time intervats because the nature of Darcy flow assures that the characteristic time for the particle

motion will always bc significantly ICSSthan the Chardclcristic time for the flow solution. For

steady-state flows, the particle-tracking time intervals arc defined separately.

The particle-tracking algorithm is based on a linear interpolation of the Darcy velocities in

space (consistent with the second-order spatial accuracy of the flow solution) and an adaptive fifth-

ordcr (Rungc-KuttaFchltmg) integration in time. Note that the tracker integrator is a much higher

order in time than the flow solution. This is not inconsistent or unbalanced because the flow

solution involves an Eulcrian description, whereas the particle solution is inherently Lagrangian.

For example, even a steady-state [low solution with zero time truncation error and a velocity field

linearly varying in space produces a particle path that involves exponential time functions, which

justifies the higher order accuracy in time.
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Three options govern the code performance if the tracked particle exits the computational grid

within the simulation time: the code can simply stop computing as soon as the particle exits; it

can continue the calculation over the entire tracking time step by extrapolation of the velocity

fiel~ or the code can repeat the previous step with a new time step adjusted so as to approximately

place the particle at the grid boundary. Provision is made should the particle exit the grid within

the first time step.

The particle history (position vs. time) is written to a file. The output file from the local grid

particle tracker may be read by the regionat grid tracker to set the initial position of the particle in

the regional grid. In this option, the entire history in the local grid coordinates is read and

translated to the regional grid coordinates, and the tmcking is continued. The output file from the

regional grid tracker then contains the entire particle history (local and regional grid) expressed in

the regional grid coordinates.

The accuracy of the flow codes in SECO_2DH and the particle tracking codes

SECO_TRACICER have been verified on model problems. The flow codes experimentally exhibit

the expected O(AX2, At) accuracy, and the particle tracking codes exhibit the expected O(AX2, At5)

accuracy. See the intemat code documentation or Roache et al. (1990).

6.4.2 OPTIONS USED FOR 1991 CALCULATIONS

The specific options utilized in the current calculations are mentioned here. Semi-coarsening

multigrid solvers are used to increase solution efficiency. A point SOR solver is then used to

check the convergence of the finite difference formulation of the fluid flow. Independent regional

and locat grid definition and orientation keep boundary effects from unduly influencing the fluid

flow field input to the STAFF2D transport equations. Initial conditions on hydraulic head are set

by solving the steady-state problem with the specified boundary conditions and all wells turned off.

The user-modifiable nature of SECO_2DH is utilized to include a customized climatic variation for

boundary recharge. The boundary conditions used include fixed head, fixed flux, and time-varying

head. The SECO_2DH particle tracking capability is utilized to estimate path lines and fluid travel

times for diagnostic analysis.

6.4.2.1 Spatial Grid

Regional gridding for SECO_2DH used for 1991 calculations is the same as used for the

transmissivity sampling and is shown in Figure 6-5. The regional domain is shown in Figure

6-1. As this figure shows, the regional domain of the previous year’s calculations has been

shortened from 40 to 30 kilometers in length. Greater accuracy in modeling of the transmissivity
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Fluid Flow Modeling with SEC02D
Options Used for 1991 Calculations

fields results because of the lack of control well data in this southern 10 km portion. The

resulting 25 km by 30 km grid is still of sufficient size to keep effects of the regional boundary

from adversely influencing the solution of the local domain simulation. The region retains its

orientation along the natural boundary of Nash Draw but now has a power-law-stretched rectangular

gridding. Initial testing has shown difficulties in utilizing the finite difference results of a SEC02

local fluid flow solution to solve the finite element transport equalions of STAFF2D. For

consistency, the local fluid flow and mass transport are both solved using STAFF2D using the

regional SEC02D solutions as input boundary conditions. Saline concentration density and mass

transport features are

calculations.

6.4.2.2 Changing

being added to SEC02D to solve these difficulties for next year’s

Climate Models

The climate model was planned to uti lizc the user-modifiable climate factor routines to input a

modified sinusoidal variability of flux, including an LHS-sampled, uniformly distributed factor.

This climatic variability was entered as a boundary recharge along 15 kilometers of the north and

west regionat boundaries. Difficulties arose from trying to apply a single average flux value along

the entire recharge boundary. The variability of sampled transmissivities changed this property by

six orders of magnitude along this boundary, requiring a similar range of head values. This

required us to look at other ways to incorporate climatic change in the model. For preliminary

analysis a steady-state simulation with heads along the same reeharge boundary set to the land

surface elevation was used to represent the effects on climatic change.

6.4.2.3 Climate Factors and Climatic Variability Calculations

For the 1991 preliminary comparison, climate variability was modeled by varying head along

the recharge boundary. The amplitude of the climate function was bounded between present values

and the land surface elevation, multiplied by a uniformly sampled value, ClimtIdx, ranging from

zero to one. The user-modifiable climate function routine was utilized to model an equation with

three peaks in ten thousand years (see Volume 3). This does not match the data base definition of

five peaks in ten thousand years because it was written before the data base was defined. However,

the integrated effect will be the same and the historical data show three minor climate peaks in the

last ten thousand years. This model with its peaks occurring at exactly four thousand year

intervals is not intended to predict the exact climatic change but only to model its effect.
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Chapter 6.

6.4.2.4

Disturbed Groundwater Flow and Transport

Material Properties, Boundary Conditions, and Initial Conditions

The western regional boundary that corresponds to the center of Nash Draw is modeled as a no-

flow symmetry bounday, except for the small portion (7.3 km) of the northcm end that takes

climatic boundary recharge. The head boundaries of the north, south, and east sides are fixed as

part of the fransmissivity sampling process. Each sample has a set of fixed head boundaries

associated with it as part of the constrains on the transmissivity field. Initial conditions for

interior head values are taken from a preliminwy steady-state solution step computed by

SECO.2DH.

6.4.3

The

RESULTS AND DISCUSSION

sampled transmissivities resulted in a greater spatial variation of aquifer properties than

were present in previous calculations. The variability in flow fields, travel times, and path lines

were more realistic than the 1990 zoned calculations. There were no unphysical or unrealistic flow

problems revealed by solving for these synthetically generated fields. The effect of the climatic

variability calculations were shown to be less than 5000 years reduction in travel times, averaging

about 3000 years. Characteristics of all modeled flows arc illust.mtcd by displaying results of the

vector containing the largest sampled climate factor. Since this is an LHS uniformly sampled

variable, the effect is to randomly select a synthetic transmissivity field.

The results of these calculations arc shown in Figures 6-6 through 6-11:

.

.

.

.

.

Figure 6-6 shows the 10,000-year history of the climate function, sampled at 1000-year

time steps.

The head contours in Figure 6-7 describe all time slcps with a climate head boundary factor

(HEAD_VAR) of 1. (See Figure 6-6 for the plot of HEAD_ VAR.)

Figure 6-8 shows the resulting flux vecmr rcprcscntation of the velocity flow field. Small

values of flux are thrcsholded to blanks. This illustrates the channclizcd nature of the flow

in response to the transmissivity field which is described in Figure 6-9.

Figure 6-10has the elevated heads aL the northwest corner set to the land surface elevation

times ClimtIdx (=.985), which is the LHS sampled climate factor. These clcvatcd heads are

applied at 2000, 6000, and 10,000 years.

The resulting increased flux is shown in Figure 6-11. Nolc the no-flow symmetry boundary

on the west face representing the ccntcr of Nash Draw. The highly channelized flow was

present in single or multiple flow paths for all the characterized fields.

This model of climatic variability will bc refined for next year’s calculations.
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Chapter 6. Disturbed Groundwater Flow and Trans~rt

6.5 Transport Modeling (STAFF2D)—David K. Rudeen

6.5.1 Local Flow Modeling With STAFF2D

The local flow fields calculations were generated with the STAFF2D finite element program.

STAFF2D calculates either Darcy flow or radionuclidc transport in two-dimensions. The flow and

transport could be uncoupled because the rate of fluid injection into the Culcbra from an intrusion

borehole was assumed to have no impact on the prevailing flow-field and the injected nuclide

concentration was assumed to be so small as to have no effect on Culebra fluid density. The local

flow simulations were each run in two steps. The first step was a steady state calculation of

initial conditions for a second transient calculation.

for transport discussed Mow.

6.5.1.1 Fluid Flow Model Description

The resulting transient flow fields were used

The model description that follows is based closely on the presentation in Huyakom et al.

(1991). The governing equation for fluid flow in STAFF2D is

[ -)& ~.,, ah
dXi ‘JdXj

=S$– A–q, i=l,2 (63)

where,

h=

T~ =

s=

A=

q=

hydraulic head (length)

transmissivity tensor (lenglh2/time)

storage ccwfficient (dimensionless)

volumetric rate of fluid lransfcr per unit area from porous matrix blocks to the

fracture when using dual-porosity [low (length3/(time* lcngth2))

volumetric rate of fluid flow per unit area for sources or sinks

(length3/(time.length2))

In accordance with standard definitions for transmissivity and storage coefficient, ~j and S can

be expressed as

ad

S = @f HSS for confined aquifers

(6-4)

@5)
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where,

H=

KG =

4f =

s. =

formation thickness (length)

hydraulic conductivity tensor (length/time)

porosity (fracture or secondary porosity for dual porosity) (dimensionless)

specific storage coefficient (l/length).

The term A represents the interaction between the porous rock matrix and fractures and is

analogous to the r~ in the transport equation. For the flow calculated here, A is assumed to be

zero. The fluid exchange between the matrix and fractures in the Culcbra dolomite is assumed to

negligible. The q term is also zero. The fluid injected into the Culcbra at the intrusion borchole

that carries dissolved nuclidcs is assumed to have negligible effect on the existing flow field.

6.5.1.2 Space and Time Discretization

The spatial grid used for the fluid flow modeling in the Culebra was a subregion of the

regional flow field (Sextion 6.4). The extent of the local grid region was chosen to minimize the

size of the simulation and still cover Lhc cxpcclcd transport region to a boundary 5 km south of the

center of the repository. TRACKER flow paths for a neutrally buoyant particle released at the

intrusion borchole for all regionat flow fields were examined to determine the extent of the east and

west particle path positions. All zones in the grid were 125 m square. The region covered

extended form 1500 m east to 3750 m west of the borcholc and 1750 m north to 5375 m south.

The grid and its relation to the regional and local flow fields is shown in Figure 6-5. UTM

coordinates for the grid origin (south WCS1corner) arc 612094 m cast and 3576025 m north. Equal

times of 1000 years to the maximum time of 10,000 yr were used in all transient simulations.

6.5.1.3 Boundary and Initial Conditions

The zones (elements) in the local grid did not coincided with the zones in the regional grid so

interpolation of the heads on to the boundaries of the grid was required. The head boundary

conditions for the steady state calculation of initial comiitions were interpolated from time zero

SECO_2DH regional calculations using lhe RELATE computer program. The resulting steatiy-

state hydraulic heads were used as initial conditions for the second step, which was a transient flow

calculation with time dependent boundary heads interpolated from subsequent SECO_2DH time

step results.

6.5.1.4 Results and Discussion

The resulting flow fields were used for radionuclidc transport as discussed below. Figure 6-12

shows the spatial range of particle paths for a neutrally buoyant particle released at time O at the

inuusion borehole. The 5 chosen paths are representative of the spread in the 60 sampled flow
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fields. Travel time variations were discussed in the section on transmissivity field generation

(Section 6.3.3).

6.5.2 LOCAL TRANSPORT MODELING WITH STAFF2D

The local transport modeling was performed with the STAFF2D finite element program.

STAFF2D calculates either Darcy fluid flow or radionuclide transport. The flow fields used in the

transport calculations were also calculated with STAFF2D as discussed above. Transport was

calculated using the dual-porosity conceptual model. The flow and transport are assumed to take

place in the fractures with a solute exchange between the fractures and matrix controlled by a one-

dimensional diffusion equation. Single porosity fracture transport was calculated using a fracture

field derived from the specific discharge by scaling by fracture porosity. Dual porosity transport

used the fracture flow field but included diffusion into the matrix. Transport was also calculated

using single-porosity fracture transport with no diffusion into the matrix.

6.5.2.1 Transport Model Description

STAFF2D (Solute Transport and Fracture Flow in 2 Dimensions) is a two-dimensional,

finite-element code designed to simulate groundwater flow and solute transport in fractured or

granular aquifers (Huyakom et al., 199 1). The original version was developed through a joint

effort by HydroGeoLogic, Inc., and the International Ground Water Modeling Center of the

Holcomb Research Institute. Improved versions of the code have since been commercially

available through HydroGeoLogic, the latest being Version 3.2. CAMCON originally adapted

Version 2.0 of the code and has since included upgrades from Version 3.2. Additional changes to

the code have been made to accommodate CAMCON input,loutput requirements and tailor code

inputs to the WIPP database (Rechard et al., 1989). The model description that follows is based

closely on the presentation in Huyakom et al. (1991).

6.5.2.2 Governing Physical Equations

STAFF2D can perform both fluid flow and lransport problems. The governing equations for

transport in STAFF2D are

/ =1,2, . . . . M species

where,

cl = concentration (mass/volume) of species ~,

(66)
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hydrodynamic dispersion tensor (length2/time),

Darcy velocity (length/time) of the flow field,

porosity (dimensionless),

first order decay constant (time-l) of species 1,

retardation coefficient (dimensionless) of species 1,

fraction of parent species m (dimensionless) that transforms into daughter species 1,

rate of fluid injection per unit volume of formation (length3/(time= length3)),

concentration of species / in the injected fluid, and

rate of material transfer of c.omponenl t from the rock matrix to the fracture (see

dual porosity model below).

In the transport mode, the Darcy velocity is considered as input to the code and is obtained

from STAFF2D or other flow codes. The dispersion

a& + Cqq
ql .

Ivl
+ ~D~, [lcngth2/time]

‘1’2 [length2/time]D12=(a~-a7—)— [Vl ‘

cxLV~ + aTV12
D22 =

Ivl
+ $D~, [length2/time]

tensor is defined as (Scheideger, 1960),

(67)

where ctL and cr.T [length] arc the longitudinal and mansverse dispersivities, and D; and D;

[length2/timel are the effective coefficients of molecular diffusion, including tortuosity effects

(D: ● ‘t) where D: is the free water moleeular diffusion of species I and ~ [dimensionless] is the

tortuosit y.

The decay constant is

~ = in(2) ,time.ll

T1/2 ‘

where T112 is the half-life of species ?.

Retardation is given by

(68)
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1 Rf=l+ ~s(l -‘) Kd ~, [dimensionless]
0’

((j+)

2

3 where Kd is the distribution coefficient, and p~ is the solid density.

4 In (6-6), r represents a source term modeling the matrix-fracture interaction. The dual

5 porosity model involves the solution of’ both the two-dimensional, advcctivc-dispersion equation

6 for transport in the fracture (6-6) and a one-dimensional diffusion equation derived by assuming

7 Fick’s Law for solute exchange between the fracture and the matrix,

8
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(6-lo)

where the prime indicates matrix properties and with the boundary condition requirement that the

concentrations match at the intcrfacc. Refinements are made depending on the assumed geometry.

For slab geometry:

2 , ac~
‘f ‘~~ ~xf

~’=cl
(6-11)

where,

b = fmcture aperture (length)

a = fracture matrix interface.

The initial and boundary conditions for (6- 10) arc given by

cj(~’,f=o)= Cy’

~, ac’
-#o>y)=o

ac’
C~(b’, t) = C! - @’z

(6-12)

(6-13)

(6-14)

where ~ is a parameter characterizing the resistance of a thin skin adjacent to the fracture surface.

The parameter is defined as ( = bs/D ~ , where b~ (length) and D. (length2/time) are the skin

thickness and the effective skin diffusion coefficient, rcspcctivcly.
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The purpose of the dual-porosity term is to simulate solute storage within the marnx through

diffusion processes. If the concent.mtion in the fractures decreases with time, solute is returned to

the fractures through diffusion out of the matrix. Note that there is no transport through the

matrix; there is only an exchange between the fracture and marnx at discrete points. Details are

given inHuyakometal.(1991, 1983a, and 1983b).

6.5.2.3 Physical Assumptions and Limitations

Assumptions are as follows:

● The code is limited to two dimensions.

● Transport is governed by Fick’s Law.

● The dispersivity is assumed to correspond to an isotropic porous medium so that it can be

represented by two constants in the principal direction of flow.

● In the fracture-flow-only model, the fractures are modeled as an equivalent porous medium.

● In the dual-porosity model, there is no flow or transport through the matrix, only an

exchange between the matrix and fracture.

● Adsorption and decay of radionuclides obey a linear equilibrium isotherm.

* Solute concentration effects on fluid density are ignored.

● There is local chemical equilibrium between the liquid and the solid.

CAMCON Enhancement: Spatially Varying Material Properties. The HydroGeoLogic

version of STAFF2D is limited to having distinct material regions over which physical properties

do not vary. In the transport case, these include porosity and tortuosity. In addition, the free-water

molecular diffusion parameter is independent of species in Version 3.2. The CAMCON database

contains spatially varying data for tortuosity and porosity and species-dependent molecular

diffusion parameters. The CAMCON version of STAFF2D was modified to permit input of these

data.

6.5.2.4 Numerical Approach

As used in CAMCON, the fractured p&-ous medium is represented by a “double-continuum”

idealization, with a two-dimensional continuum representing the domain of fractures and a one-

dimensional continuum representing the porous matrix (Figure 6-13). Transport is thus described

by equations (6-6) and (6-10). These equations are solved using a finite-element technique,

combining upstream weighting for the fracture domain and a Galerkin approximation for the

porous medium. At each time level, tri-diagonal sets of algebraic equations for the matrix blocks

are generated and solved using the standard Thomas algorithm to obtain the relation between the

solute mass flux from the matrix and the nodal concentrations in the fractures. These flux terms
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One-Dimensional Diffusion
Grid for Diffusion into Matrix

Two-Dimensional Advective-
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Transport in Fractures

Note: No Transport Through Matrix
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Figure 6-13. Schematic of Dual Porosity Double Continuum Idealization
Used in STAFF2D
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are treated implicitly when the equations for the two-dimensional fracture domain are generated and

solved. The nodal concentrations in the matrix blocks can then be updated by performing the back-

substitution step of the Thomas algorithm. The finite-clement approximation technique applied to

the convective-dispersive equation is an upstream-weighted residual technique (Huyakom and

Pinder, 1983) designed to overcome oscillations of the numerical solutions when the convective

terms are dominant.

6.5.2.5 Benchmark Tests

Several benchmark calculations have been performed to compare STAFF2D with analytical

solutions. Generally, good agreement with the analytic solutions is claimed. For the case of

multiple decaying and interacting spccics transport, analylic solutions arc currently confined to

one-dimensional model problems. The following list of documented benchmark problems is

discussed in Huyakom eLal. (1991):

● Longitudinal t.mnsport in fractures and transverse matrix diffusion

w Longitudinal transport in fractures and spherical matrix diffusion

● One-dimensional transport of a three-member rddioactivc decay chain

● Radial transport in fractures and transverse matrix diffusion

* Two-well transport in a porous medium systcm

6.5.2.6 Space and Time Discretization

The spatial grid used for the transport modeling in the Culebra was identical to lhe local flow

field discussed above and is shown ovcrlayed on the regional grid in Figure 6-5.

A time step of 1000 years was used in all simulations. The simulations were run from the

time of intrusion (1000, 3000, 5000, 7000, 9000 yr) to 10,000 yr.

6.5.2.7 Boundary Conditions

The four boundaries surrounding the b~id permitted flow. The discharge was determined by the

velocities at the boundary. Ftow out of the grid results in loss of fluid and solute. Ftow into the

grid had a solute concentration of zero.

A single intmsion borehole was modeled as a time dcWndcnt flux boundary (or source term) at

a single node at the center of the repository with UTM coordinates of 613594 m east and 3581400

m north. The flux boundary requires the input of both the fluid flux rate and the solute flux rate.

The STAFF code integrates the flux rates to obtain a total mass injected over the time step and

determines an average rate to preserve total mass. The fluid flux into the Culebra from the

boreholc was assumed to have negligible effect on the Culebra flow field and was therefore set to

O. Solute mass flux history was supplied by the PANEL calculations. The simulations therefore
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modeled the direct dumping of nuclidcs into Culebra flow. Transport effects between the

repository and the Culebra has been ignored.

6.5.2.8 Material Properties

Up to three sets of properties arc required for STAFF2D simulations of transport depending on

wether the single or dual porosity conceptual models arc used. For the the single porosity

simulations only the fracture properties and solute (nuclide) properties arc used. For the dual

porosity simulations fracture, matrix and nuclidc properties arc required. Property values can found

in Vol III. Fracture transport properties include porosity *, tortuosity, longitudinal dispersivity*,

transverse dispersivity, retardations *, and effective diffusion coefficient. Matrix propctties include

porosity*, tortuosity, retardations*, fracture spacing *, and skin resistance effcctivc diffusion

coefficients. (Starred properties were sampled.) Nuclide properties include half life, specific

activity, and chain description.

6.5.2.9 Nuclide

A total of seven

follows:

● PU240

Chains

species broken down inlo 4 chains were transported. The chains are as

● AM241 -> NP237 -> U233

● U234 -> TH230

● PU239

6.5.2.10 Results

The primary results from the transport simulations is the intcgmtcd discharge across

boundaries 3 and 5 km south of the repository. The 3 km boundary is actually located at the

southern land withdrawal boundary. Each species flux is calculated from the y-component (south)

of Darcy velocity, zone flux area (DX * thickness) and the species concentrations. The mass flux

rate for each of the spccics is converted to activity rates across each boundary and stored for

subsequent use in generating the CCDF curves. Results arc tabulated for all scenarios and all

vexlors in Appendix B.

A typical solute plume is shown in Figure 6-14 at times of 2000 and 10,000 years. The

results arc for vector 9 (dual-porosity scenario E 1E2 wilh an intrusion time of 1000 years). The

effects of artificial numerical dispersion can bc seen at the northeast and southwest comers of the

repository. The oscillations are minimal and dccrcasc with time. The results arc typical of

numerical algorithms that generate numerical oscillation transverse to the primary flow. The

oscillations can bc reduced by using more upwinding

dispersion throughout the entire problcm. The current

but only at the expense of increased

solution error is assumed to be more
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1 localized near the source where concentration gradients are largest. This particular vector had the

2 largest normalized EPA release (0.065) to the accessible environment, which was calculated as

3 discharge across the 5-km boundary soudr of the repository. Normalized EPA release varied from O

4 to 0.065. For the E 1E2 dual-porosity scenario with a time of intrusion of 1000 years, only

5 10 vectors had EPA normalized releases greater than 10-7. For the E2 scenario there were only

6 five. The number of vectors with releases greater than 10-7 decreased with later times of intrusion.

7 Fracture-only-transport releases were generally 150 times larger.

6-54



7.0

6.0

5.0

4.0

E
x

3.0

2.0

1.0

0.0

Transport Modeling (STAFF2D)
Local Transport Modeling With STAFF2D

/ Repository

r

~-”””
. -----

I

7.0

6.0

5.0

4.0

E
z

3.0

2.0

1.0

0.0

-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

km

N

}

—

I I I

, Repository

I

~oncenrrauon 01 uz34

(kg/m3 x 10-6)

A = 0.030
B = 0.530
c = 1.030
D = 1.530
E = 2.030

F = 2.530

G = 3.030

● = 0.3106

t = 2000 years

concentration of U234

(kg/m3 x 10-s)

A = 0.030
B = 0.530

c = 1.030
D = 1.530
E = 2.030
F = 2.530
G = 3.030

* = 3.902

t = 10,000 years

-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

km

TRI-6342-1346-0

Figure 6-14. Sample Concentration Contours for Culebra Transport
(Vector 9, El E2, Dual Porosity, tint ❑ 1000 years)
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7. CUTTINGS REMOVAL DURING DISTURBANCES—Jerry W.
Berglund

One of the more important considerations in assessing the long term behavior of the WIPP

repository involves the transport of radionuclides from the WIPP repository as the result of

penetrating a panel by an exploratory borehole. If a borehole intrudes the repository, waste will be

brought directly to the surface as particulate suspended in the circulating drilling fluid. This

section addresses the assumptions, theory, and computational procedures governing direct waste

removal due to drilling and summarizes some of the results obtained for the 1991 comparison to

40 cm 191.

7.1 General Considerations

In the human intrusion type scenario, a hydrocarbon exploration well is drilled through a

WIPP repository panel and into the underlying pressurized brine Castile formation. If rotary

drilling is assumed, a volume of repository wastes is removed from the breached panel and is

transported to the surface as cuttings and cavings suspended in the drilling fluid. The minimum

volume of repository material removed is equal to the cross-sectional area of the drill bit multiplied

by the repository thickness (cuttings). This minimum volume must be increased by material

eroded from the borehole wall (cavings) by the scouring action of the swirling drilling fluid. Both

cuttings and cavings will be released to the accessible environment in a settling pit at the surface.

In traditional rotary drilling, a cutting bit attached to a series of hollow drill collars and pipes

is rotated at a fixed angular velocity and is directed to cut downward through the underlying strata.

To remove the drill cuttings a fluid is pumped down the drill pipe through and around the drill bit

and up to the surface within the annulus formed by the drill pipe and the borehole wall (Figure 7-

1). In addition to the removal of cuttings, the drilling fluid (mud) serves to cool and clean the bit,

reduce drilling friction, maintain borehole stability, prevent the inflow of unwanted fluids from

permeable formations, and form a thin, low permeability filter cake on penetrated formations.

The volume of repository wastes removed by lhe cutting action of the bit is simple to

calculate and is equal to the cross-sectional area of lhc drill bit multiplied by the thickness of the

compacted repository panel. Calculating the volume of eroded waste, however, requires a more

complex model. In the oil and gas drilling industry, it has been suggested (Broc, 1982) that drilI

hole wall erosion may be influenced by a number of factors:

o the shear stresses of the drilling fluid againsl the hole wall during circulation

● suction effect during pipe movement

● eccentricity of pipe with respect to the hole

● impact of the solid particles in the mud on lhc walls

● physical and chemical interaction between the mud and the exposed formation
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“ time of contact between the mud and the formation.

A number of investigators maintain that the flow pattern has a major effect on the stability of

the walls. WaLker and Holman (1971) defined an index of erosion that is a function of the shear

stress acting on the walls and the type of flow opposite the drill collars. They postulated that

erosion occurs primarily opposite the drill collars where the mud flow rates are greatest and is

considerably more prevalent when the flow is turbulent rather than laminar. Darley (1969), in a

number of laboratory experiments also showed that for aqueous drill fluids, erosion was sensitive

to flow rates. For certain types of shaIes Darley showed that the material in the exposed borehole

wall can undergo a swelling due to the decrease in the lateral effective stress and by undergoing

surface hydration and osmotic action. In such cases the circulation of clear liquids caused severe

erosion of the walls. Erosion was much less when colloidal suspensions were circulated partly

because the formation of a filter cake inhibited the formation of a soft swollen zone. Brittle shales

also exhibited a weakening when penetrated by a drill hole due in part to the infiltration of drilling

fluid into old fracture or cleavage planes.

The mechanical and chemical properties of the compacted wastes in a WIPP panel sometime

in the distant future will undoubtedly be quite different than any material encountered in today’s oil

and gas drilling industry. However, the behaviors that influence erosion are likely to be similar.

Although there are a number of factors that may influence borehole erosion, industry opinion

appears to single out the effects of fluid shear stress acting on the borehole wall and the character

of the fluid flow regime (laminar or turbulent). To consider these effects it is necessary to know

the threshold fluid shear stress acting on ~he borehole wall that will initiate erosion. This

“effective” borehole shear strength for erosion must be determined by experiment and may be

different for laminar and turbulent flow. In the following analysis it is assumed that borehole

erosion is caused primarily by the magnitude of the fluid shear stress acting on the borehole wall.

Caving or spalling effects that may be caused by an encounter with gas-pressurized wastes are

ignored. These effects will be addressed in a later study.

7.2 Analysis

In the annulus formed by the collars or drill pipe and the borehole wall, the flow of the

drilling fluid has both a vertical and rotational component. Within this helical flow pattern shear

stresses are generated by the relative motion of adjacent fluid regions and also by the motion of the

fluid directly adjacent to the borehole wall and the borehole wall itself. In this analysis it is

assumed that if the shear stress at the wall exceeds the effective shear strength for erosion of the

wall material (filter cake or compacted repository wastes) erosion of the wall material will occur,

increasing the diameter of the bored hole. The eroded material will be passed to the surface in the

flowing drilling fluid.

7-3



Chapter 7. Cuttings Removal During Disturbances

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Flow in the annulus between the drill pipe and borehole wall is usually laminar (Darley and

Gray, 1988). Adjacent to the collar, however, the flow may be either laminar or turbulent as a

consequence of the larger collar diameter and resulting higher mud velocities (Pace, 1990). For

Iaminar flow, the analysis lends itself to classical solution methods. Turbulent flow requires a

more approximate approach where the flow is assumed to be axial with no rotational component.

Finally, the amount of radioactive material that is extracted from the repository depends on the

extent of radioactive decay. A discussion on these three topics follows.

7.2.1 LAMINAR FLOW

Below Reynolds numbers of about 2100 for newtonian fluids and 2400 for some non-

newtonian fluids (Walker, 1976), experiments have shown that the flow of a fluid in a circular pipe

or annulus is well behaved and can be described using a well defined relationship between the

velocity field and the fluid shear stress. This type of flow is called Iaminar.

Some of the early work on laminar, helical flow of a non-newtonian fluid in an annulus was

performed by Coleman and Nell (1959) and Fredrickson (1960). The laminar helical flow solution

procedure outlined below is, for the most part, an adaptation of methods described in a paper by

Savins and Wallick (1966).

One of the principal difficulties in solving for the shear stresses within a helically flowing

drilling fluid is the shear rate dependence of the fluid viscosity. This non-newtonian fluid behavior

necessitates choosing a functional form for the variation of viscosity with shear rate for the fluid.

There are several functional forms for the viscosity of drilling fluids that can be assumed. For

example, in the oil and gas industry, the Bingham and power law models are often used to

approximate the shear rate dependence of the fluid viscosity. A less common function is a form

chosen by Oldroyd (1958) and used in the analyses by Savins and Wallick (1966). Oldroyd

assumed that the viscosity varies according to the functional relation.

(7- 1)

where q and 02 are constants, q. is the limiting viscosity at zero rate of shear, qm~efined as

% (c2 /~1 ) —is the limiting viscosity at infinite rate of sh~r, and ~ is the shear ~ate.

Viscous shear stress is described by

7= qr. (7-2)

The above expression, developed using the Oldroyd viscosity equation (7-1), can be illustrated

graphically as shown in Figure 7-2 This is a rate softening (pseudoplastic) model that has an

initial slope of q. and a limiting slope of qm for large shear rates.
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Oldroyd model cannot account for drilling fluids that exhibit a yield stress. However,

shear rate of zero, parameters can be chosen so that the model approximates the

pseudoplastic rate response of many drilling fluids (see Figure 7-2).

Savins and Wallick (1966), expanding on the work of Coleman and Nell (1959) and

Fredrickson (1960), showed that the solution for Iaminar helical flow of a non-newtonian fluid in

an annulus could be written in terms of three nonlinear integral equations

F3=3+4(5)j[~2;p2 ][’2;’2]p=o
(7-3)

where a is the ratio of the collar radius over the cutting radius (Ri /R ) (Figure 7-3), AL? is the

drill string angular velocity, Q is the drilling fluid flow rate, r is the radial coordinate, and p is

the non-dimensional radial coordinate representing the ratio r/R. The unknown parameters 22,

RJ/2 , and C are related to the fluid shear stresses through the relations

[)RJ P2 – ~2
‘r .—

rz 2p

(74)

where r, (3, and z represent radial, tangential, and verticat coordinates associated with the cylindrical

geometry (Figure 7-3).

The three nonlinear integral equations represented by (7-3) in general must be solved

numerically. By expanding each of the integral equations into a Taylor series and retaining only

the linear terms, a recursive solution procedure can be used (Newton-Raphson) to find the solution

for the unknowns 612, 6( RJ/2), and c5C. The three linear equations are
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(7-5)

The solution procedure consists of assuming initial values for LA, RJ/2, and C and solving

2, 8( RJ/2), and ZiC. The unknowns L2,the three linear equations in (7-5) for the corrections 5L

RJ/2, and C are then replaced by k2 + i512, (RJ/2) + 5(RJ/2), and C + ?iC. This recursive

solution procedure is repeated until 8L2 ,I \5(RJ/2)1, and 15CI are all less than some specified

limit. The coefficients of the unknowns i5k2, 6( RJ/2), and 8C in (7-5) are determined by

differentiating the equations in (7-3):

aF3 ~ RJ 1(a2-p2)(p2-k2)&p
( )~

—. —
ac 2 ac

aF3 =4 az-pz

()

J1 (a,p’~(pz-’:bp-’(%)) (az;ppz)(’z;’z)~
d: a a

2

The viscosity is related to the the shear rate function Y(r) by the equation

(7-6)
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where Y = 2r2. (7-8)

For the Oldroyd viscosity function (7-1) the unknown derivatives of the viscosity in (7-6) can

be determined by using the chain rule of differentiation and (7-7):

(7-9)

The derivative i3q/il(q2Y) can be determined by combining (7-1) and (7-8) and differentiating

to obtain

(7-lo)

Based upon the preceding equations, a Fortran computer code was written to perform the necessary

computations for a solution to the problem of laminar helical flow in an annulus.

For the specific case of borehole erosion, once a solution to the three integral equations in

(7-3) is found, the shear stress in the fluid at the wall can be calculated by setting p= 1 in the

equations in (7-4). By changing the outer radius of the hole, the fluid shear stress can be forced to

equal the repository effective shear strength for erosion. The required outer hole radius is

determined by iteration as shown in Figure 7-4. The derivatives required for the iteration (d~/aW)

are found numerically.
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7.2.2 TURBULENT FLOW

For fluids with Reynolds numbers greater than about 2100, flow in a circular pipe or annulus

starts to become more or less random in character, which makes orderly mathematical analysis of

the flow difficult if not impossible. With increasing Reynolds numbers this random behavior

increases until at a Reynolds number of about 3000 the flow becomes fully turbulent. In fully

turbulent flow, momentum effects dominate and the fluid viscosity is no longer important in

characterizing pressure losses.

The Reynolds number is defined as

_—
Re – P~De (7-11)

n

where De is the equivalent hydraulic diameter, ~ is the drill fluid density, ~ is the average fluid

velocity, and V is the average fluid viscosity.

For newtonian fluids the value to use for the viscosity is clear since the viscosity is constant

for all rates of shear. Non-newtonian fluids, which exhibit a changing viscosity with shear rate,

present a special problem in calculating Re.

