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Abstract

The Waste Isolation Pilot Plant (WIPP) is located in southeastern New Mexico and is being developed by the U.S.
Department of Energy (DOE) for the geologic (deep underground) disposal of transuranic (TRU) waste. A detailed
performance assessment (PA) for the WIPP was carried out in 1996 and supports an application by the DOE to the
U.S. Environmental Protection Agency (EPA) for the certification of the WIPP for the disposal of TRU waste. The
1996 WIPP PA uses a computational structure that maintains a separation between stochastic (i.e., aleatory) and
subjective (i.e., epistemic) uncertainty, with stochastic uncertainty arising from the many possible disruptions that
could occur over the 10,000 yr regulatory period that applies to the WIPP and subjective uncertainty arising from the
imprecision with which many of the quantities required in the PA are known. Important parts of this structure are (1)
the use of Latin hypercube sampling to incorporate the effects of subjective uncertainty, (2) the use of Monte Carlo
(i.e., random) sampling to incorporate the effects of stochastic uncertainty, and (3) the efficient use of the necessarily
limited number of mechanistic calculations that can be performed to support the analysis. The use of Latin
hypercube sampling generates a mapping from imprecisely known analysis inputs to analysis outcomes of interest
that provides both a display of the uncertainty in analysis outcomes (i.e., uncertainty analysis) and a basis for
investigating the effects of individual inputs on these outcomes (i.e., sensitivity analysis). The sensitivity analysis

procedures used in the PA include examination of scatterplots, stepwise regression analysis, and partial correlation
analysis. Uncertainty and sensitivity analysis results obtained as part of the 1996 WIPP PA are presented and
discussed. Specific topics considered include two phase flow in the vicinity of the repository, radionuclide release
from the repository, fluid flow and radionuclide transport in formations overlying the repository, and complementary
cumulative distribution functions used in comparisons with regulatory standards (i.e., 40 CFR 191, Subpart B).
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1. Introduction

The Waste Isolation Pilot Plant (WIPP) is located in southeastern New Mexico and is being developed by the

U.S. Department of Energy (DOE) for the geologic (deep underground) disposal of transuranic (TRU) waste (U.S.

DOE 1980, 1990, 1993). Waste disposal will take place in panels excavated in bedded salt approximately 2,000 ft

below the land surface. As part of the development process for the WIPP, a sequence of performance assessments

(PAs) has been carried out by Sandia National Laboratories (SNL) to organize knowledge currently available about

the WIPP and to provide guidance for future research and development efforts (Marietta et al. 1989; Bertram-

Howery et al. 1990; WIPP PA 1991-1992, 1992-1993). The structure of these PAs derives from the U.S.

Environmental Protection Agency’s (EPA’s) regulation for the geologic disposal of radioactive waste: 40 CFR 191,

Subpart B: Environmental Radiation Protection Standards for the Management and Disposal of Spent Nuclear

Fuel, High-Level and Transuranic Radioactive Wastes (U.S. EPA 1985, 1993a; Helton 1993a; Helton et al. 1997).

The most recent iteration of these PAs was completed in the summer of 1996 and supports an application, designated

the Compliance Certification Application (CCA), by the DOE to the EPA for the certification of the WIPP for the

disposal of TRU waste (U.S. DOE 1996). This report presents a summary of uncertainty and sensitivity analysis

results obtained as part of the 1996 WIPP PA.

The report is organized as follows. The overall conceptual structure of the 1996 WIPP PA is described in

Chapter 2. This structure involves three basic entities: (1) A probabilistic characterization of different futures that

could occur at the WIPP site over the next 10,000 yr, (2) Models for the physical processes that take place at the

WIPP site and for the estimation of potential radionuclide releases that may be associated with these processes, and

(3) A probabilistic characterization of the uncertainty in the models and parameters that underlie the WIPP PA.

The probabilistic characterization of different futures is discussed in more detail in Chapter 3. This

characterization plays an important role in the construction of the complementary cumulative distribution function

(CCDF) specified in 40 CFR 191.13. Regulatory guidance and extensive review of the WIPP site resulted in

exploratory drilling for natural resources and the mining of potash being identified as the only significant disruptions

at the WIPP site with the potential to affect radionuclide releases to the accessible environment. Topics considered

in Chapter 3 include drilling intrusion time, drilling location, penetration of excavated/nonexcavated areas of the

repository, penetration of pressurized brine in the Castile Formation, borehole plugging patterns, activity level of

waste penetrated by a drilling intrusion, and time at which potash mining occurs.

Models for the physical processes that take place at the WIPP and for the estimation of potential radionuclide

releases are discussed in Chapter 4. These models are used in the construction of the CCDF specified in 40 CFR

191.13. Topics considered in Chapter 4 include two-phase (i.e., gas and brine) flow in the vicinity of the repository,

radionuclide transport in the vicinity of the repository, reieases to the surface at the time of a drilling intrusion due to

1-1



cuttings and cavings, releases to the surface at the time of a drilling intrusion due to spallings, releases to the surface

at the time of a drilling intrusion due to direct brine flows, brine flow in the Culebra Dolomite, and radionuclide

transport in the Culebra Dolomite.

The probabilistic characterization of parameter uncertainty is discussed in Chapter 5. It is this uncertainty that

gives rise to the uncertainty and sensitivity analysis results presented in this report. Further, this is the uncertainty

that must be considered in assessing the confidence that the CCDF specified in 40 CFR 191.13 will meet applicable

regulatory standards. Topics considered in Chapter 5 include uncertain variables incorporated into the 1996 WIPP

PA, the distributions assigned to these variables, and the correlations between variables.

Computational procedures that underlie the uncertainty and sensitivity analysis results presented in this report

are discussed in Chapter 6. Topics considered include sampling techniques (i.e., random, importance, and Latin

hypercube sampling), correlation control, sample size, statistical confidence for mean CCDF, generation of Latin

hypercube samples (LHSS), generation of individual 10,000 yr futures, construction of CCDFS, the Kaplan/Garrick

ordered triple representation for risk, calculations performed with the models discussed in Chapter 4, and the

sensitivity analysis techniques in use.

Uncertainty and sensitivity analysis results for two-phase flow in the vicinity of the repository under undisturbed

conditions are presented and discussed in Chapter 7. The primary emphasis is on conditions within the repository.

The topics considered include brine inflow, gas generation, repository pressure, brine saturation, and brine and gas

outflow.

Uncertainty and sensitivity analysis results for two-phase flow in the vicinity of the repository under disturbed

conditions (i.e., subsequent to one or more drilling intrusions) are presented and discussed in Chapter 8. Several

different patterns of drilling intrusion are considered: (1) a single drilling intrusion that does not penetrate

pressurized brine in the Castile Formation (i.e., an E2 intrusion), (2) a single drilling intrusion that penetrates

pressurized brine in the Castile Formation (i.e., an E 1 intrusion), (3) an intrusion that does not penetrate pressurized

brine followed by an intrusion that does penetrate pressurized brine (i.e., an E2E 1 intrusion), and (4) multiple E 1

intrusions. Uncertainty and sensitivity analysis results are presented for brine inflow, gas generation, repository

pressure, brine saturation, brine and gas outflow, and behavior of brine pockets in the Castile Formation subsequent

to a drilling intrusion.

Uncertainty and sensitivity analysis results for releases to the surface environment due to cuttings and cavings

and also to spallings are presented and discussed in Chapter 9. Results are presented for initial intrusions into the

repository and also for intrusions subsequent to an earlier intrusion. The procedures used to construct CCDFS

resulting from the cuttings and cavings releases and also from the spallings releases are described. The CCDFS that
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result from use of these procedures are presented, and the results of uncertainty and sensitivity analyses performed

with these CCDFS are described.

Uncertainty and sensitivity analysis results for releases to the surface environment due to direct brine flow (i.e.,

direct brine releases) are presented and discussed in Chapter 10. Results are presented for initial intrusions into the

repository and also for intrusions subsequent to an earlier intrusion. The procedures used to construct CCDFS

resulting from direct brine releases are described. The CCDFsthat result from useofthese procedures are presented,

and the results of uncertainty and sensitivity analyses performed with these CCDFS are described.

Uncertainty and sensitivity analysis results for dissolved and colloidal radionuclide releases from the repository

to the overly ing Culebra Dolomite are presented and discussed in Chapter 11. Releases due to El, E2 and E2E1

intrusions are considered. Further, the procedures used to construct CCDFS for radionuclide releases from the

repository to the Culebra are described. The CCDFS that result from use of these procedures are presented, and the

results of uncertainty and sensitivity analyses performed with these CCDFS are described.

Uncertainty and sensitivity analysis results for radionuclide transport in the Culebra Dolomite are presented and

discussed in Chapter 12. Nosignificant transport through the Culebra totheaccessible environment occurred, with

the result that meaningful sensitivity studies were not possible forradionuclide transport through the Culebra with

the initial transport calculations performed for the 1996 WIPP PA. To provide a basis for sensitivity analysis for

radionuclide transport in the Culebra, a second set of transport calculations was performed on a much higher

resolution computational grid. Uncertainty and sensitivity analysis results obtained for these calculations are

presented. Further, theprocedures developed toconstruct CCDFsfor radionuclide transport through the Culebra are

described, although these procedures were not used in the 1996 WIPP PA due to the absence of radionuclide

transport through the Culebra to the accessible environment.

Uncertainty and sensitivity analysis results for the CCDFS used for comparison with the boundary line specified

in 40 CFR 191.13 are presented and discussed in Chapter 13. These CCDFS are based on all release modes

considered in the 1996 WIPP PA, although only the cuttings and cavings, spallings, and direct brine release modes

produced nonzero releases to the accessible environment. The total release CCDFS tend to be dominated by the

cuttings and cavings component, although the spalling component also has the potential to contribute significantly to

the total release. The distribution of CCDFS associated with all release modes falls substantially below the boundary

line specified in 40 CFR 191.13, which indicates a high degree of confidence that the WIPP satisfies this regulatory

requirement.
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2. Conceptual Structure of Analysis

2.1 Regulatory Requirements

The conceptual structure of the 1996 PA for the WIPP ultimately derives from the regulatory requirements

imposed on this facility. The primary regulation determining this structure is the U.S. EPA’s standard for the

geologic disposal of radioactive waste, Environmental Radiation Protection Standards for the Management and

Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191) (U.S. EPA 1985,

1993a), which is divided into three parts. Subpart A applies to a disposal facility prior to decommissioning and

limits annual radiation doses to members of the public from waste management and storage operations. Subpart B

applies after decommissioning and sets probabilistic limits on cumulative releases of radionuclides to the accessible

environment for 10,000 yr (40 CFR 191.13) and assurance requirements to provide confidence that 40 CFR 191.13

will be met (40 CFR 191.14). Subpart B also sets limits on radiation doses to members of the public in the

accessible environment for 10,000 yrs of undisturbed performance (40 CFR 191.15). Subpart C limits radioactive

contamination of certain sources of groundwater for 10,000 yr after disposal (40 CFR 191 .24). The DOE must

provide a reasonable expectation that the WIPP will comply with the requirements of Subparts B and C of 40 CFR

191.

The following is the central requirement in 40 CFR 191, Subpart B, and the primary determinant of the

conceptual structure of the 1996 WIPP PA (p. 38086, U.S. EPA 1985):

$191.13 Containment requirements:

(a) Disposal systems for spent nuclear fuel or high-level or transuranic
radioactive wastes shall be designed to provide a reasonable expectation, based
upon performance assessments, that cumulative releases of radionuclides to the
accessible environment for 10,000 years after disposal from all significant
processes and events that may affect the disposal system shall:

(1) Have a likelihood of less than one chance in 10 of exceeding the
quantities calculated according to Table 1 (Appendix A); and

(2) Have a likelihood of less than one chance in 1,000 of exceeding ten
times the quantities calculated according to Table 1 (Appendix A).

(b) Performance assessments need not provide complete assurance that the
requirements of 191.13(a) will be met. Because of the long time period involved
and the nature of the events and processes of interest, there will inevitably be
substantial uncertainties in projecting disposal system performance. Proof of the
future performance of a disposal system is not to be had in the ordinary sense of
the word in situations that deal with much shorter time frames. Instead, what is
required is a reasonable expectation, on the basis of the record before the
implementing agency, that compliance with 191. 13(a) will be achieved.
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Containment Requirement 191. 13(a) refers to “quantities calculated according to Table 1 (Appendix A),” which

means a normalized radionuclide release to the accessible environment based on the type of waste being disposed of,

the initial waste inventory, and the release that takes place (App. A, U.S. EPA 1985). Table 1 (Appendix A)

specifies allowable releases (i.e., release limits) for individual radionuclides and is reproduced as Table 2.1.1 of this

presentation. The WIPP is intended for transuranic waste, which is defined to be “waste containing more than 100

nanocuries of alpha-emitting transuranic isotopes, with half-lives greater than twenty years, per gram of waste”

(P. 38084, U.S. EpA, 1985). Specifically, the normalized release R for transuranic waste is defined by

()R=~ ~ (lx106Ci /C),

i i
(2.1.1)

where Qi is the cumulative release of radionuclide i to the accessible environment during the 10,000-yr period

following closure of the repository (Ci), Li is the release limit for radionuclide i given in Table 2.1.1 (Ci) and C is the

amount of transuranic waste emplaced in the repository (Ci). In the 1996 WIPP PA, C = 3.44 x 106 Ci (Sanchez et

al. 1997). Further, accessible environment means (1) the atmosphere, (2) land surfaces, (3) surface waters,

(4) oceans, and (5) all of the lithosphere that is beyond the controlled area; and controlled area means (1) a surface

location, to be identified by passive institutional controls, that encompasses no more than 100 square kilometers and

extends horizontally no more than five kilometers in any direction from the outer boundary of the original location of

the radioactive wastes in a disposal system and (3) the subsurface underlying such a surface location.

To help clarify the intent of 40 CFR 191, the EPA also published 40 CFR 194, Criteria for the Certification and

Re-Certification of the Waste Isolation Pilot Plant’s Compliance With the 40 CFR Part 191 Disposal Regulations;

Final Rule (U.S. EPA 1996). There, the following elaboration on the intent of 40 CFR 191.13 is given (pp. 5242-

5243, U.S. EPA 1996):

$194,34 Results of performance assessments.

(a) The results of performance assessments shall be assembled into
“complementary, cumulative distributions functions” (CCDFS) that represent the
probability of exceeding various levels of cumulative release caused by all
significant processes and events.

(b) Probability distributions for uncertain disposal system parameter values
used in performance assessments shall be developed and documented in any
compliance application.

(c) Computational techniques, which draw random samples from across the
entire range of the probability distributions developed pursuant to paragraph (b)
of this section, shall be used in generating CCDFS and shall be documented in
any compliance application.

2-2



Table 2.1.1. Release Limits for the Containment Requirements (Table 1, App. A, U.S. EPA 1985)

Release Limit Li per 1000 MTHM’ or
Radionuclide other unit of wasteb

Americium-24 1 or -243

Carbon 14
Cesium-135 or -137
Iodine- 129
Neptunium-237
Plutonium-238, -239, -240, or -242
Radium-226

Strontium-90
Technetium-99
Thorium-230 or -232
Tin-126
Uranium-233, -234,-235,-236, or -238

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

Any other radionuclide with a half-life greater than 20 yrs
that does not emit alpha particles

100
100

1,000
100
100
100
100

1,000
10,000

10
1,000
100

100

1.000

a Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of heavy metal (MWd/MTHM) and

40,000 MWd/MTHM
b An ~mount of tran~uranlc ~a~te~ ~ontalnlng one million curies of alpha-em]ttmg transuranic mdionuclides with half-lives greatel” than

20 yrs

(d) The number of CCDFS generated shall be large enough such that, at
cumulative releases of 1 and 10, the maximum CCDF generated exceeds the 99th
percentile of the population of CCDFS with at least a 0.95 probability.

(e) Any compliance application shall display the full range of CCDFS
generated.

(f) Any compliance application shall provide information which
demonstrates that there is at least a 95 percent level of statistical confidence that
the mean of the population of CCDFS meets the containment requirements of $
191.13 of this chapter.

When viewed at a high level, three basic entities (EN1, EN2, EN3) underlie the results required in 191.13 and

194.34 and ultimately determine the conceptual and computational structure of the 1996 WIPP PA:

ENI,

EN2,

a probabilistic characterization of the likelihood of different futures occurring at the WIPP site over the

next 10,000 yr,

a procedure for estimating the radionuclide releases to the accessible environment associated with each of

the possible futures that could occur at the WIPP site over the next 10,000 yr,
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EN3, a probabilistic characterization of the uncertainty in the parameters used in the definition of EN 1 and

EN2.

Together, EN 1 and EN2 give rise to the CCDF specified in 191. 13(a) (Fig. 2.1.1), and EN3 corresponds to the

distributions indicated in 194.34(b).

The preceding entities arise from an attempt to answer three questions about the WIPP,

QI: What occurrences could take place at the WIPP site over the next 10,000 yr?

Q2: How likely are the different occurrences that could take place at the WIPP site over the next 10,000 yr?

Q3: What are the consequences of the different occurrences that could take place at the WIPP site over the

next 10,000 yr?

and one question about the WIPP PA,

Q4: How much confidence should be placed in answers to the first three questions?

I I I I I I I I

o

l~v
(1, 0.1) Boundary Line:

> 191.13(a)

/
/

[i?, prob (/3e/ > R)] (lo, 0.001)

= [dt~R [f(% )Idst (Xsf )~~st ]
L

s
k-cl.n.i~y ~.n.~cm

where
1 if f (xJ > R

5R [f(xst )1 = { o othep,vise

CCDF Specified
in 191.13(a)

, ,\l :
I 1 I I I

o 10-5 10-4 10-3 10-2 10-1 100 101 102

R : Release to Accessible Environment

TRI-6342-730-16

Fig. 2.1.1. Boundary line and associated CCDF specified in 40 CFR 191, Subpart B
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In the WIPP PA, EN1 provides answers to Q 1 and Q2, EN2 provides an answer to Q3, and EN3 provides an answer

to Q4. The nature of EN1, EN2 and EN3 and the role that they play in the 1996 WIPP PA are elaborated on in the

next three sections.

2.2 ENI: Probabilistic Characterization of Different Futures

Theentity ENl istheoutcome of thescenario development process for the WIPPand provides a probabilistic

characterization of the likelihood of different futures that could occur at the WIPP site over the next 10,000 yr, with

the period of 10,000 yr specified in 40 CFR 191. When viewed formally, EN 1 is defined by a probability space ( $,t,

&, p,,), with the sample space $,, given by

S,l = (x,,,: x,,, is a possible 10,000 yr sequence of occumences at the WIpp ). (2.2.1)

The subscript st refers to stochastic (i.e., aleatory) uncertainty and is used because (& .& p~t) is providing a

probabilistic characterization of occurrences that may take place in the future (Helton 1997).

As a reminder, a probability space (& 4p) consists of three components: a set S that contains everything that

could occur for the particular “universe” under consideration, a suitably restricted set ~ of subsets of S and a

function p defined for elements of ~ that actually defines probability (p. 116, Feller 1971). In the terminology of

probability theory, $ is the sample space, the elements of ~ are elementary events, the subsets of $ contained in ~

are events, and p is a probability measure. In most applied problems, the function p defined on ~ is replaced by a

probability density function (PDF) d (e.g., d.,r in Fig. 2.1.1).

The scenario development process for the WIPP identified exploratory drilling for natural resources as the only

disruption with sufficient likelihood and consequence for inclusion in the definition of EN1 (App. SCR, U.S. DOE

1996). In addition, 40 CFR 194 specifies that the occurrence of mining within the land withdrawal boundary must be

included in the analysis. As a result, the elements X,frof & are vectors of the form

xJt=[tl, 11,el, bl, pl, al, t2, 12, e2, b2, p2, a2, . . ..tn. 1~, e~, b~, pn, %, ttn~~l (2.2.2)
~~

~st intr”~ion 2nd intrusion ~th intrusion

in the 1996 WIPP PA, where n is the number of drilling intrusions, tiis the time (yr) of the ith intrusion, /i designates

the location of the ~th intru510n, ei de51gnate5thepenetrationof an excavated or nonexcavated area by the ith

th intrusion penetrates pressurized brine in the Castile Formation, piintrusion, bl designates where or not the ~

designates the plugging procedure used with the ith intrusion (i, e., continuous plug, two discrete plugs, three discrete

plugs), ai designates the type of waste penetrated by the ith intrusion (i. e., no waste, contact-handled (CH) waste,

remotely-handled (RH) waste), and tmin is the

boundary. In the development of ( $w, ~t, P.A

time at which potash mining occurs within the land withdrawal

the probabilistic characterization of n, ti, /1 and ei derives from the
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assumption that drilling intrusions occur randomly in time and space (i.e., follow a Poisson process), the

probabilistic characterization of bi derives from assessed properties of brine pockets, the probabilistic

characterization of ai derives from the properties of the waste to be emplaced at the WIPP, and the probabilistic

characterization of p; derives from current drilling practices in the sedimentary basin (i.e., the Delaware Basin) in

which the WIPP is located. A vector notation is used for ai because it is possible for a given drilling intrusion to

penetrate several different types of waste. Further, the probabilistic characterization for tl>linfollows from the

guidance in 40 CFR 194 that the occurrence of potash mining within the land withdrawal boundary should be

assumed to occur randomly in time (i. e., follow a Poisson process with a rate constant of Lr,l = 10–4 yr–l), with all

commercially viable potash reserves within the land withdrawal boundary being extracted at time t,tlin.

With respect to the previously indicated questions, $,r provides an answer to Q 1, while ~.t and p,r( provide an

answer to Q2. In practice, Q2 will be answered by specifying distributions for n, ~i, li, et, bi, Pi, ai, and t,ni}t,which in

turn lead to definitions for ~[ and p,~r. The CCDF in 40 CFR 191 will be obtained by evaluating an integral

involving ($, ~~~,p,~t) (Fig. 2.1.1). The definition of (& ~Tf,Pyt) is discussed in more detail in Chapter 3.

2.3 EN2: Estimation of Releases

The entity EN2 is the outcome of the model development process for the WIPP and provides a way to estimate

radionuclide releases to the accessible environment for the different futures (i.e., elements X,$tof $r~) that could occur

at the WIPP. Estimation of environmental releases corresponds to evaluation of the function,fin Fig. 2.1, 1. Release

mechanisms associated with ~ include direct removal to the surface at the time of a drilling intrusion (i.e., cuttings,

spallings, brine flow) and release subsequent to a drilling intrusion due to brine flow up a borehole with a degraded

plug (i.e., groundwater transport).

The primary computational models used in the 1996 WIPP PA are indicated in Fig. 2.3.1. Most of these models

involve the numerical solution of partial differential equations used to represent material deformation, fluid flow and

radionuclide transport. It is the models indicated in Fig. 2.3.1 that actually define the function~in Fig. 2.1,1.

The models in Fig. 2.3.1 are too complex to permit a closed form evaluation of the integral in Fig. 2.1.1 that

defines the CCDF specified in 40 CFR 191. Rather, a Monte Carlo procedure is used in the 1996 WIPP PA.

Specifically, elements X,ff,i, i = 1, 2, .,., ns, are randomly sampled from $,r in consistency with the definition of ($Yr,

~,f, p,yt). Then, the integral in Fig. 2,1.1, and hence the associated CCDF, is approximated by

(2.3.1)
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where 5R(@$t)I = 1 if f(x,ff) > R and O if fix$t) S R (Helton and Shiver 1996). The models in Fig. 2.3.1 are too

computationally intensive to permit their evaluation for every element X,1,2of & in Eq. (2.3.1). Due to this

constraint, the models in Fig. 2.3.1 are evaluated for representative elements of $f and then the results of these

evaluations are used to construct values of~for the large number of X,$r,i(e.g., rzS = 10,000) in Eq. (2.3.1).

With respect to the previously indicated questions, the models in Fig. 2.3.1 are providing an answer to Q3. The

models in Fig. 2.3.1, and hence the function~in Eq. (2.3.1), are discussed in more detail in Chapter 4.
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Fig. 2.3.1. Models used in 1996 WIPP PA.

2-7



2.4 EN3: Probabilistic Characterization of Parameter Uncertainty

The entity EN3 is the outcome of the data development effort for the WIPP and provides a probabilistic

characterization of the uncertainty in the parameters that underlie the WIPP PA. When viewed formally, EN3 is

defined by a probability space ( $,U, &, p,$u),with the sample space $,U given by

S’u = (X,,u: X~Uis possibly the correct vector of parameter values to use in the WIPP PA models}. (2.4.1)

The subscript su refers to subjective (i.e., epistemic) uncertainty and is used because ( $,U, z&, P.J is providing a

probabilistic characterization of where the appropriate inputs to use in the WIPP PA are believed to be located

(Helton 1997). In practice, some elements of Xru could affect the definition of ($,t, &, p,l) (e.g., the rate constant 1.

used to define the Poisson process for drilling intrusions or the probability that a randomly placed drilling intrusion

will penetrate pressurized brine in the Castile Formation) and other elements could relate to the models in Fig. 2.3.1

that determine the function ~ in Fig. 2.1.1 and Eq. (2.3.1) (e.g., radionuclide solubilities in Castile brine or fracture

spacing in the Culebra Dolomite).

If the value for X,fu was precisely known, then the CCDF in Fig. 2.1.1 could be determined with certainty and

compared with the boundary line specified in 40 CFR 191. However, given the complexity of the WIPP site and the

10,000 yr time period under consideration, x ,ru can never be known with certainty. Rather, uncertainty in Xsu as

characterized by ( $,U, .&, P,,U) will lead to a distribution of CCDFS (Fig. 2.4. 1), with a different CCDF resulting for

each possible value that X,rUcan take on. The proximity of this distribution to the boundary line in Fig. 2.1.1

provides an indication of the confidence with which 40 CFR 191 will be met.

The distribution of CCDFS in Fig. 2.4.1 can be summarized by distributions of exceedance probabilities

conditional on individual release values (Fig. 2.4.2). For a given release value R, this distribution is defined by a

double integral over $,U and $,f (Helton 1996, 1997). In practice, this integral is too complex to permit a closed-

form evaluation. Instead, the WIPP PA uses Latin hypercube sampling (McKay et al. 1979) to evaluate the integral

over & and, as indicated in Eq. (2.3.1), simple random sampling to evaluate the integral over $f. Specifically, a

Latin hypercube sample x,u,k, k = 1, 2, . . .. nLHS, is generated from &U in consistency with the definition of ( S$u,

~,u, p~u) and a random sample x$l,i, i = 1, 2, . . . . nS, is generated from S’t in consistency with the definition of ( S~t,

~,,, P.J. The probability prob@ S F’IR) in Fig. 2.4.2 is then approximated by

nLHS

[

nS

)1 ]Prob(P < PIR) = 1– ~ 6P ~ ~//[ f(x,r~,j, xru,k 1 nS / nLHS.
k=l j=l

(2.4.2)

The result of the preceding calculation is typically displayed by plotting percentile values (e.g., Po, 1, P0,5, P0,9 from

Fig. 2.4.2) and also mean values for exceedance probabilities above the corresponding release values (i.e., R) and
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then connecting these points to form continuous curves (Fig. 2.4.3). The proximity of these curves to the indicated

boundary line provides an indication of the confidence with which 40 CFR 191 will be met.

With respect to the previously indicated questions, ( $U, ~ru, p.ru) and results derived from ($YU, ~,u, P,$U)(e.g.,

the distributions in Figs. 2.4.1 - 2.4.3) are providing an answer to Q4. The definition of ( &U, &, p.ru) is discussed

in more detail in Chapter 5.
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CCDFS Used to Summarize Distribution
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Fig. 2.4.1. Distribution of CCDFS resulting from possible values for X,,Ue &.

2-9



,0-5

, o-e [

u
c

1
[F’, prob (p <PI R )], where

o
3
c /Jrob(p<PI R)=

\.$
~ 1 1– j6P[j~R[,f(x~f, xsu)ldst(xs/lxsu)

: 0,9
.Y~”

VI d“Jrfs.@Jd”.u\~

[
(Po.g! 0.9)

-; 0,8
~ dsu (XSU) = density function /“ \

: 0.7 characterizing subjective

5 uncertainty

~ 0,6
Q (P0.5 !:)

: 0.5
Q

g 0.4
a
m
8 0,3
n

[~, prob (p < ~ IR )], where
~ 0,2
CL F = f [ ~~R[ I(XS, XSU )Idst(d%u )

“ 0.1~
* dust I% (XSU )d”su

k i 1 1 1 I

Po.1 P0,5 F P Po,g
prob (Re/ >R lx~u): Probability of Release > R Given Xsu ● $u

TRI-6342-4640-3

Fig. 2.4.2. Distribution of exceedance probabilities due to subjective uncertainty,

—

o ,0-3 ,0-1 ,.l

Release to ACC Environment, R

—

90th

,0-5

I

Estimate for
[P, prob(p<PIR=10-1)] 1I

,o-60~
,03

Release to ACC Environment. R

TRI-6342-6007-0
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2-1o



2.5 Historical Perspective (Adapted from Helton and Burmaster 1996)

The importance of identifying, characterizing and displaying the uncertainty in the outcomes of analyses for

complex systems is now widely recognized: The EPA’s requirements for such results are explicitly stated in the

quotes from 40 CFR 191 and 40 CFR 194 in Sect. 2.1. As other examples, the following statements are made in the

indicated documents:

Risk Assessment in the Federal Government: Managing the Process (p. 148, NRC 1983)

Preparation of fully documented written risk assessments that explicitly define the judgments made

and attendant uncertainties clarifies the agency decision-making process and aids the review

process considerably.

Safety Goals for the Operation of Nuclear Power Plants (p. 30031, U.S. NRC 1986)

The Commission is aware that uncertainties are not caused by use of quantitative methodology in

decisionmaking but are merely highlighted through use of the quantification process. Confidence

in the use of probabilistic and risk assessment techniques has steadily improved since the time

these were used in the Reactor Safety Study. In fact, through use of quantitative techniques,

important uncertainties have been and continue to be brought into better focus and may even be

reduced compared to those that would remain with sole reliance on deterministic decisionmaking.

To the extent practicable, the Commission intends to ensure that the quantitative techniques used

for regulatory decisionmaking take into account the potential uncertainties that exist so than an

estimate can be made on the confidence level to be ascribed to the quantitative results.

Issues in Risk Assessment (p. 329, NRC 1993)

● A discussion of uncertainty should be included in any ecological risk assessment.

Uncertainties could be discussed in the methods section of a report, and the consequences of

uncertainties described in the discussion section. End-point selection is an important

component of ecological risk assessment. Uncertainties about the selection of end points need

to be addressed.

● Where possible, sensitivi~ analysis, Monte Carlo parameter uncertainty analysis, or another

approach to quantifying uncertain~ should be used. Reducible uncertainties (related to

ignorance and sample size) and irreducible (aleatory) uncertainties should be clearly

distinguished. Quantitative risk estimates, if presented, should be expressed in terms of

distributions rather than as point estimates (especially worst-case scenarios).

An SAB Report: Multi-Media Risk Assessment for Radon, Review of Uncertain Analysis of Risks Associated with

Exposure to Radon (pp. 24-25, U.S. EPA 1993b)

The Committee believes strongly that the explicit disclosure of uncertainty in quantitative risk

assessment is necessary any time the assessment is taken beyond a screening calculation. .

The need for regulatory action must be based on more realistic estimates of risk. Realistic risk

estimating, however, requires a full disclosure of uncertainty. The disclosure of uncertainty
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enables the scientific reviewer, as well as the decision-maker, to evaluate the degree of confidence

that one should have in the risk assessment. The confidence in the risk assessment should be a

major factor in determining strategies for regulatory action.

Large uncertainty in the risk estimate, although undesirable, may not be critical if the confidence

intervals about the risk estimate indicate that risks are clearly below regulatory levels of concern.

On the other hand, when these confidence intervals overlap the regulatory levels of concern,

consideration should be given to acquiring additional information to reduce the uncertainty in the

risk estimate by focusing research on the factors that dominate the uncertainty. The dominant

factors controlling the overall uncertainty are readily identified through a sensitivity analysis

conducted as an integral part of quantitative uncertainty analysis. Acquiring additional data to

reduce the uncertainty in the risk estimates is especially important when the cost of regulation is

high. Ultimately, the explicit disclosure (of the uncertainty) in the risk estimate should be factored

into analyses of the cost-effectiveness of risk reduction as well as in setting priorities for the

allocation of regulatory resources for reducing risk.

Science and Judgment in Risk Assessment (NRC 1994)

A distinction between uncertainty (i.e., degree of potential error) and inter-individual variability

(i.e., population heterogeneity) is generally required if the resulting quantitative risk

characterization is to be optimally useful for regulatory purposes, particularly insofar as risk

characterizations are treated quantitatively.

● The distinction between uncertainty and individual variability ought to be maintained

rigorously at the level of separate risk-assessment components (e. g., ambient concentration,

uptake and potency) as well as at the level of an integrated risk characterization. (p. 242)

When reporting estimates of risk to decision-makers and the public, EPA should report not only

point estimates of risk but also the sources and magnitudes of uncertainty associated with these

estimates. (p. 263)

Because EPA often fails to characterize fully the uncertainty in risk assessments, inappropriate

decisions and insufficiently or excessively conservative analyses can result. (p. 267)

Guiding Principles for Monte Carlo Analysis (p. 3, Risk Assessment Forum 1997)

. . . the basic goal of a Monte Carlo analysis is to characterize, quantitatively, the uncertainty and

variability in estimates of exposure or risk. A secondary goal is to identify key sources to the

overall variance and range of model results.

Consistent with EPA principles and policies, an analysis of variability and uncertainty should

provide its audience with clear and concise information on the variability in individual exposures

and risks; it should provide information on population risk (extent of harm in the exposed

population); it should provide information on the distribution of exposures and risks to highly

exposed or highly susceptible populations; it should describe qualitatively and quantitatively the

scientific uncertainty in the models applied, the data utilized, and the specific risk estimates that

are used.
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When viewed at a high level, the uncertainty referred to in 40 CFR 191, 40 CFR 194 (Sect. 2.1) and also in the

preceding quotes can usually be divided into two types: stochastic (i.e., aleatory) uncertainty, which arises because

the system under study can behave in many different ways and is thus a property of the system, and subjective (i.e.,

epistemic) uncertainty, which arises from a lack of knowledge about the system and is thus a property of the analysts

performing the study. When a distinction between stochastic and subjective uncertainty is not maintained, the

deleterious events associated with a system, the likelihood of such events, and the confidence with which both

likelihood and consequences can be estimated become commingled in a way that makes it difficult to draw useful

insights. Due to the pervasiveness and importance of these two types of uncertainty, they have attracted many

investigators (e.g., Kaplan and Garrick 1981; Vesely and Rasmuson 1984; Pat6-Cornell 1986, 1996; Whipple 1986;

Silbergeld 1987; Parry 1988; Apostolakis 1989, 1990; IAEA 1989; Finkel 1990; McKone and Bogen 1991;

Breeding et al. 1992; Anderson et al. 1993; Helton 1993a, 1994, 1997; Kaplan 1993; Hoffman and Harnmonds 1994;

Brattin et al. 1996; Frey and Rhodes 1996; Rai et al. 1996) and also many names (e.g., aleatory, type A, irreducible,

and variability as alternatives to the designation stochastic, and epistemic, type B, reducible, and state of knowledge

as alternatives to the designation subjective). Indeed, this distinction can be traced back to the beginnings of the

formal development of probability theory in the seventeenth century (Hacking 1975).

As an example, probabilistic risk assessments (PRAs) for nuclear power plants and other complex engineered

facilities involve stochastic uncertainty due to the many different types of accidents that can occur and subjective

uncertainty due to the inability of the analysts involved to precisely determine the frequency and consequences of

these accidents. The recent reassessment of the risk from nuclear power plants conducted by the U.S. Nuclear

Regulatory Commission (NUREG- 1150) provides an example of a very large analysis in which an extensive effort

was made to separate stochastic and subjective uncertainty (U.S. NRC 1990-1991, Breeding et al. 1992). This

analysis was instituted in response to criticisms that the Reactor Safety Study (U.S. NRC 1975) had inadequately

characterized the uncertainty in its results (Lewis et al. 1978). Similarly, the EPA’s standard for the geologic

disposal of radioactive waste (Sect. 2.1) can be interpreted as requiring (1) the estimation of a CCDF, which arises

from the different disruptions that could occur at a waste disposal site and is thus a summary of the effects of

stochastic uncertainty (Sect. 2.2), and (2) the assessment of the uncertainty associated with the estimation of this

CCDF, with this uncertainty deriving from a lack of knowledge on the part of the analysts involved and thus

providing a representation for the effects of subjective uncertainty (Sect. 2.4). Conceptually, similar problems also

arise in the assessment of health effects within a population exposed to a carcinogenic chemical or some other stress,

where variability within the population can be viewed as stochastic uncertainty and the inability to exactly

characterize this variability and estimate associated exposures and health effects can be viewed as subjective

uncertainty (e.g., Bogen and Spear 1987, Hattis and Silver 1994, McKone 1994, Allen et al. 1996, NCRP 1996,

Price et al. 1996, Thompson and Graham 1996). Other examples also exist of analyses that maintain a separation of

stochastic and aleatory uncertainty (e.g., PLG 1982, 1983; Payne 1992; Payne et al. 1992a, b, c; Fogarty et al. 1992;

Macintosh et al. 1994). Thus, by maintaining a separation between stochastic and subjective uncertainty as indicated
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in Sects. 2.2-2.4 and described in more detail in the remainder of this presentation, the 1996 WIPP Pa is in the main

stream of current analyses for complex systems.

Many individuals believe that the boundary line associated with 40 CFR 191.13 and illustrated in Fig. 2.1.1 is a

novel concept. Actually, this construction is an example of the Farmer limit line approach to the definition of

acceptable risk (Farmer 1967, Cox and Baybutt 1982, Munera and Yadigaroglu 1986). A similar construction was

used in the NUREG- 1150 analyses (U.S. NRC 1990-1991, Breeding et al. 1992) to implement the proposed large

release safct y goal for reactor accidents (U.S. NRC 1986, Helton and Breeding 1993). Thus, again, the 1996 WIPP

PA involves widely used ideas, although the actual scale of the analysis is much larger than that of a typical PA.
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3. Probabilistic Characterization of Different Futures

3.1 Probability Space (S”f, J’t,P;[)

The first entity that underlies the 1996WIPP PAisaprobabilistic characterization of thelikelihood of different

futures occurring at the WIPPsite over the next 10,000yr. As discussed in Sect. 2.2, this entity isdefined bya

probability space ($$t, ~,,, P.,t) that characterizes stochastic uncertainty. The individual elements Xst of $’t are

vectors of the form shown in Eq. (2.2.2). The manner in which the individual components ti, li, ei, bi, pi, ai and tmin

of X.$rare defined is now described (Sects. 3.2 - 3.8). The definition of these components and their associated

probability distributions gives rise to the probability space ($1, 4,1, p~t) for stochastic uncertainty. The concept of a

scenario as a subset of the sample space &t for stochastic uncertainty is discussed in Sect. 3.9. Further, the

procedure used to sample the individual elements Xyt,iof & indicated in Eq. (2.3.1) is described in Sect. 6.6.

3.2 Drilling Intrusion Time ti

Drilling intrusions in the 1996 WIPP PA are assumed to occur randomly in time and space (i.e., follow a

Poisson process). Specifically, the base drilling rate considered within the area marked by a berm as part of the

system for passive institutional controls (Fig. 3.2. 1) is 46.8 intrusions/km2/104 yr (App. DEL, U.S. DOE 1996).

Further, active institutional controls are assumed to result in no possibility of a drilling intrusion for the first 100 yr

after the decommissioning of the WIPP (Chapt. 7, U.S. DOE 1996), and passive institutional controls are assumed to

reduce the base drilling rate by two orders of magnitude between 100 and 700 yrs after decommissioning (Trauth et

al. 1996).

For the computational implementation of the 1996 WIPP PA, it is convenient to represent the Poisson process

for drilling intrusions by its corresponding rate term Ld(t) for intrusions into the area marked by the berm.

Specifically,

Ad(t) = O yr-l for O<t<100yr (3.2.1)

= (0.01) (0.6285 km2) (46.8/krn2/104 yr) = 2.94 x 10-5 yr-l (3.2.2)

for 100< t <700 yr

= (0.6285 km2) (46.8/krn2/104 yr) = 2.94 x 10-3 yr-l (3.2.3)

for 700< t S 10000 yr

where 0.6285 km2 is the area of the berm (Trauth 1996) and t is elapsed time since decommissioning of the WIPP.

The function kd(t)defines the part of the probability space (&, X& P.J in Sect. 2.2 that corresponds to ti.In

the computational implementation of the analysis, Ad(t) is used to define the distribution of time between drilling
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intrusions (Fig. 3.2.2). As a reminder, the occurrence of one event in a Poisson process has no effect on the

occurrence of the next event. Thus, the cumulative distributions in Fig. 3.2.2 can be used to define the time from one

drilling event to the next (see Sect. 6.6). Due to the 10,000 yr regulatory period specified in 40 CFR 191.13, tiis

assumed to be bounded above by 10,000 yr in the definition of &. Further, ti is assumed to be bounded below by

O yr, although drilling intrusions prior to 100 yr cannot occur with k~t)as defined in Eqs. (3.2. 1) - (3.2.3).

The function Ld(t) also determines the probability prob(nBH = nl[a, b]) that a future will have exactly n drilling

intrusions in the time interval [a, b] (Helton 1993 b), where

(3.2.4)

Further, the probability prob(nBH 2 n l[a, b]) that a future will have greater than or equal to n drilling intrusions in

the time interval [a, b] is given by

prob(nBH 2 nl[a, b]) = 1 forn=O

n–1

=1–
z

prob(nBH = ml[a,b]) for n >0. (3.2.5)
~.()

Example probabilities for drilling intrusions within the berm (i.e., for kd(t) as defined in Eqs. (3.2.1) - (3.2.3)) and

also for drilling intrusions into the nonexcavated and excavated areas beneath the berm are given in Table 3.2.1. The

excavated area beneath the berm corresponds to the area in which waste disposal takes place.

3-3



Time Between Drilling Intrusions: 100 to 700 yr

0.30

0.25

J’ 0.20

75
>

0.05

0.00

1.0

0.9

0.8

=
VI 0.7

: 0.5
.=-—
~ 0.4
n

; 0.3

0.2

0.1

0.0

CDF: 1- exp(-N)

k = 2.94X 10-5yt’

ri
--—— --——

Intrusion Time:

ti=ti.l+ Ati

o. 1000. 2000. 3000. 4000. 5000. 6000. 7000. 8000. 9000. 10000.

At: Time Between Intrusions (yr)

Time Between Drilling Intrusions: 700 to 10000 yr

CDF: 1- exp(-M)
- ri

A = 2.94x 10-3yr-’

Intrusion Time:

ti=t,.l+ Ati

I
I
I
I
I
I
I
lAti

,

0. 1000. 2000. 3000. 4000. 5000. 6000. 7000. 8000. 9000. 10000.

At: Time Between Intrusions (yr)

Fig. 3.2.2. Cumulative distribution functions for time between drilling intrusions into area marked by the berm used
as part of the passive marker system (Fig. 3.2. 1).
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Table 3.2.1 Probabilities for Futures with Different Numbers of Drilling Intrusions into the Total Area
Marked by the Berm (i.e., for Id(t) in Eqs. (3.2.1) - (3.2.3)) and into the Nonexcavated (i.e.,

An(t) = 0.791 Ld(t); see Sect. 3.4) and Excavated (i.e., k,(t)=0.209 Ad(t); see Sect. 3.4)

Areas beneath the Berm

During Passive Institutional Controls: 1.00E+02 to 7.00E+02 yr

Number of
Intrusions

(n)
o
1

2

3

Number of
Intrusions

(n)
o
1

2

3

4

5

6

7

8

9

10

11
12
13
14
15
16
17
18

48

49

50

Number of
Intrusions

(n)
o
1
2

Nonexcavated Excavated Total
(Ln =2,33E-05/yr) (Ae=6. 15E-06/yr) (l.d =2.94E-051yr)

(=n) @2) (=n)
9.86E–01 1.00E+OO 9.96E-01
1.38E–02 1.39E–02 3.68E-03
9.61E–05 9.65E–05 6.78E–06
4.47E–07 4.49E–07 8.34E-09

After Passive Institutional Controls:

@n) (=n) &n)
1.00E+OO 9.83E-01 1.00E+OO

3.68E-03 1.73E–02 1.75E-02

6.79E–06 1.53E–04 1.54E–04

8.35E-09 9.00E-07 9.04E–07

7.00E+02 to 1.00E+04 yr

Nonexcavated
(kn=2.33E-03/yr)

(=n) @n)
4. O2E–10 1.00E+OO

8.69E-09 1.00E+OO

9.40E–08 1.00E+OO

6.78E–07 1.00E+OO

3.67E–06 1.00E+OO

1.59E-05 1.00E+OO

5.72E-05 1.00E+OO

1.77E–04 1.00E+OO

4.78E–04 1.00E+OO

1.15E–03 9.99E-01

2.49E–03 9.98E-01

4.89E–03 9.96E–01

8.82E-03 9.91E-01

1.47E-02 9.82E-01

2.27E–02 9.67E-01

3.27E-02 9.45E–01

4.43E–02 9.12E-01

5.63E-02 8.68E–01

6.77E–02 8.llE-01
. . .

3.96E–07 7. OIE-07

1.75E–07 3.05E–07

7.56E–08 1.30E–07

Excavated Total
().,=6. 15E-04/yr)

(=n) &n)
3,28E-03 1.00E+OO

1.88E–02 9.97E-01

5.37E–02 9.78E–01

1.02E-01 9,24E-01

1.46E–01 8.22E–01

1.67E–01 6.76E-01

1.60E–01 5.08E-01

1.30E–01 3.49E-O 1

9.32E–02 2.18E–01

5.92E–02 1.25E–01

3.39E-02 6.60E–02

1,76E-02 3.21E-02

8.40E–03 1.45E–02

3.70E–03 6.09E-03

1.51E–03 2.39E–03

5.76E-04 8.82E-04

2.06E–04 3.06E–04

6,92E-05 1,00E–04

2.20E–05 3.12E-05
. .