For fluids that exhibit a limiting viscosity at high rates of shear (such as the Bingham model

and in our case the Oldroyd model) it has been suggested (Broc, 1982) that the limiting viscosity

(7= q-) be USed in c~culating the Reynolds number.

The Reynolds number for an Oldroyd fluid in an annulus can then be written as (Broc, 1982)

(7-12)

where the hydraulic diameter is expressed as D = 2(R – Ri ) (see Figure 7-3).

The most important influence viscosity has on the calculation of pressure losses in fully

turbulent flow of non-newtonian fluids appears to be in the calculation of the Reynolds number.

A far more important parameter is the surface roughness past which the fluid must flow. The

Reynolds number, however, does have a role in determining the onset of turbulence. For

newtonian fluids this number is about 2100. For non-newtonian, rate thinning fluids the critical

value of Re tends to be greater than 2100 but less than 2400 (Walker, 1976). For our purposes a

value of 2100 will be used to represent Rec (critical Reynolds number) for the Oldroyd fluid

model. Since turbulent flow is more effective in generating fluid shear stresses at the borehole

wall, this assumption is conservative.

There is a transition region beyond Rec before the development of fully turbulent flow. In this

regime the flow has the character of both laminar and turbulent flow. However, since pressure
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losses increase rapidly in turbulent flow and affect borehole shear stresses more severely it will be

assumed that beyond /?eC the flow is fully turbulent.

To characterize the turbulent flow regime, the great bulk of analysis has concentrated on

empirical procedures.

For axial flow in an annulus, the pressure loss under turbulent conditions can be written as

(Whittier, 1985)

~ . 2jL@

D
(7-13)

where ~ is the Fanning friction factor and L is the borehole length.

If the shear stress due to the flowing fluid is uniformly distributed on the inner and outer

surfaces of the annulus, it can be easily shown using equation (7-13) that the shear stress acting on

the borehole wall is related to the average velocity through the relation

~. fivz

2
(7-14)

The Fanning friction factor is empirically related to the Reynolds number and relative

roughness for pipe flow by the equation (Whittaker, 1985)

h [
1.255

—=410glo — —
3. ~2D + Re~ 1 (7-15)

where &/D is the relative roughness. For pipes, D in this equation represents the inside diameter

and E is the absolute roughness or the average depth of pipe wall irregularities. In the absence of a

similar equation for flow in an annulus, it will be assumed that this equation also applies here,

where D is the hydraulic diameter as defined earlier and c is the absolute roughness of the waste-

borehole interface.

Based upon a calculated Reynolds number, a Fanning friction factor can be determined by

numerically solving (7- 15). The value of the shear stress acting on the borehole wall can then be

determined from (7-14). Using an iterative procedure similar to that for the laminar flow problem

(Figure 74), the fluid shear stress can be forced to equal the repository effective shear strength for

erosion to obtain the final eroded hehole radius.
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7.2.3 RADIOACTIVE DECAY

The quantity of radioactive material deposited in the settling pitas the result of drilling must

be modified by the growth and decay of component radionuclides in the cuttings and cavings at the

time of intrusion. The Bateman equations (Wehr et al., 1984) are used to calculate this decay.

For example, consider a chain of five radionuclides A, B, C, D, and E directly brought to the

surface as the result of drilling. If Na , Nb , NC , Nd , and Ne represent the number of atoms of

each of the radionuclides, then the differential equations that govern the decay and growth are (Wehr

et al., 1984)

m
- = -kaNa

dNb
— = AaNa - kbNb

dt d(

dN
~ = kbNb – ACNC

&d
— = &Nc – k~Nd

dt dt

dive
— = kdNd – keNe

dt
(7-16)

If the initial number of atoms of radionuclidc A is Nao , the initial number of daughter atoms

rue NbO , N,..0 , NdO , and NeO, and the disintegration constants are k=, Lb, Lc, Ad, and ke,

then the half-lives of the radionuclides are related to the disintegration constants through the

relation half-life = in 2/k. Solving the different.kd equations in (7-16) sequentially yields.

Na = N,. exp(-kat)

Nb =
kaNao

kb – La
exp(–lat) + Cl exp(–k~t)

N = ~b~aNao exp(-x=t) Lb
c + c1

kb–ka kc-La kC-Lb
eXp(–kbf)+czeXp(–~Ct)

‘ckbkaNaO eXp(–La~) + cl k~kb ‘Xp(–kbt) + C2 ‘c

‘d= (~b-xa)(kc-ka) (~d-ka) (kc-kb) (kd-kb) (kd - %C)
exp(–kct)

+C3 eXp(–~dr)

ad

N = kdhchbkaNaO exp(–kat) ● c1 ?&dkckb exp(–kbt)

e (Lb ‘ka)(kc ‘La) (kd ‘ka)(ke ‘ka) (kc ‘Lb) (kd ‘kb)(ke ‘Lb)

kdkc eXp(-kcf) kd

‘C2 (hd - kc)(k.e - kc) ‘C3 (ke - kd) ‘Xp(-kdt)+ C4 ‘Xp(-ket)

The constants of integration are

(7-17)
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cl=–
ZaN,o

lb – ka
+ Nbo

kd~c kd
‘C2(Id ‘&.)(ke ‘kc) ‘C3(~e ‘kd) ‘NeO

(7-18)

Since the above equations are based upon the number of atoms of each radionuclide, initial

quantities in terms of activities would have to be changed to use these equations. The relative

number of radionuclide atoms of each constituent can be obtained from the activities by

multiplying each daughter activity by the ratio of daughter half-life to the half-life of the oldest

parent. After the above equations are solved in terms of the relative number of atoms, the

activities can be retrieved by inverting the above procedure, i.e., by multiplying the relative

number of atoms by the ratio of the half-life of the oldest parent to the half-life of the daughter

product.

7.3 Code Description

The CUTTINGS code, developed specifically for the WIPP, calculates the quantity of

radioactive material (in curies) brought to the surface as cuttings generated by an exploratory

drilling operation that penetrates the repository during the human intrusion type scenario. The code

determines the amount of cuttings removed by drilling and mud erosion, and accounts for

radioactive decay that has wcurred up to the intrusion time.

It is assumed that the drilling operation uses techniques similar to the rotary drilling methods

in use today and that the waste can be characterized as having an effective shear strength for

erosion. When the effective shear strength for erosion of the compacted waste is exceeded by the

drilling fluid shear stress acting on the borehole wall, it is assumed that erosion of the wall (waste)

occurs and continues until a state of equilibrium exists between the effective shear strength for

erosion and the applied fluid shear stress. Primary erosion occurs adjacent to the largest diameter

of the drill string, namely the drill collar, which is assumed to be aligned concentrically with the

hole. It is also assumed that erosion occurs during drilling operations when the drill bit lies on the
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hole bottom and drilling mud is flowing up the annulus. Drilling time is not a variable in the

analysis. It is assumed that if conditions are conducive to causing erosion, sufficient time is

available to complete the erosion process.

The total volume of material removed by drilling is the sum of the eroded material and the

material directly cut by the drill bit. Multiple borehole intrusions are permissible. The code is

based on an exact analytical solution for laminar helical flow of a non-newtonian fluid in an

annulus and on empirical equations for turbulent flow. Input for the code includes rotational speed

of the drill string; drilling mud flow rate; cutting bit diameter; shear rate dependent viscosity

parameters for the drilling mud; borehole roughness; compacted repository thickness and porosity;

effective failure shear strength of the compacted repository material, radionuclide inventory, and the

number of intrusions. If the Reynolds number is greater than 2100, the calculation is based on

turbulent, axial, annular flow. If the Reynolds number is less than 2100, the calculation assumes

that the flow is kuninar and is governed by equations for the helical flow of a non-newtonian fluid.

An Oldroyd type fluid is assumed.

The volume of material removed as the result of each intrusion is used with the intrusion

times and the repository radionuclide inventory to catculate the totat amount (in curies) of decayed

radionuclides brought to the surface. The radioactive decay process is solved using the Bateman

equations.

7.4 Drilling Parameters

The direct removal of wastes to the accessible environment is based on the assumption that

rotary drilling will be used. The parameters associated with drilling are dependent upon the well

type, predicted depth, and materials through which the drill will penetrate.

The ranges and distributions for the input variables used in generating the CCDF were chosen

from data gathered from a number of sources:

● For drilling operations through salt in the Delaware basin (WIPP site), the drilling mud

most likely to be used is a brine (Pace, 1990), with the density cut somewhat with an

emulsified oil. The density and viscosity related variables were chosen for the calculations

based on the assumption of the use of such a brine-based drilling mud.

● For drilling through salt, the drilling speeds can vary from 40 to 220 rpm (Austin, 1983;

Pace, 1990), with the most probable speed about 70 rpm (Pace, 1990).

c Mud flow rates are usually selected to be from 30 to 50 gallons/minute per inch of drill

diameter (Austin, 1983) and usually result in flow velocities in the annulus between the

drill collars and the hole wall at or near the critical flow state (laminar-turbulent transition)

(Pace, 1990).
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The drill diameter is related to the total planned depth of the hole to be drilled. For gas

wells in the 4000- to 10000-foot range, it is likely that the drill used that passes through

the repository would have a diameter of 10.5 to 17.5 inches. The collar diameter is assumed

to be 2 inches less than the drill diameter.

The amount of material eroded from the borehole wall is dependent upon the magnitude of

the fluid-genemted shear stress acting on the wall and the effective shear strength for erosion

of the repository material. In the absence of experimental data, the effective shear strength

for erosion of the repository material is assumed to be similm to that of a montmonllonite

clay, with an effective shear strength for erosion of 1 Pa (Sargunam et al., 1973).

For turbulent flow, the shear stress acting on the borehole wall at the repository is

dependent upon the absolute surface roughness. The value chosen for the calculations

exceeds that of very rough concrete or riveted steal piping (Streeter, 1958).

For most input parameters the median values were chosen. However, to maximize cuttings

removal, a lower bound for the effective shear strength for erosion was chosen. The ddl bit

diameter was sampled over its range. The specific input values chosen for the cuttings

calculations appear in Volume 3.

Results and Discussion

Except for the five different times of intrusion and the sampling of the drill bit diameter, the

input data used in the CUTTINGS code to characterize the drilling mud, drill string, and waste

properties was fixed for all cases (see Volume 3). As an example of the type of results obtained

from the 600 CUTTINGS calculations required to calculate a CCDF, one specific calculation set

for the five intrusion times is shown in Tables 7-1 and 7-2 for a drill bit diameter of 0.4445 m

(17.5 inches). The calculations indicated that borehole erosion increased the diameter of the

borehole from an initial value of 0.4445 m to a final diameter of 0.994 m. During the erosion

process the flow between the drill collar and borehole wall remained turbulent. The initial value of

the Reynolds number was 7165, which decreased to 4319 when erosion ceased. Radionuclide

release to the surface (in curies) from contact-handted (CH) and remote-handled (RH) waste for the

five intrusion times are shown in Tables 7-1 and 7-2, respectively. The releases are ordered

according to magnitude at the 1@IO-year intrusion.
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Table 7-1.

PU239

AM241

PU240

PU238

U234

NP237

U233

TH230

TH229

RA226

PB21o

U236

PU242

U235

CM248

U238

TH232

CM244

PU241

CF252

Results and Discussion

Radionuclide Release (Ci) From Contact-Handled (CH)
Waste Based on Eroded Volume and Intrusion Time

1000 yrs

0.5817x101

0.2571x101

0.6818XIO0

0.2433 x10-1

0.2348 x10-1

0.2070 x10-2

O.7375X1O-3

O.1842x1 0-3

0.6628 x10-4

O.3141X1O-4

0.2934x10-4

0.2129 x10-4

0.1528x’

0.6824x”

0. IO14X’

0.2373x

0-4

(-J-5

0-5

0-11

0.5344X1 0-12

0.3002 x10-17

0.4060 x10-19

0.0000

3000 yrs

0.5492x101

O.1O4OX1OO

O.5515X1OO

O.3344X1O-8

0.2336x1 0-1

0.2567x10-2

0.7523xI 0-3

0.5989 x10-3

0.1831 x10-3

0.2577 x10-3

0.2530 x10-3

0.5766 x10-4

0.1 523x1 0-4

0.1796 x10-4

O.1OIOXIO-5

0.7106 x10-1 1

0.4493XI 0-11

0.0000

0.0000

0.0000

5000 yrs

0.5184 Ex101

0.4209 x10-2

0.4461x10°

0.4596x I 0-15

0.2323 x10-1

0.2585x’

0.7682x’

0.1 004X

0.2824x

0-2

0-3

0-2

0-3

O.59OOX1O-3

0.5842 x10-3

0.8707x10-4

O.1517X1O-4

0.2847 x10-4

0.1 006x I 0-5

0.1182 x10-10

O.1168X1O-10

0.0000

0.0000

0.0000

1000 yrs 9000 yrs

0.4894xI 01

0.1 703X I 0-3

0.3608x10°

0.6317x10 -22

0.2310 x10-1

0.2584xI 0-2

0.7840 x10-3

0.1 399X1 0-2

0.3674 x10-3

0.9612 x10-3

0.9551 xl 0-3

0.1 109XI 0-3

0.1512 x10-4

0.3839 x10-4

O.1OO2X1O-5

0.1652x10-10

0.2149x10-10

0.0000

0.0000

0.0000

0.4620x101

0.6888 XI0-3

0.2919x10°

0.8682 x10-29

0.2297x10-1

0.2583 x10-2

O.7997X1O-3

0.1785 x10-2

0.4405XI 0-3

0.1343X1 O-2

O.1337X1O-2

0.1301 XI0-3

0.1506x10-4

0.4776 x10-4

0.9974X1 0-6

0.2120X1 O-10

0.3341 XI0-10

0.0000

0.0000

0.0000
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Chapter 7. Cuttings Removal During Disturbances

Table 7-2. Radionuclide Release (Ci) From Remote-Handled (RH)

PU239

AM241

PU240

U233

TH229

NP237

PU238

U234

U238

U235

U236

PU242

TH230

CM248

RA226

PB21 O

CS137

SR90

TH232

CM244

PU241

PM147

CF252

Waste Based on Eroded Volume and

1000 yrs

0.7065x1 0-1

0.2145 x10-1

0.1547 XI0-’

O.llllxlo-’

0.1 003X1 0-’2

0.8828 x10-4

0.2730 x10-4

0.2635 x10-4

0.4824 x10-5

0.8403 x10-6

0.4826 x10-6

0.2251 x10-6

0.2067x1 0-6

0.5384 xIO”7

0.3525 x10-7

0.3293 x10-7

0,3348 x10-8

0.1327 x10-8

0.1210X1 O-13

0.6113 x10-17

O.9313X1O-21

0.0000

0.0000

3000 yrs

0.6669xI 0-1

0.8678 x10-3

0.1251 x10-1

O.1lolxlo-1

0.2734x1 0-2

0.9237 x10-4

0.3753X1 o-l ‘

0,2622 x10-4

0.4824 x10-5

0.9756 x10-6

0.1308 x10-5

0.2243x1 0-6

0.6721 x10-6

0.5362 x10-7

0.2892 x10-6

0.2839 x10-6

0.2858 x10-28

0.2803x1 0-29

O.1O19X1O-12

0.0000

0,0000

0,0000

0.0000

5000 yrs

0.6296x1 0-1

0.3511X1 O-4

O.1OI2XIO-1

0.1092 x10-1

0.4150 XI0-2

0.9248 x10-4

0.5158 x10-18

0.2607 x10-4

0.4824 x10-5

O.11O3X1O-5

O.1975X1O-5

0.2235 x10-6

0,1127 x10-5

O.534OX1O-7

0.6621 x10-6

0.6556x1 0-6

0.0000

0.0000

0.2650 x10-12

0,0000

0.0000

0.0000

0.0000

Intrusion Time

1000 yrs 9000 yrs

O.5943X1O-I

0.1420 x10-5

0.8189 x10-2

0.1082 x10-1

0.5306 x10-2

0.9243 x10-4

0.7089 x10-25

0.2592 x10-4

0.4824 x10-5

0.1 224x1 0-5

0.2515 x10-5

0.2226x1 0-6

0.1 570X1 0-5

0.531 9X10-7

O.IO79X1O-5

0.1072 xIO-5

0.0000

0.0000

0.4875x1 0-12

0.0000

0.0000

0.0000

0.0000

0.561 lxIO-l

0.5746 x10-7

0.6624 x10-2

0.1 073X1 0-1

0.6247x10-2

0.9237 x10-4

0.9743XI 0-32

0.2577x1 0-4

0.4824x10-5

0.1337X1 O-5

0.2952 x10-5

0.2218 x10-6

0.2003xI 0-5

0.5297x1 0-7

0.1507X1 O-5

O.15OIX1O-5

0.0000

0,0000

0.7580 x10-12

0.0000

0.0000

0.0000

0.0000

7-18



References

1 REFERENCES

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48
49
50
51
52
53
54
55
56
57

Austin, E. H. 1983. Drilling Engineering Handbook. Boston: International Human
Resources Development Corporation.

Bear, J. 1972. Dynamics of Fluids in Porous Media. Elsevier, New York,

Beauheim, Richard L. 1987. Interpretations of Single-Well Hydraulic Tests Conducted At
and Near The Waste Isolation Pilot Plant (WIPP) Site, 1983-1987. SAND87-0039.
Albuquerque, NM: Sandia National Laboratories.

13ertram-Howery, S. G., and R. L. Hunter, eds. 1989. Preliminary Plan for Disposai-
System Characterization and Long-Term Performance Evaluation of the Waste Isolation
Pilot Plant. SAND89-0178. Albuquerque, NM: Sandia Naitonal Laboratories.

Bertram-Howery, S. G., M. G. Marietta, R. P. Rechard, P. N. Swift, D. R. Anderson, B. L.
Baker, J. E. Bean, Jr., W. Beyeler, K. F. Brinster, R. V. Guzowski, J. C. Helton, R. D.
McCurley, D. K. Rudeen, J. D. Schreiber, and P. Vaughn. 1990. Preliminary
Comparison wilh 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant,
December 1990. SAND90-2347. Albuquerque, NM: Sandia National Laboratories.

Bras, R. L., and P. K. Kitanidis. 1991. User’s Manual for the INVS Computer Code.
SAND number not available. Albuquerque, NM: Sandia National Laboratories.

Brinster, Kenneth F. 1991. Preliminary Geohydrologic Conceptual Model of the Los
Medanos Region Near the Waste Isolation Pilot Plant for the Purpose of Performance
Assessment. SAND89-7 147. Albuquerque, NM: Sandia National Laboratories.

Broc, R., ed. 1982. Drilling Mud and Cement Slurry Rheology Manual. Houston, Texas:
Gulf Publishing Company.

Brush, L. H., and A. L. Lappin. 1990. Appendix A, Memo 4: Additional Estimates of Gas
Production Rates and Radio nuclide Solubilities for Use in Models of WIPP Disposal
Rooms in Data Used in Preliminary Performance Assessment of the Waste Isolation Pilot
Plant (1990). R. P. Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408.
Albuquerque, NM: Sandia National Laboratories.

Carnahan, B., H. A. Luther, J. O. Wilkes. 1969. “Applied Numerical Methods.” John
Wiley & Sons, Inc. New York, 1969.

Carrera, J., and S. P. Neuman. 1986a. “Estimation of Aquifer Parameters Under Transient
and Steady State Conditions: 1. Maximum Likelihood Method Incorporating Prior
In formation.” Water Resources Research 22: 199-210.

Camera, J., and S. P. Neuman. 1986b. “Estimation of Aquifer Parameters Under Transient
and Steady State Conditions: 2. Uniqueness, Stability, and Solution Algorithms.” Water
Resources Research 22: 211-227.

Carrera, J., and S. P. Neuman. 1986c. “Estimation of Aquifer Parameters Under Transient
and Steady State Conditions: 3. Application to Synthetic and Field Data.” Water
Resources Research 22: 228-242.

Coats, K. H. 1980. “In-Situ Combustion Model.” Sot. Pet. Eng. J. (Dec. 1980) 533-554.

Coleman, B. D., and W. NoIl. 1959. “Helical Flow of General Fluids.” Journal of Applied
Physics vol. 30, no. 10: 1508.

R-1



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47
48
49
50
51
52
53
54
55
56
57

Conte, S. D., and C. de Boor. 1972. Elementary Numerical Analysis and Algorithm
Approach. McGraw Hill Book Company, New York, 1972.

Cox, D. R., and P. A. W. Lewis. 1966. The Statistical Analysis of Series of Events.
London: Chapman and Hall.

Cox, D. R., and V. Isham. 1980. Point Processes. London: Chapman and Hall.

Cranwell, R. M., R. V. Guzowski, J. E. Campbell, and N. R. Ortiz. 1990. Risk
Methodology for Geologic Disposal of Radioactive Waste: Scenario Selection Procedure.
SAND80- 1429, NUREG/CR- 1667. Albuquerque, NM: Sandia National Laboratories.

Crichlow, H. B. 1977. Modern Reservoir Engineering–A Simulation Approach. Englewood
Cliffs, NJ: Prentice Hall.

Crookston, H. B., W. E. Culham, and W. H. Chen. 1979. “Numerical Simulation Model
for Thermal Recovery Processes”. Sot. Pet. Eng. J. (Feb 1979) 37-58.

Darley, H. C. H. 1969. “A Laboratory Investigation of Borehole Stability. ” Journal of
Petroleum Technology. Trans. AIME. Vol. 246 (July): 883-892.

Darley, H. C. H., and G. R. Gray. 1988. Composition and Properties of Drilling and
Completion Fluids. Houston, TX: Gulf Publishing Company. 243.

Davies, Peter B. 1989. Variable-Density Ground-Waler Flow and Paleohydrology in the
Waste Isolation Pilot Plant (WIPP] Region, Southeastern New Mexico. U.S. Geological
Survey Open-File Report 88-490. Albuquerque, NM: U.S. Geological Survey.

Davis, W. P., and J. A. Chatfield. 1970. “Concerning Product Integrals and Exponentials.”
Proceeding of the American Mathematical Society 25; 743-747.

Delhomme, J. P.. 1979. “Spatial Variability and Uncertainty in Groundwater Flow
Parameters: a Geostatistical Approach.” Water Resources Research, Vol. 15, No. 2: 269-
289.

de Marsil y, G. 1986. Quan[i[a[ive Hydrogeology. Orlando, FL: Academic Press, Inc.

Dollard, J. D., and C. N. Friedman. 1979. Product Integration with Application to
Deferential Equations (with an appendix by P. R. Masani). Reading, MA: Addison-Wesley.

Dongarra, J. J., J. R. Bench, C. B. Moler, G. W. Stewart. 1979. LINPACK User’s Guide.
Philadelphia, PA. SIAM.

Earth Technology Corp. 1987. Final Report for lime Domain Electromagnetic (TDEM)
Survey oj_[he WIPP. SAND87-7 144. Albuquerque, NM: Sandia National Laboratories.

Fanchi, J. R., K. J. Harpole, and S. W. Bujnowski. 1982. BOAST 111: A Three-
Dimensional Three-Phase Black Well Applied Simulation Tool. DOE/BC-l 0033-3. U.S.
Department of Energy.

Fanchi, J. R., J. E. Kennedy, and D. L. Dauben. 1987. BOAST II: A Three-Dimensional
Three-Phase Black Oil Applied Simulation Tool. DOE/BC-88/2/SP, DE 88001205. U.S.
Department of Energy.

Fredrickson, A. G. 1960. “Helical Flow of an Annular Mass of Visco-Elastic Fluid.”
Chemical Engineering Science 11: 252-259.

R-2



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48
49
50
51
52
53
54
55
56
57
58

Gellert, W., H. Guestner, M. Hellwich, and H. Kaestner, eds. 1977. The VNR Concise
Encyclopedia of Mathematics. Ist American ed. New York: Van Nostrand Reinhold.

Gill, R. D., and S. Johansen. 1990. “A Survey of Product-Integration with a View Toward
Application in Survival Analysis.” The Annals of Statistics 18: 1501-1555.

Grindrod, P., and Capon, P. 1991. Flow Through Frac(ured Rock: What Does Ihe WIPP
Si~e (ldebra Du[a Reveal. Draft report, version 2. NSARP 55(91 )R9(IM1898-26). United
Kingdom: INTERA SCIENCES.

Gutjahr, A. L. 1989. Fas( Fourier Transforms for Random Field Generation. Socorro, NM:
New Mexico Tech. Report. 106.

Guzowski, R. V. 1990. Preliminary identification of Scenarios that May Ajjiect the Escape
and Transporl of Radio nuclides from the Waste Isolation Pilot Plant, Southeastern New
Mexz”co. SAND89-7 149. Albuquerque, NM: Sandia National Laboratories.

Guzowski, R. V. 1991. Evaluation of Applicability of Probability Techniques to
Determining the Probability of Occurrence of Potentially Disruptive Intrusive Events at
the Waste Isolation Pilot Plant, SAND90-7100. Albuquerque, NM: Sandia National
haboratorics. In preparation.

Haight, F. A. 1967. Handbook of the Poisson Distribution. New York: Wiley.

Helton, J. C. 1973a. “Existence of Sum and Product Integrals.” Transaction.s of the
American Mathematical Society 182: 165-174.

Hchon, J. C. 1973b. “Some Interdependencies of Sum and Product Integrals.” Proceedings
of the American Mathematical Society 37: 201-206.

Hclton, J. C. 1977. “Existence of Integrals and the Solution of Integral Equations.”
Transactions of the American Ma~hematical Society 229: 307-327.

Hclton, J. C., J. W. Gamer, R. D. McCurlcy, and D. K. Rudcen. 1991. Sensitivity
Analysis Techniques and Results for Performance Assessment at the !Vaste Isolation Pilot
/’ lan[. SAND90-7 103. Albuquerque, NM: Sandia National Laboratories.

Hildebrand , F. B. 1974 In/reduction to Numerical Analysis. McGraw-Hill, Inc. 1974.

Hoekscma, R. J., and P. K. Kitanidis. 1984. “An Application of the Geostatistical Approach
m the Inverse Problem in Two-Dimensional Groundwatcr Modeling. ” Water Resources
Research 20: 1003-1020.

Hoekscma, R. J., and P. K. Kitanidis. 1985a. “Analysis of the Spatial Structure of
properties of Selected Aquifers.” Water Resources Research 21: 563-572.

Hocksema, R. J., and P. K. Kiktnidis. 1985b. “Comparison of Gaussian Conditional Mean
and Kriging Estimation in the Gcostatistical Solution of the Inverse Problem.” Water
Resources Research 21: 825-836.

Hem, S. C., D. von Wintcrfcldt, and K. Trauth. 1991. Exper[ Judgment on Inadvertent
Human Intrusion into the Waste Isolation Pilot Plant. SAND90-3063. Albuquerque, NM:
Sandia National Latmratories.

Hunter, R. L. 1989. Events and Processes for Constructing Scenarios for the Release of
Transuranic Waste from the Waste Isola~ion Pilot Plant, Southeastern New Mexico.
SAND89-2546. Albuquerque, NM: Sandia NationaJ Laboratones.

R-3



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

48
49

50
51
52
53
54
55
56
57

Hunter, R. L., and C. J. Mann, cds. 1989. Techniques for Determining Probabilities of
Events and Processes Affecting (he Performance of Geologic Repositories: Literature
Review. Vol. 1. SAND86-0196, NUREG/CR-39&l. Albuquerque, NM: Sandia National
Laboratories.

Huyakom, P. S., and G. F. Pinder. 1983. Computational Methods in Subsurface Ffow. NCW
York: Academic Press.

Huyakorn, P. S., B. H. Lester, and J. W. Mercer. 1983a. “An Efficient Finite Element
Technique for Modeling Transport in Fractured Porous Media, 1, Single Species Tmnsport.”
Wa(er Resources Research vol. 19. no. 3:841-854.

Huyakorn, P. S., B. H, Lester, and J. W. Mercer. 1983b. “An Efficient Finite Element
Tcchniquc for Modeling Transport in Fractured Porous Media, 2, Nuclidc Decay Chain
Transport.” Waler Resources Research vol. 19, no. 5:1286-1296.

Huyakorn, P. S., H. O. White, Jr,, and S. Panday. 1989. STAFF2D Solute Transport and
Fracture Flow in Two Dimensions. Hemdon, VA: HydroGeologic, Inc.

Huyakom, P. S., H. O. White, Jr., and S. Panday. 1991. STAFF2D. Solute Transport and
Fracture Flow in 2-Dimensions. Hemdon, VA: HydroGeoLogic, Inc.

IAEA (International Atomic Energy Agency). 1989. devaluating the Reliability of
Predictions Made Using Environmental Tran.fer Models. Vienna, Austria: Safety Series
Report No. 100.

Kaplan, S., and B. J. Garrick. 1981. “On the Quantitative Definition of Risk.” Risk
Analysis 1: 11-27.

Kitanidis, P. K. and E. G. Vomvoris. 1983. “A Gcostatistical Approach to the Inverse
problem in Groundwater Modeling (Steady State) and One-Dimensional Simulations.”
Water Resources Research 19: 677-690.

Lappin, A. R., R. L. Hunter, D. P. Garber, P. B. Davies, R. L. Beauheim, D. J. Borns,
L. H. Brush, B. M. Butcher, T. Cauffman, M. S. Y. Chu, L. S. Gomez, R. V. Guzowski,
H. J. Iuzzolino, V. Kellcy, S. J. Lambert, M. G. Marietta, J. W. Mercer, E. J. Nowak,
J. Pickens, R. P. Rcchard, M. Reeves, K. L. Robinson, and M. D, Siegel. 1989. Systems
Analysis, Long-Term Radio nuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquerque, NM:
Sandia National Labomtories.

LaVenue, A. M., T. L. Cauffman, and J. F. Pickens. 1990. Ground-Water Flow Modeling
of the Culebra Dolomite - Volume I.’ Model Calibration. SAND89-7068/l. Albuquerque,
NM: Sandia National Laboratories.

McDonald, M. G., and, A. W. Harbaugh. 1988. A Modular l-hree-Dimensional Finite-
Diflerence Ground-Water Flow Model. Techniques of Water-Resources Investigations of the
United States Geological Survey, Book 6, Modeling Techniques, Washington, D.C.:
Scientific Software Group.

McKay, M. D., W. J. Conovcr, and R. J. Beckman. 1979. “A Comparison of Three
Methods for Selecting Values of Input Variables in the Analysis of Output from a
Computer Code.” Technometrics 21: 239-245.

Mann, C. J., and R. L. Hunter. 1988. “Probabilities of Geologic Events and Processes in
Natural Hazards.” Zeitschr~tfuer Geomorphologie N.F. 67: 39-52.

R-4



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46
47
48
49
50
51
52
53
54
55
56
57

Marietta, M. G., S. G. Bertram-Howery, D. R. Anderson, K. Brinster, R. Guzowski,
H. Iuzzolino, and R. P. Rechard. 1989. Performance Assessment Methodology
Demonstration: Methodology Development for Purposes of Evaluating Compliance with
EPA 40 CFR Part 191, Subpart B, for the Waste Isolation Pilot Plant. SANIM9-2027.
Albuquerque, NM: Sandia National Laboratories.

Masani, P. R. 1947. “Multiplicative Riemann Integration in Normed Rings.” Transactions
of the American Mathematical Society 16: 147-192.

Mercer, J. W. and B. R. Orr. 1979. Interim Data Report on the Geohydrology of the
Proposed Waste Isolation Pilot Plant Site Southeast New Mexico. U.S. Geological Survey
Water Resources Investigation, 79-98. Albuquerque, NM: U.S. Geological Survey.

Oldroyd, J. G. 1958. Proceedings of the Royal Society (London) A245: 278.

Pace, R. O. 1990. Manager, Technology Exchange Technical Services, Baroid Drilling
Fluids, Inc., 3000 N. Sam Houston Pkwy. E , Houston, Texas. (Expert Opinion), Letter of
18 September 1990.

Peaceman, D. W. 1977. Fundamentals of Numerical Reservoir Simulation: Developments
in Petroleum Science, 6, ELrevier Scientific Publishing Company. New York, 1977.

Powers, D. W., S. J. Lambert, S. E. Shaffer, L. R. Hill, and W. D. Weart, eds. 1978.
Geological Characterization Report, Waste Isolation Pilot Plant (WIPP) Site, Southeastern
New Mexico. SAND78-1596, Volume 1 and 2. Albuquerque, NM: Sandia National
Laboratories.

Price, H. S., and K. H. Coats. 1974. “Direct Methods in Reservoir Simulation”. Sot. Pet.
Eng. J. (June 1974) 195-308.

Ravennc, C,, A. GalIi, H. Beucher, R. Eschard, D. Guerillot, and Heresim Group. 1991.
Outcrop Studies and Geostatistical Modeliing of a Middle Jurassic Brent Analogue. Paper
distributed at the meeting of the WIPP performance-assessment geostatistics consultant
group, April 22-23, 1991, Albuquerque, New Mexico.

Rechard, R. P., H. J. Iuzzolino, J. S. Rath, R. D. McCurley, and D. K. Rudeen. 1989.
User’s Manual for CA MCON: Compliance Assessment Methodology Controller.
SAND88- 1496. Albuquerque, NM: Sandia National Laboratories.

Rechard, R. P., H. J. Iuzzolino, and J. S. Sandha. 1990a. Data Used in Preliminary
Performance Assessment of the Waste Isolation Pilot Plant (1990). SAND89-2408.
Albuquerque, NM: Sandia National Laboratories.

Rechard, R. P., W. Beyeler, R. D., McCurley, D. K. Rudeen, J. E. Bean, and J. D. Schreiber.
1990b. Parameter Sensitivity Studies of Selected Components of the WIPP Repository

Sys/em. SAND89-2030.Albuquerque, NM: Sandia National Laboratories.

Rechard, R. P., P. J. Roache, R. L. Blaine, A. P. Gilkey, and D. K. Rudeen. 1991. Quality
Assurance Procedures for Computer Software Supporting Performance Assessments of the
Waste Isola[ion Pilot Plant. SAND90-1240. Albuquerque, NM: Sandia National
Laboratories.

Reeves, M., G. A. Freeze, V. A. Kelley, J. F. Pickens, and D. T. Upton. 1991. Regional
Double-Porosity Solute Transport in the Culebra Dolomite Under Brine-R erservoir-Breach
Release Conditions: An Analysis of Parameter Sensitivity and Importance. SAND89-7069.
Albuquerque, NM: Sandia National Laboratories.

R-5



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

:;

46
47

48
49
50
51
52
53
54
55
56
57

Roache, P. J. 1976. Computational Fluid Dynamics. Rev. cd. Albuquerque, NM: Hermosa
Publishers.