5.98E–28 0.00E+OO

6,98E–29 0.00E+OO

7.98E–30 0.00E+OO

(k~2.94E-03/yr)

(=n) en)
1.32E-12 1.00E+OO

3.61E-11 1.00E+OO

4.93E-10 1.00E+OO

4.50E–09 1.00E+OO

3.08E-08 1.00E+OO

1.68E-07 I.00E+OO

7.67E-07 1.00E+OO

3.00E-06 1.00E+OO

1.02E–05 1.00E+OO

3. 12E-05 1.00E+OO

8.52E–05 1.00E+OO

2. 12E–04 1.00E+OO

4.83E–04 1.00E+OO

1.02E-03 9.99E-01

1.99E-03 9.98E-01

3.62E–03 9.96E-01

6. 19E–03 9.93E-01

9.96E–03 9.86E–01

1.51E–02 9.76E-01
. . .

1.OIE–04 2.22E-04

5.63E-05 1.21E–04

3.08E–05 6.49E45

During Regulatory Period: 1.00E+02 to 1.00E+04 yr

Nonexcavateda Excavateda Totala

(l,n=2.19E-03/yr) (Le=5.78E-04/yr) (kd =2.76E-03/yr)

(=n) @r) (=n) @n) (=n) en)
3,96E–10 1.00E+OO 3.27E–03 1.00E+OO 1.30E–12 1.00E+OO

8.58E-09 1.00E+OO 1.87E-02 9.97E-01 3.54E–11 1.00E+OO

9,29E–08 1.00E+OO 5.35E–02 9.78E–01 4.85E–10 1.00E+OO
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Table 3.2.1 Probabilities for Futures with Different Numbers of Drilling Intrusions into the Total Area
Marked by the Berm (i.e., for Ld(r) in Eqs. (3.2.1) - (3.2.3)) and into the Nonexcavated (i.e.,

I.ti(r) = 0.791 kd(f); see Sect. 3.4) and Excavated (i.e., L,(r)= 0.209 Ld(t); see Sect. 3.4)

Areas beneath the Berm (continued)

During Regulatory Period: 1,00E+02 to 1.00E+04 yr

Number of Nonexcavated Excavated Total

Intrusions (ln=2. 19E-03/yr) (&=5.78 E-04/yr) (Ld =2.76E-03/yr)

(n)
3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

(=n)
6.70E–07

3.63E-06

1.57E–05

5.67E–05

1.75E–04

4.74E-04

1. 14E–03

2,47E-03

4.86E–03

8.77E-03

1.46E-02

2.26E-02

3.26E-02

4.41E-02

5.61E-02

6,75E–02

@n)
1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

9,99E-01

9.98E-01

9.96E-01

9.91E-01

9.82E-01

9.67E-01

9.45E-01

9.12E-01

8.68E-01

8.12E-01

(=n)
1.02E–01

1,46E–O 1

1.67E–01

1.60E–01

1.30E–01

9.33E-02

5.94E-02

3.40E-02

1.77E-02

8,43E-03

3.71E-03

1.52E–03

5.79E-04

2.07E–04

6.98E-05

2.22E-05

&n)
9.24E–01

8.22E-01

6.76E–01

5.09E-01

3.49E–01

2.19E-01

1.26E-01

6,62E–02

3.22E-02

1.46E–02

6. 12E–03

2.41E–03

8.88E-04

3.08E-04

1.OIE–04

3. 15E-05

(=n)
4.43E–09

3.03E–08

1.66E–07

7.57E-07

2.96E–06

1.01E–05

3.08E-05

8.43E-05

2. 10E-04

4.78E-04

1.OIE-03

1.97E-03

3,59E-03

6.15E–03

9.90E-03

1.51E–02

&n)
1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

1,00E+OO

1.00E+OO

1.00E+OO

1.00E+OO

9.99E–01

9.98E–01

9.96E-01

9.93E–01

9.86E-01

9.77E–01
. . . .,. . . .

48 4.03E–07 7.13E–07 6,14E-28 7.45E-17 1.02E-04 2.25E–04
49 1.78E–07 3.llE-07 7. 18E–29 7.45E-17 5.71E–05 1.23E–04
50 7.70E-08 1.33E–07 8.22E–30 7,45E–17 3.13E-05 6.59E-05

a Rate (i.e., An, &, kd) is time-dependent; indicated rate is equivalent time-averaged rate (e.g., 2.76 x 10-3 yr-l

= (600 yr/9900 yr) (2.94 x 10-5 yr-t) + (9300 yr/9900 yr)(2.94 x 10-? yr-l))

3.3 Drilling Location li

Drilling locations are discretized to the 144 locations in Fig. 3.2.1. Given that a drilling intrusion occurs within

the berm, it is assumed to be equally likely to occur at each of these 144 locations. Thus, the (conditional)

probability pLj that drilling intrusion i will occur at location Lj, j = 1, 2, . . .. 144, in Fig. 3.2.1 is

pLj = 1/144 = 6.94X 10-3. (3.3.1)

The probabilities pLj define the part of ( $,[, ~$f, prl) in Sect. 2.2 associated with li.
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3.4 Penetration of Excavated/Nonexcavated Areae~

Thevariableeiis adesignator forwhetheror not the Jhdrillingi ntrusionp enetratesa nexcavated area of the

repository (i.e., ei = O, 1 implies penetration of nonexcavated, excavated area, respectively). The corresponding

probabilities pEo and pE1 for ei = O and ei = 1 are

pEl = 0.1314 km2/0.6285 km2 = 0.209 (3,4.1)

pEo = 1 –pE, = 0.791, (3.4.2)

where O.1314 km2 and 0.6285 km2 are the excavated area of the repository (Vol. 3, WIPP PA 1992-1993) and the

area of the berm (Trauth 1996), respectively. The probabilities pEo and pE1 define the part of ( $St, X& PSJ in Sect.

2.2 associated with ei. The probabilities of different numbers of drilling intrusions into excavated and nonexcavated

areas beneath the berm are illustrated in Table 3.2.1.

3.5 Penetration of Pressurized Brine bi

The variable bi is a designator for whether or not the ith drilling intrusion penetrates pressurized brine (i.e., bi =

O, 1 implies nonpenetration, penetration of pressurized brine). The corresponding probabilities pllo and pill for hi =

O and hi = 1 are 0.92 and 0.08, respectively (Powers, Sigda and Holt 1996). The rationale for defining the

probability of penetrating pressurized brine for individual drilling intrusions is based on the belief that the fractures

in the Castile Formation that are capable of supplying significant quantities of brine are a small fraction (i.e., 0.08) of

the area encompassed by the berm (Powers, Sigda and Holt 1996). The probabilities pBo and pill define the part of

(&~, 4(, prt) in Sect. 2.2 that corresponds to bi.

Example probabilities for futures with different numbers of drilling intrusions that penetrate pressurized brine

within the berm (Fig. 3.2. 1) and also within the nonexcavated and excavated areas beneath the berm are given in

Table 3.5.1. The defining equations for these probabilities are the same as those in Eqs. (3.2.4) and (3.2.5) with

Ad(t) replaced by the appropriate drilling rate into pressurized brine. In particular, these rates are the original drilling

rates (i.e., the rates used in the generation of Table 3.2.1) multiplied by 0.08.
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Table 3.5.1 Probabilities for Futures with Different Numbers of Drilling Intrusions that Penetrate

Pressurized Brine in the Total Area Marked by the Berm (i.e., for the drilling rate id

into pressurized brine defined by kd(f) in Eqs. (3.2.1) - (3.2.3) multiplied by 0.08)

and into the Nonexcavated (i.e., ~n(r) = (0.08 )(0,791 )kd(t) ) and Excavated (i.e.,

~,(t) = (0.08 )(0.209 )kd(r) ) Areas beneath the Berm

Number of
Intrusions

(n)
o
1
.

Number of
Intrusions

(n)
o

1
2

3

4

5

6

7

8

9

10

Number of

Intrusions

(11)
o
1

2

3

4

5

6

7

8

9

10 1. 18E–05 1.40E–05 7.06E-1 1 7.37E-11 7.82E–05 9.72E-05

“ Rate (i.e., id ) is time-dependent; indicated rate is equivalent time-averaged rate (e.g., 2,21 x 10-4 yr-l

= (600 yr/9900 yr) (2.35 x 10-6 yr-l) + (9300 yr/9900 yr)(2.35 x 10-q yr-l))

During Passive Institutional Controls: 1.00E+02 to 7.00E+02 yr

Nonexcavated Excavated Total

(in =1 .86E-06/yr) (%, =4,92E-07/yr) (id =2.35 E-06/yr)

(=n) (>n) (=n) (2n) (=n) (ail)
9.99E-01 1.00E+OO 1.00E+OO 1.00E+OO 9.99E-01 1.00E+OO

1. 12E–03 1. 12E–03 2.95E–04 2.95E–04 I,41E–03 1.41E–03

6.23E–07 6.23E-07 4,36E–08 4.36E–08 9,95E–07 9.96E–07

After Passive Institutional Controls: 7.00E+02 to 1.00E+04 yr

Nonexcavated Excavated Total

( ~,1 = 1.86E-04/yr) (Z, =4.92E-05/yr) ( ~ci =2.35 E-04/yr)

(=,1) (>n) (=n) (m) (=)1) (a)
1.77E–01 1.00E+OO 6.33E-01 1,00E+OO 1,12E–01 1.00E+OO

3.07E–01 8.23E-01 2,90E–01 3.67E-01 2,45E–01 8.88E-01

2.65E–01 5.16E-01 6.63E-02 7.76E-02 2,68E–01 6.43E–01

1.53E-01 2.51E–01 l, OIE–02 1, 14E–02 1,96E–01 3.74E-O 1

6.62E-02 9.78E-02 1,16E-03 1,27E-03 1.07E-O 1 1,78E–01

2.29E–02 3. 16E–02 1.06E–04 1,14E–04 4.69E-02 7. 12E-02

6.61E–03 8.69E–03 8.07E–06 8.63E-06 1.71E–02 2.44E–02

1.64E–03 2.07E–03 5.27E–07 5.59E–07 5.35E–03 7.26E–03

3.54E–04 4.36E–04 3,02E-08 3. 18E-08 1.46E–03 1.91E-03

6.80E–05 8.20E-05 1.53E–09 1.61E-09 3.56E–04 4,52E–04

1.18E–05 I,39E-05 7.02E-11 7.32 E-I 1 7.78E-05 9.67E–05

During Regulatory Period: 1,00E+02 to 1.00E+04 yr

Nonexcavateda ExcavatedJ Total”

( ~,1 =1 .75 E-04/yr) ( ~c =4.63 E-05/yr) ( ~(1 =2,2 1E-04/yr)

(=,1) (211) (=n) Q,,) (=n) @,l)
1.77E–01 1.00E+OO 6.33E-01 1.00E+OO 1.12E-01 1.00E+OO

3.06E-01 8.23E-01 2.90E–01 3.67E-01 2.45E-01 8.88E–01
2.65E–01 5.17E-01 6.63E–02 7.77E–02 2.68E–01 6.43E-01
1.53E–01 2,51E–01 1.OIE–02 1.14E–02 1,96E–01 3.75E-01

6.63E–02 9.80E–02 1.16E–03 1.27E–03 1.07E–O 1 1.79E–O 1

2.30E-02 3. 17E-02 1.06E–04 1. 15E–04 4.70E–02 7, 14E-02

6.63E-03 8.71E-03 8. 10E-06 8,66E-06 1.71E–02 2.44E-02

1.64E–03 2.08E–03 5.30E–07 5.62E-07 5.36E-03 7.28E–03

3.55E–04 4.38E–04 3.03E–08 3. 19E–08 1.47E–03 1.92E–03
6.84E–05 8.24E-05 1.54E–09 1.62E–09 3.57E–04 4.54E–04
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3.6 Plugging Patternp~

Three plugging patterns are considered in the 1996 WIPP PA: (1) PI, which corresponds to a full concrete plug

through Salado Formation to Bell Canyon Formation with a permeability of 5 x 10-17 m2, (2) p2, which corresponds

to a twcl plug configuration with concrete plugs at Rustler/Salado interface and Castile/Bell Canyon interface, and

(3) p~, which corresponds to a three plug configuration with concrete plugs at Rustler/Salado, Salado/Castile and

Castile/Bell Canyon interfaces (Thompson et al. 1996; App. DEL, U.S. DOE 1996). The probability that a given

&illingintrusionwillbesealed with plugging pattern pj, j = 1, 2, 3, is given by pP.Lj, where PpL1 = 0.02, ppL2 =

0.68 and pPL3 = 0.30 (App. DEL, U.S. DOE 1996). The probabilities pPLj define the part of (&t, ~,t,PJ in sect.

2.2 that corresponds to pi.

3.7 Activity Level ai

The waste intended for disposal at the WIPP is divided in 570 distinct waste streams (Table 3.7.1), with 569 of

these waste streams designated as contact-handled (CH)-TRU waste and one waste stream designated as remotely-

handled (RH)-TRU waste. Each waste drum emplaced at the WIPP will contain waste from a single CH-TRU

stream. Given that the CH-TRU drums will be stacked three high, each drilling intrusion through CH-TRU waste

will intersect three waste streams. In contrast, there is only one waste stream for RH-TRU waste, and so each

drilling intrusion through RH-TRU waste will intersect this single waste stream.

The concentrations and conditional probabilities for individual CH-TRU streams are indicated in Table 3.7.1.

However, the large number of waste streams makes a complete display of this information cumbersome. A more

compact summary of the probabilities and concentrations for the CH-TRU streams is provided by CCDFS for

concentration at individual times (Fig. 3.7.1). Each CCDF in Fig. 3.7.1 summarizes the probability and

concentration data indicated in Table 3.7.1 for CH-TRU waste at a specific time (i.e., 100, 125, . . .. 10,000 yr).

The vector ai characterizes the type of waste penetrated by the ith drilling intrusion. Specifically,

ai:. ai=o (3.7.1)

if ei = O (i.e., if the ith drilling intrusion does not penetrate an excavated area of the repository);

ai=ai=l (3.7.2)

if ei = 1 and RH-TRU is penetrated; and

(3.7.3)
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Table 3.7.1. Concentrations and Conditional Probabilities for Individual Waste Streams Associated with
CH- and RH-TRU Waste (Sanchez et al. 1997)

Waste Cond Concentration (EPA units/m3) at Indicated T]mes (yr)
Streama Probb 100 125 175 350 1000 3000 5000 7500 10000

CH Waste

1 7.282E–05 4.844E-03 4.654E–03 4.295E–03 3.244E-03 1,144E-03 4.630E–05 1.873E–06 3.400E–08 6. 172E-10
2 1.359E–05 3.243E–03 3. 159E–03 3.001 E–03 2.648E–03 2. 162E-03 1.702E–03 1.456E–03 1.214E–03 1.022E-03
3 2.963E–04 3. 164E-03 3, 133E–03 3.074E–03 2.91OE-O3 2.574E–03 2.244E-03 2.068E-03 1.880E–03 1.716E-03
4 9.71 5E–04 3. 157E–03 3. 126E–03 3.068E–03 2.903E-03 2.568E-03 2.239E–03 2.063E-03 1.876E–03 1.71 lE-03
5 5.555E-05 6.320E-03 6.258E-03 6.141E-03 5.812E-03 5.141E-03 4.482E-03 4.131E-03 3.755E-03 3.427E-03

6 4.036E–06 8.418E–01 6.934E–01 4,716E–01 1.287E-01 1.421E–02 1,281E-02 1.213E–02 1.133E–02 1.058E-02
7 1.246E-06 2.780E–- 1 2.290E-01 1.557E–01 4.249E–02 4.691E–03 4.228E–03 4.002E–03 3.737E–03 3.491E-03

567 1.642E–04 4.657E+O0 3.826E+O0 2.584E+O0 6,629E-01 1.971 E–02 1.307E–02 1.206E-02 1.105E–O2 1.021E-02

568 1.890E–04 3.024E+O0 2.484E+O0 1.676E+O0 4,270E–01 8.839E–03 4.744E-03 4.296E–03 3.889E–03 3.571E–03

569 3.086E–06 3.468E-01 3.465E–01 3.460E--OI 3,443E–01 3.379E–01 3. 190E–01 3.01 lE–01 2.802E–01 2.607E–01

-s-uk=7.505F+;z---- "------- "------ "--------- "----------------

RH Waste

1 1.000E+OO 1.021 E–02 9.421 E–03 8.569E–03 7.488E–03 5,883E–03 4.659E–03 4.200E-03 3.742E–03 3.356E-03

's%fi:7.Go3E+iF-------------------"------------------"-------

‘ Waste stream for indicated waste type (i.e., CH-TRU or RH-TRU)

b probability of waste stream conditional on occurrence of indicated waste type (i.e., PCHjj = 1,2, .. .. 569, for CH-TRU w~te and PRH, for Rf-f-TRu w~te)

‘ Sum of conditional probabilities

, ~1

, ~o

CH Waste Streams

1 “’’’’” “’’’’’” “’’’’’” “’’’’’” “’’((’” ““7

t
,0-3 _

, 0–4

,0-5 _

— 100yr
---- 125yr

---- 175 yr
------ 350 yr
–—— 1000yr
–––– 3000yr
— 5000 yr
------ 7500yr
------ 10000 yr

.“

,0-4 ,0-3 ,0-2 ,0-1 ,00 ,.l , Oz

C, Concentration (EPA units/m3)

TRI-6342-521O.O

Fig. 3.7.1. Distribution of radionuclide concentration (EPA units/m3) in CH-TRU waste streams at selected times
(Sanchez et al. 1997).
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if ei = 1 and CH-TRU is penetrated, where iCHil, iCHi2 and iCHi3 are integer designators for the CH-TRU waste

streams intersected by the ith drilling intrusion (i.e., each of iCEfil, iCHi2 and iCHi3 is an integer between 1 and 569).

Whether the ith intrusion penetrates a nonexcavated or excavated area is determined by the probabilities pEo and

pE1 discussed in Sect. 3.4. Given that the ith intrusion penetrates an excavated area, the probabilities pCH and pRH

of penetrating CH- and RH-TRU waste are given by

pCH=aCH/aEX=(1.115 x 105 m2)/ (1.273x 105 m2) = 0.876 (3.7.4)

pRH = aRH / uEX = (1.576 x 104 m2) / (1.273 x 105 m2) = 0.124, (3.7.5)

where aCH is the excavated area used for disposal of CH-TRU waste (i.e., 1.115 x 105 m2), aRH is the excavated

area used for disposal of RH-TRU waste (i.e., 1.576 x 104 m2), and aEX = aCH + aRH (i.e., 1.273 x 105 m2) (Vol.

3, WIPP PA 1992-1993). The excavated area of 1.314 x 105 m2 used in Eq. (3.4.1) is slightly larger than the

excavated area of 1.273 x 105 m2 used in Eqs. (3.7.4) and (3.7.5) due to the inclusion of a seal area of 4.133 x 103

m2 in the definition of the area 1.314 x 105 m2 but not the area 1.273 x 105 m2.

AS indicated in this section, the probabilistic chmacterization of ai in ($~t, ~st, Pst) depends on a number of

individual probabilities. Specifically, pEo and pE1 determine whether a nonexcavated or excavated area is

penetrated (Sect. 3.4); pCH and pRH determine whether CH- or RH-TRU waste is encountered given penetration of

an excavated area; and the individual waste stream probabilities in Table 3.7.1 (i.e., pCHj, j = 1, 2, . . . . 569)

determine the waste streams encountered given a penetration of CH-TRU waste.

3.8 Mining Time t~i.

Consistent with guidance in 40 CFR 194, full mining of known potash reserves within the land withdrawal

boundary is assumed to occur at time tmin. In 40 CFR 194, the occurrence of mining within the land withdrawal

boundary in the absence of institutional controls is specified as following a Poisson process with a rate of

&= 1 :x 104 yr-l. However, this rate can be reduced by active and passive institutional controls. Specifically,

active institutional controls are assumed to result in no possibility of mining for the first 100 yr after

decommissioning of the WIPP (Chapt. 7, U.S. DOE 1996), and passive institutional controls are assumed to reduce

the base mining rate by two orders of magnitude between 100 and 700 yr after decommissioning (Trauth et al. 1996).

The preceding requirements lead to a time-dependent mining rate Am(t).Specifically,

km(t) = Oyr-l for O<t<100yr (3.8.1)

(3.8.2)— (0.01) (1x 10-4 yr-l) = 1 x 10-6 yr-i for 100< t S 700 yr
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= 1 x 10-4 yr-l, for 700< t S 10000 yr (3.8.3)

where t is elapsed time since decommissioning of the WIPP. The function km(t) defines the part of (&t, &, p$l) that

corresponds to tmin.In the computational implementation of the analysis, km([) is used to define the distribution of

time to mining (Fig. 3.8.1). The use of Lnl(t) to characterize t~ljnisanalogoustothe use of kd to characterize the ti

except that only one mining event is assumed to occur (i.e., X,ftcontains only one value for tnin) in consistency with

guidance given in 40 CFR 194 that mining within the land withdrawal boundary should be assumed to remove all

economical y viable potash reserves. Due to the 10,000 yr regulatory period specified in 40 CFR 191.13, tminis

assumed to be bounded above by 10,000 yr in the definition of & Further, tminis assumed to be bounded below by

O yr, although mining cannot occur prior to 100 yr with L,n(t) as defined in Eqs. (3.8. 1) - (3.8.3).
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Time to Mining: 100 to 700 yr
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Fig. 3.8.1. Cumulative distribution functions for time to mining.
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3.9 Scenarios and Scenario Probabilities

In the formal development of the 1996 WIPP PA, a scenario is a subset S of the sample space S~t for stochastic

uncertainty. More specifically, a scenario is an element Sof the set ~Yr in the probability space (S’l, ~$,,P$Jfor

stochastic uncertain y, and the probability of $ is given by P.rl (S). Thus, a scenario is what is called an event in the

usual terminology of probability theory.

Given the complexity of the elements X71 of $,f (see Eq. (2.2.2)), infinitely many different scenarios can be

defined. Several examples follow:

% = {%: % inVOIVeSnO drilling intrusion through an excavated area of the repository (i.e., n = O or ei = O in

Eq. (2.2.2 )fori= 1,2, . . ..n>O)} (3.9.1)

S1 = {x,,: X,l involves exactly one drilling intrusion through an excavated area of the repository, with this

intrusion penetrating pressurized brine in the Castile Fm (i.e., n > 0 in Eq. (2.2.2) and there exists an

integer isuch that 1 <i<n, ei= l, bi=l, andej=Ofor~ #i and 1 <~<n)} (3.9.2)

& = {X,fr: x,, involves exactly one drilling intrusion through an excavated area of the repository, with this

intrusion not penetrating pressurized brine in the Castile Fm (i.e., n >0 in Eq. (2.2.2) and there exists an

integer isuch that 1 <i<n, el= l, b[=O, andej=Ofor~# i and 1 <~<n)) (3.9.3)

& = {%’ % iIWOIVISSexactlY OIR drilling intII-Ision through an excavated area of the repository (i.e., n >0 in

Eq. (2.2.2) and there exists an integer i such that 1 S i S n, ei = 1, and ej = O forj # i and 1 <j S n)). (3.9.4)

The definitions of the preceding four scenarios are quite simple. In general, scenarios can be defined on the basis of

any possible characterization of the properties of the individual elements of X.yt, which can lead to very complex

scenario definitions.