Roache, P. J., P. M. Knupp, S. Steinberg, and R. L. Blaine. 1990. Experience wilh
Benchmark Test Cases for Groundwater Flow in ASME FED. Benchmark Test Cases for
Computational Fluid Dynamics. Eds. I. Celik and C. J. Freita.s. Vol. 93, no. HO0598,
(June): 49-56.

Ross, B. 1989. “Scenarios for Repository Safety Analysis.” Engineering Geology 26:
285-299.

Rubin, B., and P. K. W. Vinsome. 1980. “The Simulation of the In Situ Combustion
Process in One Dimension Using a Highly Implicit Finite-Difference Scheme”. .J. Col.
Pe[. Tech (Ott/Dec. 1980) 68-76.

Rubin, Y. 1990. “Stochastic Modeling of Macrodispersion in Heterogeneous Porous Media.”
Water Resources Research 26: 133-141.

Rubin, Y. 1991. “Prediction of Tracer Plume Migration in Disordered Porous Media by the
Method of Conditional Probabilities.” Water Resources Research. In press.

Rubin, Y., and G. Dagan. 1987a. “Stochastic Identification of Transmissivity and Effective
Recharge in Steady Groundwater Flow: 1. Theory.” Wa(er Resources Research 23: 1185-
1192.

Rubin, Y., and G. Dagan. 1987b. “Stochastic Identification of Trarrsmissivity and Effective
Recharge in Steady Groundwatcr Flow: 2. Case Study.” Water Resources Research 23:
1193-1200.

Rubin, Y., and G. Dagan. 1988. “Stochastic Analysis of Boundary Effects on Head Spatial
Variability in Heterogeneous Aquifers: 1. Constant Head Boundary.” Water Resources
Research 24: 1689-1697.

Ruge, J. W., and K. Stuben. 1987. Algebraic Multigrid in Multigrid Methods. Ed. S.
McCormick. Philadelphia: SIAM.

Sargunam, A., P. Riley, K. Arulanandan, and R. B. Krone. 1973. “Physico-Chemical
Factors in Erosion of Cohesive Soils.” Proceedings of the American Society of Civil
Engineers, Journal of the Hydraulics Division vol. 99, no. HY3 99, (March): 555-558.

Savins, J. G. and G. C. Wallick. 1966, “Viscosity Profiles, Discharge Rates, Pressures, and
Torques for a Theologically Complex Fluid in Helical Flow.” A.I.Ch.E. Journal vol. 12,
no. 2.

Schaffer,S. 1991.An Eflicient ‘Black Box’ Semi-coarsening MtdtigridAlgorithmfor Two
and Three Dimensional Symmetric Elliptic PDE’s with Highly Varying Coefficients.
Proceedings of the Fifth Copper Mountain Conference on Multigrid Methods, March 31-

April 5, 1991. Also, submitted to SIAM Journal of Numerical Analysis.

Scheideger, A. E. 1960. The Physics of Flow Through Porous Media. Toronto, Canada:
University of Toronto Press.

Smith, G. D. 1965. Numerical Solution of Par~ial Differential Equations. Oxford
University Press, New York, 1965.

Streeter, V. L. 1958. Fluid Mechanics. New York: McGraw-Hill.

R-6



References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

U.S. EPA (Environmental Protection Agency). 1985. Environmental Standards for the
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive
Waste; Final Rule, 40 CFR Part 191, Federal Register 50: 38066-38089.

U.S. DOE (Department of Energy). 1991. Strategy for the Waste isolation Pilot Plant Test
Phase. Department of Energy Office of Waste Operations, DOE/EM/48063-2.

Vaughn, P. 1986. A Numerical Model for Thermal Recovery Processes in Tar Sand:
Description and Application. April 1986, DOE Report #DOE/FE/60177-22 19.

Voss, C. 1. 1984. SUTRA (Saturated-Unstaturated Transport): A Finite-Element
Simulation Model for Saturated-Unsaturated, Fluid-Density-Depen&nt Ground- Water Flow
with Energy Transport or Chemically Reactive Single-Species Solute Transport. Reston,
VA: U.S. Geological Survey National Center.

Walker, R. E. 1976. “Hydraulic Limits Arc Set by F1OWRestrictions.” Oil and Gas Journal.
(October 4): 86-90.

Walker, R. E. and W. E. Holman. 1971. “Computer Program predicting Drilling-Fluid
Performance.” Oil and Gas Journal (March 29): 80-90.

Wehr, R. M., J. A. Richards, Jr., and T. W. Addir III. 1984. Physics of the Atom. Reading,
Massachusetts: Addison-Wesley.

Whittaker, A., ed. 1985. Theory and Application of Drilling Fluid Hydraulics. Boston:
International Human Resources Development Corporation.

Yeh, W. W-G, 1986. “Review of Parameter Identification Procedures in Groundwater
Hydrology: The Inverse Problem.” Water Resources Research February 1986, Vol. 22,
No. 2,, 95-108

R-7



Multiphase Flow Through Porous Media

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

A. MULTIPHASE FLOW THROUGH POROUS MEDIA—Palmer
Vaughn

Consequence modeling of WIPP for compliance assessment under both undisturbed and

disturbed conditions involves quantification of the flow fields in and around the repository. Many

of the models used by performance assessment (PA) rely on simulating the nature of the flow

fields and are based on mathematical formulations that describe flow through porous media. Two

models, BOAST (for undisturbed conditions) and BRAGFLO (for undisturbed and disturbed

conditions) describe the simultaneous flow of brine and gas through porous media. Table A-1

provides list of terms commonly used when discussing multiphasc flow through porous media,

These PA models are based on the following general conceptualization of porous media flow.

A description of multi-phase porous media flow is necessary to understand the assumptions

involved in modeling multi-phase flow through porous media. Details of equations of motion for

multi-phase flow describing assumptions, derivations, and implementation arc wide-spread

throughout the petroleum and hydrology literature (Bear et al., 1968; Bear, 1975; Bear, 1979;

Dake, 1978; Crichlow, 1977; Collins, 1961; Aziz, Settari, 1979; Peaceman, 1977; Crookston,

Culhan, and Chen, 1979; Coats, 1980; Vaughn, 1986; Rubin, Vinsome, 1980; Schcidcggar,

1960). The interested reader is referred to this literature for this background information. The

nomenclature, assumptions, and conceptualization used here are typical with those found in much

of the multiphase reservoir modeling literature referenced above.

BRAGFLO and BOAST are based on a description of porous media presented by Bear ( 1975)

and Bear, Zaslavsky, and Irmay (1968). Bear (1975) points out that “no precise definition of

porous media exists; however, the following characteristics, even though they arc subjective,

convey something about the nature of porous media:”

1. A portion of the space is occupied by heterogeneous or multiphase matter, with at least

one of the phases being fluid.

2. The space within the porous media domain that is not part of the solid matrix is rcfcrrcd

to as void space or pore space. The openings comprising the void space are relatively

narrow. Some of the pores comprising the void space are interconnected (cffcctivc pore

space) while unconnected pores are considered part of the solid matrix.

3. The solid phase is distributed throughout the porous media and solid must bc present

inside each representative elementary volume.

4. The specific surface (surface area of the pores per unit bulk volume) is relatively high.

5. “Any two points within the effective pore space may be connected by a curve that lies

completely within it. ”
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6. With respect to fluid flow, the porous media restricts the transport of the fluid to well

defined channels and the velocity of a fluid particle at a point in the void space is parallel

to the walls.

The term “distributed” in characteristic 3 above is somewhat general. PA adopts the Bear and

Bachmat (1966 and 1967) visualization that “the void space of a porous media is composed of a

spatial network of interconnected random passages of varying length, cross-section, orientation,

and functions” (Bear, 1975, p. 93). Flow in the void space is Iaminar and each channel defines a

stream tube in which the pattern of streamlines is fixed although the direction of flow along them

may be reversed. The junctions where channels intersect occupy negligible pore space volume.

The fluids (either individually or combined) all occupy the pore space and are viscous and

Newtonian and may be compressible. The active forces on the fluids are those due to pressure,

gravity, capillarity, and shear resulting from the fluid’s velocity. The fluid 10SCSenergy only

during passage through the narrow channels and not through a junction. The network of channels

connected to each other by junctions produces average gradients of pressure, density, and viscosity

in any elementary volume that includes a sufficiently large number of channels and junctions.

These average gradients are practically independent of the geometric shape of a single channel

within the elementm-y volume (Bear 1975, p. 93).

BRAGFLO and BOAST simulate the flow of brine and gas through porous media. Two

types of multi-phase flow arc possible, miscible and immiscible. The PA conceptual models

consider immiscible displacement only. In this case both fluids flow simultaneously through the

pxous network. The gas and brine phases are separated by an interface whose curvature and surface

tension give rise to a capillary pressure difference across the interface (Brook, Corey, 1964; Corey,

1986; Peaceman, 1977; Dake, 1978; Crichlow, 1977; Collins, 1961). The interface is amumed to

be abrupt and any transitions from one phase to another occur over a distance of negligible length

compared to the channel diameter (Bear, 1975).

When bnnc and gas occupy void space, the concept of saturation is introduced. Saturation is

defined as the volume fraction of void space occupied by a particul~ fluid. Interracial tension

exisls where the two immiscible fluids contact each other. The shape of the resulting meniscus

defines the nettability of the system (Brook, Corey, 1964; Bear, 1975). For example, the convex

side of the meniscus faces toward the wetting phase while the concave side faces toward the non-

wetting phase. The wetting phase for all the strata surrounding the WIPP is assumed to be brine.

Interracial tension and nettability may depend on the direction the interface is moving. This

phenomenon is called hysteresis. Hysteresis is a secondary effect and is not currently modeled

(Brook, Corey, 1964).

Three saturation regions are differentiated in the two-phase (brine and gas) system. Assuming

a brine-wet reservoir, at low brine saturations water forms in isolated rings or exists as a thin film
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of molecular thickness. As brine saturation increases, a condition is reached where the brine forms

a continuous phase that is capable of transmitting pressure. Above this critical saturation or

“irreducible saturation,” brine flow is possible. Potential flow of brine below the irreducible brine

saturation will not occur. At high brine saturation brine isolates the gas and the gas no longer

forms a continuous phase. This occurs at the irreducible gas saturation.

In formulating the equations of motion for the simultaneous flow of two immiscible fluids

through porous media, it is assumed that “each fluid establishes its own tortuous path, forming

very stable channels, and that a unique set of channels corresponds to each degree of saturation”

(Bear, 1975). Bear’s continuum approach is used when two immiscible fluids simultaneously flow

through porous media. Under these conditions “each of the fluids is regarded as a continuum

completely filling the flow domain (at a fluid content that is a function of space coordinates and of

time). The various continua occupy the entire flow domain simultaneously” (Bear, 1975 p. 457).

The equations of motion for multi-phase flow used here are based on heuristic extensions of

Darcy’s law (Hubbert, 1956; Bear, 1975; Bear, 1979; Dake, 1978; Crichlow, 1977; Collins, 1961;

Dullien, 1979; Hiatt, 1968); deMarsily, 1986; DeWest, 1965; Aziz, Settari, 1979).

The following is a statement of Darcy’s law in differential form:

q, =-f[vP-pg] (A-1)

where qv is the volumetric flow rate per unit cross sectional area, k is the absolute or intrinsic

permeability of the porous media, u is the fluid viscosity, p is the fluid density, g is the

gravitational constant, and F’ is the fluid pressure.

Darcy’s original observations were made on the one-dimensional vetical flow of water through

a fully saturated porous media (Hubbert, 1956). Darcy postulated the law, which states that the

flow of water under these conditions is proportional to the change in potential. Many

generalizations of Darcy’s law can be found in the literature (Bear, 1975; Bear, 1979; Bear, 1968;

Bear, 1966; Bear, 1967; Dake, 1978; Crichlow, 1977; Collins, 1961; Dullien, 1979; Hiatt, 1968;

de Marsily, 1986; DeWest, 1965; Aziz, Settari, 1979). These generalizations extend Darcy’s

observation to other fluids, to the simultaneous flow of immiscible fluids, to multiple

dimensions, and to compressible fluids. These generalizations are used in obtaining the equations

of motion governing the two-phase flow assumed here and are discussed below.

The first extension is a generalization from an isotropic to an anisob-epic medium. This

extension is developed heuristically as well as theoretically in Bear (1975). Implicit in this

generalization is the extension to two and three dimensions.
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The second extension is that of accounting for fluid compressibility effects. Hubbert (1940)

shows that extensions of Darcy’s law to compressible fluids such as gas are valid provided the

density of the fluid is only a function of pressure and the flow is irrotational “Darcy’s law in its

differential form is the same for a gas as for a liquid, provided that the flow behavior of a gas in

small pore spaces, other than expansion, is similar to that of a liquid” (Hubbert, 1956). The two

flows (of liquid and gas) for a given potential are not similar. Klinkenberg (1941) has shown that

in general the permeability to gas (kg) based on the assumed validity of Darcy’s law for gases is

not the same as the permeability to liquid (kL) and is a function of pressure. This is a result of

boundary slip associated with gas and the lower frictional resistances to flow of gas compared to a

liquid of the same viscosity and velocity. However, at pressures in excess of 30 atm, kg and kL

differ by only 1%. This Klinkenberg effect is assumed to be negligible in the WIPP environment

and the equations of motion that are developed in Sections 4.2.1.2 and 5.2.2 are assumed to hold

for compressible gas as well as the slightly compressible brine.

The third extension of Darcy’s law accounts for the presence and flow of multiple immiscible

phases. Once steady-state flow is achieved, Darcy’s law may be extended to describe the separate

flow of each phase (Bear, 1975). This extension introduces the concept of effective permeabilities,

relative permeabilities, and capillary pressure.

For each phase, the absolute permeability of (A-1) is replaced by the effective phase

permeability y and the pressure of (A-1) is replaced by the phase pressure. These effective

permeabilities are empirically determined by pressure drop and flow measurements. Numerous

experiments verify the validity of this extension and suggest that the effective permeability de~nds

on characteristics of the rock, the nettability characteristics, surface tension, the shape of the

interface separating the phases, and on phase saturation. The effective permeabilities do not appear

to depend on fhtid viscosity or their specific discharges (Bear, 1975; Scheideggar, 1960). Instead of

using effective permeabilities it is more convenient to refer to relative permeabilities, which are

defined for each phase as the ratio of the effective phase permeability to the absolute or intrinsic

permeability of the medium (measured when the medium is saturated with a single fluid).

As stated above, the relative permeabilities am empirical fits of pressure drop and flow data to

extensions of Darcy’s law. Measurements taken at different degrees of saturation result in differing

relative permeabilities. The dependence on saturation results in the sum of the effective

permeabilities being less than the absolute permeability at all values of saturation as long as more

than one phase is present (Bear, 1975; Dake, 1978; Corey, 1986; Scheideggar, 1960). The typical

dependence of relative permeability y on saturation is shown in Figure A-1. For each phase its

relative permeability increases with that phase’s saturation. Below each phase’s residual or

irreducible saturation ( .!WOfor wetting and SnWOfor non-wetting) the relative permeability is zero,
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indicating flows due to potential gradients in that phase will not occur. The effective permeability

and its saturation dependence is an empirical way of accounting for the interference that one fluid

makes on the other as they simultaneously flow through the porous media. Some researchers

suggest that there may be a transfer of viscous forces across this interface and that a finite velocity

exist at the interface (Russell and Charles, 1959; Yuster, 1953). This would result in effective

permeabilities being dependent on the difference in the viscosities or viscosity ratio of the phases.

Rose (1960) shows theoretically that this effect is secondary and most experimental data fail to

substantiate this dependence (Bear, 1975 p. 462). Therefore the relative permeabilities used here

are assumed independent of the viscosity ratio of the brine and gas phases. The relative

permeabilities arc assumed to depend on saturation according to relationships presented by Brooks

and Corey (1964). Volume 3 of this report presents the Brooks and Corey parameters that define

the relative permeabilities assumed for WIPP Brine and Gas.
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Table A-1. Definitions for Terms Used to Describe Flow Through Porous
Media.

permeability Defined by Darcy’s law as a conductivity of 1.0 darcy

(9.87x 10-13m2) if a pressure difference of 1 atm produces a flow rate

of 1 cm3/sec of a fluid with 1 cp viscosity through a cube having

sides 1 cm in length (Dullen, 1979). It is determined under single

phase saturated flow conditions and is independent of the fluid used.

Also the absolute permeability or specific permeability of porous

media. [L2 ], [nr2]

effective perrneabilit y Defined for each phase and determined experimentally and defined by

extensions of Darcy’s law to immiscible multiple phase flow. It is

dependent on both fluid and rock properties as well as fluid saturation.

Assumed to vary with saturation according to Brooks and Corey

relationship Brook and Corey (1964). [L2 ], [m2]

relative permeability Defined for each phase as the ratio of effective permeability of a phase

to the absolute permeability of the rock. [dimensionless]

saturation Defined for each phase as the ratio of the volume of a phase to the

pore volume. The volume of a fluid in a reservoir is then the product

of that fluid’s saturation, rock porosity, and reservoir volume.

[dimensionless]

porosity Volume fraction of the reservoir that is void (non-rock). The quantity

1.O-porosity is the reservoir’s rock volume. [dimensionless]

Irreducible Saturation Also the residual saturation and is defined for each phase as the

saturation corresponding to the formation of a continuous flow path

of that phase. Below irreducible saturation that phase will not flow

under a potential gradient. [dimensionless]
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B. LHS SAMPLES AND CALCULATED

LHS Samples and Calculated Normalized Releases

NORMALIZED RELEASES

This appendix contains the 60 sample elements for each of the 45 parameters varied and sampled by LHS and

summaries of radionuclide release to the 5-km, accessible environment boundary south of the WIPP for the E 1 and

E 1E2 scenarios with intrusions at 1000, 3000, 5000,7000, and 9000 yr. The simulations are run assuming a dual

porosity model for transport in the Culebra Dolomite Member of the Rustler Formation.

This appendix also contains the summaries of release to the accessible environment from initially drilling into

the repository and bringing up cuttings from one average activity of CH waste and one average activity of RH waste.

(The CH waste activity is subsequently multiplied by a factor to account for the four CH activity levels. This

modified activity along with the probability of actually hitting these various CH activity levels are used when

constructing the CCDF.

Cuttings were calculated for the five different intrusion times but there is no difference between the E 1, E2 or

E1E2 scenarios. The different scenarios are accounted for by the CCDFPERM program. The output tables were

created by the CCDFCALC computer code after reading the output databases created by STAFF2D and CUTTiNGS

and are the input to the CCDFPERM program which calculates the final CCDF.

Table B-1 lists the 45 parameters sampled and the distribution type used.

Table B-1. Numericai iD and Distributions of 45 Sampled Parameters in December
1991 WiPP PA Caicuiations

Distribution
Parameter Range Type

Unmodified Waste Form

1. Initial waste saturation o 2.76 X 10-1 Uniform

Gas Generation

Corrosion

2. Stoichiometry

3. Relative humid rate

4. Inundated rate, mol/m2/s*

Microbiological

5. Relative humid rate

6. Inundated rate, mol/m2/s**

9. Stoichiometry

Volume Fractions of iDB Categories

7. Metal/Glass

8. Combustibles

*
mole/m2 surface area steel/s

** molelkg cellulosics/s

o

0

0

0

0

0

2.76 X 10-1

2.84 X 10-1

1

5X1 O-1

1.2 X1 O-8

Uniform

Cumulative

Cumulative

2X1 O-I

1.6x 10-8

1.67

Uniform

Cumulative

Uniform

4.76 X 10-1

4.84 X 10-1

Normal

Normal
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Table B-1. Numerical ID and Distributions of 45 Sampled Parameters in December
1991 WIPP PA Calculations (Continued)

Distribution

Parameter Range Type

18. Relative areas in Eh-pH Space (index)

Dissolved Concentrations (Volubility)’

19. Am3+, Molar

20. NP4+, Molar

21. NP5+, Molar

22. Pu4+, Molar

23. Pu5+, Molar

24. Th4+, Molar

25. U4+, Molar

26. U6+, Molar

Halite within Salado Formation

10, Permeability (k), m2

Anhydrite Layers within Salado Formation

11. Pore pressure (p), Pa

12. Undisturbed, Permeability (k), m2**

13. Undisturbed Porosity ($)

45. Threshold displacement index (pt)

Castile Formation Brine Reservoir

14. Initial pressure (p), Pa

15. Storativity, bulk (Sb), m3

16, Permeability (k), m2

17. Diameter, m

Culebra Dolomite Member

27. Transmissivity field

28. Climate index

29. Dispersivity, longitudinal (czL), m

30. Fracture porosity (@f)

Fracture Partition Coefficients, m3/kg

31. Americium

o

5XI0-14

3X1O-’6

3X1O-11

2.0 x 10-’6

2.5x1 0-17

5.5X1 0-’6

IXIO-15

IX1O-7

8.6 x 10-22

9.3 x 106

6.6 X 10-20

1X1 O-3

o

I.l X107

2x 10-2

IX1O-I4

2.67 X 10-1

0

0

5XI01

IX1O-4

0.0

1.0

1.4

2X1O-5

1.2 X1O-2

4X1 O-6

5.5X1 0-4

2.2X1 O-6

5XI0-2

1

5.4 x 10-20

1.39X 107

9.5 x 10-19

3X1 O-2

1

2.1 x 107

2

Ixlo-’l

4.44 x 10-1

60

1.0

3XI02

1 x 10-2

1 x 103

Uniform

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Data

Data

Data

Cumulative

Normal

Cumulative

Lognormal

Lognormal

Uniform

Uniform

Uniform

Cumulative

Log normal

Cumulative

●

For the following elements – Np, Pu, and Th – only one species was used in each sample. The species were

rank correlated at r = 0.99.
● *

Permeability of the halite and anhydrite were rank correlated with an r = 0.80.
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LHS Samples and Calculated Normalized Releases

Table B-1. Numericai iD and Distributions of 45 Sampied Parameters in December
1991 WiPP PA Caicuiations (Conciuded)

Distribution
Parameter Range Type

32. Neptunium

33. Plutonium

34. Thorium

35. Uranium

36. Fracture spacing (2B), m

37. Matrix porosity ($m)

Matrix Partition Coefficients (m3/kg)

40. Am

41. Np

42. i%

43. Th

44. u

Probability Model for Scenarios

38. Rate constant in Poisson drilling model, A(t), s-1

39. Area of pressurized brine reservoir

0.0

0.0

0.0

0.0

6x 10-2

9.6x 10-2

0.0

0.0

0.0

0.0

0.0

0<

1X103

IX 103

1 x 101

1

8

2.08 X 10-1

1 x 102

IX 102

1XI02

1

1

1.O4X1O-11

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Spatial

Cumulative

Cumulative

Cumulative

Cumulative

Cumulative

Uniform

2.5 X 10-1 5.52 X 10-1 Cumulative

Table B-2 lists the Latin Hypercube sampled (LHS) values for each of the 45 parameters.

Tabie B-2. Sixty Vaiues Sampied By LHS For 45 Parameters which Were Varied in
December 1991 WiPP PA Caicuiations

Material WastRef WastRef WastRef WastRef WastRef WastRef
Parameter Brine Sat CorRatFr G Rabr H GRatCorl GRatMicH GRatMicl
RUN NO. X(I) x(2) x(3) x(4) x(5) X(6)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0.854
0.810
0.611
0.139
0.123
0.945
0.725
0.151
0.469
0.109
0.236
4.723E-02
0.738
0.259
0.923

0.315
0.459
0.850
0.254
0.383
0.942
0.653
0.402
0.818
0.536
0.361
0.614
0.478
0.892
4.737E-02

3.454E-02
0.436
0.372
0.194
0.359
8.686E-02
5.686E-02
6.637E-02
7.563E-02
4.467E-02
1.606E-02
9.739E-02
2.705E-03
1.952E-02
9.478E-02

6.775E-09
7.461 E-09
I. I28E-10
4.313E-09
8.924E-09
2.1 06E-09
9.723E-09
1.1 64E-08
3.244E-09
1.073E-08
5,732E-09
7.308E-10
1.286E-08
7.067E-09
6.221 E-10

0.122
0.165
0.152
7.819E-02
0.198
0.116
0.138
0.118
0.146
0.168
8.1 84E-02
o.104
6.507E-02
8.896E-02
3.021 E-o2

4.706E-09
9.441 E-10
2,845E-09
3,106E-O9
1.265E-08
3.953E-10
1.608E-09
1,147E-09
1.392E-08
2.787E-10
1.166E-08
1.355E-08
2.939E-09
1.091 E-08
1.01 9E-08

B-3



Appendix B

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In
December 1991 WIPP PA Calculations (Continued)

Material WastRef Wast Ref WastRef WastRef Wast Ref W ast Ref
Parameter Brine Sat CorRatFr GRadCorH GRatCorl GRatMicH GRatMicl
RUN NO. x(1) x(2) x(3) x(4) x(5) X(6)

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

0.288
0.532
0.331
0.390
0.229
0.960
0.355
8.905E-02
0.537
0.650
0.847
1,635E-02
0.446
0.278
0.817
0.967
0.404
0.787
5.649E-02
2.096E-02
0.773
0.760
0.496
0.454
0.341
0.554
0.697
0.372
0.575
0.679
0.883
0.642
0.707
0.624
0.432
0.906
0.209
0.182
0.190
0.890
0.989
7.286E-02
0.507
0.303
0.586

0.212
0.233
0.671
5.652E-02
0.190
0.447
0.523
0.152
0.574
0.905
1.1 34E-02
0.563
0.732
0.285
0.789
0.685
0.427
0.986
0.933
0.328
8.698E-02
0.170
0.588
0,500
0.134
0.781
0.649
0.125
0.766
0.342
0.383
0.868
0.742
0.486
0.862
0.983
0.816
0.627
0.961
0.104
0.271
0.243
0.701
3.048E-02
7.983E-02

0.327
0.475
8.471 E-02
0.464
0.495
0.413
0.157
0,232
0.421
0.300
9.080E-03
8.296E-02
6.049E-02
0.271
0.325
9.240E-02
5.519E-03
0.192
0.142
3.873E-02
6.932E-02
0.385
2.427E-02
0.398
0.114
0.249
1.021 E-o2
7.764E-02
0.127
0.108
4.1 18E-02
2.058E-02
0.288
2.742E-02
7.281 E-o2
0.450
0.353
0.217
4.961 E-02
3.077E-02
0.274
0.172
5.553E-02
5.1 30E-02
0.242

1.1 72E-08
2.921 E-09
1.264E-08
9.104E-o9
6.679E-09
4.429E-09
7.330E-09
3.525E-09
1.1 94E-08
1.084E-08
1.1 40E-08
1.600E-09
9.515E-09
3.914E-09
4.1 36E-09
1.232E-08
8.680E-09
2.488E-09
5.351 E-09
1.1 40E-09
9.337E-09
6.332E-09
7.912E-09
4.872E-09
2.099E-09
8.331 E-o9
1.834E-09
5.941 E-09
3,583E-09
5.081 E-o9
2,651 E-09
1.438E-09
7.857E-09
5.668E-09
9.637E-10
8.089E-09
1.1 12E-08
1.237E-08
6.227E-09
2.446E-10
1.036E-08
1.020E-08
9.999E-09
3.006E-09
4.754E-09

5.353E-02
4.978E-02
0.173
6.868E-02
1.346E-02
0.177
7,233E-02
5.874E-02
0.162
3.453E-02
9.785E-02
0.189
4,091 E-o3
5,248E-02
7.454E-02
0.148
9.438E-02
4.027E-02
3.841 E-02
2.195E-02
0.100
0.193
9.1 86E-02
1.698E-02
0.142
6.304E-02
2.670E-02
0.130
0.185
2.491 E-o2
0.110
0.156
7.898E-03
0.195
0.173
0.111
1.258E-02
0.128
0.159
4.374E-02
8.555E-02
0.136
3.208E-03
0.124
0.182

2.291 E-09
8.3 OIE-10
5.550E-09
1.206E-08
3.723E-09
1.736E-09
2.464E-09
5.234E-09
2. 172E-09
9.966 E-I O
6.680E-09
3.508E-09
1.586E-08
2.067E-09
2.424E-09
1.474E-08
2.646E-09
1.367E-09
5.767E-09
5.228E-10
6.373E-10
1.515E-08
1,554 E-1 O
6.403E-09
1.184E-09
1.435E-09
1.430E-08
1.599E-09
1.906E-09
1.313E-08
7.384E-10
2.737E-09
1.076E-08
9,775E-09
8,372E-09
7.530E-09
1,254E-08
4,370E-09
7.458E-09
9.474E-09
8,150E-09
8.908E-09
1.051 E-10
1,937E-09
3.053E-09



Table B-2. Sixty Values Sampled
December 1991 WIPP

LHS Samples and Calculated Normalized Releases

By LHS For 45 Parameters which Were Varied in
PA Calculations (Continued)

Wast Ref Wast Ref Wast Ref Salado MB139 MB139
VolMetal Vol Wwd SH2Mic Prm_X_U Pressure Prm_X_U

RUN NO. x(7) X(8) x(9) X(l o) X(l 1) X(12)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

0.358
0.350
0.385
0.334
0.385
0.412
0.339
0.380
0.321
0.345
0.314
0.371
0.361
0.318
0.336
0.352
0.432
0.368
0.392
0.344
0.399
0.404
0.326
0.382
0.424
0.398
0.427
0.378
0.293
0.330
0.390
0.395
0.369
0.365
0.356
0.413
0.388
0.440
0.476
0.423
0.283
0.465
0.365
0.379
0.363
0.407
0.298
0.453
0.374
0.402
0,347
0.393
0.442
0.417
0.373

0.316
0.301
0.284
0.339
0.376
0.396
0.401
0.340
0.351
0.358
0.388
0.374
0.370
0.395
0.382
0.413
0.378
0.305
0.384
0.404
0.409
0.329
0.414
0.434
0.446
0.360
0.409
0.439
0.387
0.424
0.353
0.399
0.365
0.379
0.334
0.453
0.322
0.406
0.350
0.362
0.443
0.356
0.455
0.428
0.422
0.369
0.346
0.371
0,466
0.484
0.384
0.416
0.398
0.392
0.430

0.595
1.48
1.11
1.17
0.200
0.785
0.773
0.888
0.856
0.335
0.927
1.47
1.03
1.66
1.33
7.328E-02
1.58
0.331
0.650
0.464
1.23
0.153
1.00
1.50
1.27
0.479
0.817
1.07
1.13
3.803E-02
1.21
0.299
0.133
2.11oE-o2
0.432
1.28
0.956
1.35
0.383
1.63
1.60
1.43
0.726
9.1 82E-02
1.15
0.516
1.37
0.614
0.671
0.407
0.572
0.705
1.42
0.995
0.269

1.027E-1 9
3.989E-20
2.341 E-21
5.593E-21
3.348E-22
1.207 E-1 9
2.347E-20
1.544E-21
6.585E-21
5.878E-21
1.115E-19
7.331 E-21
5.402E-21
1.337E-21
6.438E-21
7.433E-20
1.120E-21
5.046E-21
1.41 6E-20
5.972E-21
1.429E-21
3.508E-20
5.577E-20
1.334E-1 9
9.770E-20
7.504E-22
3.469E-21
6.086E-22
4.162E-22
2.715E-21
8,079E-21
1,571 E-2o
4.489E-22
8.1 79E-21
4.234E-21
3.414E-21
6.083E-21
7.230E-22
7.050E-21
4.941 E-21
4.762E-20
2.632E-20
5.509E-21
5.749E-21
6.070E-21
8.084E-20
1.881 E-21
3,919E-21
1.258E-21
9.420E-22
1.702E-21
7.265E-21
2.025E-22
6.918E-20
1.929E-21

1.473E+07
1.267E+07
8.502E+06
1.280E+07
1.277E+07
8.415E+06
1.208E+07
1,308E+07
1.425E+07
1.280E+07
9.027E+06
1.262E+07
1.280E+07
1.396E+07
9. 176E+06
1.280E+07
1.445E+07
1.280E+07
1.235E+07
8.738E+06
1.264E+07
1.406E+07
1.417E+07
1.280E+07
1.272E+07
8.542E+06
1.1 54E+07
8,816E+06
1.1 86E+07
1.286E+07
1.082E+07
1.012E+07
1.358E+07
9.254E+06
1.336E+07
1.428E+07
1.280E+07
8.220E+06
9.657E+06
1.274E+07
9.389E+06
1.457E+07
1.388E+07
1.269E+07
1.467E+07
1.297E+07
1.257E+07
1.280E+07
1.326E+07
1.280E+07
1.442E+07
1.280E+07
1.376E+07
1.259E+07
1.098E+07

1.077E-18
1.530 E-1 8
5.455E-20
1.309 E-I 9
3.839E-20
8.435E-19
1.035E-18
6.800E-20
1.170E-18
6.800E-20
1.257E-18
7,853E-20
6.800E-20
7.291 E-20
7.900E-20
1.319E-18
2,595E.20

4.760 E-I 9
6.631 E-19
8.099E-20
7.665E-20
1.395E-18
7,307E-20
1.659E-18
1.798E-18
6.949E-20
8. 143E-20
4.557E-20
7.475E-20
6.800E-20
8.161 E-20
7.446E-19
6.623E-20
7.930E-20
7.568E-20
7.o31 E-2o
7.837E-20
3.247E-20
1.946E-19
7.742E-20
2.843E-19
8.934E-19
5.972E-20
6.800E-20
8.059E-20
1.574 E-1 8
6.800E-20
3.026E-20
6.834E-20
8.007E-20
6.800E-20
5.837E-19
1,397E-20
6.800E-20
6.800E-20
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Appendix B

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In
December 1991 WIPP PA Calculations (Continued)

Wast Ref Wast Ref Wast Ref Salado MB139 MB139
VolMetal Vol Wood SH2Mil Prm_X_U Pressure Prm_X_U

RUN NO. x(7) X(8) x(9) X(lo) X(n) X(12)

56 0.341 0,345 0.538 5.744E-22 8.91 OE+O6 1.867E-20
57 0.420 0.366 1.55 4.587E-20 1.029E+07 7,999E-20
58 0.354 0.331 0.891 8.206E-22 1.31 8E+07 6.800E-20
59 0.407 0.391 0.171 7.766E-21 1.280E+07 4.111 E-19
60 0.311 0.419 0.225 5.680E-21 1,348E+07 7.135E-20

MB139 Castile_R Castile_R Borehole Borehole Wast Ref
Pore_U Pressure StorBulk Prm_X DiamMod RelAEhpH

RUN NO. X(13) X( I 4) X(15) X(l 6) X(17) X(18)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

2.337E-02
2.329E-02
2.840E-02
2.413E-02
6.626E-03
3.835E-03
1.423E-02
4.976E-03
2. 194E-02
2.797E-02
2.062E-03
1.298E-02
1.080E-02
1.831 E-o2
7.069E-03
9.040E-03
8.390E-03
1.706E-02
1.487E-02
6,341 E-o3
2.927E-02
4.805E-03
1.893E-02
8.745E-03
1.1 42E-02
2.559E-02
5.575E-03
8.070E-03
1.360E-02
2.517E-02
1.423E-03
9.893E-03
7.770E-03
2.1 05E-02
1.131 E-03
1.941 E-o2
2.930E-03
2.650E-02
1.631 E-o2
2.335E-03
9.1 17E-03
1,266E-02

1.232E+07
1.202E+07
1.426E+07
1.940E+07
1. 174E+07
1.486E+07
1.408E+07
1.890E+07
1. 147E+07
1.544E+07
1.1 72E+07
1.654E+07
1.242E+07
1.575E+07
1.503E+07
1.321 E+o7
1.607E+07
1.157E+07
1.548E+07
1.1 17E+07
1.271 E+o7
1.833E+07
1.222E+07
1.362E+07
1.1 67E+07
1.243E+07
1.1 54E+07
1.993E+07
1.1 24E+07
1.762E+07
1.790E+07
1.191 E+07
1.851 E+07
1.811 E+o7
1.1 29E+07
1.141 E+07
1.258E+07
1.1 88E+07
2.033E+07
1.911 E+o7
1.266E+07
1.227E+07

0.118
0.156
1.08
0.465
5.452E-02
0.212
0.143
0.808
8.365E-02
0.191
0.566
9.906E-02
0.138
0.373
0.269
0.541
0,113
0.655
0.411
0.501
0.157
9.589E-02
0.177
3.996E-02
1.81
0.174
0.257
0.122
0.126
0.228
0.295
3.792E-02
9.060E-02
0.326
0.284
0.637
0.370
0.224
6.1 40E-02
0,134
2.229E-02
1.40

2.050E-14
1.047 E-I 2
1.019E-13
3.905E-14
2.271 E-13
4.51 5E-12
6.181 E-13
7.856E-13
1.000 E-1 1
2.681 E-12
4.298E-14
1.116E-13
1.200E-12
2.276E-12
1.578E-12
3.537E-12
1.462E-12
5.053E-13
2.393E-13
2.491 E-13
4.819E-14
1.309E-13
3.888E-13
1.714E-12
1.462E-13
2.628E-13
2.004E-13
5.495E-12
5,953E-13
4,873E-13
1,366E-13
7.621 E-14
7.112E-14
4.470E-13
1.162E-13
2.267E-14
8.042E-13
9.055E-14
1.806E-13
3.546E-13
3.225E-14
9.11oE-13

0,410
0,294
0.377
0.424
0.273
0.361
0.339
0.329
0.333
0.277
0.345
0.307
0.420
0.422
0.328
0.434
0,387
0,405
0.442
0.318
0.390
0.286
0.311
0.427
0.283
0.349
0.398
0.363
0.337
0.380
0.311
0.365
0.369
0.299
0.439
0.270
0.375
0.391
0.415
0.326
0.352
0.305

0.276
0.160
0.841
0.666
0.977
0.588
0.389
0.473
0.576
0.870
0.715
0.209
0.381
0.623
0.903
0.789
0.820
0.945
0.284
9.611 E-o2
2.648E-02
0.329
0.998
0.695
0.648
0.429
0.510
0.526
0.342
0.739
0.403
0.923
0,866
5,813E-02
0,230
0,893
4,848E-02
0.246
0.759
0.810
0.546
0.683



LHS Samples and Calculated Normalized Releases

Table B-2. Sixty Values Sampled By LHS For 45 Parameters Which Were Varied In
December 1991 WIPP PA Calculations (Continued)

MB139 Castile_R Castile_R Borehole Borehole Wast Ref
Pore_U Pressure StorBulk Prm_X DiamMod

RUN NO. X(13)
RelAEhpH

X(l 4) X(15) X( I 6) X(17) X( I 8)

43
44
45
48
47
48
49
50
51
52

2
55
56
57
58
59
60

2.551 E-o3
4.061 E-o3
1.038E-02
3.131 E-o3
5.274E-03
2.973E-02
1.539E-02
4.433E-03
5.830E-03
6.889E-03
3.539E-03
2.214E-02
2.691 E-o2
1.662E-03
1.752E-02
7.443E-03
9.428E-03
2.006E-02

1.463E+07
1.685E+07
1.686E+07
1.261 E+o7
1.21 6E+07
1.122E+07
2.046E+07
1.249E+07
1,101 E+07
1.721 E+o7
1.136E+07
1.1 85E+07
1.109E+07
1.208E+07
1.338E+07
1.972E+07
1.205E+07
2.088E+07

0.973
0.197
6.91 OE-O2
4.850E-02
7.638E-02
7.937E-02
0.315
0.761
0.411
0.105
6.601 E-o2
0.206
0.169
0.343
0,255
0.438
2.587E-02
0.245

9.961 E-13
5.514E-13
1.622E-13
6.654E-13
2.959E-13
2.038E-12
9.869E-14
1.770 E-1 3
4.306E-13
1.088E-14
2.975E-13
6.375E-14
7.211 E-13
5.933E-14
3.631 E-13
3.211 E-13
1.289E-12
2.084E-13

0.372
0.384
0.268
0.431
0.355
0.320
0.396
0.288
0.417
0.401
0.407
0,315
0,436
0.291
0.342
0.300
0.281
0.356

0.134
0.185
7.773E-02
0.610
0.307
0.365
0.255
0.726
0.438
0.780
0.178
0.127
0.461
0,960
0,559
1.443E-02
0.108
0,489

Am= Npd NP+5 PU+4 PU+5 Th+4

Solm Sol M Sol M Sol M Sol M Sol M
RUN NO. X(19) X(20) X(21 ) x(22) X(23) X(24)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

I. O8OE-10
0.203
6.019E-07
5.557E-04
3.634 E-I O
9.860 E-1 O
5.988 E-I 1
2.781 E-10
1.671 E-1 1
8.132E-07
2,993 E-I 1
9.7o1 E-o7
2.183E-10
8.734 E-1 O
4.1 89E-07
3.680E-07
3.626E-12
7.520 E-1 O
1.798E-10
3.046E-04
8.743E-11
7.906 E-I O
1.956E-07
4.831 E-o8
3.420E-11
0.264
6.281 E-o4
1.896E-10
9.571 E-o7
1.09

1.850E-09
2.844E-09
3.912E-11
2.247E-07
3.763E-09
5.273E-07
3.122E-07
2.321 E-o9
5.633E-09
1.1 17E-06
1.024E-05
1.441 E-o5
1.151 E-11
4.735 E- 11
2.963E-11
5.202E-06
1.274E-06
1.384E-05
3.306E-06
1.716E-07
7.438E-08
1.626E-09
3.346E-08
3.268E-16
2.614E-10
5.686E-07
1.146E-07
5.1 98E-07
5.595E-09
4.793E-07

1.680E-07
2.737E-07
1.812E-08
3.421 E-o6
3.346E-07
9.456E-06
5.483E-06
2.480E-07
5.552E-07
4.670E-04
5.006E-03
8.102E-O3
3.920E-09
2.490E-08
1.570E-08
3.436E-03
6.1 82E-04
8.770E-03
2.750E-03
2.557E-06
1.383E-06
1.827E-07
7.398E-07
4.467E-11
4.306E-08
8.172E-06
2.131 E-06
8.881 E-06
5.869E-07
8.085E-06

1.909E-09
4.096E-12
3.772E-07
1.518E-12
1.071 E-08
4.490E-08
1.1 85E-06
3.083E-06
4.300E-08
1.524E-08
1.1 76E-07
3.231 E-08
3.652E-10
2.283E-10
3.920E-06
3.186E-07
1.686E-08
1.239 E-1 1
1.449 E-1 O
8.286E-08
5.463 E-1 O
4.900E-08
1.628E-15
2.953E-08
2.426E-12
7.384E-16
4.139E-10
1.036E-13
1,747E-06
3, OI2E-10

8.394 E-1 O
2.675E-13
5.302E-05
1.207E-13
1.656E-08
1.361 E-o7
1.81 9E-04
4.131 E-o4
1.491 E-o7
4,692E-08
9.552E-06
1.084E-07
3.954E-10
1.333 E-I O
5.035E-04
3.679E-05
6.375E-08
3.273E-11
2.012E-10
3.996E-06
5.535 E-1 O
1.664E-07
1.981 E-16
8,233E-08
1,677E-13
7.319E-17
4.138E-10
1.769E-14
2.312E-04
3.o1oE-10

9.272E-11
8.644E-09
1.736E-06
6.645E-11
7.327E-09
5.31 8E-09
1.681 E-11
4.808E-13
2.787E-13
2.532E-11
9.457E-08
8.285E-16
4.555E-09
7,170E-11
4.317E-11
6.307E-09
2.722E-09
6.262E-07
3.824E-13
9.174E-10
5.955E-11
2.065E-06
2.966E-15
1.470E-07
8.038E-11
1.183E-07
1,345E-06
3,244E-07
8.050E-13
5.456E-08
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Appendix B

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In
December 1991 WIPP PA Calculations (Continued)

Ami-3 NP+4 NP+5 p“+4 p“+5 Th+4

SOIM Sol M Sol M Sol M Sol M Sol M
RUN NO. X(I 9) X(20) X(21) x(22) X(23) X(24)

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

1.1 74E-03
1.811 E-o5
8.906E-04
4.235E-11
9.258 E-1 O
7.585E-11
1.517E-10
7.496E-07
4.825E-10
5.348E-10
9.668E-04
1.25
0.729
4.592 E-1 O
3.467E-04
0.645
1.384 E-1 1
6.415E-10
5.225E-07
1,268E-10
1.105E-O6
6.1 15E-10
1.1 60E-06
1.332E-03
1.494 E-I O
1.1 68E-07
6.740E-07
3.571 E-10
7.249 E-1 O
3.1 66E-07

3.317E-07
4.613E-09
4.398E-09
1.209E-15
1.835 E-1 1
1.508E-07
2.665E-09
1.881 E-06
5.145E-09
1.723E-06
5.750E-11
2.348E-15
2.517E-07
4.237E-07
1.931 E-05
6.832E-07
1.394E-06
1.538E-06
9.042E-07
4.502 E-I 1
1.030E-06
3.229E-09
5.299E-12
3,842E-07
2.916E-15
2.439E-11
1.756 E-1 5
7.851 E-1 O
8.958E-10
9.088E-16

6.1 60E-06
4.694E-07
4.3o1 E-o7
1.473 E-1 O
7.314E-09
3,933E-06
3.169E-07
1.083E-03
5.039E-07
9.840E-04
2.749E-08
2.503E-10
4.545E-06
7.075E-06
1.1 13E-02
1.1 95E-04
7.828E-04
8.646E-04
1.942E-04
2.249E-08
3.380E-04
3.990E-07
2.819E-09
6.378E-06
2.994 E-1 O
1.034E-08
1.884E-10
8.756E-08
1.1 55E-07
1,o95E-10

3.382E-07
2.079E-08
4.995E-12
4.091 E-16
7.517E-09
4.428E-10
9.479E-13
5.445E-08
5.188E-10
8.352E-16
2.695E-12
5.757 E-1 O
3.763 E-I 2
1.277E-15
1,895 E-1 O
9.900E-11
3.232E-10
9.944E-07
2.764E-06
2.637E-08
2.551 E-1 O
2.451 E-o7
1.850E-07
3.963E-08
7.244E-11
1.827E-15
5.735E-12
5.673E-08
1.599E-07
2.707E-07

4.807E-05
6.791 E-08
3.209E-13
5.546E-17
3.293E-08
4.665E-10
4.702E-14
1,890E-07
5.098E-10
1.028E-16
1.861 E-13
5.648E-10
2.398E-13
1.722 E-1 6
1.724 E-1 O
8.268E-11
3.259E-10
6.953E-05
3,780E-04
9,569E-08
2.792 E-1 O
2.753E-05
2.362E-05
1.299E-07
5.394 E-I 1
2.238E-16
3.906E-13
1.806E-07
1.526E-05
3.460E-05

1.400 E-1 5
3.560E-15
5.334E-15
3.534 E-I 1
3.322E-09
9.268E-13
4.353E-15
9.794E-14
5.993E-13
1.782E-07
7.91 5E-09
6.032E-09
4.818E-10
2.925E-11
9.875E-07
1.599E-13
6.413E-08
3.658E-09
1.073E-08
4.453E-12
1.213E-11
1.594E-07
4.930 E-I 1
1.994E-07
9.515E-11
8.833E-09
7.314E-13
7,562E-11
9.51 2E-09
1.940E-09

@ u+6 Culebra Culebra Culebra
SOIM

Culebra
SOIM Fieldldx Climtldx Disp_lng FPore

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30)

1 5.674E-03 3.843E-02 0.612 4.754E-02 59.3 3.373E-04
2 1.097E-02 6.729E-02 0.842 0.153 72.2 6.051 E-03
3 9.926E-07 2.984E-05 0.506 0.846 165. 7.606E-04
4 6.936E-04 6.966E-03 0.597 0.464 282.
5

2.647E-03
8.458E-05 1.690E-03 0.701 0.470 206. 1.304E-03

6 2.561 E-o3 2.338E-02 0.896 0.222 77.8 1.554E-03
7 4.323E-09 5.469E-07 3.516E-03 0.969 272, 4.447E-03
8 4.543E-03 4.31 oE-02 0.243 3.045E-02 208. 1,676E-04
9 4.988E-02 0.914 4.062E-02 0,833 61.4 1,048E-03
10 1.221 E-02 8.384E-02 0.285 0.125 131.
11

3.211 E-04
3.876E-02 0.790 0.820 0,813 238. 1,487E-03

12 6.470E-07 2.1 79E-05 0.216 5.657E-02 52.8 7.358E-03
13 2.796E-04 3.463E-03 0.186 0.381 50.0
14

5.535E-04
6.245E-04 6.241 E-o3 0,973 0.789 241. 1.208E-03

15 2.420E-02 0.361 0.344 0.605 232. 4. 104E-04
16 8.701 E-o7 1.851 E-05 0.562 0.204 82.8 1.343E-03
17 8.932E-09 9.753E-07 0.173 0.728 118.
18

9.504E-04
I,215E-09 2.477E-07 0.687 0.587 74.5 1.760E-03



Table B-2. Sixty Values Sampled
December 1991 WIPP

LHS Samples and Calculated Normalized Releases

By LHS For 45 Parameters which Were Varied in
PA Calculations (Continued)

i4 U+6 Culebra Culebra Culebra
&M

Culebra
SOIM Field Idx Climtldx Disp_lng FPore

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30)

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

1.425E-02
2.912E-07
4.443E-05
8.1 25E-03
4.534E-07
3.771 E-o7
3.158E-05
8.859E-05
9.102E-O4
1.477E-03
4.153E-04
5.708E-05
6.229E-09
7.956E-09
1.298E-07
4.829E-05
7.281 E-o5
7.892E-04
4.445E-06
9.433E-04
3.127E-02
7.894E-05
7.015E-04
7.791 E-o7
2.738E-05
8.777E-04
2.079E-05
1.333E-02
3.1 63E-09
3.208E-04
9.799E-05
3.567E-04
3.656E-02
6.680E-05
4.857E-04
1.385E-04
1.1 76E-07
8.334E-03
5.626E-04
3.794E-05
1.077E-05
1.715E-04

0.173
8.830E-06
9.478E-04
5.940E-02
1.426E-05
1.278E-05
5.836E-04
1.820E-03
9.377E-03
1.812E-02
5.334E-03
1.1 20E-03
6.672E-07
8.273E-07
6.962E-06
9.888E-04
1.466E-03
8.364E-03
1.240E-04
9.696E-03
0.402
1.529E-03
7.338E-03
2.551 E-05
4.406E-04
8.649E-03
4.1 99E-04
9.681 E-02
2.668E-07
4.1 62E-03
1.958E-03
4.030E-03
0.600
1.31 9E-03
4.822E-03
2.415E-03
1.638E-06
7.984E-02
6.579E-03
7.308E-04
2.459E-04
2,653E-03

0.964
0.374
0,464
0.311
0.815
0.399
0.662
0.490
0.223
8.1 22E-02
0.914
2.404E-02
0.351
0.778
0.628
0.861
0.166
0.413
0.325
9.229E-02
0.281
0.647
0.528
0.785
0.436
0.872
0.149
0.728
0.767
0.984
0.945
0.549
0.127
0.431
0.919
0.104
0.261
0.469
6.1 27E-02
0.742
0.583
0.675

0.940
0.660
0.716
0.536
0.739
0.233
0.417
0.755
0.438
0.674
0.626
0.334
0.502
0.868
0.523
0.485
0.366
0.896
0.297
9.709E-03
0.768
0.695
0.389
0.327
0.416
0.191
0.146
0.932
0.306
7.205E-02
0.559
0.167
0,912
0.106
0.647
0,985
9.896E-02
0.278
0.264
0.959
0.854
0.578

89.4
54.7
159.
213.
153.
276.
90.1
188,
81.4
63.5
126.
86.4
184.
220.
57.3
292.
265.
84.6
97.3
258.
113.
75.4
61.9
95.0
67.9
99.3
296.
167.
138.
198.
68.9
87.1
248.
70.4
141.
92,0
178.
105,
79.2
66.3
56.2
93.7

1.868E-03
2,624E-04
9.785E-04
1.000E-02
3.304E-03
1,041 E-o3
5,374E-04
7.807E-04
1.057E-04
2.506E-03
4.657E-04
1.099E-03
6.81 9E-04
4.368E-04
4.906E-04
2.950E-04
2.212E-03
8.208E-04
6.090E-04
4.138E-03
2.490E-04
3.947E-04
8.872E-04
2.086E-03
6.894E-04
2.870E-03
2.151 E-04
8.71 8E-04
1.604E-04
6.467E-04
7.244E-04
1.968E-03
5.944E-04
1.647E-03
3.767E-03
1.458E-03
2.335E-03
3.189E-03
3.790E-04
1.234E-03
1.807E-03
l,138E.03

Culebra Culebra Culebra Culebra Culebra Culebra
FKd_Am_C FKd_Np_C FKd_Pu_C FKd_Th_C FKd_U_C FrctrSp

RUN NO. X(31) X(32) x(33) x(34) x(35) X(36)

1
2
3
4
5
6
7
8

39.8
247.
77.9
1.28
1.141 E-02
577.
647.
1.10

419.
690,
9.821 E-o3
202.
5.075E-03
1.365E-02
201.
991.

494.
690.
180.
1.97
728.
69.0
825.
0.178

6.560E-02
2.64
1.240E-02
7.925E-04
0.893
1.704E-02
1.52
4.030E-02

5.791 E-04
0.992
3.464E-03
1.1 56E-02
3,841 E-o3
9,744E-03
7,360E-03
6.461 E-o3

7.31
0.329
0.546
7.12
1.40
5.59
0.298
0,273
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Appendix B

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which
December 1991 WIPP PA Calculations (Continued)

Were Varied In

Culebra Culebra Culebra Culebra Culebra Culebra
FKd_Am_C FKd_Np_C FKd_Pu_C FKd_Th_C FKd_U_C FrctrSp

RUN NO. X(31 ) X(32) x(33) x(34) x(35) X(36)

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

2.49
733.
1.06
412.
525.
7.79
477.
0.482
2.06
824.
561.
697.
0.836
0.878
1.43
379.
0.626
193.
0.295
2.24
346.
16.5
0,424
856.
0.967
302.
772.
5.33
121.
1.53
6.53
990.
1.25
9.23
0.181
507.
617.
1.39
3.02
3.89
715.
924.
956.
888.
218.
3.36
3.76
332.
807.
152.
173.
436.

7.655E-04
333.
27.4
2.326E-03
1.676E-03
595.
6.809E-03
286.
129.
8.876E-02
343.
643.
5.578E-03
558.
134.
90.0
1.637E-03
4.429E-03
0.263
833.
64.4
8.359E-03
8.528E-04
507.
625.
2,558E-03
1.584E-04
395.
733.
1.311 E-o2
7.243E-03
4.154E-03
1.096E-02
7.525E-03
1.468E-02
3.378E-03
0.923
937.
792.
0.445
6.182E-03
860.
0.781
496.
1,019E-02
900.
736.
451.
883.
264.
1,171 E-02
0.514

541.
145.
910.
306.
4.27
565,
394.
5.18
351.
576.
1.43
230.
2.94
1.20
0.480
812.
0.591
0.370
7.37
319.
459.
161.
3.600E-03
262.
943.
89o.
7.73
776.
974.
852.
99.3
431.
1.79
657.
966.
0.733
203.
499.
2.644E-02
374.
618,
4.605E-02
2.55
743.
5.78
11.5
2.38
632.
3.29
72.6
9.15
35,8

4.526E-02
7.714E-02
8.19
3.005E-02
2.122E-02
8.80
5.028E-02
2,501 E-o2
3.26
0.217
9.376E-02
4.925E-02
2.18
0.426
0.837
2.723E-02
6.779E-02
0.151
4.03
1.623E-02
9.065E-02
9.02
6.79
8.353E-02
9.904E-02
3.856E-02
0.956
9.255E-03
6.023E-02
0.530
0.729
0.332
0.273
0.377
0.520
4.61
5.644E-02
7.216E-02
5.968E-02
5.80
8.906E-02
7.509E-02
0.781
5.77
5.650E-03
3.466E-02
0.637
8.234E-02
9.49
7.29
3.82
0,655

1.095E-02
1.1 83E-02
0.392
1.300E-02
4.144E-03
1.487E-02
9.550E-03
0.885
0.573
9.142E-04
2.982E-03
5.271 E-o3
8.966E-03
6.140E-03
2.968E-04
1.405E-03
0.133
0.801
5.564E-03
1.1 59E-03
2.1 17E-03
1.035E-02
2.373E-03
0.643
0.307
6.744E-03
1.277E-02
1.349E-02
1.426E-02
1.985E-04
0.204
7.072E-04
5.420E-03
4.273E-03
5.984E-03
7.1 63E-03
8.681 E-03
1.644E-03
1.055E-02
1.963E-03
0.448
4.654E-03
2.606E-03
5.088E-02
0.694
8.1 54E-03
1.232E-02
7.691 E-03
1.406E-02
3.1 60E-03
4.964E-03
1.736E-03

4.56
0.356
0.776
0.192
0.283
3.75
0.165
0,115
4.86
0,248
0.215
6.80
0.201
0.238
5.37
0.393
6.25
6.18
8.236E-02
0.352
2.95
7.82
4.10
0.287
8.809E-02
0.375
3.20
0.138
2.53
1,97
2.25
0.336
0.141
0.121
5.92
6.751 E-o2
0.254
6.62
1.84
1.09
4.22
7.68
0.103
1.50
5.10
2.76
0.155
0.378
0.311
0.227
3.61
0.176
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LHS Samples and Calculated Normalized Releases

Table B-2. Sixty Vaiues Sampies By LHS For 45 Parameters Which Were Varied in
December 1991 WiPP PA Caicuiations (Continued)

Culebra Culebra Culebra Culebra Culebra Culebra
Porosity Kd_Am_C Kd_Np_C Kd_Pu_C Kd_Th_C Kd_U_C

RUN NO. x(37) X(38) x(39) X(40) X(41) X(42)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

0.133
0.185
9.854E-02
0.207
0.178
0.163
0.121
0.115
0.122
0.120
0.118
0.138
0.172
0.163
0.127
0.147
0.203
0.179
9.539E-02
0.154
0.101
0.121
0.140
0.106
0.180
8.716E-02
0.138
0.139
0.175
7.623E-02
0.179
0.131
0.120
0.164
0.158
0.123
0.116
0.199
0.211
0.111
0.120
0.126
0.130
0.121
0.166
0.145
0.143
0.119
0.222
0.119
0.204
0.124
0.100
0.178
0.179
0.214
0.179

3.609E-02
0.333
8.183E-02
0.998
0.169
0.136
1.356E-02
0.150
0.130
0.347
53.7
57.2
26.7
9.28
3.01
2.285E-02
77.1
87.3
4.874E-02
39.7
0.892
4.91
2.802E-02
0.182
0.105
0.200
6.201 E-o2
0.142
9.405E-02
0.159
8.15
6.41
5.884E-02
0.393
9.895E-02
12.4
6.892E-02
0,148
0.752
7.509E-02
0.115
0.129
72.3
0.300
8.802E-02
6.56
0.536
0.247
3.250E-03
0,645
1.59
30.7
0.122
0.191
0.271
3.1 76E-02
4.474E-02

3.549E-02
91.2
4.062E-03
4.849E-04
0.121
9.27
5.16
87.3
5.562E-02
5.154E-05
4.957E-02
1.798E-04
1.92
7.942E-04
5,651 E-o4
6.25
1.082E-03
1.476E-03
1.31 2E-03
1.1 95E-03
69.4
2.688E-04
51.1
1.426E-04
1.085E-04
0.107
3.811 E-o4
8,994E-02
0.184
7.131 E-o4
6.753E-02
1.41 oE-02
0.136
20,1
0.195
1.115E-03
2.141 E-o4
2.704E-02
28.6
11.3
7.21 OE-O2
3.80
59.2
6.381 E-o4
0.102
6.736E-04
8.1 25E-02
9.876E-04
4.349E-04
0.709
8.578E-02
7.87
4.651 E-o2
0.147
8.473E-04
3.086E-04
2.752E-02

B-1 1

0.116
0.938
40.0
92.7
7.642E-03
0.694
2.551 E-o2
32.1
0.381
4.398E-04
47.3
6.307E-02
0.133
4.1 85E-02
1.633E-03
7.772E-02
1.887E-02
0.186
3.274E-03
8.434E-02
5.077E-03
0.488
0.210
8.96
0.456
1.41 8E-02
4.911 E-o2
61.5
0.963
70.4
0,332
82.2
0,531
6.405E-03
0.269
79.1
16.4
0.630
0.767
0.797
7.407E-02
9.461 E-o2
0.217
46.6
0,166
I,181E-03
0.846
2.15
0.301
8.558E-03
54.6
2.796E-03
0.239
4.400E-03
3.573E-02
9.532E-03
26.0

6.603E-02
7.053E-03
1.304E-03
8.686E-03
8.653E-03
0.438
5.029E-03
0.863
5.662E-03
4.605E-03
1.333E-02
0.594
5.899E-03
0.580
2.108E-O2
9.823E-03
0.668
2.294E-02
8.440E-02
6.482E-03
0.803
4.851 E-03
7.909E-03
4.954E-02
6.317E-02
4.1 87E-02
0.706
9.644E-03
3.327E-03
5.371 E-02
4.306E-03
0.981
7.392E-02
3.292E-02
0.181
1.484E-03
7.680E-02
3.740E-02
2.164E-03
9.168E-03
9.1 83E-02
8.1 03E-03
2,844E-03
7.663E-05
6.933E-03
1.844E-03
4.462E-04
9.892E-02
6.014E-03
0.284
0.276
2.634E-03
3.503E-03
0,157
3.700E-03
0.922
8.412E-04

3.237E-02
6.583E-04
6.137E-04
0.194
9.397E-04
2.061 E-o4
1.087E-02
5.635E-04
1.233E-04
9.050E-02
0.462
0.261
6.630E-02
9.994E-02
3.970E-02
0,868
2,298E-04
1,460E-03
5.483E-05
1.077E-03
0.672
4.451 E-o2
8.371 E-o4
9.392E-02
2.458E-02
1.278E-03
4.344E-04
2.714E-03
7,931 E-o2
5.547E-02
0,171
2.157E-05
0.704
0.125
3.41 2E-02
5.997E-02
1.560E-02
8.225E-04
4.912E-02
0.963
1.056E-03
4.007E-04
3.562E-04
1.614E-04
4,879E-04
7.486E-02
1.173E-03
0.183
1.340E-03
0.163
0.135
2.579E-04
8.507E-02
0.111
0.152
2,324E-02
7.o41 E-o2



Appendix B

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which
December 1991 WIPP PA Calculations (Continued)

Were Varied In

Culebra Culebra Culebra Culebra Culebra Culebra
Porosity Kd_Am_C Kd_Np_C Kd_Pu_C Kd_Th_C Kd_U_C

RUN NO. x(37) x(38) x(39) X(40) X(41) X(42)

58 0.122 9.340E-02 4.31 7E-06 5.528E-02 7.51 7E-03 7.079E-04
59 0.180 0.113 1.355E-03 99.9 0.350 0.474
60 0.179 97.2 0.172 0.651 0.471 8.230E-03

Global Castile_R MB139
Lambda AreaFrc ThrsPldx

RUN NO. x(43) x(44) x(45)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

9.787E-12
8.358E-12
6.893E-12
4.289E-12
5,988E-12
5.181 E-12
5.544E-12
2.465E-12
9.1 37 E-I 2
1.795 E-I 2
8.574E-13
9.401 E-12
9.402E-13
7.739E-12
6.288E-12
7.511 E-12
1.287E-12
2.946E-12
1.659 E-1 2
2.857E-12
5.290 E-I 2
8.232 E-I 2
4.004E-12
7.884E-12
6.472E-12
7.221 E-12
7.00 IE-12
8.930 E-I 2
5.471 E-12
1.118E-12
7.402E-12
1.017E-11
3.789E-12
1.917E-12
8.128E-12
4.408E-12
5.373E-13
1.481 E-12
3.220E-12
9.590E-12
3,511 E-13
8,838E-14
1.030 E-I 1
5.872E-12
3.828E-12
2.675E-12
2.141 E-12
9.991 E-12

0.443
0.489
0.416
0.354
0.407
0.257
0.362
0.348
0.368
0.462
0.418
0.361
0.342
0.352
0.483
0.439
0.345
0.429
0.372
0,432
0.470
0.306
0.382
0.423
0.456
0.340
0.336
0.491
0.318
0.385
0.366
0.425
0.410
0.325,
0.514
0.392
0.377
0.412
0.464
0.331
0.402
0.445
0.358
0.476
0.420
0.450
0.453
0.458

0.215
0.286
0.517
0.747
0.709
0.898
0.163
0.111
0.823
0.611
0,374
0.236
0.589
0.594
0.434
0.813
0.258
0.190
0.488
0.783
0.961
0.642
0.580
0.385
0.308
0.331
0.405
0.506
8,1 15E-02
0.477
0.525
0.688
0,527
0.418
0.632
0,650
0,537
0,761
-1.192E-07
0.566
0.297
0.561
0.358
0.271
0.616
0.549
0.703
0.439
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LHS Samples and Calculated Normalized Releases

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In
December 1991 WIPP PA Calculations (Concluded)

Global Cast ile_R MB139
Lambda Area Frc ThrsPldx

RUN NO. x(43) x(44) x(45)

49 3.318E-12 0.386 0.413
50 3.483E-12 0.468 0.396
51 4.560E-12 0.333 0.449
52 4.821 E-12 0.324 0.728
53 2.393E-12 0.394 0.499
54 8.728E-12 0.435 0.354
55 8.595E-12 0.311 0.339
56 6.666E-12 0.397 0.465
57 6. IOOE-12 0.374 0.877
58 9.295E-12 0.399 0.678
59 2.908E-13 0.390 0.464
60 4.940E-12 0.441 0.659
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Appendix B

Table B-3 lists the ranks of samples.

Table B-3. Ranks of Sixty Values Sampled

Material WastRef Wast Ref WastRef
Parameter Brine Sat

Wast Ref Wast Ref WastRef Wast Ref Wast Ref
CorRatFr GRatCorH GRatCorl GRatMicH G Rat Mic I VolMetal Vol Wood

RUN NO. X(1) x(2) x(3) x(4) x(5) X(6) x(7) X(8)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

52.
49.
37.

9.
8.

57.
44,
10.
29.

7.
15.

3.
45.
16.
56.
18.
32.
20.
24.
14.
58.
22.

6.
33.
40.
51.

1.
27.
17.
50.
59.
25.

19.
28.
51.
16.
23.
57.
40.
25.
50,
33.
22.
37.
29.
54.

3.
13.
14.
41.

4,
12.
27.
32.
10.
35.
55.

1.
34.
44.
18.
48.
42.
26.

11. 33.
56. 36.
51. 1.
38. 21.
50. 42.
27. 11.
18. 46.
20. 54.
23. 16.
14. 50.

5. 28.
30. 4.

1. 60.
6. 34.

29. 3.
48. 55,
59. 14.
26. 59.
58. 43.
60. 32.
54. 22.
35. 35.
40. 17.
55. 56.
46. 51.

3. 53.
25. 8.
19. 45.
43, 19.
47. 20.
28. 57.

2. 41.

37. 34.
50. 9.
46. 27.
24. 30.
60. 53.
35. 4.
42. 16.
36. 11.
44. 56.
51. 3.
25. 50.
32. 55.
20. 28.
27. 49.
10. 47.
17. 22.
15. 8.
52. 36.
21. 51.

5. 32.
54. 17.
22. 24.
18. 35.
49. 21.
11. 10.
30. 39.
57. 31.

2. 60.
20.

;:: 23.
45. 58.
29. 25.

21.
17.
36.
10.
35.
48.
12.
33.

7,
15.

5.
28.
22.

6.
11.
18.
55.
26.
39.
14,
43,
45,

8.
34.
53.
42.
54.
31.

2.
9.

38.
41.

4,
2.
1.
9.

26.
37.
40.
10.
14.
17.
33,
25.
23.
36.
29.
45.
27.

3.
30.
41,
44.

6,
46.
53.
56.
18.
43.
54.
32.
50.
15.
39.
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LHS Samples and Calculated Normalized Releases

Table B-3. Ranks of Sixty Values Sampled (Continued)

Material Wast Ref WastRef WastRef
Parameter Brine Sat

Wast Ref W ast Ref WastRef Wast Ref Wast Ref
CorRatFr GRattirH GRatCorl GRatMicH GRatMicl VolMetal VolWood

RUN NO. X(1) x(2) x(3) x(4) x(5) X(6) x(7) X(8)

33 48. 60. 37. 12. 13. 13. 27. 20.
34 4. 56. 34. 26. 12. 37. 25. 28.
35 2. 20. 12. 6. 7. 5. 20. 8.
36 47. 6. 21. 44. 31. 6. 49. 57.
37 46. 11. 52. 31. 58. 59. 37. 5,
38 30. 36. 8. 38. 28. 2. 56, 42.
39 28. 31. 53. 24. 6. 38. 60, 13.
40 21. 9. 32. 10. 43. 12. 52. 19.
41 34. 47. 42. 40. 19. 14. 1. 55.
42 42. 39, 4. 9. 9. 57. 59. 16.
43 23. 8. 24. 29. 40. 15. 24. 58.
44 35, 46. 33. 18, 56. 18, 32. 51.
45 41. 21. 31. 25, 8. 54. 23. 49.
46 53. 24. 13, 13, 33. 7. 46. 22.
47 39. 53. 7, 7. 47. 26. 3. 12.
48 43. 45. 45. 37. 3. 48. 58. 24.
49 38. 30. 9, 27. 59. 46. 30. 59.
50 26. 52. 22, 5. 53. 43. 44. 60.
51 55. 59. 57. 39. 34. 41. 16. 31.
52 13. 49. 49. 52. 4. 52. 40. 47.
53 11. 38. 39. 58. 39. 33. 57. 38.
54 12. 58. 15. 30. 48. 40. 50. 35,
55 54. 7. 10, 2. 14. 45. 29. 52.
56 60. 17. 44. 49. 26. 42. 13. 11.
57 5. 15. 36. 48. 41. 44. 51. 21.
58 31. 43. 17. 47. 1. 1. 19. 7.
59 19. 2, 16. 15. 38. 19. 47. 34.
60 36. 5, 41. 23. 55. 29, 4. 48.