The immediately preceding sentence implies that 4,1 can be defined to be all possible subsets of $rf. This is

correct at an intuitive level and, for practical purposes, zf,f can be thought of as containing all subsets of $“r

However, to obtain a mathematically rigorous development of probability (p. 116, Feller 1971), #,t and p$t must

have the following properties: (1) if ~ = ~,t, then &’ ● ~$t, where the superscript c is used to denote the

complement of & (2) if { ~j} is a countable collection of elements of ~Yt, then Ui ~ and ni ~ are also elements of

z!,, (3) P.,,(&) = 1, (4) if t ~ 4,,, then O S P.ft(&) S 1, and (5) if ~1, ~, . . . is a sequence of disjoint sets from ~Tt

(i.e., G n $ = 0 if i # j), then pyt(ui @ = xi P.fl( ~i). Properties (1) - (5) are describing characteristics that are

intuitively expected of scenarios. Specifically, Property (1) implies that, if the occurrence of event ~ is a scenario,

then the nonoccurrence of event ~ is also a scenario; Property (2) implies that, if the occurrence of each of the events

~1, ~, . . . is a scenario, then the occurrence of ~1 or &or is a scenario, and similarly the occurrence of Cl and ~
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and . . . is also a scenario, where the indicated sequence of scenarios (i.e., cl, ~, . ..) can be finite or infinite;

Property (3) implies that the sample space $,1 contains everything that could possibly occur (i.e., the sample space

$’1 is a scenario that has a probability of 1); Property (4) implies that all scenarios have probabilities between O and

1; and Property (5) implies that, if &, &, . . . is a sequence of mutually exclusive scenarios (i.e., ~ and ~ cannot

both occur if i #j), then the probability of ~1 occurring or & occurring or . . is the sum of the probabilities for cl,

G ~~~~where the indicated sequence of scenarios can be finite or infinite. With considerable mathematical

ingenuity, subsets of $,can be constructed such that it is not possible to define a function p.$fsatisfying Properties

(3)-(5 )( Sect. l.29, Romanoand Siegel 1986); thus, inaformal mathematical development, ~,cannot consist of all

possible subsets of $,t. However, subsets of $$lthat donotpermit asuitable definition forp~tare so esoteric that

their exclusion from ~$[ by the requirement that Properties (1) - (5) be satisfied does not result in the removal of any

scenarios of potential interest in PA.

In the terminology of the 1996 WIPP PA, & is typically called the EO scenario (i.e., no drilling intrusions

through the repository), & is typically called the E 1 scenario (i.e., a single drilling intrusion through the repository

that penetrates pressurized brine), and & is typically called the E2 scenario (i.e., a single drilling intrusion through

the repository that does not penetrate pressurized brine). Another important scenario is defined by

&l= {Xf,: X,rf involves exactly two drilling intrusions through excavated areas of the repository, with the first

intrusion not penetrating pressurized brine and the second intrusion penetrating pressurized brine (i.e., n 2

2 in Eq. (2.2.2) and there exist integers i,~ such that 1 S i <~ < n, ei = 1, bi = O, ej = 1, bj = 1, and ek = O

fork#i, jandl Sk<n)}

In the terminology of the 1996 WIPP PA, &l is typically called the E2E1 scenario.

The scenarios & 51, ~, & and &l are elements of ~.,t, and their probabilities are

P~r(%)> P.w($)) P.,~(&), P.,t(&), and p.rl( &I), with these probabilities deriving from the

assigned to the individual elements of X.!t. For example,

( ~:pW-dWt]PSJ &) = exp –

=3.27 X 10-3

(3.9.5)

formally represented by

probability distributions

(3.9.6)

= 1.50x 10-3
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——1.72 X 10-2 (3.9.8)

(3.9.9)

where [u, b] = [0, 10,000 yr], pE1 = 0.209 (see Sect. 3.4), pllo = 0.08 (see Sect. 3.5), pill = 0.92 (see Sect. 3.5), Ad(t)

is defined in Eqs. (3.2.1) - (3.2.3), and the probabilities in Eqs. (3,9.6) - (3.9.9) are based on the relationship in Eq.

(3.2.4).

The expressions defining p,ff(&), p,$t($ ), p,ft(&) and p,rr(&) are relatively simple because the scenarios & $,

& and & are relatively simple. The scenario $1 is more complex and, as a result, p,,l(&l) is also more complex.

Specifically,

(3.9.10)

where

[a, b] = [0, 10,000 yr]

PI,,, fl(n~ = 1, nB = 0 = probability that exactly on. intrusion (i..., nI = 1) will penetrate an excavated area of

the repository during the time interval [a, f], with this intrusion not penetrating

pressurized brine (i.e., nB = O)

[Jt 1[ (~
t—— @~@~?&d(r)d~ (3Xp – PEI ~,{ (TW

(1 (1 )]

(3.9.11)
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qt, I@ =O = probability that no intrusions (i.e., n] = O) will penetrate an excavated area of the

repository during the time interval [f, b]

(Jb
= exp – pE1 id (~)d~

t )
(3.9.12)

and the derivation of Eq. (3.9. 10) generally follows the ideas in the derivation of Eq. (22) in Helton ( 1993b). In the

definition of p[a,rl(nI = 1, nB = O) in Eq. (3.9.1 1), the product [-] 1 [-]2 gives the probability that exactly one

intrusion through an excavated area of the repository that does not penetrate pressurized brine will occur during the

time interval [a, t], and [-]3 gives the probability that no intrusions that penetrate pressurized brine will occur during

[a, t].

More complex scenarios can be defined but with a corresponding increase in the complexity of the closed-form

representation for scenario probability (Helton 1993b). For example, consider the following relatively simple

scenario:

$i = {X,t: X,t involves exactly two drilling intrusions in the time interval [a, b] and the mining event (i.e., tmin)

also occurs in [a, b], with the first drilling intrusion penetrating pressurized brine, using plugging pattern 2

and failing to penetrate an excavated area of the repository and the second drilling intrusion penetrating

pressurized brine, an excavated area of the repository and RH waste and using plugging pattern 3 (i.e.,

n 22 in Eq. (2.2.2), a S tmin S b, and there exists an integer i such that 1 S i < n, a < ti s ti+[ s b, ei = (),

bi= l,pi=2, ai=O, ei+l= l, bi+l = l, Pi+1=3, ai+1= l,andtk< aorb<tkfork*i, i+l and

l<k<n)) (3.9.13)

The corresponding probability is given by

{ 1p.m(&)= ~bp~a,,l (rd = 1,nB = l)[PB1 PE1 pRH ?Ud(t)]~[~,b] (n] = O)dt {p~o,al (n~ = 0) P[a,b] (n~ > 1)}
u

(3.9.14)
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where

PIU,tl(nf = 1>nB = 1) = probability that exactly one intrusion (i.e.! nl = 1) will penetrate the area marked by the

berm during the time interval [a, b], with this intrusion penetrating pressurized brine

(i.e., nB = 1) but failing to penetrate an excavated area of the repository

[(Jt
1

)/][(~t—— @,@ok ~ (~)dz 1! exp– pBl pE~k d (~)d~
a a )1

[ (J
exp - ‘ (pBOpEO + pE1 )kd (z)d~

a )!
(3.9.15)

P[t, @~ = 0) = probability that no intrusions (k nI = O will penetrate the area marked M the berm

during the time interval [t, b]

=eXp(-~kd(T)dT) (3.9.16)

PIQ @M = 0) = probability that no mining (i.e.! nM = @ will occur during the time interval [Q al

PIU,b]@M ~ 1) = probabW that mining will occur O.e., nkf > 1) during the time interval [a, b]

= -[-l’-)

(3.9.17)

(3.9.18)

and the development of Eq. (3.9. 15) is similar to that indicated for Eq. (3.9.1 1).

The consideration of more complex scenarios will result in more complex formulas for scenario probability.

Closed-form formulas for the probabilities of quite complex scenarios can be derived but they are very complicated

and involve large numbers of iterated integrals (Helton 1993 b). Thus, pft can be defined in concept but does not

have a simple form that can be easily displayed.

The example scenarios & $1, $, &, &~ and & have infinitely many elements and nonzero probabilities.

However, scenarios involving drilling intrusions that occur at specific times will have a probability of zero. For

example, the scenario
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35= {xft: X$f= [tl = 350 yr, 11, el = 1, b] = 1, PI =2, al, t~i~],with 11,al and tmin unrestricted) (3.9.19)

contains infinitely many futures (i.e., infinitely many XJt meet the criteria to belong to $5 due to the infinite number

of values that tnin can assume) and also has a probability of zero (i.e., p$~(35) = O) because tl is restricted to a single

value. Sets that contain single elements of $f are also scenarios, but such scenarios will typically have a probability

of zero. In particular, the only single element scenario that has a nonzero probability contains the future that has no

drilling intrusions and no mining.

The probabilities for a large number of relatively simple scenarios are given in Tables 3.2.1 and 3.5.1. Each of

these scenarios can be expressed in the set notation used in this section. For example, Table 3.2.1 gives a probability

of 0.102 for the scenario that involves exactly three drilling intrusions into an excavated area of the repository during

the regulatory period. The corresponding scenario is

S= {Xyt: X.,l involves exactly three drilling intrusions through an excavated area of the repository (i.e., n 23 in

Eq. (2.2.2) and there exist integers i, j, k such that 1 S i < ~ < k S n, 100 yr < ti, ei = ej = ek = 1, and

el=Ofor l#i, j,kandl Z/Sri)). (3.9.20)

In the definition of ~, no restrictions are placed on lm, bm, pm and amfor m = 1, 2, . . . . n nor on tminbecause these

elements of Xrt are not specified and thus can take on any values in their allowable ranges (k Ln = 1, 2 . . . . 144;

bm=o, l;pm=1,2,3; am as defined in Eqs. (3.7.1) - (3.7.3); O S tnin S 10,000 yr). If one or more of these

characteristics is restricted to a subset of its range, then a new scenario will be produced that is a subset of Sand has,

in most cases, a smaller probability than S.

The 1991 and 1992 WIPP PAs used an approach to the construction of the CCDF specified in 40 CFR 191.13

based on the exhaustive division of S’l into a collection of mutually exclusive scenmios $~r,i, i = 1, 2, . . . . nS (Helton

and Iuzzolino 1993). A probability pff ( $’t,i) and a normalized release Ri were then calculated for each scenario $$f,i

and used to construct the CCDF specified in 40 CFR 191.13. Due to the complexity of the elements X$fof S’l (see

Eq. (2.2.2)), this approach was not used in the 1996 WIPP PA. In particular, the decomposition of S’t into a suitable

and defensible collection of scenarios $l,i, i = 1, 2, . . .. nS, is quite difficult. Further, once these scenarios are

defined. it is necessary to calculate their probabilities p.,~ ( $~t,i), which is also not easy. Although the calculation of

the probabilities P$t ( $t,j) is difficult, the development of an appropriate and acceptable decomposition of $t into

the scenarios $.t,j is probably the greater challenge. By using the Monte Carlo approach to CCDF construction

indicated in Eq. (2.3.1) and described in more detail in Sects. 6.6 and 6.7, the 1996 WIPP PA avoided the difficulties

associated with decomposing & into a collection of mutually exclusive Sc-rios and then calculating the

probabilities of these scenarios. Additional discussion of the concept of a scenario is given in Sect. 5.5.
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4. Estimation of Releases

4.1 Results for Specific Futures

The second entity that underlies the 1996 WIPP PA is a procedure for estimating the radionuclide releases to the

accessible environment associated with each of the possible futures X~fthat could occur at the WIPP site over the

next 10,000 yr. As discussed in Sect. 2.3, this procedure can be represented by the function ~(x~l) in Eq. (2.3.1). In

practice, ~ is quite complex and is based on the models implemented in the computer programs indicated in Fig.

2.3.1. In the context of these models,~has the form

f(x~t) = fC(xsl) + .k’[x.so fB(x.u)] + fDBR@sr fsP[x.mfB(x.rr)],fB (x.w)}

+ fim[% fll(xs,)] + fm[x$,j fl?(%)] + fs[% fdx$,)]

+fs-T{moj fs-F(x,Lo) fN-F’[%! fl?(%)]}

where

(4.1.1)

Xxt - particular future under consideration,

Xff,o - future involving no drilling intrusions but a mining event at the same time tmin as in Xft,

fc(xst) - cuttings and cavings release to accessible environment for Xrf calculated with

CUTTINGS.S,

fB(x.rz) - results calculated for XJt with BRAGFLO; in practice, fB()(r~) is a vector containing a

large amount of information,

fsP[% fil(%)] - spallings release to accessible environment for X,Ylcalculated with the spallings model

contained in CUTTINGS_S; this calculation requires BRAGFLO results (i.e., fB()(,$~)) as

input,

[ . fB(x,w)] ,fB(x.m)} - direct brine release to accessible environment for X,t calculated with afDBR~.mfSP ‘Tt

modified version of BRAGFLO designated BRAGFLO_DBR; this calculation requires

spallings results obtained from CUTTINGS_S (i.e., f5P[X$~, fB (Xrf)]) and BRAGFLO

results (i.e., fB()($~)) as input,
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fMB[x.rr fB(x.~/)] -

fm[xw fB(%)] -

h[x.w fB(x.rf)] -

fw(%o) -

fkf[x,rt fB(x.Yt)] -

release through anhydrite marker beds to accessible environment for X~t calculated with

NUTS; this calculation requires BRAGFLO results (i.e., ~B(x$~))as input,

release through Dewey Lake Red Beds to accessible environment for X$l calculated with

NUTS; this calculation requires BRAGFLO results (i.e., ~B(X,ft))as input,

release to land surface due to brine flow up a plugged borehole for X,rtcalculated with

NUTS or PANEL; this calculation requires BRAGFLO results (i.e., ~~(x,l)) as input,

flow field calculated for X,,t,owith SECOFL2D,

release to Culebra for X$t calculated with NUTS or PANEL as appropriate; this

calculation requires BRAGFLO results (i.e., ~B(X.;~))as input,

) [ (1}fs-T{x.rLo~ fs-F(x.w,o J fN-P ‘~r~ fB ‘.sr - groundwater transport release through Culebra to accessible

environment calculated with SECOTP2D; this calculation requires SECOFL2D results

(i.e., fw(x.~f,o)) and NUTS or PANEL results (i.e., fN-P[x.!t! fB(x.~t)l) as input; x.~t,o is

used as an argument to fS_T because drilling intrusions are assumed to cause no

perturbations to the flow field in the Culebra.

This chapter describes the mathematical structure of the mechanistic models that underlie the component functions of

fin Eq. (4.1.1) (i.e., the mathematical models incorporated into the programs in Fig, 2.3.1).

The Monte Carlo CCDF construction procedure indicated in Eq. (2.3.1) and implemented by CCDFGF (Smith

et al. 1996, Johnson 1997) used a sample of size m$ = 10,000 in the 1996 WIPP PA. The individual programs in Fig.

2.3.1 do not run fast enough to allow this number of evaluations of ~ As a result, it was necessary to evaluate the

programs in Fig. 2.3.1 for a limited number of futures (Sect. 6.9) and then to use this limited number of evaluations

to construct the releases for the large number of futures that must be considered in Eq. (2.3.1). These constructions

are described in Chapters 9, 10, 11, 12 and 13, and produce the evaluations off that are actually used in Eq. (2.3.1).

Thus, a two-step procedure is being used in the definition off in the numerical evaluation of the integral in Eq.

(2.3. 1). First, f and its component functions are evaluated with the procedures (i.e., models) described in this chapter

for a group of preselected futures (Sect. 6.9). Second, values of f(xrt,i) for the randomly selected futures X.$t,[used in

the numerical evaluation of the integral in Eq. (2.3.1) are then constructed from results obtained in the first step

(Chapts. 9- 13).

For notational simplicity at later points in this presentation, the functions on the right hand side of Eq. (4. 1.1)

will typically be written with only X,( as an argument (e. g., fsP(X,TJ will be used instead of fsp(X,fl, fB(x$~)]).

However, the underlying dependency on the other arguments will still be present.
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The major topics considered in this chapter are two phase flow in the vicinity of the repository as modeled by

BRAGF’LO (i.e., ~B) (Sect. 4.2), radionuclide transport in the vicinity of the repository as modeled by NUTS (i.e.,

fMB>h,, A fN-P) (Sect. 4.3)! radionuclide transPort in the vicinity of the repository as modeled by pANEL (i.e., ts,

&P) (Sect. 4.4), cuttings and cavings releases to the surface as modeled by CUTTINGS_S (i.e., $=) (Sect. 4,5),

spallings releases to the surface as modeled by CUTTINGS_S (i.e., ~sp) (Sect. 4.6), direct brine releases to the

surface as modeled by BRAGFLO_DBR (i.e., ~~~R) (Sect. 4.7), brine flow in Culebra as modeled by SECOFL2D

(i.e., ~s_F) (Sect. 4.8), and radionuclide transport in the Culebra as modeled by SECOTP2D (Sect. 4.9).

4.2 Two-Phase Flow: BRAGFLO (i.e., ~~)

4.2.1 Mathematical Description

Two-phase flow in the vicinity of the repository is represented by the following system of two conservation

equations, two constraint equations, and three equations of state:

Gas Conservation

Brine Conservation

[
(

1

a(oPgsg)~P#&K v + Pggvh) + Wwg + %-s
v. Pg =U

Vg at
(4.2.1)

(4.2.2)

Saturation Constraint Sg+sb=l (4.2.3)

capllla~ h2SSUK!cOnShlIIt PC = ~x - Pb = f(s~) (4.2.4)

Gas Density pg determined by Redlich-Kwong-Soave equation of state (see Eqs. (4.2.30),

(4.2.31))

Brine Density pb = Po ‘xp[~b(pb - pbO)] (4.2.5)

Formation Porosity @=$0 ‘xp[~,f(pb - pbO)] (4.2.6)

where

g=

h=

K/ =
krl =
p~ .

pl =

9,1 =

9W1 z

acceleration due to gravity (m/s2)
vertical distance from a reference location (m)
permeability tensor (m2) for fluid 1(1= g - gas, 1= b - brine)
relative permeability (dimensionless) to fluid 1
capillary pressure (Pa)
pressure of fluid 1(Pa)
rate of production (or consumption, if negative) of fluid 1due to chemical reaction (kg/m3/s)
rate of injection (or removal, if negative) of fluid 1(kg/m3/s)
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S1 = saturation of fluid 1 (dimensionless)
t = time (s)

u = geometry factor (m in 1996 WIPP PA)

pl = density of fluid 1(kg/m3)

pl = viscosity of fluid 1(Pas)

@ = porosity (dimensionless)

@o = reference (i.e., initial) porosity (dimensionless)

PM = reference (i.e., initial) brine pressure (Pa), constant in Eq. (4.2.5) and spatially variable in Eq. (4.2.6)
p. = reference (i.e., initial) brine density (kg/m3)

Pf = pore compressibility (Pa-l)

~b = brine compressibility (Pa-l)

and the capillary function ~ is defined by the right hand sides of Eqs. (4.2.9), (4.2.18), and (4.2.21) as appropriate.

The conservation equations are valid in one (i.e., V = [~/&]), two (i.e., V = [~/&, d/~y]) and three (i.e.,

v = @Iax, Wly, Wk]) dimensions. In the 1996 WIPP PA, the preceding system of equations is used to model two-

phase fluid flow within the two-dimensional region shown in Fig. 4.2.1. Details of this system are now elaborated

on.

The a term in Eqs. (4.2.1) and (4.2.2) is a dimension dependent geometry factor and is specified by

a = area normal to flow direction in one-dimensional flow (i.e., AyAz; units = m2),
= thickness normal to flow plane in two-dimensional flow (i.e., Az; units= m),
= 1 in three-dimensional flow (dimensionless). (4.2.7)

The 1996 WIPP PA uses a two-dimensional geometry for computation of two-phase flow in the vicinity of the

repository, and as a result, a is the thickness of the modeled region (i.e., Az) normal to the flow plane (Fig. 4.2.1).

Due to the use of the two-dimensional grid in Fig. 4.2.1, ct is spatially dependent, with the values used for ~ defined

in the column labeled “element depth” in Fig. 4.2.2. Specifically, a increases with distance away from the repository

in both directions to incorporate the increasing pore volume through which fluid flow occurs.

The h term in Eqs. (4.2.1) and (4.2.2) defines vertical distance from a reference point. In the 1996 WIPP PA,

this reference point is taken to be the center of MB 139 at the location of the shaft (i.e., (xref Yref) = (23664.9 m,

378.685 m), which is the center of cell 644 in Fig. 4.2.3). Specifically, his defined by

h(x, y) = (x – xref) sin 8 + (y – yr,f) cos e, (4.2.8)

where 0 is the inclination of the formation in which the point (x,y) is located. In the 1996 WIPP PA, the Salado

Formation is modeled as having an inclination of 10 from north to south, and all other formations are modeled as

being horizontal. Thus, 8 = 10 for points within the Sal ado, and (3= 0° otherwise. Treating the Salado as an inclined

formation and treating the Castile Formation, brine reservoir, Rustler Formation, and overlying units as horizontal

creates discontinuities in the grid at the lower and upper boundaries of the Salado. However, this treatment does not

create a computational problem as the Salado is isolated from vertical flow by the impermeable Unnamed Lower
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Element thickness or
vertical (v) dimension (m) j ~N 2.
o.lo — 31 —

15.66— 30 —

43.30 — 29 —

106.0 –— 28 —

17.30— 27 —

6.50 — 26 —

24.80 — 25 —

7.70 — 24 —

36.0 — 23 —

37,28 –— 22 —

15.24 –— 21 —

lo4.85— 20 —

15.24— 19 —

171 .37— 18 —

15,24 — 17 —

23.90 — 16 —

0.16–— 15 —

4.53 — 14 —

4.53 — 13 —

0.27 — 12 —

2.62 ‘— 11 —

1.32 — 10 —
1.32 –— 9 —

1.32 –— 8 —

1,38 — 7 —

0,85 — 6 —

11.0 — 5 —

50.0 — 4 —

139.16–— 3 —

52.27 — 2 —

125.83 — 1

Element width
or horizontal (x)
dimension (m)

I
,,, ,, ,,,,,

[ 12--;--;--[--;--. . . . . . . . . . .,,,

1“
..,..;..;.. .

ilc::!
. .,..,..:.. :--~--m::!::............

~..;..:..; ,g.,..l..,..
,,

T

K)-m- --

1. Borehole (first 200 years)
1A. Borehole concrete plug
1B. Upper unrestricted borehole
1C. Lower unrestricted borehole

2. Shaft
3. Earth fill
4. Rustler compacted clay column
5. AsDhalt

8. Upper Salado compacted clay column
9. Lower Salado compacted clay column

10. Lower clay component
11. Concrete monolith
12. Units above the Dewey Lake
13. Dewey Lake
14. Forty-niner
15. Magenta

20. MB138
21. Anhydrite layer a and b
22. Disturbed rock zone
23. Waste panel
24. Rest of repository
25. Panel closures
26. Operation region
27. Experimental area

6. Concrete 16. Tarnarisk 28. MB139
7. Crushed salt (compacted salt column) 17. Culebra 29. Castile
_ _ Boundary of accessible 18. Unnamed lower member 30. Brine reservoir

environment 19. Impure halite

TRI-6342-5286-0

Fig. 4.2.1. Computational grid used in BRAGFLO to represent two phase flow in 1996 WIPP PA subsequent to a
drilling intrusion. Same formulation is used in the absence of a drilling intrusion except that regions
1A, 1B and lC have the same properties as the regions to either side.
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element element
wdth (m) CeII depth (m)

—— _
15,000- > 61,727
5,000 — & - 21,727
1,000 — 31 —9214

750- T - 6911
500 — g - 3928
100 — r - 2019
40 — F — 1459
lo— ~ — ?259

500 — z? — 531
60 — T — 205
lo— T —95

50 — 5 — 189
283 — T - 189

80 — T - 18.9
23167- T — 1416
237,67— T — 1416
23167- 7 — 1416

40 — T — 10
438- & — 126.2

lo- 14 -288
2 — 13 — 4,6

027575— 12 — 0,27575
2— 11 —48

lo— Q — 28,6
438— —1262

10- + -1734
40 — 7 -1834

loo — 6 -2114
500- 5 -3314
750- T — 6562

1,000- T -8749
5,000- y —21,314

15,000- 1 -61,314

❑N.,5”
0 5000m

i 1 Imld I il / CELL 7 I CELL 22
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,i
.i

E

\
‘.\
●.\.

.\
‘.\

‘.
Access,bk
Envirmmw -F%

\
‘“\

CELL 14”.
CELL fO~ b

CELLS 13, 12, 11

Note: This view illustrates the variation in element depth present in the model for simulation of radially convergent flow.

TRI-6342-5242-0

Fig. 4.2.2. Definition of element depth (i.e., element thickness normal to flow plane) in computational

implementation of two-phase flow in 1996 WIPP PA. Cells 1 to 33 correspond to the 33 grid cells

indicated in the x direction in Fig. 4.2.1; the indicated depths of these cells define the factor IXin Eqs.

(4.2.1) and (4.2.2).
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Fig. 4.2.3. Identification of individual cells in computational grid used with BRAGFLO to represent two phase

flow in 1996 WIPP PA.
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Member of the Rustler Formation at its upper boundary and by the impermeable Castile Formation at its lower

boundary.

The primary model used in the 1996 WIPP PA for capillary pressure PC and relative permeability krl is a

modification of the Brooks-Corey model (Brooks and Corey 1964). Specifically, pc, krb and krg are defined by

PC = pt(k) / S:~l (4.2.9)

(2+31)/L
krb = Se,

krg = (1 - Se2)2 (1 - S$+k)’k),

where

1, = pore distribution parameter (dimensionless)

pt(k) = capillary threshold pressure (pa) as a function of intrinsic permeability k (Webb 1992)

Sel = effective brine saturation (dimensionless) without correction for residual gas saturation

= (Sb- Sbr)/ (1 - Sbr)

Se2 = effective brine saturation (dimensionless) with correction for residual gas saturation

= (Sb- .$br)/ (1 - S,r - Sbr),

(4.2.10)

(4.2.11)

(4.2.12)

(4.2.13)

(4.2.14)

The values used for k, a, q, Sbr, Sgr and k are summarized in Tables 4.2.1 and 4.2.2. The statement that the Brooks-

Corey model is in use means that pc, krb and krg are defined by Eqs. (4.2.9) - (4.2.1 1).

In the solution of Eqs. (4.2. 1) and (4.2.2), Sb and Sg change as functions of location and time. Thus, pc, krb and

krg are functions of the form pc (x, y, t), krb(X, y, t) and k,g(x, y, t). In the computational implementation of the

solution of the preceding equations, flow of phase 1 out of a computational cell (Fig. 4.2.3) cannot occur when

S1 (x, y, t) < Slr(x, y, f), where S1, denotes the residual saturation for phase 1. The values used for S1,, f = b, g, are

summarized in Table 4.2.1,
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Table 4.2.1. Parameter Values Used in Representation of Two Phase Flow (continued)

Material: L R; M’ Material Description x a ~ ‘br ‘gr % Pf

34; 9; cL_L_T2

35; 9; cL_L_T3

36; 9; CL_L_T4

37; 7; SALT_Tl

38; 7; sALT_T2

39; 7; sALT_T3

40; 7; sALT_T4

41; 7; sALT_T5

42; 7; SALT_T6

43; 10; CLAY_BOT

44; 25; PAN_SEAL

45; 11; CONC_MON

46; 22; DRZ_l

47; 1A; CONC_PLG

48; lB,C; BH_OPEN

49; 1A,B,C; BH_SAND

50; lC; BH_CREEP

Lower Salado clay shaft seal, 10-25 yr

Lower Salado clay shaft serd, 25-50 yr

Lower Salado clay shaft seal, 50-10000 yr

Crushed salt shaft backfill, 0-10 yr

Crushed salt shaft backfill, 10-25 yr

Crushed salt shaft backfill, 25-50 yr

Crushed salt shaft backfill, 50-100 yr

Crushed salt shaft backfill, 100-200 yr

Crushed salt shaft backfill, 200-10000 yr

Lower (bottom) clay shaft seal

Panel seal

Concrete shaft station monolith

Disturbed rock zone

Concrete borehole plug

“Open” borehole

Sand-filled borehole

Sand-filled borehole after creep closure

SHBCEXPb

SHBCEXPb

SHBCEXPb

SHBCEXPb

SHBCEXPb

SHBCEXPb

SHBCEXPb

SHBCEXPh

SHBCEXPb

SHBCEXPb

0.94

SHBCEXPb

0.7

0.94

0.7

0.94

0.94

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.56

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-0.346

0.0

0.0

0.0

0.0

0.0

0.0

SHRBRSAd’

SHRBRSA~

SHRBRSAp

SHRBRSA@

SHRBRSA~

SHRBRSA~

SHRBRSA~

SHRBRSA~

SHRBRSA~

SHRBRSA@’

0.2

SHRBRSA@’

0.0

0.0

0.0

0.0

0.0

SHRGSSA@

SHRGSSAd’

SHRGSSAp

SHRGSSA~

SHRGSSAp

SHRGSSAp

SHRGSSAp

SHRGSSA~

SHRGSSA@

SHRGSSAp

0.2

SHRGSSA~

0.0

0.0

0.0

0,0

0.0

0.24

0.24

0.24

0.05

0.05

0.05

0.05

0.05

0.05

0.24

0.075

0.05

,f(HALPOR)c

0.32

0.32

0.32

0.32

1.59X 10-9

1.59 x 10-9

1.59 x 10-+

1.60 X 10-9

1.60 X 10-9

1,60 X 10-9

1.60 X 10-9

1.60 X 10-9

1.60 X 10-9

1.59 x 10-9

2.64 x lo-

2.64 X 10-9

6.286054 X 10-8

0.0

0.0

0.0

0.00

a Material identifier, where I - integer identifier, R - region in Fig. 4.2.1, N - material name.

b See Sect. 5.2.

c See Eq. (4.2.15).

d See Eq. (4.2.17); $0can also be defined by an uncertain variable.

e See Eq. (4.2.16).
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Table 4.2.2. Values Used for Intrinsic Permeability kin Representation of Two-Phase Flow

Material: L R; W k, m2 Material: t R; W k, m2

1; 2; S_HALITE
2; 22; DRZ_O

3; 28; S_MB139

4; 21 ; S_ANH_AB

5; 20; S_MB138

6; 23; CAVITY_l

7; 24; CAVITY_2

8; 26; CAVITY_3

9; 27; CAVITY_4

10; 29; IMPERM_Z

11; 30; CASTILER

12; 23; WAS_AREA

13; 24; REPOSIT

14; 18; UNNAMED

15; 17; CULEBRA

16; 16; TAMARISK

17; 15; MAGENTA

18; 14; FORTYNIN

19; 13; DEWYLAKE

20; 12; SANTAROS

21; 26; OPS_AREA

22; 27; EXP_AREA

23; 3; EARTH

24; 4; CLAY_RUS

25; 5; ASPHALT

1W, x = HALPRA4b

9.999999 x 10-18

1(Y, x = ANHPRMb

1W, x = ANHPRMb

lW, x = ANHPRMb

1.OX 10-10

1.OX 10-10

1.OX 10-10

1.OX 10-10

9.999999 x 10-36

1V, x = BPPRA4b

1.702158 X 10-13

1.702158 X 10-13

9.999999 x 10-36

2.098938 X 10-14

9.999999 x 10-36

6.309576 X 10-16

9.999999 x 10-36

5.011881 X 10-17

1.OX 10-10

1.OX 10-11

1.OX 10-11

1.0 x 10-14

26; 6; CONC_Tl

27; 6; CONC_T2

28; 8; CL_M_Tl

29; 8; CL_M_T2

30; 8; CL_M_T3

31; 8; CL_M_T4

32; 8; CL_M_T5

33; 9; CL_L_Tl

34; 9; cL_L_T2

35; 9; cL_L_T3

36; 9; CL_L_T4

37; 7; SALT_Tl

38; 7; SALT_T2

39; 7; sALT_T3

40; 7; sALT_T4

41; 7; sALT_T5

42; 7; SALT_T6

43; 10; CLAY_BOT

44; 25; PAN_SEAL

45; 11; CONC_MON

46; 22; DRZ_l

47; 1A; CONC.PLG

48; lB,C; BH_OPEN

IW, x = SHPRA4CL~ 49; lA,B,C; BH_SAND
f(SHPRMASP)c 50; lC; BH_CREEP

IF, x = SHPRMCOi@

1.0 x 10-14

&SHPRMCLY,
SHPRMDRZ, HALPRM)C

flSHPRMCLY,

SHPRMDRZ, HALPRM)C

flSHPRMCLY,

SHPRMDRZ, HALPRM)C

flSHPRMCLY,

SHPRMDRZ, HALPRM)C

flSHPRMCLY,
SHPRMDRZ, HALPRM)C

I(Y, x = SHPRMCL@

flSHPRMCLY,

SHPRMDRZ, HALPRM)C
jl$HPRMCLY,

SHPRMDRZ, HALPRM)C

flSHPRMCLY,

SHPRMDRZ, HALPRM)C

flSHPRMDRZ,

SHPRMHAL, HALPRM)C

flSHPRMDRZ,

SHPRMHAL, HALPRM)C
flSHPRMDRZ,

SHPRMHAL, HALPRM)C

flSHPRMDRZ,

SHPRMHAL, HALPRM)C
flSHPRMDRZ,

SHPRMHAL, HALPRM)C

&SHPRMDRZ,

SHPRMHAL, HALPRM)C

1(P, x = SHPRMCL~

1.OX 10-15

1.0 x 10-14

1.OX 10-15

5.000339 x 10-17

1.0 x 10-9

IF, x = BHPRJ@

10WO, x = BHPR@

a Material identifier,where I - integeridentifier,R - regionin Fig. 4.2.1, N - materialname. SeeTable 4.2.1 for more detailedmaterial

descriptions.

b Sec Sect. 5.2.

c See Eqs. (4.2.34), (4.2.35).

4-11



Values for @oand ~f (Eq. 4.2.6) are also given in Table 4.2.1. Initial porosity $0 for the disturbed rock zone

(DRZ) is a function of initial halite porosity @oH(i.e., HALPOR in Sect. 5.2) and is given by (Marten 1996a; Chapt.

4, Bean et al. 1996)

00= $0~ + 0.0029. (4.2.15)

This representation is used because the DRZ and halite porosities are correlated, with the high, low and median

porosity values for the DRZ being 0.0029 higher than the corresponding undisturbed halite values. Initial porosity

$0 for regions of pressurized brine in the Castile is a function of brine pocket volume and is given by

$0= ‘b,nlvm , (4.2.16)

where Vbm is the volume of pressurized brine (i.e., 32,000, 64,000, 96,000, 128,000 or 160,000 m3 as defined by

BPVOL in Sect. 5.2) and Vt,,t is the total volume associated with the region in Fig. 4.2.1 used to represent pressurized

brine (i.e., region 30, which has a total volume of 1.8389 x 107 m3).

The compressibilities 1$ in Eq. (4.2.6) and Table 4.2.1 are pore compressibilities. These compressibilities were

treated as uncertain for Salado anhydrite, Salado halite, and regions of pressurized brine in the Castile (see

ANHCOMP, HALCOMP, BPCOMP in Sect. 5.2). However, the sampled values for these variables corresponded to

bulk compressibilities rather than to the pore compressibilities actually used in the calculation. The conversion from

bulk compressibility PP to pore compressibility ~f is approximated by

bf = $-Bl$o? (4.2.17)

in the 1996 WIPP PA, where $0 is the initial porosity in the region under consideration.

The Brooks-Corey model is used for all materials with the following two exceptions (Table 4.2.3). First,

whether to use the Brooks-Corey model or the van Genuchten-Parker model is treated as a subjective uncertainty for

the anhydrite marker beds. Specifically, the variable ANHBCVGP (see Sect. 5.2) is used as a flag to determine

whether the Brooks-Corey or van Genuchten-Parker model will be used in the representation of two-phase flow in

the marker beds. Second, a linear model is used in the representation of two-phase flow in an open borehole (i.e., for

the first 200 yr after a drilling intrusion for plugging patterns pz and p3 (see Sect. 3.6)). Each of these alternatives to

the Brooks-Corey model is now discussed.
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Table 4.2.3. Models Used in Representation of Relative Permeability and Capillary Pressure for Two-
Phase Flow

Material: ~ R; N Relative Capillary Material: ~ R; W Relative Capillary
Permeabilityb Pressurec Permeabilityb Pressurec

1; 2; S_HALITE
2; 22; DRZ_O

3; 28; S_MB139

4; 21 ; S_ANH_AB
5; 20; S_MB138
6; 23; CAVITY_l
7; 24; CAVITY_2
8; 26; CAVITY_3
9; 27; CAVITY_4

10; 29; IMPERM_Z

11; 30; CASTILER
12; 23; WAS_AREA

13; 24; REPOSIT
14; 18; UNNAMED
15; 17; CULEBRA

16; 16; TAMARISK
17; 15; MAGENTA
18; 14; FORTYNIN
19; 13; DEWYLAKE
20; 12; SANTAROS
21; 26; OPS_AREA

22; 27; EXP_AREA
23; 3; EARTH
24; 4; CLAY_RUS
25; 5; ASPHALT

4
4

ANHBCVGP

ANHBCVGP
ANHBCVGP

4

4
4

4

4

4

4

4

4

4

4

4

4

4

4
4

4

4
4

4

2
1

2

2
2
1
1
1
1

1
2

1
1
1
2
1

2
1
1
1
1
1

1
1
1

26; 6; CONC_Tl
27; 6; CONC_T2

28; 8; CL_M_Tl

29; 8; CL_M_T2
30; 8; CL_M_T3
31; 8; CL_M_T4
32; 8; CL_M_T5
33; 9; CL_L_Tl
34; 9; cL_L_T2

35; 9; cL_L_T3
36; 9; CL_L_T4

37; 7; SALT_Tl
38; 7; SALT_T2

39; 7; sALT_T3
40; 7; sALT_T4

41; 7; sALT_T5
42; 7; SALT_T6

43; 10; CLAY_BOT
44; 25; PAN_SEAL
45; 11; CONC_MON
46; 22; DRZ_l
47; 1A; CONC_PLG
48; lB,C; BH_OPEN
49; lA,B,C; BH_SAND
50; lC; BH_CREEP

4
4
4

4
4
4
4
4
4

4
4
4
4
4
4

4
4

4
4
4
4
4

5
4

4

1
1
1

1
1
1
1
1
1

1

1
1
1
1
1

1
1
1
2
1
1
1
1
1
1

a

b

c

Material identifier, where I - integer identifier, R - region in Fig. 4.2.1, N - material name. See Table 4.2.1 for more detailed material

descriptions.

Relative permeability model, where 1- van Genuchten-Parker model (Eqs. 4.2.18- 4.2.20),4 - Brooks-Corey model (Eqs. 4.2.9-4.2. 11), 5-

Iinew model (Eq. 4.1. 18), and ANHBCVGP - use of Brooks-Corey or van Gerruchten-Parker model treated as a subjective uncertainty (see Sect.

5.2)

Capillary pressure model, where 1- Pc = O Pa, 2 -PC bounded above by 1 x 108 pa as Sb approaches sb~

In the van Genuchten-Parker model, Pc, krb and krg are defined by (van Genuchten 1978)

(PC = PVGP ‘iijm - l)’-’” (4.2.18)

(4.2.19)

(4.2.20)krg = (1 - S,2)1’2 (1 - S~jm)2’”,
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where m = U( 1 + k) and the capillary pressure parameter pvcp is determined by requiring that the capillary pressures

defined in Eqs. (4.2.9) and (4.2.18) are equal at an effective brine saturation of S,2 = 0.5 (Webb 1992). The

statement that the van Genuchten-Parker m~del is in use means that pc, /crb and /crg are defined by Eqs. (4.2.18) -

(4.2.20). The van Genuchten-Parker model is only used for the anhydrite marker beds in the Salado Formation (i.e.,

Regions 20, 21, 28 in Fig. 4.2.1) and uses the same values for k, Sbr and Sgr as the Brooks-Corey model

(Table 4.2.1).

Capillary pressure pc for both the van Genuchten-Parker and Brooks-Corey models becomes unbounded as

brine saturation Sb approaches the residual brine saturation Sbr To avoid unbounded values, p= is capped at

1 x 108 Pa in selected regions (Table 4.2.3).

In the linear model, pc, krb and k,g are defined by (WIPP PA 1996a)

Pc =0, k,b =Sel, krg =1 –S,l. (4.2.21)

As previously indicated, this model is only used for fluid flow in an open borehole.

The saturation and capillary pressure constraints (i.e., Eqs. 4.2.3, 4.2.4) permit a reduction of the number of

equations to be solved from four (i.e., Eqs. 4.2.1 - 4.2.4) to two. In particular, the constraint equations are used to

reformulate Eqs. (4.2.1) and (4.2.2) so that the unknown functions are gas saturation Sg and brine pressure pb.

Specifically, the saturation constraint in Eq. (4.2.3) allows sb to be expressed as

Sb=]–sg (4.2.22)

and thus allows Sel and Se2 in Eqs. (4.2.13) and (4.2.14) to be reformulated as

S,l = (1 – Sg – Sbr )/ (l-sbr)

Se2 = (1 – Sg – Sbr )/(1 - Sgr- sbr)

Further, the capillary pressure constraint in Eq. (4.2.4) allows pg to be expressed as

PK = pb+pC

= Pb + PAW:: for Brooks-Corey model, Eq. (4,2.9)

( -l’m- J-m= Pb + PVGP ‘d for van Genuchten-Parker model, Eq. (4.2. 18)

(4.2.23)

(4.2.24)

(4.2.25)

(4.2.26)
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= Pb for linear model, Eq. (4.2.21). (4.2.27)

The equalities in Eqs. (4.2.23) - (4.2.27) allow the transformation of Eqs. (4.2.1) and (4.2.2) into two equations

whose unknown functions are Sg and Pb, which are the equations that are actually solved in BRAGFLO (Fig. 4.2.4).

Once Sg and Pb are known, Sb and pg can be obtained from Eq. (4.2.22) and Eqs. (4.2.25) - (4.2.27), respectively.

All materials are assumed to be isotropic in the 1996 WIPP PA (Howarth and Christian-Frear 1997). Thus, the

tensor K1 in Eqs. (4.2.1) and (4.2.2) has the form

[1k, O
K, =

Okl’
(4.2.28)

where kl is the permeability to fluid 1 for the particular material under consideration, For brine (i.e., fluid 1 = h), the

permeability kb is the same as the intrinsic permeability k in Table 4.2.2. For gas (i.e., fluid 1 = g), the permeability

kg is obtained by modifying the intrinsic permeability k to account for the Klinkenberg effect (Klinkenberg 1941),

Specifically,

kg = k(l + b k“ /pg), (4.2.29)

where a = aklink and b = bk[ink are gas- and formation-dependent constants. For the 1996 WIPP PA, values of

aklink = –0.34 10 and bk~ink= 0.2710 were determined from data obtained for MB 139 (Christian-Frear 1996b), with

these values used for all regions in Fig. 4.2.1. For fluid flow in the vicinity of the shaft, an averaging procedure was

used to calculate k that incorporates the permeability of the DRZ that surrounds portions of the shaft (see Sect.

4.2.2). Further, a pressure-dependent modification of k is used in the anhydrite marker beds in the presence of

pressure-induced fracturing (see Sect. 4.2.4).

Gas density is computed using the Redlich-Kwong-Soave (RKS) equation of state, with the gas assumed to be

pure hydrogen in the 1996 WIPP PA. For a pure gas, the RKS equation of state has the form (pp. 43-54, Walas

1985)

RT aa
n =— —
yg V–b

where

R=

T=

v=

a=

b=

V(V + b) ‘

gas constant = 8.31451 J mol-l K-l,

temperature (K) = 300.15 K (= 30° C),

molar volume (m3 mol-l),

0.42747 R2~2 I <.,

0.08664 RTCI Pc,

(4.2.30)
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Gas Conservation

/

Pg = Pb + PC (see Eqs 4.2.25- 4.2.27)

Brine Conservation

sb = 1 – Sg (see Eq. 4.2.3)

Fig. 4.2.4. Reduction of gas and brine conservation equations to system of two equations in two unknowns (i.e., Sg

and pb) for numerical solution.

a.

Tc :

Pc =

T,= T/TC =
~.

—

[1+ (0.48508 + 1.551710- 0.15613m2) (1 - T,0”5)]2

1.202exp(-0.302887’r) for hydrogen (Graboski and Daubert 1979),

critical temperature (K),
critical pressure (Pa),
reduced temperature,

acentric factor
O for hydrogen (Graboski and Daubert 1979).

For hydrogen, pseudo-critical temperature and pressure values of Tc = 43.6 K and Pc = 2.047 x 106 Pa are used

instead of the true values of these properties (Prausnitz 1969). Eq. (4.2.30) is solved for molar volume V. Then, the

gas density pg is given by

Pg = M~,H2 f V, (4.2.31)

where MW,H2is the molecular weight of hydrogen (i.e., 2.01588 x 10-3 kg/mol; seep. B-26, Weast et al. 1969).

Brine density pb is defined by Eq. (4.2.5), with PO= 1230.0 kg/m3 at a pressure of pbo = 1.0132x 105 Pa and

~b = 2.5 x 10-10 Pa-l (Roberts 1996). Porosity @ as defined by Eq. (4.2.6) is used with two exceptions: in the

repository (see Sect. 4.2.3) and in the marker beds subsequent to fracturing (see Sect. 4.2.4). The values of 00 and ~f

used in conjunction with Eq. (4.2.6) are listed in Table 4.2.1. The reference pressure Pbo in Eq. (4.2.6) is spatially-

variable and corresponds to the initial pressures p@, y, –5 yr) in Table 4.2.4. The gas and brine viscosities pl, 1= g,

b, in Eqs. (4.2.1) and (4.2.2) were assumed to have values of px = 8.92 x 10-6 Paw (Vargaftik 1975) and vb =

2.1 x 10-3 Pa-s (McTigue 1993).
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Table 4.2.4. Initial Conditions forpb and Sg at (x, y, –5 yr) and Reset Conditionsa for pb and Sg at (.x,y, O yr)

Initial Conditions: Brine Pressure pb(x, y, –5 yr)

1)

2)

3)

Rustler Fm and overlying units (except in the shaft). Modeled as horizontal with spatially constant initial

pressure in each layer (see Fig. 4.2.1 and Table 4.2.2).

Mesh Layer Material Region Name /“b (x, y, ‘5), pa
(Fig. 4.2.1) Index Index

(Table 4.2.2) (Fig. 4.2.1)

31

30

29

28

27

26

25

24

23

20

20

19

19

18

17

16

15

14

12

12

13

13

14

15

16

17

18

Santa Rosa Fm

Santa Rosa Fm

Dewey Lake

Dewey Lake

Forty -Niner

Magenta

Tamarisk

Culebra

Unnamed

1.013250x 105

1.013250x 105

1.013250x 105

7.345482 X 105

1.471170 x 106

9.170000 x 105

1.824205 X 106

8.220000 X 105

2.279613 X 106

Sa.lado Fm (Mesh Layers 3- 22) The Salado is assumed to dip uniformly (3= 10 downward from north to south.