Wast Ref Salado MB139 MB139 MB139 Castile_R Castile_R Borehole
SH2Mil Prm_X_U Pressure Prm_X_U Po re_U Pressure StorBulk Prm_X

RUN NO. x(9) X(lo) X(11) X(12) X(13) X(14) X(15) X(16)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

22.
54.
40.
43.

2::
28.
32.
31.
13.
34,
53.
38.
60.
48.

3.
57.
12.
24.
17.
45.

6.

57.
49.
19.
29.

2.
59.
46,
15.
37,
32.
58.
40.
27.
13.
36.
54.
11.
26.
44.
33.
14.
48.

60.
25.

3.
36.
29.

2.
19.
43.
54.
36.

8.
23.
36.
51.

9.
36.
57.
36.
20.

5.
24.
52.

52.
57.

8.
41.

6.
49.
51.
16.
53.
16.
54.
32.
16.
25.
33,
55,

3.
45.
47.
38.
29.
56.

51.
50.

58.
52.
19.
10.
37.
14.
48.
57.

4.
35.
32.
43.
21.
27.
25.
41,
38.
18.
59.
13.

24.
18.
36.
55.
14.
38.
35.
53.

9.
40,
13.
44.
25.
42.
39.
32.
43.
11.
41.

3.
31.
51.

18.
24.
58.
49.

6,
32.
23.
56.
12.
29.
52.
15.
22.
45.
38.
51.
17.
54.
47.
50.
25.
14.

2.
48.
14.

5.
25.
58.
41.
44,
60.
56.

6.
15,
49.
55.
52.
57.
51.
38.
26.
27.

7.
17.
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Appendix B

Table B-3. Ranks of Sixty Values Sampled (Continued)

Wast Ref Salado MB139 MB139 MB139 Castile_R Castile_R Borehole
SH2Mil Prm_X_U Pressure Prm_X_U Pore_U Pressure StorBulk Prm_X

RUN NO. x(9) X(lo) X(n) X(12) X(13) X(14) X(l 5) X(16)

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

37.
55.
46.
18.
30.
39.
41.

2.
44.
11.

5.
1.

16.
47.
35.
49.
14.
59.
58.
52.
27.

4.
42.
19.
50.
23.
25.
15.
21.
26.
51.
36.
10.
20.
56.
33.

7.
9.

52.
60.
56.

8.
22,

6.
3.

20.
42.
45.

4.
43.
24.
21.
35.

7.
38.
25.
51.
47.
28,
31,
34.
55.
17.
23.
12.
10.
16.
39.

1,
53.
18.
5.

50.
9.

41.
30.

53. 26.
36. 59.
27. 60.

4. 22.
17. 39.
6. 7.

18. 27.
41. 16.
15. 40.
13. 48.
48. 10.
10. 34.
46. 28.
55. 23.
36. 31.

1. 5.
12. 42.
28. 30.
11. 43,
58. 50.
50. 9.
26. 16.
59. 37.
42. 58.
21. 16.
36. 4.
45. 21.
36, 36.
56, 16.
30. 46,
49. 1.
22. 16.
16. 16.

7. 2.
14. 35.
44. 16.
36. 44.
47, 24.

44. 22.
26. 34.
33. 12.
54. 26.
16. 10.
24. 57.
36. 5.
53. 48.

2. 49.
30. 17.
23. 52.
47. 50.

1. 6.
45. 8.

7. 28.
55. 16.
40. 58.

5. 54.
28. 30.
34. 23.

6. 37,
11. 45.
31. 46.

8. 29.
15. 21.
60. 4.
39, 59.
12. 27.
17. 1.
20. 47.

9. 7,
49. 15,
56. 2.

3. 20.
42. 33.
22. 56.
29, 19.
46. 60.

28.
4.

60.
27.
37.
19.
20.
34.
40.

3.
13.
42.
39.
53.
44.
33.

7.
21.

1.
59.
57.
30.

9.
5.

10,
11.
41.
55.
46.
16.

8.
31.
26.
43.
36.
48,

2.
35.

34.
53.
19,
28.
23.
59.
40.
37.
18.
11.
10.
36.
16.

3
45.
12.
22.
32.

4.
46.
47.
39.
20.
42.
29.
54.
13.
21.
35.

1.
30.

9.
43.

8.
33.
31.
50.
24.

Borehole Wast Ref Amt+3 NP+4 NP+5 PU+4 pu+5 Th+4

DiamMod RelAEhpH Sol M Sol M Sol M Sol M Sol M Sol M
RUN NO. X(17) X(18) X(19) X(20) X(21) x(22) X(23) X(24)

1 49. 17. 10. 20. 19. 31. 31. 29.
2 10. 10. 55. 23. 22, 13. 13. 43.
3 38. 51. 38. 12. 12. 54. 54. 59.
4 54. 40. 49, 36. 35. 9. 9. 25.
5 3. 59. 19. 25, 24. 33. 32. 41,
6 32, 36. 30. 44, 45. 42. 41. 38.
7 25. 24. 7. 38. 38. 56, 56. 18.
8 22. 29. 17. 21. 21. 59. 59. 11.
9 23. 35. 3. 30. 29. 41. 42. 9.
10 4. 53. 41. 49. 49. 34. 34. 19.
11 27. 43. 4. 57. 57. 47. 47. 49.
12 14. 13. 43. 59. 58. 39. 39. 1.
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LHS Samples and Calculated Normalized Releases

Table B-3. Ranks of Sixty Values Sampled (Continued)

Borehole Wast Ref Amt+3 Np+4 NP+5 pu+4 pu+5 Th9
DiamMod RelAEh~H Sol M Sol M Sol M Sol M Sol M Sol M

RUN NO. X( I 7) x(laj X(19) X(20) X(21) x(22) X(23) X(24)

13
14
15
16
17
18
19
20

2
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

52.
53.
21.
57.
41.
47.
60.
1s.
42.

7.
16.
55.

6.
28.
45.
33.
24.
39.
15.
34.
35.
11.
59.

2.
37.
43.
50.
20.
29.
13.
36.
40.

1.
56.
30.
19.
44.

8.
51.
46.
48.
17.
58.

9.
26.
12.
5.

31,

23.
38.
55.
48.
50.
57.
18.

6.

2;:
60.
42.
39.
26.
31.
32.
21.
45.
25.
56.
52.

4.
14.
54.

3.
15.
46.
49.
33.
41.

9.
12.

5.
37.
19.
22.
16.
44.
27,
47.
11.

8.
28.
58,
34.

1.
7.

30.

16.
28.
36.
35.

1.
26.
14.
47.

9.
27.
33.
31.

5.
56.
50.
15.
42.
59.
53.
46.
51.

6.
29.

8.
13.
40.
21.
22.
52.
60.
58.
20.
48.
57.

2.
24.
37.
11.
44,
23.
45.
54.
12.
32.
39.
18.
25.
34.

8.
14.
11.
56.
50.
58.
55.
35.
32.
19.
31.

1.
16.
45.
33.
43.
29.
42.
39.
27.
26.

3.
9.

34.
22.
54.
28.
53.
15.
5.

37.
41.
60.
46.
51.
52.
47.
13.
48,
24.

7.
40.

6.
10.
4.

17.
18.
2.

8.
14.
11.
56.
50.
59.
55.
34.
32.
20.
31.

1.
16,
43.
33.
44.
30.
42.
39.
27.
26.

3.
9.

36.
23.
54.
28.
53.
15.
5.

37.
41.
60.
46.
51.
52.
47.
13.
48.
25.

7.
40.

6.
10.
4.

17.
18.
2.

25.
21.
60.
52.
35.
16.
19.
46.
29.
43.

5.
38.
10.

2.
26.

7.
57.
23.
53.
36.
14.

1.
32.
27.

8,
44.
28.

3.
11.
30.
12.

4.
20.
18.
24.
55.
58.
37.
22.
50.
49.
40.
17.

6.
15.
45.
48.
51.

25.
19.
60.
52.
35.
16,
21.
46.
29.
43.

5.
37.
10.

2.
26.

7.
57.
23.
53.
36.
14.

1.
33.
27.

8.
45.
28.

3.
11.
30.
12.

4.
20.
18.
24.
55.
58.
38.
22.
50.
49.
40.
17.

6.
15.
44.
48.
51.

37.
26.
22.
40.
34.
56.
10.
32.
24.
60.

3.
51.
28.
50.
58.
55.
14.
47,

2.
4.
6.

21.
35.
15.

5.
7.

12.
53.
42.
39.
31.
20,
57.

8.
48.
36.
46.
16.
17.
52.
23.
54.
30.
44.
13,
27.
45.
33.
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Appendix B

Table B-3. Ranks of Sixty Values Sampled (Continued)

lJ+4 U+6 Culebra Culebra Culebra Culebra Culebra Culebra
Sol M Sol M Field Idx Climt Idx Disp_lng FPore FKd_Am_C FKd_Np_C

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30) X(31) X(32)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

49.
52.
15.
40.
28.
47.

3.
48.
60.
53.
59.
12.
33.
39.
56.
14.

6.
1.

55.
9.

22.
50.
11.
10.
20.
29.
44.
46.
36.
24.

4.
5.
8.

23.
26.
42.
16.
45.
57.
27.
41.
13.
19.
43.
18.
54.

2.
34.
30.
35.
58.
25.
37.
31.

7.
51.

48.
51.
15.
40.
28.
47.

3.
49.
60.
53.
59.
13.
33.
38.
56.
12.

6.
1.

55.
9.

22.
50.
11.
10.
20.
29.
44.
46.
37.
24.

4.
5.
8.

23.
26.
42.
16.
45.
57.
27.
41.
14.
19.
43.
18.
54.

2.
35.
30.
34.
58.
25.
36.
31.

7.
52.

37.
51.
31.
36.
43.
54.

1.
15.

3.
18.
50.
13.
12.
59.
21.
34.
11,
42,
58.
23.
28.
19.
49.
24.
40.
30.
14.

5.
55.

2.
22.
47,
38.
52.
10.
25.
20.

6.
17.
39.
32.
48.
27.
53.

9.
44.
46.
60.
57.
33.

8.
26.
56.

7.
16.
29.

3.
10.
51.
28,
29.
14.
59.

2.
50.

8.
49.

4.
23.
48.
37.
13.
44.
36.
57.
40.
43.
33.
45.
15.
26.
46.
27.
41.
38.
21.
31.
53.
32.
30.
22.
54.
18.

1.
47.
42.
24.
20.
25.
12.

9.
56.
19.
5.

34.
11.
55.

7.
39.
60.

6.
17.

6.
14.
40.
58.
46.
17.
56.
47.

7.
35.
51.

2.
1.

52.
50.
20.
33.
15.
24.

3.
39.
48.
38.
57.
25.
44.
19.

9.
34.
22.
43.
49.

5.
59.
55.
21.
29.
54.
32.
16.

8.
28.
11.
30,
60.
41.
36.
45.
12.
23.
53.
13.
37.
26.
42.
31.

9.
58.
24.
51.
37.
41.
57.

3.
32.

8.
40.
59.
17.
35.
12.
38.
29.
43.
45.

6.
30.
60.
54.
31.
16.
25.

1.
50.
14.
33.
21.
13.
15.

7.
48.
26.
19.
56.

5.
11.
28.
47.
22.
52.

4.
27.

2.
20.
23.
46.
18.
42.
55.
39.
49.
53.

29.
36.
30.
13.

1.
47.
49.
11.
19.
52.
10.
41,
45,
26.
43.

5.
17.
55.
46.
50.

7.
8.

15.
40,

6,
34,

3.
18.
39.
28.

4.
56.

9.
37.
53.
24.
31.
16.
25.
60.
12.
27.

2.
44.
48.
14.
20.
23.
51.
58.
59.
57.
35.
21.
22.
38.

43.
51.
18.
37.
11.
23.
36.
60.

2.
40.
31.

6,
5.

48,
14.
39.
34.
25.
41.
50.
12.
47.
35.
33,

4,
10,
26.
55.
32,
17.

3.
46.
49.

7.
1.

42.
52.
22.
15.

9.
20.
16,
24.

8,
30.
59.
54.
27.
13.
56.
29.
45.
19.
58.
53.
44.

B-18



LHS Samples and Calculated Normalized Releases

Table B-3. Ranks of Sixty Values Sampled (Continued)

U+4 U+6 Culebra Culebra Culebra Culebra Culebra Culebra
Sol M sol M Field Idx Climt Idx Disp_lng FPore FKd_Am_C FKd_Np_C

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30) X(31) X(32)

57 38. 39. 4. 16. 18, 10. 54. 57.
58 21. 21. 45. 58. 10. 36. 32. 38,
59 17. 17. 35. 52. 4. 44. 33, 21.
60 32. 32. 41. 35. 27. 34. 42. 28.

RANKS OF IATIN HYPERCUBE SAMPLE INPUT VECTORS

Culebra Culebra Culebra Culebra Culebra Culebra Culebra Culebra
FKd_Pu_C FKd_Th_C FKd_U_C FrctrSp Porosity Kd_Am_C Kd_Np_C Kd_Pu_C

RUN NO. x(33) x(34) x(35) X(36) x(37) X(38) x(39) X(40)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

41.
49.
30.
12.
50.
25.
54.

4.
43.
28.
57.
34.
17.
44,
38.
18.
36.
45.
10.
32.
15.

9.
6.

53.
7.
5.

20.
35.
40.
29.

1.
33.
58.
56.
21.
52.
60.
55.
27.
39.
11.
48.
59.

8.
31.
42.

20.
48,

4.
1.

44.
6.

46.
13.
14.
24.
57.
10.

7.
58.
16.

8.
49.
32.
29.
15.
47.
36.
43.

9.
21.
31.
51.

5.
28.
59.
55.
26.
30.
12.
45.

3.
19.
38.
41.
34,
33.
35.
37.
52.
17.
22.

3.
60,
16.
40.
17.
36.
30.
27.
39.
41.
53.
44.
18.
48.
35.
59,
55.

5.
14.
22.
34.
26.

2.
7.

50.
58.
24,

6.
11.
37.
12.
56.
52.
28.
43.
45.
47.

1.
51.

4.
23.
19,
25.
29.
33,

8.

58.
24.
31.
57.
34.
51.
22,
19.
47.
27.
32.
12.
20.
44.
10,

5.
48.
17.
14.
56.
13.
16.
50.
30.
54.
53,

2.
26.
41,
60.
45.
21,

3,
28.
42.

7.
39.
37.
38.
25.

8.
6,

52.
1.

18.
55.
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28.
53.

4.
57.
45.
39.
18.

9.
20.
15.
11.
29.
42.
38.
25.
35.
55.
48.

3.
36.

6.
17.
32.

7.
52.

2.
30.
31,
43.

1.
48.
27.
14.
40.
37,
22.
10.
54.
58.

8.
16.
24.
26.
19.
41.
34.

6.
36.
13.
43,
29,
24.

2.
27.
23.
37.
55.
56.
52.
50.
45,

3.
58.
59.

8.
54.
42.
46.

4.
30,
18.
32.
10.
25.
16.
28.
49,
47.

9.
38.
17.
51.
11.
26.
41,
12.
20.
22.
57.
35.
14.
48.

29.
60,
25,
11.
40.
52.
49.
59.
32.

2.
31.

5.
47.
16.
12,
50.
19.
24.
22.
21,
58,

7.
56.

4.
3.

39.
9.

37.
44,
15.
33.
26.
41.
54.
45.
20.

2?:
55.
53.
34.
48.
57.
13.
38.
14,

24.
44,
51.
59.

9.
40.
14.
50.
34.

1,
53.
19.
25.
16.

3.
21.
13.
27.

2;:
7.

36.
28.
47.
35.
12.
17.
55,
45.
56.
33.
58.
37.

8.
31,
57.
48.
38.
41.
42.
20.
23.
29,
52.
26.

2.



Appendix B

Table B-3. Ranks of Sixty Values Sampled (Continued)

Culebra Culebra Culebra Culebra Culebra Culebra Culebra Culebra
FKd_Pu_C FKd_~_C FKd_U_C FrctrSp Porosity Kd_Am_C Kd_Np_C Kd_Pu_C

RUN NO. x(33) x(34) x(35) X(36) x(37) x(38) x(39) X(40)

47 2. 18. 38. 36. 33. 39. 35, 43.
48 37. 54. 10. 33. 12. 33. 18. 46.
49 46. 27. 54. 46. 60. 1. 10. 32.
50 3. 23. 20. 59, 13. 40. 46. 10.
51 14. 42. 13. 4. 56. 44, 36. 54.
52 51. 53. 49. 35. 23. 53. 51. 4.
53 19. 2. 57. 49. 5. 21. 30, 30.
54 23. 11. 32. 40. 44. 31. 42, 6.
55 13. 39. 42. 9. 46. 34. 17. 15.
56 47. 25. 31. 29. 59. 5. 11.
57 60. 46. 23. 49. 7. 2:: 49.
58 ;:: 56. 15. 15. 21. 15. 1. 18.
59 22. 50. 21. 43. 51. 19, 23. 60.
60 24. 40. 9. 11. 50. 60. 43. 39.

Culebra Culebra Global Cast ile_R MB139
Kd_Th_C Kd_U_C Lambda AreaFrc ThrsPldx

RUN NO. X(41 ) X(42) x(43) x(44) x(45)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

40.
22.

4.
27.
26.
51.
16.
58.
17.
14.
31,
54.
18.
53.
32.
30.
55.
33.
43,
20.
57.
15.
24.
37.
39.
36.
56.
29.
10.
38,
13.
60.
41.
34.
47.

5.

31.
14.
13.
53.
18.
5.

27.
12.
3.

43.
55,
54,
38.
45.
33.
59.

6.
24.

2.
20,
57.
34.
17.
44.
30.
22.
10.
25.
41.
36.
51,

1.
58.
47.
32.
37.

57. 46.
49. 58.
40. 36.
25. 15.
35. 33.
30. 1.
33. 18.
15, 13.
53, 20.
11. 52.

5. 37.
55. 17.

6. 11.
45. 14.
37. 57.
44. 44.

8. 12.
18. 41,
10. 21.
17. 42.
31. 55.
48.
24. 2::
46. 39.
38. 50.
42. 10.
41. 9.
52, 59.
32. 4,

7. 25.
43. 19.
59. 40.
22. 34.
12. 6.
47. 60.
26. 28.

6.
10.
32.
53.
51.
59,

4.
3.

57.
42.
17.

7.
40.
41.
23.
56.

8.
5.

29.
55.
60.
45.
39.
18.
12.
13.
20.
31.

2.
28.
33.
49.
34.
22.
44,
46,
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LHS Samples and Calculated Normalized Releases

Table B-3. Ranks of Sixty Values Sampled (Concluded)

Culebra Culebra Global Cast ile_R MB139
Kd_Th_C Kd_U_C Lambda Area Frc ThrsPldx

RUN NO. X(41 ) X(42) x(43) x(44) x(45)

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

42.
35.

7.
28.
44.
25.

9.
1.

21.
6.
2.

45.
19.
49.
48.

8.
11.
46.
12.
59.

3.
23.
50.

28.
16.
35.
60.
19.

9.
8.
4.

11.
40.
21.
52.
23.
50.
48.

7.
42.
46.
49.
29.
39.
15.
56.

4.
9.

19.
56.

3.
1.

60.
34.
23.
16.
13.
58,
20.
21.
27.
28.
14.
51.
50.
39.
36.
54.

2.

23.
35.
53.

7.
32.
47.
16.
56.
38.
48,
49.
51.
26.
54.

8.
5.

29.
43.

3.
30.
22.
31.
27.

35.
54.

1.
38.
11.
37.
16.

9.
43.
36.
50.
24.
21.
19,
25.
52.
30.
15.
14.
27.
58.
48.
26.
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Appendix B

Table B-4 lists thetotal andpercentage releascforthc3 radionuclides contributing themost for each vector

showing integrated discharge to the accessible environment for the E2 scenario assuming the dual porosity

conceptual model for contaminant transport in the Culebra Dolomite Member.

factor for each radionuclide. Vectors are ordered from most to least release.

omitted.

Table B-4. Vectors with Integrated Discharge through the
to the Accessible Environment for E2 Scenario
Porosity Conceptual Model.

Values are normalized by the EPA

Vectors which have no release arc

Culebra Dolomite Member
and Assuming a Dual

scan Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

03

01

O?

C8

CM

9
&
m

6
2i
19
3?
93
44
42

7

9
43
n
25

6
19
z
53
42

7

9
46
a
2?5

6
19
9
42

7

9
43
23
25

6
42

7

7.4111 E-03
9.9224E-06
1.0705E-06
4.8043E-07
3.8288E-07
1,0095E-08
2.2144E-09
2.121 OE-14
2.6502E-17
9,1316E-22
1.7848E-24

3.5231 E-03
2.5066E-06
2.7330E-07
1,0827E-07
6.3414E-08
8,O444E-10
4.6991 E-10
5.4216E-15
1,5283E-22
2.5804E-25

1.7559E-03
3.61 OOE-O7
3.7514E-08
3.3973E-08
4.9214E-09
3.5557E-11

3.3202E-16
2.3845E-24
3.O11OE-26

9.1063E-O5
7.7239E-08
4.6506E-09
1.7391E-09
7.6023E-10
2.4243E-25
2.0199E-27

U234
TH230
U234
U234
NP237
U234
U234
NP237
U2?4
U234
TH 230

U234
TH230
U234
NP237
U234
U234
U234
NP237
U234
TH2XI

U234
TH 230
U234
NP237
U23
U234

NP237
U234
TH230

U234
TH 230
U234
NP237
U224
U234
TH230

7.0062E-03
9.9224E-06
9.4263E-07
3.8823E-07
3.8286E-07
9.7562E-09
2.1328E-09
2.121 OE-14
2.5213E-17
8.7683E-22
1.7848E-24

95%
100%

88%
81%

100%
97”/0
96”A

100”/0
950/0
96%

1000/0

U233
NP237
U233
U&
U233
U233
U233
U233
UZ33
U233
U233

3.637 7E-04
1.5441 E-29
1.1494E-07
9.2155E-08
2.3849E-11
3.3807E-10
8.1490E-11
3.2312E-19
87023 E-1 9
3.0992E-23
8.1346E-30

(Time of Intrusion, 3000 years)

3.3285E-03 94% U223 1.7981E-o4
2.5066E-06 100”/0 NP237 1.7962E-29
2.4171E-07 88”/0 U233 2.8615E-08
1.0827E-07 100”/0 U233 4.6077E-12
5.0573E-08 800/0 U233 1.2837E-08
7.7627E-10 96% U233 2.8085E-11
4.5277 E-1O 96% U233 1.7118E-11
5.4215E-15 100% U233 7.4345E-20
1.4662E-22 960/. U233 5,3403E-24
2.5804E-25 100”/0 U233 8.4656E-31

(Time of Intrusion, 5000 years)

1.6583E-03 94% UZ33 9.2364E-05
3.61OOE-O7 100”/0 NP2371 .2852E-29
3.3300E-08 890/. U2333. 9436E-09
3.3972E-08 100% U2331 0815E-12
3.8830E-09 79% U2331 0382E-09
3.4292E-11 960/. U2331. 2618E-12
3.3201E-16 1OOO/. U2334 ,5529E-21
2.2851E-24 96°4 U2338 .7434E-26
3.OIIOE-26 100%

5%
W.

11%
1g~o

o%

3%

4%
O%
3%
3%
o%

5%
O%

1o%
(PA

20%
3%
4%
o%
3%
o%

5“/0
0’/0

11%
CM

21%
4%
0’/0
4%

(Time of Intrusion, 7000 years)

8.6037E-05 940/0 U233 4.7559E-06 5%
77239E-08 100% NP23 74.2876E-30 O%
4.1516E-09 89°1. U233 4.6541E-10 100/.
1.7391 E-o9 100% U233 5.5235E-14 O%
6.O262E-10 79”/0 U233 l.5757E-1o 210/0
2.3209E-25 960/. U233 9.1288E-27 4%
2.0199E-27 100%

TH230

TH230
TH230

TH230
TH230

TH230
TH230

TH230

TH230

TH230
TH230
TH230

TH230

TH230

TH230

TH230
TH230

TH230

TH230

TH230

TH230
TH230

4,1 754 E-O 510/0

1.2899 E-O 81%
4.61 76 E-1 100/.

1.2177 E-1 200/0
7.6370 E-1 400/0

4.1842 E-1 920/.
5.3350 E-2 410/0

1.4770 E-O 500/0

2.9758 E-O 91 O/.

4.7593 E-1 20%
8.1208 E-1 400/0
.6213 E-I 40”/0

8.7202 E-2 51”/0

5.2346E-06 O%

2.6985E-10 1%

2.4932E-13 O%
3.5873 E- 15 O%

1.2055E-26 10/.

2.7082E-07 O%

3.3642 E-1 1 10/.

3.7913E-14 O%
1.21 72E-27 10/.

(Time of Intrusion, 9000 years)

No Release
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LHS Samples and Calculated Normalized Releases

Table B-5 lists the total and percentage release for the 3

showing integrated discharge to the accessible environment

radionuclides contributing the most for each vector

for the E1E2 scenario assuming the dual porosity

conceptual model for contaminant transport in the Culebra Dolomite Member. Values are normalized by the EPA

factor for each radionuclide. Vectors are ordered from most to least release. Vectors which have no release arc

omitted.

Table B-5. Vectors with Integrated Discharge through the Culebra Dolomite Member
to the Accessible Environment for El E2 Scenario and Assuming a Dual
Porosity Conceptual Model. (Time of Intrusion, 1000 yr)

Comp. Total
Seen Integrated
ID Vector Dis;harge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

059
43
a
4
17
6

23
19
z
?2
x
a
4
33
47
44
9
3

:
15
45
s
23
5

38
4

27
42
8
7

31
48
23
m
37

6,5082E-02
1.2666E-03
1.7067E-04
1.4798E-05
9,6709E-06
5.4014E-06
1.6703E-06
1,5696E-06
3.5095E-07
1.3396E-07
4.9229E-08
4.5796E-08
3.6983E-08
1.0609E-08
4.1081 E-10
4.7679E-11
6.6671 E-12
2.1841 E-13
1.4713E-13
6.6924E-14
5.2519E-14
2.0295E-14
1.1489E-14
8.6867E-17
4.2155E-17
2.5094E-18
7.9147E-79
3.6659E-19
1.4259E-20
2. 1725E-22
3.2895E-23
2.4636E-23
1 3068E-23
5.4726E-26
1.5237E-26
4.6066E-30

U234 6. 1583E-02
U234 1.1239E-03
NP237 1.7065E-04
TH230 1.4798E-05
U234 8.6384E-06
U234 4.4395E-06
U234 1.4698E-06
U2?.4 1.5197E-06
NP237 3.5093E-07
U234 1,2926E-07
U234 4.5890E-08
U234 4.0527E-08
NP237 3.6838E-08
TH230 1.0609E-08
TH230 4.1081 E-10
U234 4,5269E-11
NP237 6.6669E-12
U234 1.3545E-13
NP237 1.4713E-13
TH230 6.6924E-14
NP237 5.2514E-14
U234 1.9207E-14
U234 1.0746E-14
TH230 8.6867E-17
U233 2.8583E-17
U233 1,8804E-18
TH230 7.9147E-19
U234 2.5720E-19
U234 1.3698E-20
U234 2.0266E-22
TH230 3.2895E-23
TH230 2.4636E-23
NP237 1.3067E-23
U233 3.8690E-26
PU239 1.5147E-26
U234 4.6066E-30

95”/0
89%

100%
100%

89%
82%
88%
97%

100%
960/.
93%
88%

100%
100%
100%

95%
100%

620/o
100%
100%
100%

95%
94%

100%
68%
75%

100%
70%
960/.
93%

100%
100%
1000/0

71%
99%

100%

U233
LKH3
U233
NP23
U233
U233
U233
U233
UZ33
U233
U233
U233
UZ?L3

U233
U233
U233
TH230
U233

2.7365E-03 4%
9.9814E-05 8’/.
2.1216E-08 O%
71 .5120E-29 O%
1.0299E-06 11%
9.6131 E-07 18%
1.7879E-07 11%
4,971 5E-08 3%
2.1 724E-11 O%
4.6924E-09 4%
3.0312E-09 W.

3,9738E-09 9%
1.1942E-10 c%.

4.931 OE-18 W.

1.3956E-12 3%
1.6261 E-16 o%
5.1161 E-14 23%
7.5906E-19 W.

TH230
TH230

7.6209E-04 1%
4.2823E-05 3%

TH230
TH230
TH230
TH230

2.5980E-09 O%
6.2036 E- 10 O%
2.1675E-08 10/.
2.2826E-10 O%

TH230
TH230
TH230
U234

6.3923E-12 O%
3.0864 E-1 O 1%
1.2953E-09 30/0
2.3882E-11 O%

U234
TH230

1.1139E-18 O%
1 0151 E-12 2%

U233 3.1807E-14 150/0

U233
U233
U233

U234
U234
NP237
NP237
U233
U233
UZ33

5.2241 E-18 G%
9.0038E-16 4~o
6.2401 E-16 5%

1.3338 E-1 7 32%
6.2730E-19 25~o
9.5638E-31 W.

9.6979E-20 260/.
4.7139E-22 3=/0

1.4567E-23 7%
1.6574E-28 o%

PU239
TH230
TH230

1,8186E-29
1.8702E-16
1.1905E-16

o%
1%
1%

TH230
TH230

2.3335E-19
1.7421 E-21

1%
o%

U233
TH230
TH230
U234

1.2401 E-20
9.0300E-23
1.6082E-26
1.6483E-29

3%
1%
o%
o%

6.2704E-28 C%
1.4905E-26 27%
8.9241 E-29 1“/0

UZ33
U234
PU240

TH230 1.1309E-27 2%
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Appendix B

Table B-5. (Continued)

Comp. Total
Sea-i Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)

039
43
a
&
17
6

23
19
Z5
3?
49
23
23
33
47
44
93
3

.53
12
59
45
15
23
5

27
33
4

42
8
7

31
48
B
9
14

2.6392E-02
5.1662E-04
5.1 104E-O5
5.0816E-06
2,4671 E-06
9.7589E-07
6.2387E-07
3.0330E-07
1.3413E-07
2.4762E-08
2, 1552E-08
1.3023E-08
8.7469E-09
3.8495E-09
1.902OE-10
3.9860E-12
2.5793E-12
6.6863E-14
1.5144E-14
9,2273E-15
2.3430E-15
2.O1OOE-I5
7,2103E-16
2.1674E:17
4.7979E-18
1.0718E-19
9.21 18E-20
7.0047E-20
6.8662E-22
1.0383E-23
5.5810E-24
3. 1870E-24
1.2971 E-24
2,9754E-27
1.4106E-27
3.7900E-32

U234 2.4918E-02
U234 4.5947E-04
NP237 5. 1099E-O5
TH230 5.0816E-06
U234 2.1575E-06
U234 7.7604E-07
U234 5S077E-07
U224 2.9333E-07
NP237 1.3413E-07
U234 2.3841 E-08
NP237 2. 1472E-08
U234 1.2163E-08
U234 7.7873E-09
TH230 3.8495E-09
TH230 1.902OE-10
U234 3.7902E-12
NP237 2.5793E-12
U234 3.9930E-14
TH22fl 1.5144E-14
NP237 9,2273E-15
U2S4 2.1859E-15
U234 1.8998E-15
NP237 7.2097E-16
TH230 2.1674E-17
U23S 3.4424E-18
U224 7.5530E-20
U233 7.1491 E-20
TH 230 7.0047E-20
U234 6.5899E-22
U234 9.6239E-24
TH230 5.5809E-24
TH230 3. 1870E-24
NP237 1.2970E-24
U223 2.2082E-27
PU239 1,4106E-27
NP237 3.7900E-32

94%
890/.

100%
1000/0

8770
800/0
880/0
97%

100”/0
96%

100%
93%
890/.

100%
100%

95”/0
100%

600/0
100%
1000/0

93%
95”/.

100%
100%

72%
70%
78%

100%
960/o
93”/0

100%
100%
100”/0

74%
100%
100%

U233
U233
U233
NP237
U233
U233
U233
U233
U233
U233
U233
U233
U233

U233
U233
U233
TH2XI

U233
U233
U233
U2X3

U234
NP237
U224
NP237
U233
U233
U233

U233
U234

1.2978E-03
4.4436E-05
5. 1087E-09
2.3186E-29
3.0909E-07
1.9976E-07
6.5860E-08
9.9359E-09
6.751 lE-12
9.2059E-10
6,6478E-11
7.8152E-10
7.5096E-10

1.6989E-18
1.2082E-13
5.2276E-17
1.6579E-14

4.5082E-20
1.3523E-16
9.2425E-17
6. 1399E-20

1.3376E-18
2.7985E-20
2.0578E-20
4.7296E-31
2.3691 E-23
7.5799E-25
2.7528E-29

5.0439E-29
74297E-28

50/0
9%
o%
W.

13%
20%
11%
3%
C%
4%
o%
6%
9%

0%
3%
o%

250/0

o%
6%
5%
(PA

280/.
260/.
22%
C%
3%
7%
o%

0’/0
250/.

TH230 1.7603E-04 10/.
TH230 1.2714E-05 2%

TH230
TH230
TH230
TH230

TH230
U234
TH230
TH230

U234
TH230

U233

5.2258E-10 O%
8.1581 E-11 O%
7.2476E-09 10/.
3.921 3E-11 O%

8.5369E-13 O%
1.3549 E-1 1 O%
7.8647 E- 11 10/.
2.0867 E-1 O 2%

3.9167E-19 O%
7.4998 E- 14 2%

1.0354E-14 15%

TH230 2.1813E-17 10/.
TH230 1.7740E-17 1%
PU239 1.7431 E-29 O%

TH230 1.791OE-2O O%
U233 3.6592E-21 30/0
TH230 4.9476E-23 O%

TH230 3.9367E-24 l“A
TH230 6.3983E-28 O%
PU239 1.7850E-29 0%

TH230 2.4159E-29 10/.
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LHS Samples and Calculated Normalized Releases

Table B-5. (Continued)

Comp. Total
Sam Integrated
ID Vector Discharge Top 3 Radionudides Contribution to Integrated Discharge

(Time of Intrusion, 5000 years)

079
43
3.)
&
17
6

23
E
19
32
&
m
z
33
47
83
44

3
S3
12
s
45
15
5

29
4

27
33
42

7
8

31
48
33
93

3.6213E-02
1.8519E-04
1.2139E-05
1.3415E-06
8. 1064E-07
7.6053E-07
7.2613E-08
3.8589E-08
3.0801 E-08
7.4968E-09
4.2624E-09
t .9746E-09
1.1727E-09
8.2784E-10
2.4072 E-I 1
8.4104E-13
4.6382E-13
5.9903E-15
1.1622E-15
1.9101 E-16
1.8512E-16
1,0401 E-16
9.3804E-17
2.2931 E-18
1.5233E-18
9.9425E-21
3.7151 E-21
2.2066E-21
7.4086E-23
1.0809E-24
3.9691 E-25
1.6184E-25
1.3572E-25
2.8333E-27
2.4960E-29

U234 3.4237E-02
U224 1,6547E-04
NP237 1.2138E-05
TH230 1.3415E-06
U234 7.0772E-07
U234 6,1091E-O7
U234 6.4280E-08
NP237 3.8587E-08
U234 2.9760EC18
U224 7,2230E-09
NP237 4.2523E-09
U224 1,7719E-09
U234 1.0977E-09
TI-1230 8,2784E-10
TH220 2.4072E-11
NP237 8.4103E-13
U234 4.4103E-13
U234 3.2579E-15
TH230 1.1622E-15
NP237 1.9101E-16
U234 1.7228E-16
U224 9.7996E-17
NP237 9.3796E-17
U233 1.6703E-18
TH230 1,5233E-18
TH230 9.9425E-21
U234 2,5701E-21
U233 1.7398E-21
U234 7,1043E-23
TH230 1.0809E-24
U234 3.6534E-25
TH230 1.6184E-25
NP237 1.3572E-25
U233 2.1761E-27
PU239 2.4960E-29

95%
89%

100%
100%

87%
800/0
89%

1Oo%
97%
96%

100%
90%
94%

100%
100%
100%
95%
54%

100%
100%
93%
94”/0

100%
73%

100%
100%
69%
79%
960/.

100%
920/.

100%
100%

77%
100%

U233
U233
U233
NP237
U233
U233
U233
U233
U233
U233
U233
U233
U233

U233
U233
U233
TH230

U233
IJ233
U233
U233
U234

NP237
NP237
U234
U233
PU239
UZ33

U233
U234

1.7311 E-03
1.5778E-05
1.0635E-09
2,2848E-29
1.0275E47
1,4956E-07
7.8127E-09
1.2360E-12
1.0364E-09
2.7353E-10
8.7013E-12
1.6741 E-10
6.9746E-11

1.5621 E-19
1,5783E-17
1.4391 E-14
1.7440E-15

8.5407E-22
1.1252E-17
5.2142E-18
7.7804E-21
6.1464E-19

1.001 5E-31
1.0187E-21
4.6573E-22
2.6250E-24
1.6208E-29
3,1568E-26

3.5373E-30
6.3627E-28

So/o

PI.

V/o

0’/0

13%

20%
11%
C%
PI.
4%
V/o
&?/o
6%

V/o

o%
3%

290/.

@/o

6%
5“/0
o%

27%

o%
zi’O/o

2170
4%
cP/0
8%

0=/0
220/0

TH230 2.4524E-04 10/.
TH230 3.9396E-06 2%

TH230 1.6014E-10 O%
TH230 6.2342E-11 O%
TH230 5.2095 E-1 O f%

TH230 3.6252E-12 O%
TH230 2.5864E-13 O%
U234 1.4183E-12 O%
TH230 3.5369E-11 2%
TH230 5.2587E-12 W.

U234 2.6333E-20 W.

TH230 8.3947E-15 2%
U233 9.8838E-16 160/0

TH230 1.5877E-18 10/.
TH230 8,0178E-19 10/.
PU239 1.1 183E-29 O%
TH230 8.1531 E-21 O%

U233 1.261 7E-22 30/0
TH230 1.0354E-24 O%
TH230 4. 1849E-25 10/.
U233 7.3469E-30 O%

TH230 2.0733E-29 10/.
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Appendix B

Table B-5. (Continued)

comD. Total
%7+ Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7000 years)

039
43
3)
4
17
6

29
z
19
43
z
a
a
47
93
44
3

53
EB
45
15
12
a
27
5

42
7

31
48
8

%
10
14

6.5008E-03
3.931 2E-05
1.3132E-06
3.1618E-07
1.3816E-07
6.0202E-08
2.5024E-08
1.4402E-08
3,9838E-08
2.0283E-09
3.4243E-10
2.7854E-10
2.7115E-10
9.8228E-12
1.5256E-13
1.0365E-14
1.9539E-15
2.2807E-16
3.7253E-17
7,2069E-18
5.3191 E-18
3.7488E-18
4.0059E-19
9.8198E-22
2.4982E-22
2.3004E-24
1.4039E-25
1.6678E-26
4.6182E-27
4.0428E-27
7.6283E-29
1.3532E-29
I.9103E-31

U234 6.1261 E-03
U234 3.5309E-05
NP237 1.3131E-06
TH 230 3.1618E-07
U234 1.1817E-07
U234 4.7013E-08
U234 2.2265E-08
NP237 1.4401 E-08
U234 3.8442E-09
NP237 2,0234E-09
U234 3.211 OE-10
TH2211 2.7854E-10
U234 2.4478E-10
TH23fJ 9.8228E-12
NP237 1,5255E-13
U234 9,8679E-15

9.7441E-16
:H?m 2.2807E-16
U234 3.4576E-17
U234 6.7808E-18
NP237 5,3187E-18
NP237 3.7488E-18
TH230 4,0059E-19
U234 6.8113E-22
U233 1,8242E-22
U234 2.2035E-24
TH230 1.4038E-25
TH230 1.6678E-26
NP237 4.6182E-27
U234 3,6903E-27
U233 6.0913E-29
NP237 1.3532E-29
NP237 1.9103E-31

94%
90%

100%
100”/0

86%
78%
89%

100%
96%

100%
94%

100%
90%

100%
100%

950/0
50”/0

100%
93%
94%

100%
100%
100”/0

690/.
73%
96%

100%
100%
100%

91%
800/0

100%

U2W3
U233
U233
NP237
U2X3
U233
U233
U233
U233
U233
U233

3.5508E-04
3.5109E-O6
8.1087E-11
1.4399E-29
1.9966E-08
1.3186E-08
2.5786E-09
4.5752E-13
1.3919E-10
4.1459E-12
1.9792 E-1 1

5%
9/0

W.

W.

14%

22%
10“/0
cr’//o
3%
o%
6%

TH230
TH230

1.9603E-05 O%
4.9273E-07 1“/.

TH230

TH230
TH230

1.9207 E-1 1 O%

2.9586E-12 O%
1.8042E-10 10/.

TH230
U234
TH230

4.0215E-13 O%
7.1 708E-13 O%
1.5382 E-1 2 O%

UZM
U233
U233
Um
TH230

2.1486E-11
4,8780E-20
2.0920E-18
3.3335E-16
6.5519E-16

8%
o%
o%
3%

34%

TH230
U234

4.8862 E- 12 2%
9.4011 E-21 O%

TH230
U233

1.6389 E-1 6 2%
3.2431 E-16 170/0

U233
U233
U233
U233

2.3892E-18
3.7069E-19
3.6843E-22
1.6490E-23

6%
5%
o%
V%

27%
27%
4“/0
o%

TH230
TH230

2.8786E-19 10/.
5.5477E-20 1“/.

NP237
U234
UZ33
PU239

2.6707E-22
6.651 9E-23
8.5296E-26
8.881 OE-3O

U233
TH230
TH230

3.3734E-23 30/0
8.8236E-25 O%
1 1625E-26 1“/.

U233
U234

3.5247E-28
1.5370E-29

s%
20%

100%
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LHS Samples and Calculated Normalized Releases

Table B-5. (Concluded)

Comp. Total
Seen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 9000 years)

039
43
33
&
6

17
19
3
47
9
44
s
15
42

7
48
B
8

10

9.3121 E-03
9.4847E-06
1.6783E-07
5.0795E-08
4.3087E-08
3.6881 E-08
1.9423E-10
1.5154E-11
2.3617E-13
3.6621 E-14
8.3026E-16
1.9070E-18
9.8113E-19
2.1272E-25
2. 1828E-26
3,0377E-28
7.9241 E-29
4.5490E-29
7,6689E-30

U234
U234
NP237
TH22Q
U234
U234
U234
TH230
TH230
NP237
U234
U234
NP237
U234
TH230
NP237
U233
U234
NP237

8.7988E-03
8.5607E-06
1.6782E-07
5.0795E-08
3.4178E-08
3.1801 E-08
1.8731 E-10
1.5154E-11
2.3617E-13
3.6621 E-14
7.8985E-16
1.7663E-18
9.8106E-19
2.0359E-25
2, 1824E-26
3.0377E-28
6.4883E-29
4.1792E-29
7.6689E-30

94%
90%

100%
100”/0

79”/0
86%
96%

100”/0
100%
100%

95%
93%

1oo”/o
960/.

100%
100%

820/.
920/.

100%

U233
U233
U233
NP237
U2X3
U233
U223

U233
U233
U233
U233
U233
U233
PU239

U234
U233

4.8564E-04
8.0461 E-07
1.0297 E-1 1
3.3970E-30
8.9065E-09
5.0747E-09
6.8974E-12

9.4620E-22
5.0218E-19
2.7302E-17
1.2592E-19
6.7959E-23
8.0601 E-27
3.3538E-30

1.4229E-29
3.6982E-30

5%
8%
c%
o%

21 0/0
14%
4%

C%
o%
3%
7%
o%
4%
o%

18%
8%

TH230
TH230

TH230
TH230
TH230

U234

TH230
TH230

TH230

NP237

2.7696E-05 O%
1.1932E-07 10/.

2.1 503E-12 O%
5.1 686E-12 o%
1.9595E-14 O%

2.1 175E-22 O%

1.3108E-17 2%
1.4705E-20 10/.

1.0677E-27 10/.

1.2864E-31 O%

CCDFCALC C-4.06W (09/23/91 ) 10/07/91 14:09.58
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Appendix B

Table B-6 lists total EPP summed normalized release and the percentages contribution for the 3 radionuclides

contributing the most release for each vector when drilling into a CH waste drum with an average activity level.

Vectors are ordered from most to least release. All vectors have some release when intruding into the repository

from drilling.

Table B-6. Integrated Discharge to the Accessible Environment by Bringing Average
CH-Activity Cuttings to the Surface when Initially Drilling through the
Repository.

COMD. Total
SCen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

m 19
33
56
16
4
24
4

14
13
51
33

1
53
18
52
27
49
33
21
17
44
3)
3

37
43
3
32
a
6

m
47
41
35
11
57

7
23
9
8

15
43
48
3)
54
31
z
12
42
58
34

2
56

7.6179E-03
7.5567E-03
7.4956E-03
7.4550E-03
7.3941 E-03
7.3132E-03
7.2527E-03
7.21 24E-03
7.1722E-03
7.1 120E-03
7.0719E-03
6,9720E-03
6.9123E-03
6.8725E-03
6.7932E-03
6.7338E-03
6.6944E-03
6.5959E-03
6.5763E-03
6.5 174E-03
6.4587E-03
6.3807E-03
6.3223E-03
6.2835E-03
6.2253E-03
6.1673E-03
6.0902E-03
6.0517E-03
6.0132E-03
5.9175E-03
5.8984E-03
5.8411 E-03
5,7840 E-o3
5.7081 E-03
5.6513E-03
5.5946E-03
5.5569E-03
5.4817E-03

5.4068E-03
5.3881 E-o3
5.3507E-03
5.2390E-03
5.2019E-03
5.1463E-03
5.0724E-03
5.0724E-03
4.9988E-03
4.9621 E-03
4,8705E-03
4.8522E-03
4.7611 E-03
4.7066E-03

PU239 4.8576E-03
PU239 4.8185E-03
PU239 4.7796E-03
PU239 4,7537E-03
PU239 4.7149E-03
PU239 4.6633E-03
PU239 4.6247E-03
PU239 4.5990E-03
PU239 4.5734E-03
PU 239 4.5350E-03
PU239 4.5094E-03
PU239 4.4457E-03
PU239 4.4076E-03
PU239 4.3823E-03
PU239 4.3317E-03
PU239 4.2939E-03
PU239 4.2687E-03
PU239 4.2059E-03
PU239 4. 1934E-03
PU239 4. 1559E-03
PU239 4.1184E-03
PU239 4.0687E-03
PU239 4.0314E-03
PU239 4.0067E-03
PU239 3,9696E-03
PU239 39326E-03
PU239 3.8834E-03
PU239 3.8589E-03
PU239 3.8344E-03
PU239 3.7733E-03
PU239 3.761 lE-03
PU239 3.7246E-03
PU239 3.6882E-03
PU239 3.6398E-03
PU239 3.6036E-03
PU239 3.5674E-03
PU239 3.5434E-03
PU239 3.4954E-03
PU239 3.4476E-03
PU239 3.4357E-03
PU239 3.4119E-03
PU239 3.3406E-03
PU239 3.3170E-03
PU239 3.2815E-03
PU239 3,2344E-03
PU239 3.2344E-03
PU239 3.1875E-03
PU239 3.1641 E-03
PU239 3.1057E-O3
PU239 3.0940E-03
PU239 3.0359E-03
PU239 3.001 2E-03

64%
64%
640/.
640/.
640/.
640/.
640/o
64%
640/.
640/.
64%
640/.
64%
640/.
640/.
640/.
640/.
640/.
640/.
64%
640/.
64”/.
64%
640/.
640/.
640/.
640/.
640/.
64%
64%
640/.
64%
64%
64%
640/.
640/.
640/.
640/.
64%
640/.
64 O/.
640/.
640/.
64%
64%
640/.
640/o
64%
64%
640/.
640/o
64”/.

AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241

2.1471 E-03 28%
2,1 299E-03 280/.
2.1 127E-03 280/.
2.101 2E-03 28%
2.0841 E-03 280/.
2.061 2E-03 28%
2.0442E-03 28%
2.0328E-03 28”/.
2.021 5E-03 280/.
2.0045E-03 287.
1.9932E-03 28%
1.9651 E-03 287.
1.9482E-03 280/.
1.9370E-03 280/.
1.9 147E-03 280/.
1,8980E-03 280/.
1.8868E-03 280/.
1,8591 E-03 280/.
1.8535E-03 28%
1.8370E-03 28%
1.8204E-03 28%
1.7984E-03 28%
1.7820E-03 280/.
1.771OE-O3 280/.
1.7546E-03 280/.
1,7383E-03 280/.
1.71 65E-03 280/.
1.7057E-03 28%
1.6949E-03 28%
1.6679E-03 280/.
1.6625E-03 28%
1.6463E-03 28%
1.6302E-03 280/.
1.6088E-03 280/.
1.5928E-03 280/.
1.5769E-03 280/.
1,5662E-03 280/.
1.5450E-03 280/o
1.5239E-03 280/.
1.51 86E-03 280/.
1.5081 E-03 280/.
1.4766E-03 280/.
1.4662E-03 28%
1.4505E-03 280/.
1.4297E-03 28%
1.4297E-03 280/.
1.4089E-03 28%
1.3986E-03 280/.
1.3728E-03 280/.
1.3676E-03 280/.
1.341 9E-03 280/.
1.3266E-03 28%

PU240 5.6927E-04 7%
PU240 5.6470E-04 7%
PU240 5.6013E-04 7%
PU240 5.571 OE-04 7’7.
PU240 5.5255E-04 7?/.
PU240 5.4650E-04 7’%
PU240 5.4198E-04 7%
PU240 5.3897E-04 7%
PU240 5.3596E-04 7%
PU240 5.3147E-04 ~/O
PU240 5.2847E-04 7!/.
PU240 5.2101 E-O4 7%
PU240 5. 1654E-04 7%
PU240 5. 1357E-04 7’%
PU240 5.0764E-04 7%
PU240 5,0321 E-04 7%
PU240 5.0026E-04 7%
PU240 4.9290E-04 7%
PU240 4.9143E-04 7%
PU240 4.8704E-04 7%
PU240 4.8265E-04 7Vo
PU240 4.7682E-04 7%
PU240 4.7246E-04 7%
PU240 4.6955E-04 7%
PU240 4.6521 E-04 7%
PU240 4,6087E-04 7%
PU240 4.551 lE-04 7/.
PU240 4 5223E-04 7%
PU240 4.4936E-04 70/0
PU240 4.4220E-04 7%
PU240 4.4077E-04 7%
PU240 4.3650E-04 7%
PU240 4.3223E-04 7%
PU240 4.2655E-04 7%
PU240 4.2231 E-04 7%
PU240 4. 1808E-04 7%
PU240 4. 1526E-04 7%
PU240 4,0964E-04 7%
PU240 4.0404E-04 7%
PU240 4.0264E-04 7%
PU240 3,9985E-04 7%
PU240 3.9150E-04 7%
PU240 3.8873E-04 7%
PU240 3.8457E-04 70/0
PU240 3.7905E-04 70/0
PU240 3.7905E-04 7%
PU240 3.7355E-04 7%
PU240 3.7081 E-04 7%
PU240 3,6396E-04 7%
PU240 3,6260E-04 7%
PU240 3.5579E-04 7%
PU240 35172E-04 7%
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LHS Samples and Calculated Normalized Releases

Table B-6. (Continued)

Comp. Total
Sam Integrated
ID Vector Discharge Top 3 Radionudides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

9) 4.6523E-03 PU239 2.9665E-03 64% AM241 1,31 13E-03 28% PU240 3.4766E-04 7?/.

z 4.6161 E-03 PU239 2.9435E-03 64% AM241 1,3011 E-03 28% PU240 3.4496E-04 7%.

z 4.5620E-03 PU239 2.9090E-03 64% AM241 1.2858E43 28% PU240 3.4091 E-04 7%
93 4.5260E-03 PU239 2.8860E-03 64% Afvf241 1.2757E-03 28% PU240 3.3822E-04 7%
10 4.4542E-03 PU239 2.8402E-03 647. AM241 1.2554E-03 28% PU240 3.3285E-04 7%
5 4.3826E-03 PU239 2.7946E-03 647. AM241 1.2352E-03 28% PU240 3.2750E-04 7?/.

3i 4.3280E413 PU239 2.7604E-03 64% Afv&41 1.2201 E-03 28% PU240 3.2350E-04 7%
45 4.2934E-03 PU239 2.7377E-03 64% AM241 1.2101E-O3 28% PU240 3.2084E-04 7%

comD. Total
SCen Integrated
ID Vector Discharge Top 3 Radio nuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)

01 19
35
55
16
&
24
4

14
13
51
33

1
53
18
52
27
49
33
21
17
44
a
3

37
43
33
32
2%
6

m
47
41
33
11
57

7
a
9
8

15
4)
43
a
54
31
23

5. 1607E-03
5.1 193E03
5.0779E-03
5.0504E-03
5.0091 E-03
4.9543E-03
4.9133E-03
4.8860E-03
4.8588E-03
4.8180E-03
4.7809E-03
4.7232E-03
4.6827E-03
4.6558E-03
4.6020E-03
4.5618E-03
4.5351 E-03
4.4684E-03
4.4551 E-o3
4.4152E-03
4.3755E-03
4.3226E-03
4.2831 E-03
4.2!567E-03
4.2173E-03
4. 1780E-03
4. 1258E-03
4.0997E-03
4.0737E-03
4,0088E-03
3,9958E-03
3.9571 E-o3
3.9184E-03
3.8669E-03
3.8285E-03
3.7901 E-03
3.7645E-03
3.7136E-03
3.6628E-03
3.6501 E-o3
3.6248E-03
3.5491 E-03
3.5240E-03
3.4864E-03
3.4363E-03
3.4363E-03

PU239 4.5856E-03
PU239 4.5488E-03
PU239 4.5120E-03
PU239 4.4876E-03
PU239 4.4509E-03
PU239 4.4022E-03
PU239 4.3658E-03
PU239 4.3416E-03
PU239 4.3173E-03
PU239 4.281 lE-03
PU239 4.2570E-03
PU239 4.1969E-03
PU239 4.1609E-03
PU239 4.1370E-03
PU239 4.0892E-03
PU239 4.0535E-03
PU239 4.0297E-03
PU239 3.9705E-03
PU239 3.9586E-03
PU239 3.9232E-03
PU239 3.8879E-03
PU239 3.8409E-03
PU239 3.8058E-03
PU239 3.7824E-03
PU239 3,7474E-03
PU239 3.7124E-03
PU239 3.6660E-03
PU239 3.6428E-03
PU239 3.6 197E-03
PU239 3.5621 E-03
PU239 3.5506E-03
PU239 3.5161 E-03
PU239 3.4817E-03
PU239 3.4360E-03
PU239 3.4018E-03
PU239 3.3677E-03
PU239 3.3450E-03
PU239 3.2998E-03
PU239 3.2546E-03
PU239 3.2434E-03
PU239 3.2209E-03
PU239 3. 1536E-03
PU239 3.1313E-03
PU239 3.0979E-03
PU239 3.0534E-03
PU239 3.0534E-03

890/.
89%
89%
89%
89%
89%
89%
89%
890/.
890/.
89%
89%
890/.
890/o
890/.
89%
89%
890/.
89%
890/.
890/.
89%
89%
89%
89%
890/.
89%
890/.
890/.
890/.
890/.
890/.
89%
89%
89%
89%
89%
890/.
890/.
890/.
890/.
890/o
890/.
890/.
890/.
890/.

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

4.6049E-04
4,5679E-04
4.531 OE-04
4.5064E-04
4.4696E-04
4.4207E-04
4.3841 E-04
4.3598E-04
4.3355E-04
4.2991 E-04
4.2749E-04
4.2145E414
4. 1784E-04
4. 1543E-04
4. 1064E-04
4.0705E-04
4.0466E-04
3.9871 E-04
3.9753E-04
3.9397E-04
3.9042E-04
3.8570E-04
3.821 7E-04
3.7983E-04
3.7631 E-04
3.7280E-04
3.6814E-04
3.6581 E-04
3.6349E-04
3.5770E-04
3.5655E-04
3.5309E-04
3.4963E-04
3.4504E-04
3,4161 E-04
3.3819E-04
3.3591E-04
3.3136E-04
3.2683E-04
3,2570E-04
3.2344E-04
3, 1669E-04
3. 1444E-04
3.1 108E-O4
3.0662E-04
3.0662E-04

!%
9%
s%
93/0

8%

9%
9%
9?/0

$%
870

8%

SW.

Wo

870

9%
9%0

9%
w.

Y/o

w
w.
w.

9%
w.
9’/0
9%
970

9%
8%
w.
9%
9/0
9%
9?/0
w.
9/0
w.
9%
9/”
9%
9/0

9%
9%
9?/0

9%
s%

AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241

8.6864E-05 2?/.
8.6166E-05 27.
8.5470E-05 2%
8.5006E-05 2%
8.431 3E-05 2%
8.3390E-05 Pi.
8.2700E-05 W.

8.2241 E-05 No

8. 1782E-05 2%
8. 1096E-05 ?/.

8.0639E-05 2%
7.9500E-05 2%
7.881 8E-05 2%
7,8365E-05 2%
7,7461 E-05 2%
7.6784E-05 ?/0

7.6334E-05 2%
7.5211 E-05 P/o

7.4987E-05 27/.
7.4316E-05 2%
7.3647E-05 2%
7.2757E-05 2%
7.2091 E-05 2%
7. 1648E-05 25/.
7.0985E-05 2%
7.0324E-05 2%
6.9444E-05 ~/O
6.9005E-05 2%
6.8567E-05 2!!.
6.7475E-05 2?/.
6.7257E-05 2%
6.6604E-05 2%
6.5953E-05 27.
6.5087E-05 T/o
6.4440E-05 27.
6.3794E-05 2%
6.3364E-05 2%
6.2506E-05 2%
6.1652E-05 2%
6. 1438E-05 27.
6.101 2E-05 ~/O
5,9738E-05 2%
5.931 5E-05 2%
5.8682E-05 27.
5.7839E-05 2%
5.7839E-05 2%
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Appendix B

Table B-6. (Continued)

Comp. Total
Scan Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)

12
42
58
34
2

!33
9

:
59
10
5

35
45

3.3864EJ33
3.3615E-03
3.2995E-03
3.2871 E-03
3.2254E-03
3. 1885E-03
3.1517E-03
3.1272E-03
3.0905E-03
3.0661 E-03
3.0175E-03
2.9690E-03
2.9327E-03
2.9086E-03

PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239

3.0091 E413
2.9869E-03
2.9318E-03
2.9208E-03
2&60E-03
2.8332E-03
2.8005E-03
2.7787E-03
2.7461 E-03
2.7245E-03
2.681 2E-03
2.6381 E-03
2.6059E-03
2.5844E-03

89%
89%
890/.
89%
890/.
890/.
89%
89%
890/.
890/.
890/.
890/.
89%
89%

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

3.021 7E-04
2,9995E-04
2.9441E-04
2.9331 E-04
2.8780E-04
2.8451 E-04
2.81 22E-04
2.7804E-04
2.7577E-04
2.7359E-04
2.6925E-04
2.6492E-04
2.6168E-04
2.5953E-04

w
9%
9%
9%
w
9’/0
9/0

9%
8%
w
9%
9%
90
9%

AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241

5.6999E-05 2%
5.6581 E-05 2%
5.5537E-05 2%
5.5328E-05 2%
5.4290E-05 2%
5.3668E-05 2%
5.3049E-05 2%
5.2636E-05 2%
5.201 9E-05 2%
5. 1609E-05 2%
5.0789E-05 2%
4.9973E-05 2%
4.9363E-05 2%
4.8956E-05 2%

SC& Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 5000 years)

Q 19
35
55
16
4
24
4

14
13
51
33

1
S3
18
52
27
49
33
21
17
44
3)
3

37
43
33
3.2
Z%
6

83
47
41
26

:
7

2?
9
8

15
45
48
33

4.7364E-03
4.6984E-03
4.6604E-03
4.6351 E-03
4,5973E-03
4.5470E-03
4.5093E-03
4.4843E-03
4.4593E-03
4.4219E-03
4.3970E-03
4.3349E-03
4.2977E-03
4.2730E-03
4.2237E-03
4.1868E-03
4.1622E-03
4.101 OE-O3
4.0888E-03
4.0522E-03
4.0157E-03
3.9672E-03
3.93o9E 03
3.9067E-03
3.8706E-03
3.8345E-03
3,7865E-03
3.7626E-03
3.7387E-03
3.6792E-03
3.6673E-03
3.6317E-03
3.5962E-03
3.5490E-03
3.5137E-03
3.4785E-03
3.4550E-03
3.4083E-03
3.3617E-03
3.3500E-03
3.3268E-03
3.2573E-03
3.2343E-03

PU239 4.3289EI)3
PU239 4.2842E-03
PU239 4.2595E-03
PU239 4.2364E-03
PU239 4.201 8E-03
PU239 4.1558E-03
PU239 4,1214E-03
PU 239 4.0985E-03
PU239 4.0757E-03
PU239 4.0415E-03
PU239 4.0187E-03
PU239 3,9619E-03
PU239 3.9280E-03
PU239 3.8054E-03
PU239 3.8603E-03
PU239 3.8266E-03
PU239 3.8041 E-03
PU239 3.7482E-03
PU239 3,7370E-03
PU239 3.7036E-03
PU239 3.6703E-03
PU239 3.6259E-03
PU239 3.5927E-03
PU239 3.5706E-03
PU239 3.5376E-03
PU239 3.5046E-03
PU239 3.4608E-03
PU239 3.4389E-03
PU239 3.4171 E-03
PU239 3.3627E-03
PU239 3,3518E-03
PU239 3,3193E-03
PU239 3.2868E-03
PU239 3.2437E-03
PU239 3.2114E-03
PU239 3.1792E-03
PU239 3.1578E-03
PU239 3.1151 E-03
PU239 3.0725E-03
PU239 3.0618E-03
PU239 3.0406E-03
PU239 2.9771 E-03
PU 239 2.9560E-03

91%
91%
91%
91%
91 “/0
91%
91%
91%
91%
91“/0
91 “/0
91%
91 “/0
91%
91%
91%
91~o
91%
91 0/0
91%
917.
91 “/0
91 “[o
91%
91%
91 “/0
91%
91 “/0
91 0/0
91 0/0
91%
91 0/0
91~o
91%
91%
91%
91 “/.
91%
91 “10
91 0/0
91%
91 “/0
91%

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

3.7249E-04
3.6950E-04
3.6651E-04
3.6453E-U4
3.6155E-04
3.5759E-04
3.5464E-04
3.5267E-04
3.5070E-04
3.4776E-04
3.4580E-04
3.4081 E-04
3.3799E-04
3.3605E-04
3.321 7E-04
3.2927E-04
3.2734E-04
3.2252E-04
3.2156E-04
3.1868E-04
3.1581 E-04
3. 1200E-04
3.0914E-04
3.0724E-04
3.0440E-04
3.0156E-04
2.9779E~4
2.9591 E-04
2.9403E-04
2.8935E-04
2.8841 E-o4
2.8561E-04
2.8282E-04
2.791 lE-04
2.7633E-04
2.7356E-04
2.7172E-04
2.6804E-04
2.6438E-04
2.6346E-04
2.6163E-04
2.561 7E-04
25436E-04

8% U234
6% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
P/o U234
8% U234
8% U234
8% U234
PI. U234
8% U234
8% U234
6% U234
8% U234
P/o U234
6% U224
8% U234
8% U234
8% U234
8% U234
6% U234
6% U234
8% U234
8% U234
8% U234
8% U234
8% U234
870 U234
8% U234
8% U234
8% U234
8?/0 U234
87/0 U234
P/o U234
8% U234
8% U234
8% U234

1.9395E-05 O%
1.9239E-05 O%
1.9084E-05 O%
1.8980E-05 O%
1.8825E-05 O%
1.861 9E-05 O%
1.8465E-05 O%
1.8363E-05 O%
1.8260E-05 O%
1,8107E-O5 O%
1.8005E-05 O%
1.7751 E-05 O%
1.7598E-05 O%
1.7497E-05 O%
1.7295E-05 O%
1.7144E-05 O%
1.7044E-05 O%
1.6793E-05 O%
1.6743E-05 O%
1.6593E-05 O%
1.6444E-05 O%
1.6245E-05 O%
1.6096E-05 O%
1.5997E-05 O%
1.5849E-05 O%
1.5702E-05 C%
1.5505E-05 O%
1.5407E-05 O%
1.531OE-O5 O%
1.5066E-05 O%
1.501 7E-05 O%
1.4871 E-05 O%
1.4726E-05 O%
1.4533E-05 O%
1.4388E-05 O%
1.4244E-05 O%
1.4148E-05 O%
1,3956E-05 O%
1.3765E-05 O%
1.371 8E-05 O%
1.3623E-05 O%
1.3338E-05 O%
1.3244E-05 O%
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LHS Samples and Calculated Normalized Releases

Table B-6. (Continued)

Comp. Total
Scan Integrated
ID Vector Discharge Top 3 Radionuclickx Contribution to Integrated Discharge

(Time of intrusion, 5000 years)

5$
31
23
12
42
58
34

2
%
m
22
25
9
10
5

35
45

3.1997E-03
3. 1533E-03
3.1 538E-03
3. 1080E-03
3.0852E-03
3.0282E43
3.0169E-03
2.9602E-03
2.9263E-03
2.8926E-03
2.8701 E-03
2.8364E-03
2.8140E-03
2.7694E-03
2.7249E-03
2.6916E-03
2.6694E-03

PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU 239
PU239
PU239
PU239
PU239
PU239
PU239
PU239

2.9244E-03
2.8825E-03
2.8J325E-03
2.8406E-03
2.8197E-03
2.7677E-03
2.7573E-03
2.7056E-03
2.6746E-03
2.6437E-03
2.6232E-03
2.5924E-03
2.5719E-03
2.531 lE-03
2.4904E-03
2.4600E-03
2.4398E-03

91%
91%
91%
91 “/0
91%
91%
91%
91%
91%
91%
91%
91%
91%
91%
91%
91%
91 0/0

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

2.5164Er)4
2.4803E-04
2.4803E-04
2.4443E-04
2.4263E-04
2.381 5E-04
2.3726E-04
2.3281E-04
2.301 4E-04
2.2748E-04
2.2572E-04
2.2307E-04
2.2131 E-04
2, 1780E-04
2. 1430E-04
2.1 168E-04
2.0994E-04

8% U234
8% U234
8% U234
8% U234
6% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234
8% U234

1.3102E-O5 O%
1.291 4E-05 O%
1.291 4E-05 O%
1.2727E-05 @/.
1.2633E-05 O%
1.2400E-05 O%
1.2354E-05 O%
1.2122E-05 O%
1.1983E-05 O%
1.1845E-05 O%
1.1753E-05 O?/.
1.1615E-05 G%
1 1523E-05 O%
1 1340E-05 O%
1 1158E-05 O%
1.1022E-05 O%
1.0931 E-05 O%

Como. Total
SCen’ Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7000 years)

m 19
35
%
16
45
24
4

14
13
51
33

1
53
18
52
27
49
3
21
17
44
3)

3
37
43
33
?2
23
6

63
47
41
z
11
57

7
23
9
8

15

4.4232E-03
4,3876E-03
4.3522E-03
4.3286E-03
4.2933E-03
4.2463E-03
4.211 lE-03
4. 1877E-03
4. 1644E-03
4. 1294E-03
4. 1062E-03
4.0482E-03
4.0135E-03
3.9904E-03
3.9443E-03
3.9099E-03
3.8870E-03
3.8298E-03
3.8184E-03
3.7842E-03
3,75o1 E-03
3. 7048E-03
3.6709E-03
3.6484E-03
3.6146E-03
3.5809E-03
3.5361 E-o3
3.5138E-03
3.4915E-03
3.4359E-03
3.4248E-03
3.3915E-03
3.3584E-03
3.3143E-03
3.2813E-03
3.2484E-03
3.2265E-03
3.1829E-03
3.1393E-03
3.1285E-03

PU239 4.0866E-03
PU239 4.0538E-03
PU239 4.021 OE-03
PU239 3.9992E-03
PU239 3.9666E-03
PU239 3.9232E-03
PU239 3.8907E-03
PU239 3.8691 E-o3
PU 239 3.8475E-03
PU239 3.8152E-03
PU239 3.7937E-03
PU239 3.7401E-03
PU239 3.7081 E-o3
PU239 3.6868E-03
PU239 3.6442E-03
PU239 3.6124E-03
PU239 3.5912E-03
PU239 3.5384E-03
PU239 35278E-03
PU239 3.4963E-03
PU 239 3.4648E-03
PU239 3.4229E-03
PU239 3 3916E-03
PU239 3.3708E-03
PU239 3.3396E-03
PU239 3.3084E-03
PU239 3.2671E-03
PU239 3.2464E-03
PU239 3.2258E-03
PU239 3. 1744E-03
PU239 3.1642E-03
PU239 3.1335E-03
PU239 3.1028E-O3
PU239 3.0621 E-03
PU239 3.0316E-03
PU239 3.0012E-03
PU239 2.981 OE-O3
PU239 2,9407E-03
PU239 29005E-03
PU239 2.8904E-03

920/.
920/.
92%
920/.
920/.
92%
92~o
92%
920/.
92%
92%
920/.
920/.
920/o
92%
920/0
920/o
920/.
920/.
920/.
920/.
920/o
920/.
92%
920/.
92”/.
920/.
920/.
92%
92%
920/o
92”/.
92%
92%
92%
920/.
920/.
920/o
920/o
920/.