Except in repository excavations and shaft, brine is assumed initially (i.e., at –5 yr) to be in hydrostatic

equilibrium relative to an uncertain initial pressure Pb ~cf(see SALPRES in Sect. 5.2) at a reference point located
at center of shaft at elevation of midpoint of MB 139 ~i~e.,at (xreF yref) = (23664.9 m, 379.685 m)), which is the

center of cell 644 in Fig. 4.2.3), which gives rise to the condition

pb(x, )’, – 5) = pbO + (1 1 ~b) ln[pb(x) )’) – 5)/ pbO]

wlhere

1
p/, (A.Y>-5)=

[[g ~b )’e – Q ‘ref ~~rgf ! -5)+ 1
g~b pbO 1

( [
11 1

–5). y,,f+— ——al X,ef , )’Tcf9
.g~b pbO pb(x,ef , yr,f , -5)

.1

[Pb(xref ! )’ref ~ – 5, = Pbo ‘Xp ‘~b(pb,ref – pbo )1
(Ye = Yr@ ‘h(x) Y) = Yref + x – ‘ref ) sin6 + (y – y,ef ) COS8 (See Eq. (4.2.8))

pj,o = 1220 kg/m3, ~b = 3.1 X lo-io pa-i, g = 9.79 m/s2, pho = 1.01325 X 105 pa

Castile Fm (Mesh Layers 1 and 2). The Castile is modeled as horizontal, and initial brine pressure is spatially
constant in each layer, except that the brine reservoir is treated as a different material from rest of Castile and
has a different initial pressure. Specifically,
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STRATIGRAPHIC UNIT
——— —

SANTA ROSA
——— -/

/
DEWEY LAKE

/

RUSTLER
CULEBRA

RUSTLER

SALADO

MB 138
TRANSITION

DRZ

BACKFILL

DRZ

THICKNESS (ft)

122.3
50.0

344.0
DRZ 50.0

563.5
L. $ 50.0

78.4

SALADO

IMPERMEABLE

CASTILE——— - ——— —

SEAL MATERIAL

❑ EARTHEN FILL

❑ CLAY

❑ CONCRETE

■ ASPHALT

❑ CRUSHED SALT

Fig. 4.2.5. Conceptual representation

conjunction with regions 3
of

-1

shaft-seal system used in definition of model
of Fig, 4.2.1.

parameters

TRI-6342-5170-0

for use in
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Table 4.2.5. Treatment of Transient Permeability Associated with Shaft Seals

Material Transient Seal DRZ Present Transient DRZ
Permeability Permeability

Earthen Fill (region 3, Fig. 4.2.1) No No N/A

Rustler Clay Column (region 4, Fig. 4.2.1) No No N/A

Asphalt Column (region 5, Fig. 4.2.1) No Yes No

Salado Concretes (region 6, Fig. 4.2.1) Yes No NIA

Salado Clay Columns (regions 8,9, Fig. 4.2.1) No Yes Yes

Salado Salt Column (region 7, Fig. 4.2.1) Yes Yes Yes

l-able 4.2.6. Times at Which Permeabilities are Changed for Shaft Seal and DRZ Materials

Material Permeability Changes

All Concretes (region 6, Fig. 4.2.1) 400 years

DRZ, Upper Salado Clay Column (region 8, Fig. 4.2.1; DRZ-2 in Fig. 4.2.5) 10, 25, 50& 100 years

Salado Salt Column (region 7, Fig. 4.2.1) 50, 100 & 200 years

DRZ, Sallado Salt Column (region 7, Fig. 4.2.1; DRZ-3 in Fig. 4.2.5) 10& 25 years

DRZ, Lower Salado Clay Column (region 8, Fig. 4.2.1; DRZ-4 in Fig. 4.2.5) 10, 25 & 50 years

Table 4.;!.5 summarizes the seal and DRZ materials assumed to have transient permeabilities. In the

conceptualization of the behavior of the shaft seals and their associated DRZS, the effective DRZ permeabilities are

transient because the DRZ radii are transient, not because their intrinsic permeability changes with time. Table 4.2.6

summarizes the times at which permeabilities are changed for shaft seal and DRZ materials.

The effects of shaft and DRZ permeabilities are incorporated into the analysis for each shaft component through

an effective permeability ke defined by

k:, =

A~i =

k,i =

i=l i=l j (i=l )

permeability (m2) for shaft component under consideration,

cross-sectional area (m2) for shaft i,

permeability (m2) for DRZ associated with shaft component under consideration,

(4.2.34)
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Brine Pressure - Surface #4 (Waste w/o Backfill)
24.0
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TRI-6342-5171-O

Fig. 4.2.6. Disposal room pressure for different values of the gas generation scale factor (j). Individual curves
correspond to the functions p(t, j in Eq. (4.2.38) and were obtained from calculations performed with

SANTOS.

10.0 Waste Porosity - Surface #4 (Waste w/o Backfill)
1 I 1 1

8.0
2.0

‘; 6.0

G
~.—

5 4.0

c?

2.0
0.2

0.0 I I I I

0.0 2000.0 4000.0 6000.0 8000.0 10000.0
Time (yr)

TRI-6342-5 172-O

Fig. 4.2.7. Disposal room porosity curves for different values of the gas generation scale factor (/). Individual

curves correspond to the functions $(t, j in Eq. (4.2.40) and define porosities for use in BRAGFLO on

the basis of calculations performed with SANTOS.
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for OS i’< 10000 yrand~= O, 0.025, . . .. 2 (see Figs. 4.2.6, 4.2.7). The pressure and porosity curves in Figs. 4.2.6

and 4.2.7 are calculated with the indicated values for rg(t, f) as described in Freeze et al. (1995).

The porosities calculated by SANTOS are defined relative to a dynamically changing excavated volume. In

contrast, the porosities used in BRAGFLO are defined relative to a fixed excavated volume. The pressures in Fig.

4.2.6 are pressures calculated by SANTOS. However, the porosities in Fig. 4.2.7 are porosities for use in

BRAGFLO and are obtained from porosities calculated by SANTOS in a manner that results in the excavated

volumes in SANTOS and BRAGFLO having equal pore volumes. Specifically, $~h~ = $#B, where $~ and $B are

the porc)sities associated with SANTOS and BRAGFLO and h~ and hB are the heights (m) of the excavated volume

in SANrOS and BRAGFLO.

Brine pressures Pb(t) obtained in the waste disposal regions are used in conjunction with the results in Figs. 4.2.6

and 4.2.7 to estimate porosity in regions 23 and 24 of Fig. 4.2.1 in the numerical solution of Eqs. (4.2. 1) and (4.2.2).

Given a value for pb(t), values ~1 and~2 are determined such that

p(t, j) < pb(t) < p(t, ~z), (4.2.38)

where p(t, f) denotes the pressure (Pa) at time tobtained with gas generation rate rg(t, j) (see Fig. 4.2.6). An ~ value

associated with plj(t) is then given by

j=j+
[

~b(t) - p(t .fi)

)

(f*-fi)
p(f, f2) - p(t, fi)

with ~ being estimated by linear interpolation on fl and f2.

with pb(t) is obtained from the porosity results in Fig. 4.2.7

[)
.

$=o(t) ft) + M (o(f>fz) - O(t> j)),
f2-fl

(4.2.39)

With ~ determined, a corresponding porosity $ for use

Specifically,

(4.2.40)

where $(t,f)denotes the porosity at time t obtained with gas generation rate rg(r, f) (see Fig. 4.2.7).

4.2.4 Interbed Fracturing

Fracturing within the anhydrite marker beds (i.e., regions 20, 21, 28 in Fig. 4.2.1) is assumed to occur at

pressures slightly below lithostatic pressure and is implemented through a pressure-dependent compressibility ~$Pb)

Specifically, the following assumptions are made (Mendenhall and Gerstle, 1995): (I) Fracturing of the marker beds

begins at a brine pressure of

pbl = PIJO + ‘pi,
(4.2.41)
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where pbi and pbo are spatially dependent

(2) Fracturing ceases at a pressure of

Pbu = phi + A Pa

and a fully-fractured porosity of

$(pba) = OCJ=$0 + A@. ~

(i.e., Pbo = p@, y, -5) in Table 4.2.4) and Api = 2 x 105 Pa.

(4.2.43)

(4.2.42)

where Apa = 3.8 x 106 Pa, $0 is spatially dependent (i.e., $0 = $0 (x, y, –5) in Table 4.2.4), and A@a= 0.04, 0.24 and

0.04 for MB 138, MB A&B and MB 139, respectively (i.e., $a = 0.05,0.25.0.05 for MB 138, MB A&B, MB 139).

(3) Compressibility Bf is a linear function

of brine pressure for phi S pb < pha, with $a defined so that the SOIUtiOn $ of

@/ ~~b = pf (ph) ~, $(pbi) = $0 ‘xp[~,f(pbi - pbo)]

satisfies @@ba)= $a; specifically, ~fa is given by

(4.2.44)

(4.2.45)

(4.2.46)

(4) The permeability kf @b) of fractured material at brine pressure pb is related to the permeability k of unfractured

material at brine pressure phi by

(4.2.47)‘f (pb) = [$(pb) / $(pbi)]nk,

where k is the permeability of unfractured material (i.e., at phi) and n is defined so that kf (pba) = 1 x 10-9 m2 (i.e., n

is a function of k, which is an uncertain input to the analysis; see ANHPRA4 in Sect. 5.2). When fracturing occurs,

kf (pb) is used instead of k in the definition of the permeability tensor K1 in Eq. (4.2.28) for the fractured areas of the

anhydrite marker beds.
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4.2.5 Gas Generation

Gas production is assumed to result from anoxic corrosion of steel and microbial degradation of cellulosics,

plastics and rubbers. Thus, the gas generation rate qrg in Eq. (4.2.1) is of the form

9rg = qrgc + qrgm ~ (4.2.48)

where qrgc is the rate of gas production due to anoxic corrosion of steel (kg/m3/s) and qrgm is the rate of gas

production due to microbial degradation of cellulosics, plastics and rubbers (kg/m3/s). Gas generation takes place

only within the waste disposal region (i.e., regions 23, 24 of Fig. 4.2.1) and all the generated gas is assumed to have

the same properties as H2. Furthermore, qrb in Eq. (4.2.2) is used to describe the consumption of brine during the

corrosion process.

The rates qrgc, qrb and qrgm are defined by

(qrgc = ‘cisb,eff + ‘ch ‘~ )
D, p~e xc(H21Fe) ‘H2

(qrb = – qrgc / ‘H2 ) ‘c(H201H2) ‘H20

( *)Dc y(H2ic)MH2qrgm = ‘mi ‘b,gfl + ‘mh ‘g

where

(4.2.49)

(4.2.50)

(4.2.51)

D$ = surface area concentration of steel in the repository ((m2 surface area steel) / (m3 disposal
volume)),

Dc = mass concentration of cellulosics in the repository ((kg biodegradable material)/ (m3 of disposal
volume)),

‘Hz = molecular weight of H2 ((kg H2) / (mol H2)),

‘H20 = molecular weight of H20 ((kg H20) / (mol H20)),

Rci = corrosion rate under inundated conditions (m/s),

Rch = corrosion rate under humid conditions (mIs),

Rmi = rate of cellulose biodegradation under inundated conditions (mol CH20/kg CH20/s),

Rmh = rate of cellulose biodegradation under humid conditions (mol CH20/kg CH20/s),
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Sb,efi = effective brine saturation due to capillary action in the waste materials (see Eq. (4.2.71) in Sect.

4.2.6),

$ = l–Sb,efl ifsb,eg>o

=0 if Sb,eff = (),

XC(H2 lFe) = stoichiometric coefficient for gas generation due to corrosion of steel, i.e., moles of H2 produced

by the corrosion of 1 mole of Fe ((mol H2)/(mol Fe)),

XC(H201 H2 ) = stoichiometric coefficient for brine consumption due to corrosion of steel, i.e., moles of H20

consumed per mole of H2 generated by corrosion ((mol H20/(mol H2)),

y(H21 C) = average stoichiometric factor for microbial degradation of cellulose, i.e., the moles of H2

generated per mole of carbon consumed by microbial action ((mol H2) / (mol CH20)),

PF, = molar density of steel (mol/m3),

The products Rci D,, pFe Xc, Rch Dx PFCXc, Rmi Dc y and Rmh Dc y in Eqs. (4.2.49) and (4.2.51) define constant rates

of gas generation (mol/m3/s) that continue until the associated substrate (i.e. steel or cellulose) is exhausted (i.e., zero

order kinetics). The terms Sb,eti and S; m Eqs. (4.2.49) and (4.2.51), which are functions of location and time,

correct for the amount of substrate that is exposed to inundated and humid conditions, respectively. All the

corrosion and microbial action is assumed to cease when no brine is present, which is the reason that O replaces

SK= 1 in the definition of S; . In the 1996 WIPP PA, Rch = O and Rcij Rmh and Rmi are defined by uncertain

variables (see WGRCOR, WGRMICH, WGRMICI in Sect. 5.2). Further, MH2 = 2.02 x 10-3 kglmol (pp. 1-7, 1-8,

Lide 1991), MH20 = 1.80 x 10-2 kg/mol (pp. 1-7, 1-8, Lide 1991), pFe = 1.41 x 105 mol/m3 (Telander and

Westerman 1993), and D,$,DC,XC(H20 I H2), XC(H2 I Fe) and y(H2 IC) are discussed below.

The concentration D, in Eq. (4.2.49) is defined by

D,r = Adnd JVR , (4.2.52)

where

Ad = surface area of steel associated with a waste disposal drum (m2/drum),
VR = initial volume of the repository (m3),
nd = number of waste drums required to hold all the waste emplaced in the repository (drums).

In the 1996 WIPP PA, Ad = 6 m2/drum (Vol. 3, WIPP PA 1991-1992), VR = 436,023 m3 (Schreiber 1991), and nd =

814,044 drums (Schreiber 1991; pp. 51-53, Nowak et al. 1990; Bechtel National 1986).

The biodegradable materials to be disposed at the WIPP consist of cellulosics, rubbers, and both waste plastics

and container plastics. Cellulosics have been demonstrated experimentally to be the most biodegradable among these
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materials (Francis et al. 1997). The occurrence of significant microbial gas generation in the repository will depend

on: (1) whether microbes capable of consuming the emplaced organic materials will be present and active;

(2) whether sufficient electron acceptors will be present and available; and (3) whether enough nutrients will be

present and available. Given the uncertainties in these factors, a probability of 0.5 is assigned to the occurrence of

microbial gas generation (see WMICDFLG in Sect. 5.2). Furthermore, two factors may increase the biodegradability

of plastics and rubbers: long time scale and cometabolism. Over a time scale of 10,000 yr, the chemical properties

of plastics and rubbers may change, increasing their biodegradability. Cometabolism means that microbes may

degrade organic compounds, but do not use them as a source of energy, which is derived from other substrates. Both

of these factors are highly uncertain and therefore a probability of 0.5 is assigned to biodegradation of plastics and

rubbers conditional on the occurrence of biodegradation of cellulose (see WMICDF’LG in Sect. 5.2). In cases where

biodegradation of rubbers and plastics occurs, rubbers and plastics are converted to an equivalent quantity of

cellulosics based on their carbon equivalence (Wang and Brush 1996a). This produces the density calculation

{

mcel / VR for biodegradation of cellulosics only

D,: =

( )
mce~ + mr i- 1.7 mp I VR for biodegradation of cellulosics, rubber,

(4.2.53)
plastics,

where mcel is mass of cellulosics (kg), mr is the mass of rubbers (kg), and mp is the mass of plastics (kg). The factor

of 1.7 converts all plastics to an equivalent quantity of cellulosics based on carbon equivalence. In the 1996 WIPP

PA,

and

mcel = 9,25 x 106 kg, mr = 1.71 x 106 kg and mp = 1.03 x 107 kg (U.S. DOE 1995a).

The most plausible corrosion reactions after closure of the WIPP are believed to be (Wang and Brush 1996a)

Fe+ 2H20 = Fe(OH)z + Hz (4.2.54)

3Fe + 4H20 = Fe304 + 4H2. (4.2.55)

When linearly weighted by tbe factors .x and 1 – x (O S x S 1), the two preceding reactions become

‘e+(wH’0’(=3H’+xFe(OH)’+(%)Fe’O’
where x and 1 – x are the fractions of iron consumed in the reactions

(4.2.56)

in Eqs. (4.2.54) and (4.2.55), respectively.

Although magnetite (Fe304) has been observed to form on iron as a corrosion product in low-Mg anoxic brines at

elevated temperatures (Telander and Westerman 1997) and in oxic brine (Haberman and Frydrych 1988), there is no

evidence that it will form at WIPP repository temperatures. If Fe304 were to form, H2 would be produced (on a

molar basis) in excess of the amount of Fe consumed. However, anoxic corrosion experiments (Telander and
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Westerman 1993) did not indicate the production of H2 in excess of the amount of Fe consumed. Therefore, the

stoichiometric factor x in Eq. (4.2.56) is set to 1.0 (i.e., x = 1) in the 1996 WIPP PA, which implies that Eq. (4.2.54)

represents corrosion. Thus, the stoichiometric’ factor for corrosion is

XC(H21Fe) = (4 – x)/3 = 1 mol/mol , (4.2.57)

which implies that one mole of H2 is produced for each mole of iron consumed, and the stoichiometric factor for

brine consumption is

XC(H201Fe) = (4 + 2-x)/3 = 2 mol / mol, (4.2.58)

which implies that two moles of H20 are consumed for each mole of H2 produced.

The most plausible biodegradation reactions after closure of the WIPP are believed to be (Wang and Brush

1996a)

reaction 1 (denitrification): C6H1005 + 4.8H+ + 4,8NO~ = 7.4H20 + 6C02 + 2.4N2 (4.2.59)

reaction 2 (sulfate reduction): C6Hlo05 + 6H+ + 3S()~- = 5H20 + 6C02 + 3HzS (4.2.60)

reaction 3 (methanogenesis): C6H 1005 + H20= 3CH4 + 3 C02. (4.2.61)

The accumulation of C02 produced by the above reactions will decrease pH and thus increase actinide volubility in

the repository (Wang and Brush 1996b). To improve WIPP performance, a sufficient amount of MgO will be added

to the repository as backfill to remove C02 and buffer pH (Bynum et al. 1997), The consumption of C02 by MgO in

the repository takes place by the reaction

MgO + C02 = MgC03, (4.2.62)

Given the current waste inventory estimates, the minimum amount of MgO sufficient to remove all C02 is estimated

to be 4 x 108 mol, which is about 4% of total transuranic waste volume (U.S. DOE 1995a). The amount

recommended for use in the WIPP is 2 x 109 mol (App. Source Term, U.S. DOE 1996). The effect of C02

consumption by MgO on fluid is explicitly represented by a negative gas generation rate qrg. Rather, the effect of

C02 consumption is accounted for by modifying the stoichiometry of Eqs. (60) - (62).

The average stoichiometry of Eqs. (4.2.59) - (4.2.61) is

C6H1005 + unknown= 6y (mol) gas + unknowns.
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The average stoichiometric factory in Eq. (4.2.63) depends on the extent of the individual biodegradation pathways

in Eqs. (4.2,59) - (4.2.61) and the consumption of C02 by MgO. This factor is based on estimates of the transuranic

waste to be emplaced in the WIPP (U.S. DOE 1995a, Drez 1996) and is derived as follows (Wang and Brush

1996a,b).

Estimates of the maximum quantities Mccf and MFe (mol) of cellulosics (i.e., CH20) and steels that can be

potentially consumed in 10,000 yr are given by

Mcel = min
{

6000mc.1
3.2 x 1011Rmmcel

162 ‘ }

{

]ooof?IFe
Mpe = min 1,4.4X lo’6&iAdnd ,

56

where

Rm = max{Rm,i, Rm,h}

(4.2.64)

(4.2.65)

(4.2.66)

and mcef and mFe are the masses (kg) of celhdosics (see Eq. 4.2.53) and steels initially Present in the repository

(mFe = 7.13 x 107 kg; see U.S. DOE 1995a). The terms 6000 mc.1/162 and 1000 mF$56 in Eqs. (4.2.64) and

(4.2.65) equal the inventories in moles of cellulosics and steel, respectively. The terms 3.2 x 1011 Rmmcel and

4.4 x 1016 Rc#dnd equal the maximum amounts of cellulosics and steel that could be consumed over 10,000 yr. In

Eq. (4.2.64), 3.2x 10” = (3.15569 x 107 s/yr) (104 yr). In Eq. (4.2.65), Adnd is the total surface area of all drums

(m2) and the factor 4.4x 1016* (3.15569x 107 s/yr) (104 yr) (1.41 x 105 mol/ m3), where pFe = 1.41 x 105 mol/m3

(see Eq. 4.2.49) (Telander and Westerman 1993), converts the corrosion rate from m/s to mol/m2/s,

A range of possible values for the average stoichiometric factor y in Eq. (4.2.63) can be obtained by considering

individual biodegradation pathways involving Mcel and accounting for the removal of C02 according to Eq. (4.2.62).

Two extreme cases corresponding to the maximum and minimum values of y exist: (1) there is no reaction of

microbially produced H2S with ferrous metals and metal corrosion products, and (2) there is a complete reaction of

microbially produced H2S with ferrous metals and metal corrosion products. If no H2S is consumed by reactions

with iron and iron corrosion products, the maximum quantity of microbial gas will be retained in the repository and

therefore the maximum value for y results. Thus, the maximum value of y can be estimated by averaging the gas

yields for all reaction pathways to produce

2.4M~% + 3Mso4

(

6M~q 6Ms04
—+0.5 MCel– — —

4.8 3 4.8-– 3
Ymm =

),

‘..1

(4.2.67)
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where &fNq ad Jfso4 are the quantities of NO~ and SO?- (in moles) initially present

Specifically, MN03 = 2.61 x 107 mol and Mso4 = 6.59x 106 mol (Drez 1996).

If H2S reacts with iron and iron corrosion products, a significant quantity or perhaps all

in the repository.

of the microbially

produced H2S would be consumed to produce FeS, which would result in the minimum value of y. Specifically,

2.4MN03 + 3MS04

[

6MN03

)

6J4S04 _ ~
—+0.5MCel– — —

4.8 3 4.8 – 3 G
Ymin = (4.2.68)

‘..1
=Ym–~>

where

‘=min{F1M4 (4.2.69)

The stoichiometric factory value is believed to be located within the interval [ymin, yu]. That is,

Y = Ymin ‘b(Ymax – Ymin ),ospsl. (4.2.70)

The variable ~ in the preceding equation is treated as an uncertain quantity in the 1996 WIPP PA (see WFBETCEL

in Sect. 5.2).

4.2.6 Capillary Action in the Waste

Capillary action (wicking) refers to the ability of a material to carry a fluid by capillary forces above the level it

would normally seek in response to gravity. In the current analysis, this phenomena is accounted for by defining an

effective saturation given by

‘b,ejf =
——

——

where

‘b,eff =
Sb =

S\~j~~ =

Sb + swjc~ if O< Sb<l– SWiC~

o if.i$b =()

1 if Sb > 1 – SWIC~

effective brine saturation,
brine saturation,
wicking saturation.