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

3.0131 E-04
2.9889E-04
2.9648E-04
2.9487E-04
2.9246E-04
2.8926E-04
2.8687E-04
2.8527E-04
2.8368E-04
2.8130E-04
2.7972E-04
2.7577E-04
2.7340E-04
2.7183E-04
2.6869E-04
2.6635E-04
2.6478E-04
2.6089E-04
2.6011 E-04
2 5779E-04
2.5546E-04
2.5238E-04
2,5007E-04
2.4853E-04
2.4623E-04
2.4394E-04
2.4089E-04
2,3936E-04
2.3784E-04
2.3406E-04
2.3330E-04
2.3104E-O4
2.2878E-04
2.2577E-04
2.2353E-04
2.2129E-04
2.1980E-04
2.1682E-04
2.1386E-04
2.1312E-04

7%
7%
7%
i%
7%
7%
7%
7%
7%
W.
7%
7%
7%
?%
i%
i%
7%
i%
7%
7%
7%
7%
7%
7%
7%
7%
7%
79’0
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%

U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234

U234
U234
U234
U234
U234
U234
U234
U234
u23d
U224
U234
U234

1.9285E-05 O%
1.9130E-05 O%
1,8976E-05 O%
1.8873E-05 O%
1.8719E-05 O%
1.851 4E-05 O%
1.8361 E-05 O%
1.8259E-05 O%
1.8157E-05 O%
1.8004E-05 O%
1.7903E-05 O%
1.7650E-05 O%
1.7499E-05 O%
1.7398E-05 O%
1.7197E-05 O%
1,7047E-05 O%
1,6947E-05 O%
1.6698E-05 O%
1.6648E-05 O%
1.6499E-05 O%
1.6351 E-05 O%
1.6153E-05 O%
1 6005E-05 O%
1.5907E-05 O%
1,5760E-05 O%
1.5613E-05 O%
1.541 8E-05 O%
1.5320E-05 O%
1.5223E-05 O%
1.4980E-05 O%
1.4932E-05 O%
1.4787E-05 O%
1.4643E-05 0%
1 4450E-05 O%
1,4307E-05 O%
1.4 163E-05 O%
1.4068E-05 O%
1,3877E-05 O%
1,3688E-05 O%
1 3640E-05 O%
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Appendix B

Table B-6. (Continued)

Comp. Total
Seen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7000 years)

40
48
20
54
31
B
12
42
58
34

2
G
.9)
z
25
93
10
5

33
45

3.1068E-O3
3.0419E-03
3.0204E-03
2.9881E-03
2.9452E-03
2.9452E-03
2.9024E-03
2.8811E43
2.8280E-03
2.8174E-03
2.7645E-03
2.7328E-03
2.7013E-03
2.6803E-03
2.6488E-03
2.6279E-03
2.5862E-03
2.5447E-03
2.5136E-03
2.4929E-03

PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU239
PU 239
PU239
PU239
PU239
PU239
PU239

2.8704E-03
2.8105E-O3
2.7905E-03
2.7607E-03
2.7211E-03
2.7211 ECi3
2.6816E-03
2.6619E-03
2.6128E-03
2.6030E-03
2.5541 E-03
2.5249E-03
2,4957E-03
2.4763E-03
2.4473E-03
2.4280E-03
2.3894E-03
2.351 OE-O3
2.3223E-03
2.3032E-03

920/.
92%
92%
92%
92?4
92%
92%
920/.
920/.
92%
920/.
920/.
92%
92%
920/.
920/.
92%
92”/.
920/.
920/.

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

2.1 164E-04
2.0722E-04
2.0575E-04
2.0355E44
2.0063E-04
2.0063E-04
1.9772E-04
1.9627E-04
1.9264E-04
1.9192E-04
1.8832E-04
1.861 6E-04
1.8401 E-04
1.8258E-04
1.8044E-04
1.7802E-04
1.7618E-04
1.7335E-04
1.7123E-04
1,6982E-04

7% U234
7% U234
7% U234
7% U234
T/o U234
7% U234
i% U234
i% U234
7% U234
i% U234
i% U234
7% U234
7=/0 U234
7% U234
7% U234
i% U234
7% U234
i% U234
7% U234
7% U234

1.3546E-05 O%
1,3263E-05 O%
1.3 169E-05 W/o
1,3028E-05 O%
1.2841 E-05 O%
1,2841 E-05 O%
1.2655E-05 O%
1.2562E-05 O%
1.2330E-05 O%
1.2284E-05 CPA
1.2053E-05 O%
1.191 5E-05 O%
1.1778E-05 O%
1.1686E-05 07.
1,1549E-05 O%
1.1458E-05 @/o
1,1276E-05 O%
1.1095E-05 O%
1.0959E-05 O%
1,0869E-05 f3%
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LHS Samples and Calculated Normalized Releases

Table B-6. (Concluded)

Seen Integrated

ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge
(Time of Intrusion, 9000 years)

1
53
18
S2
27
49
33
z-l
17
44
3)

3
37
43
33
a
3
6

8)
47
41
33
11
57
7

29
9
8

15
a
48
xl
54
31
23
12
42
E8
34

2
53
m
22
25
.9
10
5

%
45

4. 1403E-03
4.107oE-O3
4.0738E-03
4.051 7E-03
4.0186E-03
3.9747E-03
3.9418E-03
3.9198E-03
3.8980E43
3.8653E-03
3.8435E-03
3.7892E-03
3.7568E-03
3.7352E-03
3.6920E-03
3,6598E-03
3.6383E-03
3.5848E-03
3.5742E-03
3.5422E-03
3.5103E-O3
3.4679E-03
3.4361 E-03
3.4150E-03
3.3834E-03
3.3519E-03
3.31 OOE-O3
3,2890E-03
3.2682E-03
3.2161 E-o3
3.2057E-03
3. 1746E-03
3. 1436E-03
3. 1023E-03
3.0714E-03
3.0406E-03
3,0202E-03
2.9793E-03
2.9385E-03
2.9284E-03
2.9081 E-03
2.8473E-03
2.8272E-03
2.7970 E-03
2.7568E-03
2.7568E-03
2.7168E-03
2.6968E-03
2.6471 E-03
2.6371 E-03
2,5876E-03
2.5580E-03
2.5285E-03
2.5088E-03
2.4794E-03
2.4598E-03
2.4208E-03
2.3819E-03
2.3528E-03
2.3334E-03

PU239 3.8579E-03
PU239 3.8269E-03
PU239 3.7959E-03
PU239 3.7753E-03
PU239 3.7445E-03
PU239 3.7036E-03
PU239 3.6729E-03
PU239 3.6525E-03
PU239 3.6321 E-03
PU239 3.6017E-03
PU239 3,5814E-03
PU239 3,5308E-03
PU239 35005E-03
PU239 3.4804E-03
PU239 3.4402E-03
PU239 3.4102E-O3
PU239 3.3902E-03
PU239 3.3403E-03
PU239 3.3304E-03
PU239 3.3006E-03
PU239 3.2708E-03
PU239 3.2313E-03
PU239 3.2017E-03
PU239 3.1821E-03
PU239 3, 1526E-03
PU239 3. 1232E-03
PU239 3.0842E-03
PU239 3.0647E-03
PU239 3.0452E-03
PU239 2.9967E-03
PU239 2.9870E-03
PU239 2.9581 E-03
PU239 2.9291 E-03
PU239 2.8907E-03
PU239 2.8619E-03
PU239 2,8332E-03
PU239 2.8141E-03
PU239 2.7761 E-03
PU239 2.7381E-03
PU239 2,7286E-03
PU239 2,7097E-03
PU239 2.6531 E-03
PU239 2.6343E-03
PU239 2.6062E-03
PU239 2.5688E-03
PU239 2.5688E-03
PU239 2.5315E-03
PU239 2.5129E-03
PU239 2.4665E-03
PU239 2.4573E-03
PU239 2.411 lE-03
PU239 2.3835E-03
PU239 2.3560E-03
PU239 2,3377E-03
PU239 2.3103E-O3
PU239 2,2921 E-03
PU239 2.2557E-03
PU239 2.2194E-03
PU239 2. 1923E-03
PU239 2.1743E-03

9370
93%
93%
93%
93%
93%
93%
93%
93?40
93~o
93%
93%

9370
930/.
93”/0
93%
93%
93%
93”/0
93%
93%
93~o
93%
93%
93%
93~o
930/.
93%
93”/0
93%
93”/0

93%
9S%

%3%
gsyo

9s0/o

93%
930/.
93%
93%
93%
93%
93%
93”/0
93%
93%
93%
93%
930/o
93%
93%
93”/0
93=70
9370
93%
93%
93%
93”/0

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

2.4373E-04
2.4178E-04
2.3982E*4
2.3852E-04
2.3657E-04
2.3399E-04
2.3205E-04
2.3076E-04
2.2947E-04
2.2755E-04
2.2627E-04
2.2307E-04
2.2116E-04
2. 1989E-04
2. 1735E-04
2. 1545E-04
2. 1419E-04
2,11 04E-04
2.1041 E-O4
2.0853E-04
2.0665E-04
2.0415E-04
2.0228E-04
2.O1O4E-O4
1.991 8E-04
1.9732E-04
1.9485E-04
1.9362E-04
1.9239E-04
1.8933E-04
1.8872E-04
1.8689E-04
1.8506E-04
1.8263E-04
1.8081 E-04
1.7800E-04
1,7779E-04
1.7539E-04
1.7299E-04
1.7239E-04
1,71 20E-04
1.6762E-04
1.6643E-04
1,6466E-04
1,6229E-04
1.6229E-04
1.5994E-04
1.5876E-04
1.5583E-04
1.5525E-04
1.5233E-04
1,5059E-04
1,4885E-04
1,4769E-04
1.4596E-04
1.4481 E-04
1.4251 E-04
1.4022E-04
1.3851 E-04
1.3737E-04

6=/.
6%
6%
6%
6%
E%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
6’?/0
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
PI.
6%
6%

6%
6%
6%
6%
6%
6%
6%
6%

U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
u23d
U234
U234
U234
U234
U234
U234
U234
U224
u22d
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234
U234

1.9 176E-05 O%
1.9022E-05 O%
1.8868E-05 O%
1.8766E-05 O%
1.861 3E-05 O%
1.8409E-05 O%
1.8257E-05 O%
1.81 55E-05 O%
1.8054E-05 O%o
1.7903E-05 O%
1.7802E-05 O%
1.7550E-05 O%
1.7400E-05 @/o
1.73J10E-05 O%
1.71ooE-o5 O%
1.6951 E-05 O%
1.6851 E-o5 O%
1.6604E-05 O%
1.6554E-05 O%
1.6406E-05 O%
1.6258E-05 O%
1.6062E-05 O%
1.591 5E-05 O%
1.581 7E-05 O%
1,5671 E-o5 O%
1.5525E-05 O%
1.5330E-05 O%
1.5234E-05 O%
1.51 37E-05 O%
1.4896E-05 O%
1.4848E-05 @/o
1.4704E-05 O%
1.4560E-05 O%
1.4369E-05 0%
1.4226E-05 O%.
1.4083E-05 O%
1.3988E-05 O%
1.3799E-05 O%
1.361 oE-05 O%
1.3563E-05 O%
1.3469E-05 O%
1.3188E-05 O%
1.3094E-05 O%
1.2955E-05 O%
1.2769E-05 O%
1.2769E-05 O%
1.2583E-05 O%
1.2491 E-o5 O%
1.2260E-05 O%
1.2214E-05 O%
1.1985E-05 O%
1. 1848E-05 O%
1.171 lE-05 O%
1,1620E-05 O%
1.1484E-05 O%
1.1393E-05 @/o
1.1212E-05 O%
1.1032E-O5 O%
1,0897E-05 O%
1,0808E-05 O%
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Appendix B

Table B-7 lists total EPA summed normalized release and the percentage contribution for the top 3 radionuclides

for each vector when drilling into an RH waste cask with an average activity level. Vectors are ordered from most to

least release. All vectors have some small release when intruding into the repository from drilling.

Table B-7. Integrated Discharge to the Accessible Environment by Bringing Average
RH-Activity Cuttings to the Surface when Initially Drilling through the
Repository.

Comp. ToteJ
Seen Integrated
ID Vector Dis&arge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

co 19
3
56
16
&
24
4

14
13
51
33

1
S3
18
S2
27
43
3
21
17
44
a

3
37
43
33
32
%
6

&l
47
41
z
11
57

7
3

9
8

15
43
48
3)
54
31
23
12
42
s
34

2
s
$11
22

1.0006E-04
9.9256E-05
9.8453E-05
9,7919E-05
9.7120E-05
9.6057E-05
9.5262E-05
9.4733E-05
9.4205E-05
9.3414E-05
9.2888E-05
9. 1576E-05
9.0791 E-05
9,0269EL05
8.9227E-05
8.8448E-05
8.7929E-05
8.6636E-05
8.6378E-05
8.5605E-05
8.4834E-05
8.3809E-05
8.3042E-05
8.2532E-05
8.1768E-05
8.1 OO6E-O5
7.9993E-05
7,9488E-05
7,8983E-05
7,7725E-05
7.7474E-05
7.6722E-05
7.5972E-05
7.4974E-05
7.4229E-05
7.3484E-05
7,2989E-05
7.2001 E-05
7.1 017E-05
7.0771 E-o5
7.0280E-05
6.8813E-05
6.8325E-05
6.7596E-05
6.6625E-05
6.6625E-05
6.5658E-05
6.51 76E-05
6.3973E-05
6.3733E-05
6,2536E-05
6.1821 E-05
6.1 107E-O5
6.0632E-05

PU239 5.8991 E-05
PU239 5.8517E-05
PU239 5.8044E-05
PU239 5.7730E-05
PU239 5.7259E-05
PU239 5,6632E-05
PU239 5.6163E-05
PU239 5.5851E-05
PU239 5.5540E-05
PU239 5.5074E-05
PU239 5.4764E-05
PU239 5.3990E-05
PU239 5,3527E-05
PU239 5.3219E-05
PU239 5.2605E-05
PU239 5.2146E-05
PU239 5.1640E-05
PU239 5. 1078E-05
PU239 5,0925E-05
PU239 5.0470E-05
PU239 5.0015E-05
PU239 4.9411 E-05
PU239 4.8959E-05
PU239 4.8658E-05
PU239 4.8208E-G5
PU239 4.7758E-05
PU239 4.7161 E-05
PU239 4.6863E-05
PU239 4.6565E-05
PU239 4.5824E-05
PU239 4,5676E-05
PU239 4.5232E-05
PU239 4.4790E-05
PU239 4.4202E-05
PU239 4.3762E-05
PU239 4.3324E-05
PU239 4.3032E-05
PU239 4.2449E-05
PU239 4.1869E-05
PU239 4.1724E-05
PU239 4.1435E-05
PU239 4.0570E-05
PU239 4.0282E-05
PU239 3.9852E-05
PU239 3.9280E-05
PU239 3.9280E-05
PU239 3,871 OE-O5
PU239 3.8425E-05
PU239 3.7716E-05
PU239 3.7575E-05
PU239 3,6869E-05
PU239 3.6447E-05
PU239 36026E-05
PU239 3.5746E-05

590/0
590/0
59%
59%

59%
59%
59%
59%
59%
59%
59%
59”/0
59%
59%

59”/0
590/0
59”/0
59%
59%
59”/0
59%
59”/0
59%
59%
59”/0
59%
59”/0
59%
59”/.
59%
59%
59%
59%
59%
59%
59%
59%
59%
59%
59%
59%

590/0

59%
59%
59%
59%
59%
59”/0
59%
59%
59%
59”/0
59%
59”/0

AM241
AM241
AfvE41
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241

AM241
AM241
AM241
AM241

AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241
AM241

1.7911 E-05
1.7767E-05
1.7624E-05
1.7528EC)5
1.7385E-05
1.7195E-05
1.7053E-05
1,6958E-05
1.6863E-05
1.6722E-05
1.6628E-05
1.6393E-05
1.6252E-05
1.61 59E-05
1.5972E-05
1.5833E-05
1.5740E-05
1.5508E-05
1.5462E-05
1.5324E-05
1.5186E-05
1.5002E-05
1.4865E-05
1.4774E-05
1.4637E-05
1.4501 E-05
1.4319E-05
1.4229E-05
1.4138E-05
1.3913E-05
1.3868E-05
1.3734E-05
1.3599E-05
1.3421 E-05
1.3287E-05
1.3154E-05
1.3066E-05
1.2889E-05
1.271 2E-05
1.2668E-05
1.2581 E-05
1.231 8E-05
1.2231 E-o5
1.2 1ooE-o5
1.1926E-05
1.1926E-05
1.1753E-05
1.1667E-05
1.1452E-05
1.1409E-05
1.1194E-05
1.1066E-O5
1.0939E-05
1.0853E-05

180/0
180/0
180/0
180/0
180/0
18%
18%
18%
18%
18%
18%
18%
18%
18%
18%
18%
180/0
180/0
180/0
180/0
180/0
180/0
180/0
180/0
180/0
180/0
18%
18%
18%
180/0
180/0
180/0

180/0
180/0
180/0
180/0
18%
18%
180/0
180/0
180/0

18%

180/0
180/0
180/0
18%
180/0
180/0
180/0
180/0
180/0
180/0
180/0
180/0

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

1,291 9E-05 13%
1.281 5E-05 13%
1.271 lE-05 130/0
1.2642E-05 130/0
1.2539E-05 130/0
1.2402E-05 130/0
1.2299E-05 130/0
1.2231 E-05 130/0
1.2163E-05 13%
1.2061 E-05 13%
1.1993E-05 13%
1.1823E-05 130/0
1.1 722E-05 13”/0
1.1655E-05 13%
1.1520E-05 13%
1.1419E-05 130/0
1.1352E-05 130/0
1.1 185E-05 130/0
1.1 152E-05 130/0
1,1052E-05 130/0
1.0953E-05 130/0
1.0820E-05 130/0
1.0721 E-05 130/0
1.0656E-05 130/0
1.0557E-05 130/0
1.0459E-05 130/0
1.0328E-05 13%
1.0263E-05 130/0
1.0197E-05 130/0
1.0035E-05 130/0
1.0003E-05 130/0
9.9054E-06 130/0
9.8086E-06 130/0
9.6798E-06 130/0
9.5835E-06 13%
9.4874E-06 130/0
9.4235E-06 13%
9.2960E-06 13%
9.1689E-06 13%
9.1371 E-06 130/0
9.0738E-06 13%
8.8843E-06 13%
8.821 4E-06 13%
8.7272E-06 13%
8.601 9E-06 130/0
8.601 9E-06 130/0
8.4770E-06 13%
8.4147E-06 130/0
8.2594E-06 130/0
8.2285E-06 13%
8.0740E-06 130/0
7.981 6E-06 130/0
7.8894E-06 130/0
7.8281 E-06 130/0
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LHS Samples and Calculated Normalized Releases

Table B-7. (Continued)

Comp. Total
Seen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

0325 5.9921 E-05 PU239 3.5327E-05 59% AM241 1.0726E-05 180/0 PU240 7.7363E-06 130/0

83 5.9448E-05 PU239 3.5048E-05 59% AM241 t .0642E-05 18°4 PU240 7.6752E-06 13°10

10 5.8505E-05 PU239 3.4492E-05 59% AM241 1.0473E-05 18°4 PU240 7.5534E-06 13°4
5 5.7564E-05 PU239 3.3938E-05 590/0 AM241 1.0304E-05 18°4 PU240 7.4320E-06 13°4

33 5.6861 E-05 PU239 3.3523E-05 5970 AM241 1.01 78E-05 18°10 PU240 7.3412E-06 13°6
45 5.6393E-05 PU239 3.3247E-05 59% AM241 1.0095E-05 18°4 PU240 7.2808E-06 130/0
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Appendix B

Table B-7. (Continued)

Comp. TotaJ
Seen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 yeara)

01 19
3
56
16
46
24
4

14
13
51
3

1
S3
18
!!2’
27
U3
33
21
17
44
33

3
37
43
33
3?
23
6

8)
47
41
E
11
57

7
23
9
8

15
4
4a
al
54
31
B
12
42
59
34

2
53
9)
22
z
93
10
5

33
45

7.8452E-05
7.7822E-05
7.7193E-05
7,6774E-05
7.6148E-05
7.5314E-05
7.4691 E-05
7,4276E-05
7,3862E-05
7.3242E-05
7.2830E-05
7.1801 E-05
7. 1186E-05
70776E-05
6.9959E-05
6.9348E-05
6.8941 E-o5
6.7928E-05
6.7725E-05
6.71 19E-05
6.6515E-05
6.5711 E-05
6.511 OE-O5
6.471 OE-O5
6.4111 E-o5
6.3514E-05
6,2719E-05
6.2323E-05
6.t 927E-05
6.0941 E-05
6.0744E-05
6.0154E-05
5.9566E-05
5.8784E-05
5.8199E-05
5,7616E-05
5.7228E-05
5.6453E-05
5.5681 E-05
5.5489E-05
5.5104E-O5
5.3953E-05
5.3571 E-o5
5 2999E-05
5.2238E-05
5.2238E-05
5 1480E-05
5.1101 E-O5
5.0158E-05
4.9970E-05
4.9032E-05
4.8471 E-o5
4.7911 E-05
4.7539E-05
4.6982E-05
4.6611 E-05
4.5871 E-05
4,5134E-05
4.4582E-05
4.4215E-05

PU239 5.5689E-05
PU239 5.5242E-05
PU239 5.4795E-05
PU239 5.4498E-05
PU239 5.4053E-05
PU239 5.3462E-05
PU239 5.3019E-05
PU239 5.2725E-05
PU239 5.2431 E-05
PU239 5.1991 E-05
PU239 5. 1698E-05
PU239 5.0968E-05
PU239 5.0531 E-05
PU239 5.0240E-05
PU239 4.9660E-05
PU239 4.9227E-05
PU239 4.8938E-05
PU239 4.8218E-05
PU239 4.8075E-05
PU239 4.7645E-05
PU239 4.7215E-05
PU239 4.6645E-05
PU239 4.6218E-05
PU239 4.5934E-05
PU239 4.5509E-05
PU239 4.5085E-05
PU239 4.4521 E-o5
PU239 4.4240E-05
PU239 4.3959E-05
PU239 4.3259E-05
PU239 4.3119E-05
PU 239 4.2700E-05
PU239 4.2283E-05
PU239 4.1728E-05
PU239 4.1313E-05
PU239 4,0899E-05
PU239 4.0623E-05
PU239 4.0073E-05
PU239 3.9525E-05
PU239 3.9388E-05
PU239 3.91 15E-05
PU239 3,8299E-05
PU239 3.8027E-05
PU239 3.7621 E-05
PU239 3 7081 E-05
PU239 3.7081 E-05
PU239 3.6543E-05
PU239 36274E-05
PU239 3.5605E-05
PU239 3.5471 E-05
PU239 3.4805E-05
PU239 3.4407E-05
PU239 3.401 OE-O5
PU239 3.3745E-05
PU239 3,3350E-05
PU239 3.3087E-05
PU239 3,2561 E-05
PU239 3.2038E-05
PU239 3.1647E-05
PU239 3.1386E-05

71%
71“/0
71%
71%
71%
71%
71%
71%
71%
71%
71%
71“10
71%
71%
71%
71%
71%
71%
71%
71“/0
71%
71%
71%
710/0
71%
71%
71%
71%
71%
71%
71%
71“/0
71%
710/0
71%
710/0
710/0
710/0
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71 “/0
71 0/0
71%
71“/0
71 “/0
71 “/0
71%
71“/0
71%
71“/0
71%

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

1.0450E-05
1.0366E-05
1.0282E-05
1.0226E-05
1.01 43E-05
1.0032E-05
9.9489E-06
9.8937E-06
9.8385E-06
9.7559E-06
9.7009E-06
9.5639E-06
9.4820E-06
9.4274E-06
9.3186E-06
9.2372E-06
9. 1830E-06
90480E-06
9.021 lE-06
8.9404E-06
8.8598E-06
8.7528E-06
8.6727E-06
8.6194E-06
8.5396E-06
8.4600E-06
8.3542E-06
8.3014E-06
8,2487E-06
8.1 173E-06
8.0911 E-06
80 126E-06
7.9342E-06
7.8301 E-06
7.7522E-06
7.6745E-06
7.6228E-06
7.5196E-06
7.4168E-06
73911 E-06
7.3399E-06
7 1866E-06
7 1357E-06
7.0595E-06
69581 E-06
6.9581 E-06
68571 E-06
6,8067E-06
6.6811 E-06
6.6561 E-06
6.5311 E-06
6.4564E-06
6.3818E-06
6.3322E-06
6.2580E-06
6.2086E-06
6.1 1OOE-O6
6.01 18E-06
5.9384E-06
5,8895E-06

130/0
13%
13%
13%
13%
13“/0
13%
13%
13%
13“/0
13%
13“/0
13“/0
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13“/0
13%
13%
13%
13%
13%
13%
13%
13%
13“/0
13%
13%
13%
13%
130/0
13°%
130/0
13%
13%
130/0
13%
13%
13“/0
13%
13%
13%
13%
130/0
13“/0
13%
13%
13%
13%
13%
13“/0
13%
13%

U233
U233
U233
U233
U23S
U223
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U2X3
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U2X3
U233
U233
U233
[J233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233

9. 1950E-06 120/0
9.121 lE-06 120/0
9.0474E-06 120/0
8.9983E-06 120/0
8.9249E-06 120/0
8.8272E-06 120/0
8.7541 E-06 12%
8.7055E-06 120/0
8.6570E-06 120/0
8.5843E-06 120/0
8.5360E-06 120/0
8.4154E-06 120/0
8,3433E-06 120/0
8.2953E-06 120/0
8 1995E-06 120/0
8 1279E-06 120/0
8,0803E-06 12%
7.961 4E-06 120/0
7.9377E-06 120/0
7,8667E-06 120/0
7.7959E-06 120/0
7.7016E-06 12’%

7.631 2E-06 120/.
7.5843E-06 120/0
7.5141 E-06 12%
7,4441 E-06 12%
7351 OE-06 12%
7.3045E-06 120/0
72581 E-06 120/0
7 1425E-06 120/0
7,1 194E-06 120/0
7 0504E-06 120/0
6 9814E-06 120/0
6 8898E-06 12%
6.821 2E-06 12’%
6.7528E-06 12%

6.7073E-06 12%
6.6166E-06 120/0
6.5261 E-06 120/0
6 5035E-06 120/0
6 4584E-06 12%
6.3236E-06 12%
6 2788E-06 120/0
6 2117E-06 120/0
6 1225E 06 12”/0

6 1225E-06 12“/0
6.0336E-06 12?4
5.9893E-06 12:/0
5.8788E-06 120/0
5.8567E-06 120/0
5.7468E-06 12%
5.681 OE-O6 120/0
5.6154E-06 120/0
5.571 8E-06 12%
5.5064E-06 120/0
5.4630E-06 120/0
5 3763E-06 120/0
5,2899E-06 120/0
5 2252E-06 120/0
5 1822E-06 12%
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LHS Samples and Calculated Normalized Releases

Table B-7. (Continued)

Comp. Total
SCen Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 5000 years)

@ 19
3
56
16
6
24
4

14
13
51
33

1
53
18
S2
27
49
3
21
17
44
m

3
37
43
33
32
2?
6

m
47
41
23
11
57

7

7.3751 E-05
7.3158E-05
7.2567E-05
7,2173E-05
7.1584E415
7.0801 E-05
7.0215E-05
6.9825E-05
6.9436E-05
6.8853E-05
6.8465E-05
6,7498E-05
6.6919E-05
6.6535E-05
6.5767E-05
6,5192E-05
6.481 OE-O5
6.3857E-05
6.3667E-05
6.3097E-05
6,2529E-05
6. 1773E-05
6. 1208E-05
6.0832E-05
6.0269E-05
5.9707E-05
5.8960E-05
5.8588E-05
5.8216Et)5
5.7288E-05
5.7103E-O5
5.6549E-05
5.5996E-05
5.5261 E-05
5.4711 E-05
5.4 163E05
5.3798E-05
5.3070E-05
5.2344E-05
5,2163E-05
5. 1802E-05
5.0720E-05
5.0361 E-05
4.9823E-05
4.9107E-05
4,9107E-O5
4.8394E-05
4.8039E-05
4.7152E-05
4.6976E-05
4.6094E-05
4.5566E-05
4.5040E-05
4.4690E-05
4.4166E-05
4.3817E-05
4,3122E-05
4.2429E~5
4.1910E-05
4. 1566E-05

PU239 5.2572E-05
PU239 5.2149Ef)5
PU239 5, 1728E-05
PU239 5.1447E-05
PU239 5.1028E-O5
PU239 5.0469E-05
PU239 5.0051 E-05
PU239 4,9773E-05
PU239 4.9496E-05
PU239 4.9080E-05
PU239 4,8804E-05
PU239 4.81 15E-05
PU239 4.7702E-05
PU239 4.7428E-05
PU239 4.6880E-05
PU239 4.6471 E-05
PU239 4.6198E-05
PU239 4.5519E-05
PU239 4,5384E-05
PU239 4,4978E-05
PU239 4.4572E-05
PU239 4.4034E-05
PU239 4.3631 Er35
PU239 4.3363E-05
PU239 4.2961E-05
PU239 4.2561 E-05
PU239 4.2029E-05
PU239 4. 1763E-05
PU239 4.1498E-05
PU239 4.0837E-05
PU239 4.0705E-05
PU239 4.O31OE-O5
PU239 3.9916E-05
PU239 3,9392E-05
PU239 3,9000E-05
PU239 3.8609E-05
PU239 3,8349E-05
PU239 3.7830E-05
PU239 3.7313E-05
PU239 3.7184E-05
PU239 3.6926E-05
PU239 3.6155E-05
PU239 3.5899E-05
PU239 3.5515E-05
PU239 3.5005E-05
PU239 3.5005E-05
PU239 3.4497E-05
PU239 3.4244E-05
PU239 3.3612E-05
PU239 3.3486E-05
PU239 3.2857E-05
PU239 3.2481 E-05
PU239 3.2106E-O5
PU239 3. 1856E-05
PU239 3. 1483E-05
PU239 3. 1234E-05
PU239 3,0739E-05
PU239 3.0245E-05
PU239 2.9875E-05
PU239 2,9629E-05

71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71%
71“/0
71%
71%
71%
71%
71%
71“/0
71%
71%
71%
71%
71%
71‘/0
71%
71%
71%
710/0
71%
71%
71%
71%
710/0
71%
71%
71%
71%
71%
71%
71%
710/0
71%
71“/0
71%
71%
710/0
710/0
71%
71%
71%

U233
U233
U233
L&N
U233

U233
U233

U233
U233
U233
U233
U233
U233
U233

E!
UZN
U233
U233
U233
U233
U233
U233
UN
U233
U233
Um
Uzw
U23-3
U233
U233
U233
U233
Um
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
UZH
U233
U233
U233

:Z
U233
U233
U233
U233
u=
u=

9. 1156E-06
9.0423E-C6
8.9692E-06
8,92Q6E-06
8.8478E-06
8.751 OE-O6
8.6785E-06
8.6303E-06
8.5822E-06
8.5102E-O6
8.4622E-06
8.3427E-06
8.2712E416
8.2237E-06
8. 1287E-06
8.0577E-06
8.O1O5E-O6
7.8927E-06
7.8692E-06
7.7988E-06
7.7285E-06
7,6351E-06
7.5653E-06
7.5188E-06
7.4492E-06
7.3798E-06
7.2875E-06
7.2414E-06
7. 1955E-06
7.0808E-06
7.0580E-06
6,9895E-06
6.9211 E-06
6,8303E-06
6,7623E-06
6.6945E-06
6.6494E-06
6.5594E-06
6.4697E-06
6.4474E-06
6.4026E-06
6.2690E-06
6.2245E-06
6.1581 E-06
6.0697Ex36
6.0697E-06
5.981 5E-06
5.9376E-06
5.8280E-06
5.8062E-06
5.6972E-06
5.6320E-06
5.5669E-06
5.5237E-06
5.4589E-06
5.4158E-06
5.3299E05
5.2442E-06
5.1801 E-06
5. 1375E-06

12%
12%
12%
12%
12%
12%
12%
12%
12%
12%

12%
12%
12%
12%
12“/0
12%
12%
12%
12%
12%
12%
12%

12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
12“/0

120/0
12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
12%
120/0
12%

12%
120/0
120/0
12%
12%
12%
12%
12%
120/.
12%

PU240 8.4530E-06 117.
PU240 8.3851 E-06 11%
PU240 8.3173E-06 11O/.
PU240 8.2722E-06 11%
PU240 8,2047E-06 11%
PU240 8.1 149E-06 110/.
PU240 8.0478E-06 117.
PU240 8.0031 E-06 11%
PU240 7.9584E-06 117.
PU240 7.8916E-06 11%
PU240 7.8472E-06 117.
PU240 7.7363E-06 11%
PU240 7,6700E-06 11O/.
PU240 7.6259E-06 110/0
PU240 7.5379E-06 11“A
PU240 7,4721 E-06 11O/.
PU240 7.4282E-06 11%
PU240 7.3190E-06 110/.
PU240 7.2972E-06 11%
PU240 7.2319E-06 11%
PU240 7. 1668E-06 11O/.
PU240 7.0802E-06 11%
PU240 7,0154E-06 110/.
PU240 6.9723E-06 11O/.
PU240 6.9078E-06 11%
PU240 6.8434E-06 11%
PU240 6.7578E-06 11%
PU240 6,7151 E-06 110/.
PU240 6.6725E-06 11O/.
PU240 6.5662E-06 11O/.
PU240 6.5450E-06 11O/.
PU240 6.4815E-06 110/.
PU240 6.4181 E-06 1l%
PU240 6.3338E-06 11O/.
PU240 6.2708E-06 11%
PU240 6.2079E-06 11%
PU240 6,1661 E-06 110/’
PU240 6,0827E-06 11O/.
PU240 5.9995E-06 11O/.
PU240 5.9787E-06 11O/.
PU240 5,9373E-06 110/o
PU240 5.8133E-06 11%
PU240 5.7721 E-06 11%
PU240 5.7105E-O6 11%
PU240 5.6285E-06 11%
PU240 5.6285E-06 110/.
PU240 5.5468E-06 110/.
PU240 5.5060E-06 11O/.
PU240 5.4044E-06 11%
PU240 5.3842E-06 110/.
PU240 5,2831 E-06 11%
PU240 5.2226E-06 11O/.
PU240 5.1623E-06 110/.
PU240 5.1222E-06 110/.
PU240 5.0621 E-06 110/.
PU240 5.0222E-06 11%
PU240 4,9425E-06 11%
PU240 4.8630E-06 11%
PU240 4.8036E-06 11O/.
PU240 4.7641 E-06 110/.
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Appendix B

Table B-7. (Continued)

Coma Total
SCd Integrated
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge

(Time of intrusion, 7000 years)

3
18
S?
27
49
33
21
17
44
3)

3
37
43
m
?2
z
6

Eo
47
41
35
11
57

7
a
9
8

15
4)
46
a
54
31
23
12
42
%
34

2
.%
53
22
25
.9
10
5

33
45

7.0056E-05
6.9493E-05
6.8931 E-05
6.8557E-05
6.7998E-05
6.7254E-05
6.6697E-05
6.6327E-05
6.5957E-05
6.5403E-05
6.5035E-05
6.41 16E-05
6.3567E-05
6.3201 E-05
6.2472E-05
6, 1926E-05
6. 1563E-05
6.0657E-05
6.0477E-05
5.9936E-05
5.9396E-05
5.8678E-05
5.8141 E-05
5.7784E-05
5.7249E-05
5.6716E-05
5.6006E-05
5.5652E-05
5.5299E-05
5.4418E-05
5.4242E-05
5.3716E-05
5.3191 E-05
5.2493E-05
5.1970E-05
5.1449E-05
5.1 103E-O5
5.0411 E-05
4.9722E-05
4.9550E-05
4.9206E-05
4.8179E-05
4.7837E-05
4.7326E-05
4.6647E-05
4.6647E-05
4.5970E-05
4.5632E-05
4.4790E-05
4.4622E-05
4.3784E-05
4.3283E-05
4,2783E-05
4.2451 E-05
4. 1953E-05
4.1622E-05
4.0961 E-05
4,0303E-05
3.9811 E-05
3.9483E-05

PU239 4.9629E-05
PU239 4.9230E-05
PU239 4.8832E-05
PU239 4.8567E-05
PU239 4.8171E-05
PU239 4.7644E-05
PU239 4.7250E-05
PU239 4.6987E-05
PU239 4.6725E-05
PU239 4,6333E-05
PU239 4.6072E-05
PU239 4.5421 E-05
PU239 4.5032E-05
PU239 4.4773E-05
PU239 4.4256E-05
PU239 4.3870E-05
PU239 4,3612E-05
PU239 4.2971 E-05
PU239 4,2843E-05
PU239 4.2460E-05
PU239 4.2077E-05
PU239 4. 1569E-05
PU239 4.1188E-05
PU239 4.0935E-05
PU239 4.0557E-05
PU239 4.0179E-05
PU239 3.9676E-05
PU239 3.9425E-05
PU239 3.91 75E-05
PU239 3.8551E-05
PU239 3.8427E-05
PU239 3.8054E-05
PU239 3.7682E-05
PU239 3.7187E-05
PU239 3.6817E-05
PU239 3.6448E-05
PU239 3.6202E-05
PU239 3.5712E-05
PU239 3.5224E-05
PU239 3.5102E-O5
PU239 3.4859E-05
PU239 3.4131 E-05
PU239 3.3889E-05
PU239 3.3527E-05
PU239 3 3046E-05
PU239 3.3046E-05
PU239 3.2566E-05
PU239 3.2327E-05
PU239 3.1730E-05
PU239 3.1611 E-05
PU239 3.1018E-O5
PU239 3.0663E-05
PU239 3.0309E-05
PU239 3.0073E-05
PU239 2.9720E-05
PU239 2.9486E-05
PU239 2.901 8E-05
PU 239 2.8551 E-05
PU 239 2.8203E-05
PU239 2,7971 E-05

71%
7170
71%
7~~o
71%
71%
71%
71 0/0
710/0
71%
71%
71%
71%
71%
71%
71%
71 “/0
71%
71%
71%
71%
71%
71%
710/0
71%
71%
71%
71%
71“/0
7104
71%
71%
71%
71%
71%
71~o
71%
71%
710/0
71 “/0
71%
71%
71%
71%
71%
71%
71%
71%
71 “/0
71 “A
71%
71%
71%
71%
71%
71%
71“/0
71%
71%
71%

U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
UZ33
U233
U233
U233
U233
U2X3
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U223
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
UZ33
U233
U233
U233
U233
U233
U233
U233

9.0369E-06
8.9642E-06
8.8918E-06
8.8436E-06
8.771 4E-06
8.6754E-06
8.6036E-06
8.5558E-06
8.5081 E-06
8.4367E-06
8.3892E-06
8.2707E-06
8. 1988E-06
8. 1526E-06
8.0585E-06
7.9881E-06
7.941 3E-06
7.8245E-06
7.801 2E-06
7.7314E-06
7.661 8E-06
7.5692E-06
7.5000E-06
7.4539E-06
7.3849E-06
7.3161 E-06
7.2246E-06
7. 1789E-06
7. 1333E-06
7.0197E-06
6.9970E-06
6.9291E-06
6.861 4E-06
6.7713E-06
6.7039E-06
6.6367E-06
6.5920E-06
6.5028E-06
6.4139E-06
6.3917E-06
6.3474E-06
6,2148E-06
6. 1708E-06
6 1049E-O6
6.0172E-06
6.0172E-06
5.9299E-06
5.8863E-06
5.7777E-06
5.7560E-06
5.6480E-06
5.5833E-06
5.5189E-06
5.4760E-06
5.4118E-06
5.3690E-06
5.2838E-06
5.1989E-06
5.1354E-06
5.0931 E-06

13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13“/0
13“/0
13%
13%
13%
13“/0
13%
13%
13%
130/0
13“/0
13“/0
13%
13%
13%
13%
13%
13“/0
13%
13%
13%
13%
13%
13%
13%
13“/0
13%
13%
13“/0
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%

PU240 6.8377E-06 107.
PU240 6.7828E-06 10%
PU240 6.7279E-06 107.
PU240 6.6915E-06 10%
PU240 6.6369E-06 10O/.
PU240 6.5642E-06 10%
PU240 6.5099E-06 10O/.
PU240 6.4737E-06 100/.
PU240 6.4377E-06 100/.
PU240 6.3836E-06 100/.
PU240 6.3477E-06 10O/.
PU240 6.2580E-06 10%
PU240 6.2044E-06 10O/.
PU240 6.1687E-06 100/.
PU240 6.0975E-06 10O/.
PU240 6.0442E-06 10O/.
PU240 6.0088E-06 100/.
PU240 5.9204E-06 100/.
PU240 5.9028E-06 10O/.
PU240 5.8500E-06 10%
PU240 5.7973E-06 10O/.
PU240 5.7272E-06 10O/.
PU240 5.6748E-06 100/.
PU240 5.6400E-06 10O/.
PU240 5.5878E-06 10O/.
PU240 5.5357E-06 100/.
PU240 5.4664E-06 10O/.
PU240 5.4319E-06 100/.
PU240 5.3974E-06 10%
PU240 5.31 14E-06 10%
PU240 5.2943E-06 100/.
PU240 5.2429E-06 10%
PU240 5.1916E-06 100/.
PU240 5.1235E-06 10%
PU240 5.0725E-06 100/.
PU240 5.0217E-06 10O/.
PU240 4.9878E-06 10O/.
PU240 4.9203E-06 10O/.
PU240 4.8530E-06 10O/.
PU240 4.8363E-06 100/.
PU240 4.8027E-06 10%
PU240 4,7024E-06 10%
PU240 4.6691 E-06 100/.
PU240 4.6192E-06 100/’
PU240 4.5529E-06 10O/.
PU240 4.5529E-06 100/.
PU240 4.4868E-06 10O/.
PU240 4.4539E-06 100/.
PU240 4.3717E-06 100/o
PU240 4.3553E-06 100/.
PU240 4.2735E-06 100/.
PU240 4.2246E-06 100/.
PU240 4.1758E-06 10%
PU240 4.1434E-06 100/.
PU240 4.0948E-06 10O/.
PU240 4.0625E-06 10O/.
PU240 3.9980E-06 10O/.
PU240 3.9337E-06 10O/.
PU240 3.8857E-06 10O/.
PU240 3.8537E-06 100/.
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I-HS Samples and Calculated Normalized Releases

Table B-7. (Concluded)

Comp. TotaI

6.6682E-05
6.6146E-05
6.5611 E-05

6.5256E-05
6.4723E-05
6.4015E-05
6.3485E-05
6.3132E-05
6.2780E05

6.2253E-05
6.1903E-05
6. 1028E-05
6.0505E-05
6.0157E-05
5.9463E-05
5.8944E-05
5.8598E-05
5.7736E-05
5.7564E-05
5.7049E-05
5.6535E-05

5.5852E-05
5.5341 E-05
5.5001 E-05
5.4492E-05
5.3984E-05
5.3309E-05
5.2972E-05
5.2636E-05
5.1797E-05
5.1630E-05
5 1129E-05
5.0629E-05
4.9965E-05
4.9467E-05
4.8972E-05
4.8642E-05
4.7983E-05
4.7327E-05
4.7163E-05
4.6836E-05
4.5858E-05
4.5534E-05
4.5047E-05
4.4400E-05
4.4400E-05
4.3756E-05
4,3434E-05
4.2633E-05

4.2473E-05
4. 1676E-05
4.1 199E-05
4.0723E-05

4.0406E-05
3,9933E-05
3.9618E-05
3.8989E-05
3.8362E-05
3.7893E-05
3.7582E-05

PU239 4.&351 E-o5
PU239 4.6474E-05
PU239 4.6099E-05
PU239 4.5849E-05
PU239 4.5475E-05
PU239 4.4977E-05
PU239 4.4605E-05
PU239 4.4357E-05
PU239 4.411 oE-05
PU239 4.3739E-05
PU239 4.3493E-05
PU239 4.2879E-05
PU239 4.251 lE-05
PU239 4.2267E-05
PU239 4. 1779E-05
PU239 4.1414E-05
PU239 4.1171E-05
PU239 4.0566E-05
PU239 4.0445E-05
PU239 4.0083E-05
PU239 3.9722E-05
PU239 3.9242E-05
PU239 3.8883E-05
PU239 3.8644E-05
PU239 3.8286E-05
PU239 3.7929E-05
PU239 3.7455E-05
PU239 3.7218E-05
PU239 3.6982E-05
PU239 36393E-05
PU239 3,6275E-05
PU239 3.5923E-05
PU239 3.5572E-05
PU239 3.5105E-O5
PU239 3.4756E-05
PU239 3.4408E-05
PU239 3.4176E-05
PU239 3.3713E-05
PU239 3.3252E-05
PU239 3.3137E-05
PU239 3.2907E-05
PU239 3.2220E-05
PU239 3.1992E-05
PU239 3.1650E-05
PU239 3.1196E-05
PU239 3 1196E-05
PU239 30743E-05
PU239 3,0517E-05
PU239 2.9954E-05
PU239 2.9842E-05
PU239 2.9281 E-05
PU239 2.8946E-05
PU239 2.8612E-05
PU239 2.8390E-05
PU239 2.8057E-05
PU239 2.7835E-05
PU239 2.7394E-05
PU239 2.6953E-05
PU239 2 6624E-05
PU 239 2 6405E-05
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7070
70%
70%
70”/0
70”/0

70”/0
70%

70%
70%
70%
700/0
70%
70%
70%
70%
70%
70%
70%
70%
70”/0
70%
700/0
70%
70%
70%
70%
70”/0
70%
700/0
70%
700/0
70%
70%
700/0
70%
70%
700/0
70%
70%
700/0
70%
70%
70”/0
70%
70%
70%
70%

70”/0
70”/0
70%
70%
70%
70%
70%
70%
70%
70%
70%

U233
U233
U233
U233
U233
U23-3
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
U233
UX?-3
U233

:%
U233
UZ33
U233
U22S
U233
U233
U23-3
U233
U233
U233
U233
U233
UZ33
U233
U2X3
U233
U233
U23-3
UZ33
U233
U233
U233
U233
U233
U233
U233
U2X3
UZ33
U233
U233
U233
U233
U233
U233
U233

8.9588E-06
8.8868E-06
8.8150E-06
8.7672E-06
8.6957E-06
8.6005E-06
8.5293E@5
8.4820E-06
8.4347E-06
8.3639E-06
8.3168E-06
8. 1993E-06
8, 1290E-06
8.0823E-06
7.9890E-06
7.9 192E-06
7.8727E-06
7.7570E-06
7,7339E-06
7.6647E-06
7.5957E-06
7.5039E-06
7.4352E-06
7.3895E-06
7.3211 E-06
7.2529E-06
7. 1622E-06
7.1 169E-06
7.071 7E-06
6.9591 E-06
6.9366E-06
6.8693E-06
6.8021 E-06
6.7128E-06
6.6461 E-06
6.5794E-06
6.5351 E-06
6.4467E-06
6.3585E-06
6.3365E-06
6.2926E-06
6.1612E-06
6.11 75E-06
6.0522E-06
5.9653E-06
5.9653E-06
58787E-06
5.8355E-06
5.7278E-06
5.7063E-06
5.5992E-06
5.5351 E-06
5.4712E-06
5.4287E-06
5.3650E-06
5.3227E-06
5.2382E-06
5.1540E-06
5,091 OE-06
5.0492E-06

13%
13%
1370
13%
13%
13%
13%
13%
13~o
13%
13%
13%
13“/0
13%
13“/0
13%
13%
13%
13%
13%
13“/0
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
1370
130/0
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
13%
130/0
130/0
13%
13%
13%
13%
13“/.
13“/0
13%
13%

PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU 240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240
PU240

5.5311 E-06 8%
5.4866E-06 80/0
5.4423E-06 8%
5.4128E-06 80/0
5.3686E-06 6%
5.3099E-06 8“/0
5.2659E-06 8%
5.2367E-06 8%
5.2075E-06 8%
5. 1638E-06 80/0
5. 1347E-06 80/0
5.0621 E-o6 6%
5.0 188E-06 8%
4.9899E-06 8%
4.9323E-06 8%
4.8892E-06 80/0
4,8605E-06 80/.
4.7891 E-06 80/0
4 7748E-06 80/0
4.7321 E-06 80/0
4.6895E-06 8%
4.6328E-06 80/0
4.5904E-06 8%
4,5622E-06 80/0
4.5200E-06 80/0
4.4779E-06 80/0
4.4218E-06 80/0
4.3939E-06 8%
4.3660E-06 8%
4.2965E-06 80/.
4,2826E-06 80/0
4,241 OE-06 80/0
4. 1996E-06 80/0
4. 1444E-06 80/0
4.1 032E-06 8%
40621 E-06 80/0
4.0347E-06 80/0
3.9801 E-06 80/0
3.9257E-06 8%
3.9121 E-06 8%
3.8850E-06 8%
3.8038E-06 8“/0
3.7769E-06 80/0
3.7365E-06 80/.
3.6829E-06 8%
3.6829E-06 8%
3.6294E-06 8%
3,6028E-06 80/0
3.5363E-06 80/0
3 5230E-06 80/0
34569E-06 8%
3.4173E-06 80/0
3.3779E-06 8%
3.3516E-06 80/0
33 123E-06 80/0
3.2862E-06 80/0
3.2340E-06 8%
3. 1820E-06 80/0
3.1 432E-06 80/0
3.1 173E-06 80/0
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FEDERAL AGENCIES

U. S. Department of Energy (4)
Office of Environmental Restoration

and Waste Management
Attn: L. P. Duffy, EM-1

J. E. Lytle, EM-30
S. Schneider, EM-342
C. Frank, EM-50

Washington, DC 20585

U.S. Department of Energy (5)
WIPP Task Force
Attn: M. Frei, EM-34 (2)

G. H. Daly
S. Fucigna
J. Rhoderick

12800 Middlebrook Rd.
Suite 400
Germantown, MD 20874

U.S. Department of Energy (4)
Office of Environment, Safety and

Health
Attn: R. P. Berube, EH-20

C. Borgstrum, EH-25
R. Pelletier, EH-231
K. Taimi, EH-232

Washington, DC 20585

U. S. Department of Energy (4)
WIPP Project Integration Office
Attn: W. J. Arthur III

L. W. Gage
P. J. Higgins
D. A. Olona

P.O. Box 5400
Albuquerque, NM 87115-5400

U. S. Department of Energy (12)
WIPP Project Site Office (Carlsbad)
Attn: A. Hunt (4)

M. McFadden
V. Daub (4)
J. Lippis
K. Hunter
R. Becker

P.O. Box 3090
Carlsbad, NM 88221-3090

U. S. Department of Energy, (5)
Office of Civilian Radioactive Waste

Management
Attn: Deputy Director, RW-2

Associate Director, RW- 10
Office of Program

Administration and
Resources Management

Associate Director, RW-20
Office of Facilities

Siting and
Development

Associate Director, RW-30
Office of Systems

Integration and
Regulations

Associate Director, RW-40
Office of External

Relations and Policy
Office of Geologic Repositories
Forrestal Building
Washington, DC 20585

U. S. Department of Energy
Attn: National Atomic Museum Library
Albuquerque Operations Office
P.O. Box 5400
Albuquerque, NM 87185

U. S. Department of Energy
Research & Waste Management Division
Attn: Director
P.O. Box E
Oak Ridge, TN 37831

U. S. Department of Energy (2)
Idaho Operations Office
Fuel Processing and Waste

Management Division
785 DOE Place
Idaho Falls, ID 83402

U.S. Department of Energy
Savannah River Operations Office
Defense Waste Processing

Facility Project Office
Attn: W. D. Pearson
P.O. Box A
Aiken, SC 29802
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U.S. Department of Energy (2)
Richland Operations Office
Nuclear Fuel Cycle & Production

Division
Attn R. E. Gerton
825 Jadwin Ave.
P.O. Box 500
Richland, WA 99352

U.S. Department of Energy (3)
Nevada Operations Office
Attn: J. R. Boland

D. Livingston
P. K. Fitzsimmons

2753 S. Highland Drive
Las Vegas, NV 87183-8518

U.S. Department of Energy (2)
Technical Information Center
P.O. BOX 62
Oak Ridge, TN 37831

U.S. Department of Energy (2)
Chicago Operations Office
Attn J. C. Haugen
9800 South Cass Avenue
Argonne, IL 60439

U.S. Department of Energy
Los Alamos Area Office
528 35th Street
Los Alamos, NM 87544

U.S. Department of Energy (3)
Rocky Flats Area Office
Attn: W. C. Rask

G. Huffman
T. Lukow

P.O. BOX 928
Golden, CO 80402-0928

U.S. Department of Energy
Dayton Area Office
Attn: R. Grandfield
P.O. Box 66
Miamisburg, OH 45343-0066

U.S. Department of Energy
Attn: E. Young
Room E-178
GAO/RCED/GTN
Washington, DC 20545

U.S. Bureau of Land Management
New Mexico State Office
P.O. Box 1449
Santa Fe, NM 87507

U.S. Environmental Protection
Agency (2)

Office of Radiation Protection Programs
(ANR-460)

Attn Richard Guimond (2)
Washington, D.C. 20460

U.S. Nuclear Regulatory Commission
Division of Waste Management
Attn. H. Marson
Mail Stop 4-H-3
Washington, DC 20555

U.S. Nuclear Regulatory Commission (4)
Advisory Committee on Nuclear Waste
Attn: Dade Moeller

Martin J. Steindler
Paul W. Pomeroy
William J. Hinze

7920 Norfolk Avenue
Bethesda, MD 20814

Defense Nuclear Facilities Safety Board
Attn Dermot Winters
625 Indiana Avenue NW
Suite 700
Washington, DC 20004

Nuclear Waste Technical Review Board (2)
Attn Dr. Don A. Deere

Dr. Sidney J. S. Parry
Suite 910
1100 Wilson Blvd.
Arlington, VA 22209-2297

Katherine Yuracko
Energy and Science Division
Office of Management and Budget
725 17th Street NW
Washington, DC 20503

U.S. Geological Survey (2)
Water Resources Division
Attn Cathy Peters
Suite 200
4501 Indian School, NE
Albuquerque, NM 87110

U.S. Bureau of Land Management
101 E. Mermod
Carlsbad, NM 88220
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INSTITUTIONAL DISTRIBUTION

NEW MEXICO CONGRESSIONAL
DELEGATION:

Jeff Bingaman
U.S. Senate
524 SHOB
Washington, DC 20510

Pete V. Domenici
U.S. Senate
427 SDOB
Washington, DC 20510

Bill Richardson
House of Representatives
332 CHOB
Washington, DC 20510

Steven H. Schiff
House of Representatives
1520 LHOB
Washington, DC 20510

Joe Skeen
House of Representatives
1007 LHOB
Washington, DC 20510

STATE AGENCIES

Environmental Evaluation Group (5)
Attn: Robert Neill
Suite F-2
7007 Wyoming Blvd., N.E.
Albuquerque, NM 87109

New Mexico Bureau of Mines
and Mineral Resources

Socorro, NM 87801

New Mexico Department of Energy &
Minerals

Attn: Librarian
2040 S. Pacheco
Santa Fe, NM 87505

New Mexico Radioactive Task Force (2)
(Governor’s WIPP Task Force)
Attn Anita Lockwood, Chairman

Chris Wentz, Coordinator/Policy
Analyst

2040 Pacheco
Santa Fe, NM 87505

Bob Forrest
Mayor, City of Carlsbad
P.O. BOX ]569
Carlsbad, NM 88221

Chuck Bernard
Executive Director
Carlsbad Department of Development
P.O. Box 1090
Carlsbad, NM 88221

Robert M. Hawk (2)
Chairman, Hazardous and Radioactive

Materials Committee
Room 334
State Capitol
Sante Fe, NM 87503

New Mexico Environment Department
Secretary of the Environment
Attn: J. Espinosa (3)
P.O. BOX 968
1190 St. Francis Drive
Santa Fe, NM 87503-0968

New Mexico Environment Department
Attn Pat McCausland
WIPP Project Site Office
P.O. Box 3090
Carlsbad, NM 88221-3090

ADVISORY COMMllTEE ON NUCLEAR
FACILITY SAFETY

John F. Ahearne
Executive Director, Sigma Xi
99 Alexander Drive
Research Triangle Park, NC 27709

James E. Martin
109 Observatory Road
Ann Arbor, MI 48109

Dr. Gerald Tape
Assoc. Universities
1717 Massachusetts Ave. NW
Suite 603
Washington, DC 20036
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WIPP PANEL OF NATIONAL RESEARCH
COUNCIL’S BOARD ON RADIOACTIVE
WASTE MANAGEMENT

Charles Fairhurst, Chairman
Department of Civil and

Mineral Engineering
University of Minnesota
500 Pillsbury Dr. SE
Minneapolis, MN 55455-0220

John O. Blomeke
3833 Sandy Shore Drive
Lenoir City, TN 37771-9803

John D. Bredehoeft
Western Region Hydrologist
Water Resources Division
U.S. Geological Survey (M/S 439)
345 Middlefield Road
Menlo Park, CA 94025

Fred M. Ernsberger
1325 NW 10th Avenue
Gainesville, FL 32601

Rodney C. Ewing
Department of Geology
University of New Mexico
200 Yale, NE
Albuquerque, NM 87131

B. John Garrick
Pickard, Lowe & Garrick, Inc.
2260 University Drive
Newport Beach, CA 92660

Leonard F. Konikow
U.S. Geological Survey
431 National Center
Reston, VA 22092

Jeremiah O’Driscoll
505 Valley Hill Drive
Atlanta, GA 30350

Christopher Whipple
Clement International Corp.
160 Spear St.
Suite 1380
San Francisco, CA 94105-1535

National Research Council (3)
Board on Radioactive

Waste Management
RM HA456
Attn: Peter B. Myers, Staff Director (2)

Dr. Geraldine J. Grube
2101 Constitution Avenue
Washington, DC 20418

PERFORMANCE ASSESSMENT PEER REVIEW
PANEL

G. Ross Heath
College of Ocean and

Fishery Sciences HN - 15
583 Henderson Hall
University of Washington
Seattle, WA 98195

Thomas H. Pigford
Department of Nuclear Engineering
4159 Etcheverry Hall
University of California
Berkeley, CA 94720

Thomas A. Cotton
JK Research Associates, Inc.
4429 Butterworth Place, NW
Washington, DC 20016

Robert J. Budnitz
President, Future Resources

Associates, Inc.
2000 Center Street
Suite 418
Berkeley, CA 94704

C. John Mann
Department of Geology
245 Natural History Bldg.
I301 West Green Street
University of Illinois
Urbana, IL 61801

Frank W. Schwartz
Department of Geology and Mineralogy
The Ohio State University
Scott Hall
1090 Carmack Rd.
Columbus, OH 43210
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FUTURE SOCIETIES EXPERT PANEL

Theodore S. Glickman
Resources for the Future
1616 P St., NW
Washington, DC 20036

Norman Rosenberg
Resources for the Future
1616 P St., NW
Washington, DC 20036

Max Singer
The Potomac Organization, Inc.
5400 Greystone St.
Chevy Chase, MD 20815

Maris Vinovskis
Institute for Social Research
Room 4086
University of Michigan
426 Thompson St
Ann Arbor, MI 48109-1045

Gregory Benford
University of California, Irvine
Department of Physics
Irvine, CA 92717

Craig Kirkwood
College of Business Administration
Arizona State University
Tempe, AZ 85287

Harry Otway
Health, Safety, and Envir. Div.
Mail Stop K-491
Los Alamos National Laboratory
Los Alamos, NM 87545

Martin J. Pasqualetti
Department of Geography
Arizona State University
Tempe, AZ 85287-3806

Michael Baram
Bracken and Baram
33 Mount Vernon St.
Boston, MA 02108

Wendell Bell
Department of Sociology
Yale University
1965 Yale Station
New Haven, CT 06520

Bernard L. Cohen
Department of Physics
University of Pittsburgh
Pittsburgh, PA 15260

Ted Gordon
The Futures Group
80 Glastonbury Blvd.
Glastonbury, CT 06033

Duane Chapman
5025 S. Building, Room S5 119
The World Bank
1818 H Street NW
Washington, DC 20433

Victor Ferkiss
23 Sage Brush Circle
Corrales, NM 87048

Dan Reicher
Senior Attorney
Natural Resources Defense Council
1350 New York Ave. NW, #300
Washington, DC 20005

Theodore Taylor
P.O. Box 39
3383 Weatherby Rd.
West Clarksville, NY 14786

MARKERS EXPERT PANEL

Dr. Dieter Ast
Department of Materials Science
Bard Hall
Cornell University
Ithaca, NY 14853-1501

Dr. Victor Baker
Department of Geosciences
Building #77, Gould-Simpson Building
University of Arizona
Tucson, AZ 85721

Mr. Michael Brill
President
BOSTI
1479 Hertel Ave.
Buffalo, NY 14216

Dr. Frank Drake
Board of Studies in Astronomy and

Astrophysics
Lick Observatory
University of California, Santa Cruz
Santa Cruz, CA 95064
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Dr. Ben Finney
University of Hawaii at Manoa
Department of Anthropology
Porteus Hall 346, 2424 Maile Way
Honolulu, HI 96822

Dr. David Givens
American Anthropological Association
1703 New Hampshire Ave., NW
Washington, D.C. 20009

Dr. Ward Goodenough
Department of Anthropology
University of Pennsylvania
325 University Museum
33rd and Spruce Streets
Philadelphia, PA 19104-6398

Dr. Maureen Kaplan
Eastern Research Group, Inc.
6 Whittemore Street
Arlington, MA 02174

Mr. Jon Lomberg
P.O. BOX 207
Honaunau, HI 96726

Dr. Louis Narens
Department of Cognitive Sciences
School of Social Sciences
University of California, Irvine
Irvine, CA 92717

Dr. Frederick Newmeyer
Department of Linguistics
GN-40
University of Washington
Seattle, WA 98195

Dr. Woodruff Sullivan
Department of Astonomy
FM-20
University of Washington
Seattle, WA 98195

Dr. Wendell Williams
Materials Science and Engineering
White Building
Case Western Reserve University
Cleveland, OH 44106

NATIONAL LABORATORIES

Argonne National Labs (2)
Attn: A. Smith

D. Tomasko
9700 South Cass, Bldg. 201
Argonne, IL 60439

Battelle Pacific Northwest Laboratories (3)
Attn: R. E. Westerman

S. Bates
H. C. Burkholder

Battelle Boulevard
Richland, WA 99352

Lawrence Livermore National Laboratory
Attn G. Mackanic
P.O. BOX 808, MS L-192
Livermore, CA 94550

Los Alamos National Laboratories
Attn: B. Erdal, CNC-11
P.O. BOX 1663
Los Alamos, NM 87544

Los Alamos National Laboratories
Attn: A. Meijer
Mail Stop J514
Los Alamos, NM 87545

Los Alamos National Laboratories (3)
HSE-8
Attn M. Enoris

L. Soholt
J. Wenzel

P.O. BOX 1663
Los Alamos, NM 87544

Los Alamos National Laboratories (2)
HSE-7
Attn A. Drypolcher

S. Kosciewiscz
P.O. BOX 1663
Los Alamos, NM 87544

Oak Ridge National Labs
Martin Marietta Systems, Inc.
Attn J. Setaro
P.O. BOX 2008, Bldg. 3047
Oak Ridge, TN 37831-6019

Savannah River Laboratory (3)
Attn: N. Bibler

M. J. Plodinec
G, G. Wicks

Aiken, SC 29801
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Savannah River Plant (2)
Attn: Richard G. Baxter

Building 704-S
K. W. Wierzbicki
Building 703-H

Aiken, SC 29808-0001

CORPORATIONS/MEMBERS OF THE PUBLIC

Benchmark Environmental Corp. (3)
Attn: John Hart

C. Fredrickson
K. Lickliter

4501 Indian School Rd., NE
Suite 105
Albuquerque, NM 87110

Deuel and Associates, Inc.
Attn R. W. Prindle
7208 Jefferson, NE
Albuquerque, NM 87109

Disposal Safety, Inc.
Attn Benjamin Ross
Suite 314
1660 L Street NW
Washington, DC 20006

Ecodynamics Research Associates (2)
Attn Pat Roache

Rebecca Blaine
P.O. BOX 8172
Albuquerque, NM 87198

E G & G Idaho (3)
1955 Fremont Street
Attn C. Atwood

C. Hertzler
T. I. Clements

Idaho Falls, ID 83415

Geomatrix
Attn: Kevin Coppersmith
100 Pine Street #1000
San Francisco, CA 94111

Golden Associates, Inc. (3)
Attn Mark Cunnane

Richard Kossik
Ian Miller

4104 148th Avenue NE
Redmond, WA 98052

In-Situ, Inc. (2)
Attn: S. C. Way

C. McKee
209 Grand Avenue
Laramie, WY 82070

INTERA, Inc.
Attn A. M. LaVenue
8100 Mountain Road NE
Suite 213
Albuquerque, NM 87110

INTERA, Inc.
Attn: J. F. Pickens
Suite #300
6850 Austin Center Blvd.
Austin, TX 78731

INTERA, Inc.
Attn: Wayne Stensrud
P.O. BOX 2123
Carlsbad, NM 88221

INTERA, Inc.
Attn William Nelson
101 Convention Center Drive
Suite 540
Las Vegas, NV 89109

IT Corporation (2)
Attn P. Drez

J. Myers
Regional Office - Suite 700
5301 Central Avenue, NE
Albuquerque, NM 87108

IT Corporation
R. J. Eastmond
825 Jadwin Ave.
Richland, WA 99352

MACTEC (2)
Attn J. A. Thies

D. K. Duncan
8418 Zuni Road SE
Suite 200
Albuquerque, NM 87108

Pacific Northwest Laboratory
Attn: Bill Kennedy
Battelle Blvd.
P.O. Box 999
Richland, WA 99352

RE/SPEC, Inc. (2)
Attn: W. Coons
Suite 300
4775 Indian School NE
Albuquerque, NM 87110

RE/SPEC, Inc.
Attn J. L. Ratigan
P.O. BOX 725
Rapid City, SD 57709
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Reynolds Elect/Engr. Co., Inc.
Building 790, Warehouse Row
Attn: E. W. Kendall
P.O. BOX 98521
Las Vegas, NV 89193-8521

Roy F. Weston, Inc.
CRWM Tech. Supp. Team
Attn: Clifford J. Noronha
955 L’Enfant Plaza, S.W.
North Building, Eighth Floor
Washington, DC 20024

Science Applications International
Corporation

Attn: Howard R. Pratt,
Senior Vice President

10260 Campus Point Drive
San Diego, CA 92121

Science Applications International
Corporation (2)

Attn: George Dymmel
Chris G. Pflum

101 Convention Center Dr.
Las Vegas, NV 89109

Science Applications International
Corporation (2)

Attn: John Young
Dave Lester

18706 North Creek Parkway
Suite 110
Bothell, WA 98011

Southwest Research Institute
Center for Nuclear Waste Regulatory Analysis

(2)
Attn P. K. Nair
6220 Culebra Road
San Antonio, Texas 78228-0510

Systems, Science, and Software (2)
Attn: E. Peterson

P, Lagus
BOX 1620
La Jolla, CA 92038

TASC
Attn: Steven G. Oston
55 Walkers Brook Drive
Reading, MA 01867

Tech. Reps., Inc. (5)
Attn: Janet Chapman

Terry Cameron
Debbie Marchand
John Stikar
Denise Bissell

5000 Marble NE
Suite 222
Albuquerque, NM 87110

Tolan, Beeson, & Associates
Attn: Terry L. Tolan
2320 W. 15th Avenue
Kennewick, WA 99337

TRW Environmental Safety Systems (TESS)
Attn: Ivan Saks
10306 Eaton Place
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