(4.2.71)

The effective saturation is used on a grid block basis (Fig. 4.2.1) within all waste regions. The wicking saturation,

SWiC~,is treated as an uncertain variable (see WASTWICK in Sect. 5.2). The effective brine saturation Sb,efl is only

used in the calculation of the corrosion of steel (Eq. (4.2.49)) and the microbial degradation of cellulose (Eq.

(4.2.5 1)) and does not directly affect the two phase flow calculations indicated in Eqs. (4.2. 1) - (4.2.6).
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4.2.7 Borehole Model

The major disruptive event in the 1996 WIPP PA is the penetration of the repository by a drilling intrusion.

Such an intrusion is modeled by modifying the permeability of region 1 in Fig. 4.2.1 (Table 4.2.8). Further, the

drilling intrusion is assumed to produce a borehole with a diameter of 12.25 in. (0.31 m) (Vaughn 1996a, Howard

1996); borehole fill is assumed to be incompressible; capillary effects are ignored; residual gas and brine saturations

are set to zero, and porosity is set to 0.32 (see materials 47, 48, 49, 50 in Table 4.2.1). When a borehole that

penetrates pressurized brine in the Castile Fm is under consideration (i.e., an El intrusion), the permeability

modifications indicated in Table 4.2.8 extend from the land surface (i.e., grid cell 937 in Fig. 4.2.3) to the base of the

pressurized brine (i.e., grid cell 1010 in Fig. 4.2.3). When a borehole that does not penetrate pressurized brine in the

Castile Fm is under consideration (i.e., an E2 intrusion), the permeability modifications indicated in Table 4.2.8 stop

at the bottom of the lower DRZ (i.e., grid cell 439 in Fig. 4.2.3).

4.2.8 Numerical Solution

Determination of gas and brine flow in the vicinity of the repository requires the numerical solution of the two

nonlinear partial differential equations in Fig. 4.2.4 on the computational domain in Fig. 4.2.1 together with

evaluation of appropriate auxiliary conditions (i.e., Eqs. 4.2.3 - 4.2.6, 4.2.25 - 4.2.27). The actual unknown

functions in this solution are pb and Sg, although the constraint conditions also give rise to values for pg and Sb. As

two dimensions in space and one dimension in time are in use, pb, Pg, ~b and Sg are functions of the form Pb(x, y, t),

P&, Y, t), S&, y, t) and Sg(x, y, t).

The solution of the equations in Fig. 4.2.4 requires both initial value and boundary value conditions for Pb and

Sg The initial value conditions for pb and Sg are given in Table 4.2.4. As indicated there, the calculation starts at

time t = –5 yr, with a possible resetting of values at t = O yr, which corresponds to final waste emplacement and

sealing of the repository. The boundary conditions are such that no brine or gas moves across the exterior grid

boundary (Table 4.2.9). This Neumann-type boundary condition is maintained for all time. Further, BRAGFLO

allows the user to specify pressure and/or saturation at any grid block. This feature is used to specify Dirichlet-type

conditions at the surface grid blocks (i = 1, 2, . . . . 33, j = 31, Fig. 4.2.1) and at the far field locations in the Culebra

and Magenta formations (z’= 1, 33, j = 24 and i = 1, 33, j = 26 in regions 17 and 15, Fig. 4.2.1) These auxiliary

conditions are summarized in Table 4.2.10).

4-33



Table 4.2.8. Permeabilities Used with BRAGFLO Calculations for Drilling Intrusions Through the
Repository (see materials 47,48,49,50 in Table 4.2.2)

Time After Intrusion Assigned Permeabilities

O-200yr Concrete plugs assumed to be emplaced at the Santa Rosa Fm (i.e., a surface plug with
a length of 15.76 m; corresponds to grid cells 905, 937 in Fig. 4.2.3) and the Unnamed
Mbr of the Rustler Fm (i.e., a plug at top of Salado Fm with a length of 36 m;
corresponds to grid cell 681 in Fig. 4.2.3). Concrete plugs assumed to have a

permeability of k = 5 x 10-17 m2; remainder of borehole assumed to have a

permeability of 1 x 10-9 m2.

200-1200 yr Concrete plugs are assumed to fail after 200 yr (U.S. DOE 1995b) and entire borehole
is assigned a permeability typical of silty sand, i.e., k = 1(Y m2, x = BHPRM, where
BHPRM is an uncertain input to the analysis (see Sect. 5.2).

>1200 yr Permeability reduced by one order of magnitude in Salado Fm beneath repository due
to creep closure of borehole (Thompson et al. 1996) (i.e., k = 1(W1O, x = BHPRM, in
grid cells 1010, 985, 12, 45, 78, 439, 453 of Fig. 4.2.3). No changes are made within
and above the lower DRZ.

Table 4.2.9. Boundary Value Conditions for pg and pb, with the Imposed Conditions Resulting in No Flow

Across the System Boundaries

Boundaries below @ = O m) and above (y = 1039 m)a system for O S x S 46630 m and –5 yrs t

(VPg + Pggvh)lfx, ~,,)” j = OPa/m no gas flow condition

(v~b + Pb W)](., y, ~) “ j = o Pa/m no brine flow condition

Boundaries at left (x = O m) and right (x = 46630 m) of system for O S y S 1039 m and –5 yr S t

(VPg + Pg gvh)l(x, ~,~)s i = OPa/m no gas flow condition

(Vpb + pb NM(., y, f) “ i = o Pa/m no brine flow condition

‘Heightof grid for disturbed (i.e., El, E2) calculations; a grid with a height of911 m used for undisturbed (i.e., EO) calculations.

Table 4.2.10. Auxiliary Dirichlet Conditions for pb and Sg

Surface Grid Blocks

Sg(i, j, t) = 0.08363 i=l,z,..., 33, j=31, –5yr5t

pb(i,~, t) = 1.01 x 105 Pa i=l,2, . . ..33. j=315yr StSt

Culebra and Magenta Far Field

Pb(i, 24, t)= 8.22X 105Pa i = 1 and 33, j = 24, –5 yr < t (Culebra)

f.%(i, 26, t) = 9.17 x 105 Pa i = 1 and33, j = 26, –5 yr S t(Magenta)
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A fully implicit finite difference procedure is used to solve the two partial differential equations in Fig. 4.2.4.

The associated discretization of the gas mass balance equation is given by

,,+, (@Pg’$g):;’ -(so’gsg):j

‘a i,j 9Wgi,j‘+1 + ~i,jqr~i,j – = o,
At

where @ represents the phase potentials given by

@~/~j= Pgi,j + pgi+]/2,jg hi,j ~ ‘~~j = Pgi,j + Pgi-1/2jghi,j

the subscripts are defined by

i = x-direction grid index

j = y-direction grid index

i? 1/2 = x-direction grid block interface

jM/2 = y-direction grid block interface

Xj = grid block center in the x-coordinate direction (m)

Yj = grid block center in the y-coordinate direction (m)

AXi = grid block length in the x-coordinate direction (m)

Ayj = grid block length in the y-coordinate direction (m),

the superscripts are defined by

n = index in the time discretization, known solution time level

n+l = index in the time discretization, unknown solution time level,

(4.2.72)

and the interlock densities are defined by
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Ayi,j+l Ayi, j
‘gi.j+l/2 = Ayi j P~i,j + Pgi,j+l

+ Ayi,j+l Ayi,j + Ayi,j+l

A Yi,j Ayi,j_l
‘~i.j-1/2 = AYij_l + Avi j ‘~i,j-l +

Ayi,j-l + Ayi,j
Pgi,j

-,

The interface values of krx in Eq. (4.2.72) are evaluated using upstream weighted values (i.e., the relative

permeabilities at each grid block interface are defined to be the relative permeabilities at the center of the adjacent

grid block that has the highest potential). Further, interface values for ~pgkJpg and ~p##g are obtained by

harmonic averaging of adjacent grid block values for these expressions (WIPP PA 1996a).

The discretization of the brine mass balance equation is obtained by replacing the subscript for gas, g, by the

subscript for brine, b. AS a reminder, pg and Sb are replaced in the numerical implementation with the substitutions

indicated in Fig. 4.2.4. For the 1996 WIP1’ PA, wells are not used in the conceptual model. Thus, the terms q~g and

qwbare zero. For this analysis, the wellbore is not treated by a well model, but rather is explicitly modeled within the

grid as a distinct material region (i.e., region 1 in Fig. 4.2.1).

The resultant coupled system of nonlinear brine and gas mass balance equations is integrated in time using the

Newton Raphson method with upstream weighting of the relative permeabilities as previously indicated. The

primary unknowns at each computational cell center are brine pressure and gas saturation.

4.2.9 Gas and Brine Flow across Specified Boundaries

The Darcy velocity vectors V:(X, y, t) and vb(~, y, t) for gas and brine flow ((m3/m2)/s = rnh) are defined by the

expressions

Vb(.x, y,t) = Kbkrb(vpb + P/#h) I ~b (4.2.74)

in Eqs. (4.2.1) and (4.2.2). Values for Vg and Vb are obtained and saved as the numerical solution of Eqs. (4.2. 1) -

(4.2.6) is carried out. Cumulative flows of gas, C:(t, @), and brine, Cb(t, ~), from time O to time t across an

arbitrary boundary @in the domain of Eqs. (4.2. 1) - (4.2.6) (i.e., Figs. 4.2.1 and 4.2.3) is then given by
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[ 1c~(t, @ ) = j’:JoIMLY) V1(X,Y,t) ● n(x, y)ds dt (4.2.75)

for 1 = g, b, where cx(x, y) is the geometry factor defined in Fig. 4.2.2, n(x, y) is an outward pointing unit normal

vector, and
J

- ds denotes a line integral. As an example, @ could correspond to the boundary of the waste
@

disposal regions in Fig. 4.2.1. The integrals defining Cg(t,@ )and CJt, @ ) can be evaluated from results calculated

and saved during the numerical solution of Eqs. (4.2. 1) - (4.2.6). Due to the dependence of gas volume on pressure,

Cg(t,!$Iis typically calculated in moles or in m3 at standard temperature and pressure, which requires an appropriate

change of units for Vg in Eq. (4.2.75).

4.2.10 Additional Information

Additional information on BRAGFLO and its use in the 1996 WIPP PA can be found in the BRAGFLO users

manual [WIPP PA 1996a) and in the analysis package for the Salado flow calculations (Bean et al. 1996).

4.3 Radionuclide Transport in Vicinity of the Repository: NUTS (i.e., fMB,fDL fs,f~.p)

4.3.1 Mathematical Description

The following system of partial differential equations is used to model radionuclide transport in the vicinity of

the repository for EO, El and E2 conditions:

-V ● CW~c~~ + @~ = ~~($sbcb[ )+(a$.$bcb[ )~1 ‘@sb ~ cbp~p

pE P(l)

(4.3.1)

forl= ‘I,2, . . ..nR. where

(4.3.2)

Darcy velocity vector ((m3/m2)/s = rds) for brine (supplied by BRAGFLO from solution of Eqs. (4.2. 1) -
(4.2.6))
concentration (kg/m3) of radionuclide 1 in brine
concentration (kg/m3) of radionuclide 1 in solid phase (i.e., not in brine), with concentration defined with
respect to total (i.e., bulk) formation volume (only used in repository, see Fig. 4.2.1)
linkage term ((kg/m3)/s) due to dissolution/precipitation between radionuclide 1 in brine and in solid
phase (see Eqs. (4.3.3) - (4.3.6))

porosity (supplied by BRAGFLO from solution of Eqs. (4.2. 1) - (4.2.6))

brine saturation (supplied by BRAGFLO from solution of Eqs. (4.2. 1) - (4.2.6))

decay constant (s-l ) for radionuclide 1

{p: radionuclide p is a parent of radionuclide 1}

number of radionuclides

4-37



and IX is the dimension dependent geometry factor in Eq. (4.2.7). The 1996 WIPP PA uses a 2-dimensional

representation for fluid flow and radionuclide transport in the vicinity of the repository with (x defined by the element

depths in Fig. 4.2.2. Although omitted from the notation for brevity, the terms U, Vb, cb~, C.,1, S[, @ and Sb are

functions ML y), V@, y, 0 Cb[(.b y, t), C.,l(x, y, t), S~(x, y, t), $(x, y, t) and Sb(x, y, t) of time t and the spatial

variables x, y. The two preceding equations are defined and solved on the same computational grid used with

BRAGFLO for the solution of Eqs. (4.2.1) - (4.2.6) (Fig. 4.2.1).

Radionuclides are present in both brine (Eq. (4.3.1)) and in an immobile solid phase (Eq. (4.3.2)). Radionuclide

transport takes place only by brine flow (Eq. (4.3.1)). A maximum radionuclide concentration in brine is assumed

for each element (see ,SfiBr, Ox, H) in Table 4.3.1). Then, each individual radionuclide equilibrates between the

brine and solid phases on the basis of the maximum concentration of its associated element and the mole fractions of

other isotopes of this element that are included in the calculation. The linkage between the brine and solid phases in

Eqs. (4.3.1) and (4.3.2) is accomplished by the term S1, where

= O otherwise

with

(4.3.4)

(4.3.5)

(4,3.6)

Sfil?r(t), Ox(l), El(l)]= maximum concentration (kg/m3) of element El(i) in oxidation statement Ox(l) in brine type

Br(t), where El(l) denotes the element of which radionuclide 1 is an isotope, Ox(1) denotes

the oxidation state in which element El(t) is present, and Br(t) denotes the type of brine

present in the repository at time t (see Table 4.3.1 for definition of SfiBr, Ox, H) in units of

molfl; a conversion to kg/m3 is required for use in conjunction with Eqs. (4.3.3) - (4.3.6)

through the definition of DifiS~, Cb,E~(~))in Eq. (4.3.7))

cb,fi~(l) = concentration (kg/m3) of element El(l) in brine (i.e., sum of concentrations of radionuclides

that are isotopes of same elements as radionuclide 1, where k= f(l) only if k is an isotope of

element El(l))
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Table 4,3.1. Definition of Elemental Solubilities for Salado and Castile Brines (See Stockman et al. 1996
for additional information).

Dissolved Volubility SD(Br, Ox, El) (mol/1 ) as a Function of Type of Brine (Br - Salado, Castile), Oxidation State
(Ox - +3, +4, +5, +6) and Element (El - americium, plutonium, uranium and thorium)

SD(Br, ox, El)= SF~Br, Ox) 10UFfBr’OI,EIJ

where

S~MfiBr, Ox) = dissolved volubility (mol/1 ) calculated by FMT model (Siegel 1996) for brine type Br and
oxidation state Ox (definition given below)

UF(Br, Ox, El) = logarithm (base 10) of uncertainty factor for solubilities calculated by FMT expressed as a
function of brine type Br, oxidation state Ox and element El (definition given below)

Dissolved Solubilities S~M#(Br, Ox) Calculated with FMT (mol/1)

7

BrlOx +3 +4 +5 +6

Salado 5.83 X 10-7 4.4 x 10-6 2.3 X 10-6 8.7 X 10+

Castile 6.52 X 10-8 6.0 X 10-9 2.2 x 10-6 8.8 x 10-6

Uncertainty Factor UF(Br, Ox, El) for Solubilities Calculated by FMT

BrlOx, El +3, Am +3, Pu +4, Pu +4, u +6, U +4, Th

Salado WSOLAM3S” WSOLPU3Sa WSOLPU4SU WSOLU4SU wsoLu6sa WSOLTH4S”

Castile WSOLAM3C” WSOLPU3C” WSOLPU4C” o wsoLu6ca o

Total (Colloidal and Dissolved) Volubility SflBr, Ox, El) (mole/l) as a Function of Type of Brine (Br), Oxidation
State (Ox) and Element (El)

SflBr, OX, El)= SD(Br, OX, El)+ SHum(Br, OX, El)+ SMic(Br, OX, EO + SAcl(EO + SM.

where

SHum(Br, Ox, El) =

=

SFHum(Br, Ox, El) =

UBHum =

=

SMic(Br, OX, El) =

volubility (i.e., concentration expressed in mol/1) in brine type Z3rof element El in oxidation
state Ox resulting from formation of humic colloids

min { sFHum(Br, OX, El) SD(Br, OX, El), f-JBHum]

scale factor used as a multiplier on SD(Br, Ox, El) in definition of SFHum(Br, Ox, El)

(definition given below)

upper bound (i.e., cap) on volubility (i.e., concentration expressed in mol/1 ) of individual

actinide elements resulting from formation of humic colloids

1.1 x 10-5 mol/1

volubility (i.e., concentration expressed in mol/1 ) in brine type Br of element El in oxidation

state Ox resulting from formation of microbial colloids
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Table 4.3.1. Definition of Elemental Solubilities for Salado and Castile Brines (continued)

—

SFMiC(Ox, El) =

UBMic(O~, El) =

SAC1(E1) =

——

s~n =

=

rein{ SFMic(Ox, El) sD(Br, OX, El), uBMic(ox, El))

scale factor used as multiplier on S~(Br, Ox, El) in definition of SMiC(Br, Ox, El) (definition

given below)

upper bound (i.e., cap) on volubility (i.e., concentration expressed in mol/1) of element El in

oxidation state Ox resulting from formation of microbial colloids (definition given below)

volubility (i.e., concentration expressed in mol/1 ) of element El resulting from formation of

actinide intrinsic colloids

{

1 x 10-9 mol / 1 if El - plutonium

o mol / 1 otherwise

volubility (i.e., concentration expressed in mol/1 ) of individual actinide element resulting from
formation of mineral fragment colloids

2.6 x 10-8 mol/1

Scale Factor SF~Um(Br, Ox, El) Used in Definition of S~Um(Br, Ox, El)

BrlOx, El +3, Am +3, Pu +4, Pu +4, u +6, U +4, Th

Salado 0.19 0.19 6.3 6.3 0.12 6.3

Castile WPHUMOX3a WPHUMOX3a 6.3 6.3 0.51 6.3

Scale Factor SFMIC(OX,El) and Upper Bound uBMic(oXj El) (mol/1) Used in Definition of SMiC(Br, Ox, El)

+3, Am +3, Pu +4, Pu +4, u +6, U +4, Th

sFMic(oX9 El) 3.6 0.3 0.3 2.1 x 10-3 2.1 x 10-3 3.1

UBMic(Ox, El) I 6.8 x 10-5 6.8 x 10-5 2.1 x 10-3 2.1 x 10-3 1.9 x 10-3

a See Sect. 5.2.

(4.3.7)

Dl~(S~,Cb,@~~J) = difference (kg/m3) between maximum concentration of element EKO in brine and existing

concentration of element El(l) in brine

(4.3.8)

MF,,l = mole fraction of radionuclide 1in phase p, where p = b - brine and p = s - solids
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= cp~ cfl!f~ I ~ c~~ ctvf~

ke t(l)

C&fl = conversion factor (mole/kg) from kilograms to moles for radionuclide 1

(4.3.9)

~(~–t) = Dirac delta function (s-l) (i.e., b(~-t) = O if ‘c# tand
J-
‘qT-t)dT = 1 ).

Although omitted for brevity, the terms S1, Cb,El(l), Cf,El(l), MF$l, MFbl, ~ and Sb are functions of time t and spatial

variables x, y. The Dirac delta function, ~(~–t), appears in Eqs. (4.3.3) - (4.3.5) to indicate that the adjustments to

concentration are implemented instantaneously within the numerical solution of Eqs. (4.3.1) - (4.3.2) whenever a

concentration imbalance is observed.

The velocity vector Vb in Eq. (4.3.1) is defined in Eq. (4.2.74) and is obtained from the numerical solution of

Eqs. (4.2.1) - (4.2.6). If @ denotes an arbitrary boundary (e.g., the land withdrawal boundary) in the domain of Eq.

(4.3. 1) (i.e., Fig. 4.2.1), then the cumulative transport of Cl(t, @ ) of radionuclide 1 from time O to time tacross @is

given by

t
C/( f,@)= N 1

vb(~, y, f)c[(~, y,t)~(x,y) ● tl(x, y)ds dt,
OY?

where n(x, y) is an outward pointing unit normal vector and
J

- ds denotes a line integral over ~.
4

(4.3.10)

The system in Eqs. (4.3.1) - (4.3.2) models advective radionuclide transport due to the velocity vector Vb.

Although the effects of volubility limits are considered, no chemical or physical retardation is included in the model.

Also, molecular diffusion is not included in the model, with this omission having little effect as the radionuclides

under consideration have molecular diffusion coefficients on the order of 10–’0 m2/s and thus can be expected to

move approximately 10 m over 10,000 yr due to molecular diffusion. Mechanical dispersion is also not included,

with this omission having little effect on the final results due to the uniform initial radionuclide concentrations

assumed within the repository and the use of time-integrated releases in assessing compliance with 40 CFR 191.13.

4.3.2 Radionuclides Transported

The WIPP is projected to contain 135 distinct radionuclides (U.S. DOE 1995a, Sanchez et al. 1997). Of these,

47 are regulated by 40 CFR 191, with 25 having more than 0.001 EPA units at some point in time over the 10,000 yr

regulatory period (Table 4.3.2). In addition, several unregulated isotopes with short halflives exist that have

significant inventory and decay to regulated radionuclides. Inclusion of these radionuclides resulted in a list of 33

radionuclides for possible radionuclide transport in the vicinity of the repository (Table 4.3.2).
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Table 4.3.2. Radionuclides Considered for Trans~ort in the Vicinitv of the Re~ositow in the 1996 WIPP
PA with Time O yr Corresponding to year 2033 (Sanc~ez et al. 1997)

Isotope

Pu-238

Pu-239

Am-241

Pu-240

CS-137

Sr-90

U -233

U -234

Th-230

Pu-242

Th-229

Np-237

Cm-245

Ra-226

Pb-210

U -238

U -236

Am-243

U -235

Cm-243

U -232

C-14

Th-232

Ac-227

Pa-23 1

Cm-248

Pu-244

Sm-147

Pm-147

Ra-228

cf-252

Cm-244

Pu-241

Half life-

(years)

!3.77E+01

2.41E+04

4.32E+02

5.54E+03

3.00E+O1

2,91E+OI

1.59E+05

2.45E+05

7.70E+04

3.76E+05

7.34E+03

2.14E+06

8.53E+03

1.60E+03

2.23E+01

$.47E+09

2.34E+07

7.37E+03

7.04E+08

2.91E+01

6.89E+01

5.72E+03

1.41E+I0

2.18E+01

3.28E+04

3.39E+05

8.26E+07

l.06E+11

2.62E+O0

5,75E+O0

2.64E+O0

1.81E+OI

1.44E+01

{elease Oyears

Limit Ci

344 1.94E+06

344 7.95E+05

344 4,88E+05

344 2. 14E+05

3440 9.31E+04

3440 8.73E+04

344 1.95E+03

344 7.51E+02

34 3.06E-01

344 1.17E+03

344 9.97E+O0

344 6.49E+01

344 1.15E+02

344 1.14E+01

344 8.75E+O0

344 5.OIE+OI

344 6.72E-01

344 3.25E+01

344 1.75E+0 1

344 2.07E+01

344 1.79E+01

344 1.28E+01

34 1.OIE+OO

344 5.05E–01

344 4.67E-01

344 3.72E–02

344 1.51E-06

344 4.55E-10

8. 10E-04
1,00E+OO

1.72E-04
7.44E+03

3.94E+05

Oyears 100years 350 years 10000years

EPA Units EPA Units EPA Units EPA Units

5.63E+03 2.55E+03 3.54E+02 1.32E-22

2.31E+03 2.30E+03 2.29E+03 1.73E+03

1,42E+03 1,24E+03 8.31E+02 1.55E-01

6.23E+02 6. 17E+02 6.01E+02 2. 16E+02

2,71E+01 2.68E+O0 8.32E–03 0.00E+OO

2.54E+01 2.35E+O0 6. 12E–03 0.00E+OO

5.67E+O0 5.66E+O0 5.66E+O0 5.44E+O0

2.18E+O0 3,28E+O0 4.07E+O0 4.09E+O0

8.88E-03 3.41E–02 1.20E–01 3.56E+O0

3,40E+O0 3.40E+O0 3,40E+O0 3.34E+O0

2.90E-02 8.19E–02 2.12E–01 3.40E+O0

1.89E-01 2.32E-01 3.15E-01 4.82E-01

3,33E-01 3.31E–01 3.24E-01 1.48E-01

3.32E-02 3. 19E-02 2.94E-02 2.77E-01

2.54E-02 3.19E–02 2.96E-02 2.77E-01

1.46E-01 1,46E-01 1.46E–01 1.46E–O1

1.95E-03 3.79E-03 8.29E-03 1.16E-01

9.45E-02 9.36E–02 9.14E–02 3.69E-02

5,08E-02 5. 10E-02 5. 16E-02 7.06E-02

6.03E–02 5.30E–03 1.21E–05 0.00E+OO

5.21E-02 1.99E–02 1.79E–03 0.00E+OO

3.72E–02 3.68E–02 3.57E–02 l.l IE-02

2.92E–02 2.92E–02 2.92E–02 2.92E-02

1.47E–03 1.43E–03 1.69E–03 1.28E-02

1.36E-03 1.46E-03 1.72E–03 1.28E-02

3.72E–04 3.72E-04 3.71E-04 3.64E-04

1,51E-08 1.54E–08 1,61E-08 4.34E-08

4.55E–12 4.55E–12 4.55E–12 4.55E-12

.

MAX EPA

Units

5.63E+03

2.31E+03

1.42E+03

5.23E+02

2.71E+01

2.54E+01

5.67E+O0

t09E+O0

3.56E+O0

3.40E+O0

3.40E+O0

$.82E-01

3.33E-01

2.77E-01

2.77E-01

1.46E-01

1.16E-01

9.45E-02

7.06E-02

6.03E–02

5.21E–02

3.72E–02

2.92E-02

1.28E-02

1.28E-02

3.72E–04

4.34E-08

4.55E-12
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With the exceptions of “C, 137cs,, 147pm, 90Sr and 232u, the radionuclides in Table 4.3.2 belong to the

following decay chains:

‘3cm \

‘3Am + 239Pu+ 235U+ 23’pa+ **’Ac (4.3.12)

245cm _ 241PU_ 241Am _ 237NP_ 233U~ 229Th (4.3.14)

As solution of Eqs. (4.3. 1) - (4.3.2) for this many radionuclides and decay chains is a very time-consuming process,

the number of radionuclides for direct inclusion in the analysis had to be reduced. To this end, the indicated

radionuclides and decay chains were carefully examined to determine the minimum number of radionuclides

required to appropriately assess the WIPP’S compliance with 40 CFR 191.

Initially, radionuclides with low EPA inventories or short half-lives were dropped from consideration. In

particular, radionuclides having maximum EPA inventories less than or equal to the maximum inventory of 237Np

were dropped from consideration. The sum of the maximum EPA units dropped from consideration was 1.6 EPA

units, which is approximately 0.01’% of the total EPA units in the repository. Nearly the entire inventory of these

radionuclides would have to be released from the repository to produce a situation with the potential to cause a

violation of 40 CFR 191. If conditions occurred that could cause such a large release of these radionuclides, then

large releases of other more important radionuclides would also occur and dominate the size of the total release.

Although 137CS and 90Sr have large initial inventories, they were dropped from consideration because of the

rapidity with which their initial inventories decayed to less than 1 EPA unit (i.e., 136 yr for 137CS and 128 yr for

90Sr). Short-lived, and therefore unregulated radionuclides, at the top of decay chains were examined to determine if

their decay could significantly increase the inventory of important radionuclides, with this examination resulting in

the decision to retain 241Pu for inclusion in the analysis. At this point, the following 10 radionuclides accounting for

98.9% of the initial EPA units in the waste remained (Fig. 4.3.1):

*38pu + 234U-b 230Th

*41plJ+ 241Am + 233U- 229Th

~2Pu, 240Pu, 239PU.

(4.3.15)

(4.3.16)

(4.3.17)
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Fig. 4.3.1. Time-dependent radionuclide inventories expressed in EPA units (i.e., the normalized units used in
showing compliance with 191. 13(a)) for entire repository (Sanchez et al. 1997). Left frame shows

radionuclides included in groundwater transport calculations; right frame shows radionuclides not
included in groundwater transport because of low inventory or short half-life. All radionuclides shown
are included in estimates of cuttings and cavings and spallings; direct brine releases included all except
Sr-90, Cs-1 37, Pb-210, Ra-226, and Pa-231.

The remaining 10 radionuclides were then further reduced by combining radionuclides that have similar decay and

transport properties. In particular, 234U, 230Th and 239Pu were used as surrogates for the groups {234U, 233U ),

{230Th, 229Th ) and {242Pu, 239Pu, 2LIOpu), with the initial inventories of *34U, *s”Th and 239Pu being redefined to

account for the additional radionuclide(s) in each group. In redefining the initial inventories, the individual

radionuclides were combined on either a mole or Curie basis (i.e., moles added and then converted back to Curies or

Curies added directly). In each case, the method that maximized the combined inventory was used, i.e.; 233U was

Curie added to 234U, 240Pu was Curie added to 239Pu, 242Pu was mole added to 239pu, and 229Th was curie added to

230Th. In addition, 241Pu was mole added to 24’Am because it has a half life of 14 years and will quickly decay to

241Am, and neglect of this ingrowth would underestimate the 24’Am inventory by about 3% (Table 4.3.3). The

outcome of this process was the following 5 radionuclides and 3 simplified decay chains:

241Am, zjgpu + 234U+ 230Th, 23gpu, (4.3.18)
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Table 4.3.3. Construction of Initial Inventories Associated with Reduction of 10 Radionuclides to 5
Radionuclides

Conversions Conversion Procedure

233U+234U 1.95 x 103 Ci 233U+1.95 x 103 Ci 234U= 1.33 x 103 mol 234U

Original: 7.51 x 102 Ci 234U= 5.14 x 102 mol 234U

240Pu+239Pu 2.14 x 105 Ci 240Pu+2.14 x 105 Ci 23gPu= 1.44x 104 mol 23gPu

242PU+239PU 1.23 x 103 mol 242Pu+1.23 x 103 mol 239Pu= 1.83 x 104 Ci 23gPu

Original: 5.35 x 104 mol 23gPu= 7.95 x 105 Ci 23gPu

22gTh+230Th 9.97 x 10° Ci 22gTh+9.97 x 10° Ci 230Th= 2.15 x 10° mol 230Th

Original: 6.57 x 10-2 mol 230Th= 3.05 x 10-1 Ci 230Th

241Pu+241Am 1.59 x 10k mol 241Pu+1.59 x 101 mol 241Am = 1.31 x 104 Ci 241Am

Original: 5.89 x 102 mol 241Am= 4.87 x 105 Ci 241Am

New Inventory

A(0)

2.70 x 103 Ci 234U

$.32 X 102 kg 234U

1.03 x 106 Ci 23gPu

1.65 X 104 kg 23@u

1.03 x 101 Ci 230Th

5.09 X 10-1 kg 230Th

5.01 x 105 Ci 241Am

1.46 x 102 kg ‘lAm

which were then used with Eqs. (4.3.1) - (4.3.2) for transport in the vicinity of the repository and also for transport in

the Culebra Dolomite (Sect. 4.9), with Pu-238 omitted from transport in the Culebra due to its short half life (i.e.,

87.7 yr).

4.3.3 Numerical Solution

Eqs. (4.3.1) - (4.3.2) are numerically solved by the NUTS program (WIPP PA 1996b; Stockman et al. 1996) on

the same computational grid (Fig. 4.2. 1) used by BRAGFLO in the solution of Eqs. (4.2. 1) - (4.2.6). In the solution

procedure, Eq. (4.3.1) is numerically solved with S1 = O for each time step, with the instantaneous updating of

concentrations indicated in Eqs. (4.3.3) - (4.3.6) and the appropriate modification to C$l in Eq. (4.3.2) taking place

after the time step. The solution is carried out for the 5 radionuclides indicated in Eq. (4.3. 16).

The initial value and boundary value conditions used with Eqs. (4.3.1) - (4.3.2) are given in Table 4.3.4. At

time t = O (i.e., year 2033), the total inventory of each radionuclide is assumed to be in brine; the volubility

constraints associated with Eqs. (4.3.3) - (4.3.6) then immediately adjust the values for Cbl(x, y, t) and Crl(x, y, t) for

consistency with the constraints imposed by SfiBr(f), Ox(l), -H(l)] and available radionuclide inventory.
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Table 4.3.4. Initial Value and Boundary Value Conditions for Cbl(x, y, t) and CJY, y, t)

Initial Value Conditions for Cbl(x, y, t) and C$l(x, y, t)

Cbl (x, y, O) = Al (0)/Vb(O) if x, y point in repository (i.e., in regions 23, 24 of Fig. 4.2.1), where Al(0) is the

amount (kg) of radionuclide 1 present at time t = O (Table 4.3.3) and ~b(t)) is the

amount (m3) of brine in repository at time t = O (from solution of Eqs. (4.2.1) -

(4.2.6) with BRAGFLO) for all x, y.

= o otherwise

CJX, y, o) = o ifx, y point in repository

Boundary Value Conditions for Cb[(x, y, t)

.ti( Q o = J vb(x, y,t)cb~(x, y,t)~(x, y) ● n(~, y)d~, where @ is any subset of the outer boundary of the
@

computational grid in Figs. 4.2.1 and 4.2.3, ~1(~, t) is the flux (kg/s) at time t of

radionuclide 1across ~, vb(~, y, t) is the Darcy velocity ((m3/m2)/s) of brine at (x, y)

on @ and is obtained from the solution of Eqs. (4.2.1) - (4.2.6) by BRAGFLO,

n(x, y) denotes an outward-pointing unit normal vector, and J -ds denotes a line
@

integral along @

The nR partial differential equations in Eq. (4.3.1) are discretized

linear system of algebraic equations for numerical implementation.

representation of each discretized equation:

in two dimensions and then developed into a

The following conventions are used in the

● the subscript b is dropped from Cb[, with the result that the unknown function is represented by Cl,

● a superscript n denotes time (tn),with the assumption that the solution Cl is known at time tnand is to be

advanced (i.e., computed) at time tn+1,

● the grid indices are i in the x-direction, j in the y-direction, and are identical with the BRAGFLO grid

indices; fractional indices refer to quantities evaluated at grid block interfaces,

● each time step by NUTS is equal to 20 BRAGFLO time steps, which results because BRAGFLO reported

(i.e., stored) results (i.e., vb, $, Sb) every 20 time steps.

The following finite difference discretization is used for the l’hequation in each grid block i, j:
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‘R,i,j

[{

n+l

}{

n

}] { }

n+l

~ $i,jsbi,J Cl,i,j – @i,jsbl,J Cl,i,j S Cl,i,j+ ‘R,i,j ~i,l bi,J ( ~+’ ~c;:;~p,‘1 – ‘R,i,j ~i,lsbi,j
pe Ql)

(4.3.19)

where qb is the grid block interracial brine flow rate (m3/s) and VR is the grid block volume (m3). The quantity qb is

based on Vb and o! in Eq. (4.3.1), and the quantity VR is based on grid block dimensions (Fig. 4.2.1) and a.

The interracial values of concentration in Eq. (4.3.18) are discretized using the one-point upstream weighting

method (Aziz and Settari 1979), which results in

‘R,i,j

[{

n+l

}{

n

}] { 1

n+l
= — $i,jsbi,j cLi,j – @i,jsbi,j Cl,i,j S C[,i,j .Z1+ ‘R,i,j $i,~ bi,J

At

where 6) derives from the upstream weighting for flow between adjacent grid blocks and is defined by

{

1 if flow is from grid block i – 1,j to grid block i, j
@i =

O otherwise

[

1 if flow is from grid block i, j–1 to grid block i, j
‘J =

O otherwise.

By collecting similar terms, Eq. (4.3. 19) can be represented by the linear equation

(4.3.20)

(4.3.21)

where
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‘%{oi~sbijln+l+vRi~{@i~sbijY+lxl

Given the form of Eq. (4.3.2 1), the solution of Eq. (4.3. 1) has now been reduced to the solution of nR x nG linear

algebraic equations in nR x nG unknowns, where nR is the number of equations for each grid block (i.e., the number

of radionuclides) and nG is the number of grid blocks into which the spatial domain is discretized (Fig. 4.2.1).

The system of partial differential equations in Eq. (4.3.1) is strongly coupled because of the contribution from

parental decay to the equation governing the immediate daughter, Consequently, a sequential method is used to

solve the system in which radionuclide concentrations are solved for by starting at the top of a decay chain and

working down from parent to daughter. This implies that when solving Eq. (4.3.21) for the 1* isotope concentration,

all parent concentrations occurring in the right hand side term R are known. The resulting system of equations is then

linear in the concentrations of the lth isotope. As a result, solution of Eq. (4.3. 1) is reduced from the solution of one

algebraic equation at each time step with nR x nG unknowns to the solution of nR algebraic equations each with nG

unknowns at each time step, which can result in a significant computational savings.

The matrix resulting from one-point upstream weighting has the following structural form for a 3 x 3 system of

grid blocks and a similar structure for a larger number of grid blocks:

i

1
2
3
4

5
6
7
8
9

123456789
Xxox
Xxxox
Oxxoox
Xooxxox

Xoxxxox
Xoxxoox

Xooxxo
Xo xxx

Xoxx

where X designates possible nonzero matrix entries, and O designates zero entries. Entries outside of the banded

structure are zero. Because of this structure, a banded direct elimination solver (Sect. 8.2.1, Aziz and Settari 1979)

is used to solve the linear system for each radionuclide. The bandwidth is minimized by indexing equations first in
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the coordinate direction having the minimum number of grid blocks. The coefficient matrix is stored in this banded

structure and all inflll coefficients calculated during the elimination procedure are contained within the band

structure. Therefore, for the matrix system in two dimensions, a pentadiagonal matrix of dimension H3W x nG is

inverted instead of a full nG x nG matrix, where IBW is the band width.

The numerical implementation of Eq. (4.3.2) enters the solution process through an updating of the radionuclide

concentrations in Eq. (4.3.20) between each time step as indicated in Eqs. (4.3.3) - (4.3.6).

The numerical solution of Eqs. (4.3. 1) and (4.3.2) also generates the concentrations required for the numerical

evaluation of the integral that defines Cl(t, @ ) in Eq. (4.3.10).

4.3.4 Additional Information

Adclitional information on NUTS and its use in the 1996 WIPP PA can be found in the NUTS users manual

(WIPP PA 1996b) and in the analysis package for Salado transport calculations (Stockman et al. 1996). Further,

additional information on dissolved and colloidal actinides is given in Stockman and Moore (1998).

4.4 Radionuclide Transport in Vicinity of Repository: PANEL (i.e., ~~,~~_P)

4.4.1 Mathematical Description

A relatively simple mixed-cell model is used for radiomrclide transport in the vicinity of the repository when

connecting flow between two drilling intrusions into the same waste panel is assumed to take place (i.e., an E2E1

intrusion). With this model, the amount of radionuclide 1contained in a waste panel is represented by

where

Al(t) =

cb,(f) =

rb(t) =

(4.4.1)

amount (mol) of radionuclide / in waste panel at time r

concentration (mol/m3) of radionuclide 1 in brine in waste panel at time t (see Eqs. (4.4.2) - (4.4.3))

rate (mS/s) at which brine flows out of the repository at time t(supplied by BRAGFLO from solution

of Eqs. (4.2.1) - (4.2.6)),

and Xl and @(l) are defined in conjunction with Eqs. (4.3. 1) - (4.3.2).

The brine concentration Cbl in Eq. (4.4.1) is defined by
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c~~ (t)= q’[lh-(t),ox(l), El(l)] A4q (f)

if S~[Br(t), Ox(l), El(l)] S ~ Ak(t) / Vb(t)

k~t(l)

= Al(t)/ Vb(t),

if
z

Ak(t) / Vb(t) < S~[Br(t), Ox(l), H(l)]

k=t(l)

(4.4.2)

(4.4.3)

where

A4Fl(t) =

=

v~(t) =

mole fraction of radionuclide 1in waste panel at time t

Al(t) / ~Ak(t) (4.4.4)

kef(l)

volume (m3) of brine in waste panel at time t(supplied by BRAGFLO from solution of Eqs. (4.2. 1) -

(4.2.6)),

and Sfillr(t), Ox(f),El(l)] and ~ (/) are defined in conjunction with Eqs, (4.3.3) - (4.3.7). For use in Eqs. (4.4.2) and

(4.4.3), SfiBr(t), Ox(l),l?l(l)l must be expressed in units of mol/1. In words, Cbl(t) is defined to be the maximum

brine concentration specified in Table 4.3.1 if there is sufficient radionuclide inventory in the waste panel to generate

this concentration (Eq. (4.4.2)); otherwise, Cbl(t)is defined by the concentration that results when all the relevant

element in the waste panel is placed in solution (Eq. (4.4.3)).

Given rb and cb~, WdUXiOn Of the integral

J
t

Rl(t) = rbcbldt
o

(4.4.5)

provides the cumulative release Rl(t) of radionuclide 1from the waste panel through time t.

The preceding model was used in two ways in the 1996 WIPP PA. First, Eq. (4.4.5) was used to estimate

releases associated with E2E1 intrusions (Sect. 11.1). Second, with rb set to a very small number and Vb set to a

fixed value, Eqs. (4.4.2) - (4.4.3) were used to estimate radionuclide concentrations for use in the estimation of direct

brine releases (Sects. 10.1, 10.2).

4.4.2 Radionuclides Transported

When used for E2E 1 intrusions, the results in Eqs. (4.4.1) - (4.4.5) were calculated for all isotopes of

americium, curium, neptunium, plutonium, thorium and uranium in Table 4.3.2. Then, the release was converted to
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ZS4U, 2.sgpu, zsOTh and 2AIAm as indicated in Table 4.3.3 for transport in the Culebra. When used to support the

calculation of direct brine releases, Eqs. (4.4.1) - (4.4.3) were used to obtain time-dependent concentrations for all

isotopes of the preceding elements in Table 4.3.2 that have EPA release limits. Then, these individual

concentrations were used to obtain an overall concentration (EPA unitslm3).

4.4.3 Numerical Solution

The results in Eqs. (4.4.1) - (4.4.5) are numerically evaluated by the PANEL model (WIPP PA 1996c). For

E2EI intrusions, the initial values are the inventories of the isotopes of americium, curium, neptunium, plutonium,

thorium and uranium in Table 4.3.2 at the time of the El intrusion; these inventories for intrusions at 100, 350 and

10,000 yr are listed in Table 4.3.2. For use as part of the direct brine release calculations, the initial values are the

values for Al (0) (i.e., for t = O yr) in Table 4.3.2 for the radionuclides with EPA release limits.

A discretization based on 50 yr or smaller time steps is used by PANEL to evaluate the results in Eqs. (4.4. 1) -

(4.4.5). Specifically, Eq. (4.4.1) is evaluated with the approximation

(4.4.6)

where

G/(fn,~n+I ) = gain in radionuclide t’due to the decay of precursor radionuclides between tn and tn+~ (see Eq.

(4.4.7))

At = tn+l –tn=50yr.

As the solution progresses, values for Cbl(tn) are updated in consistency with Eqs. (4.4.2) - (4.4.3) and the products

rb(tn)cb~(tn) are accumulated tO provide an apprOXhatiOII tO R1 in Eq. (4.4.5).

The term Gl(tn,tn+l) in Eq. (4.4.6) is evaluated with the Bateman equations (Bateman 1910), with PANEL

programmed to handle up to 4 succeeding generations of a given radionuclide (i.e., decay chains of length 5). As a

single example, if radionuclide 1 is the third radionuclide in a decay chain (i.e., 1 = 3) and the two preceding

radionuclides in the decay chain are designated by 1= 1 and 1= 2, then

G3 (tn, tn+l ) = k2A2(tn )[exp(–X2At) – exp(–@)l I (A3 – ~2 )

+ Z1L2A1(tn ){ [exp(–XIAt)l 1[(A2~1 )(ks~l )1

+[exp(–h2At)] /[(A3 – 12 )(11 – A2)]

+ [exp(–A3At)] j [(L1 – ~3)(~2 – 13)] ) (4.4.7)

in Eq. (4.4.6).
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4.4.4 Additional Information

Additional information on PANEL and its use in the 1996 WIPP PA calculations can be found in the PANEL

users manual (WIPP PA 1996c) and the analysis package for Salado transport calculations (Stockman et al. 1996).

4.5 Cuttings and Cavings to Surface: CUITINGS_S (i.e., ~c)

4.5.1 Release Mechanisms for Solid Waste

Three separate release modes, cuttings, cavings and spallings, are believed to determine the quantity of solid

waste brought to the ground surface as the result of a drilling intrusion through a waste panel, where cuttings

designates the waste contained in the cylindrical volume created by the cutting action of the drill bit passing through

the waste, cavings designates the waste that erodes from the borehole in response to the upward-flowing drilling fluid

within the borehole, and spaliings designates the waste introduced into the borehole by the release of waste-

generated gas escaping to the lower-pressure borehole. The releases associated with these processes are computed

within the CUTTINGS_S code (WIPP PA 1996d). The mathematical representations used for the first two

processes, cuttings and cavings, are described in the present section (Sect. 4.5). Then, the representation used for

spallings is described in Sect. 4.6.

4.5.2 Cuttings

The uncompacted volume of cuttings removed and transported to the surface in the drilling mud, VCUt,is given

by

VCUt= AHi = ~D2Hi 14,
(4.5.1)

where Hi is the initial (i.e., uncompacted) repository height (m), A is the drill bit area (m2), and D is the drillbit

diameter (m). In the 1996 WIPP PA, D = 12.25 in. = 0.31115 m and Hi = 3.96 m (Sect. 7.0, Berglund 1996a). For

drilling intrusions through RH-TRU waste, Hi= 0.509 m is used (Tierney 1996b). The size of the

independent of the conditions that exist in the repository at the time of a drilling intrusion, with

cuttings volume VCUtis a lower bound on the quantity of material removed by a drilling intrusion.

cuttings release is

the result that the

4.5.3 Cavings (adapted from Sect. 3,5 of Helton et al. 1995a)

The cavings component of the direct surface release is caused by the shearing action of the drilling fluid (mud)

on the waste as the mud flows up the borehole annulus. As is the case for the cuttings release, the cavings release is

assumed to be independent of the conditions that exist in the repository at the time of a drilling intrusion.

The final diameter of the borehole will depend on the diameter of the drill-bit and on the extent to which the

actual borehole diameter exceeds the drill-bit diameter. Although a number of factors affect erosion within a
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borehole (Broc 1982), the most important factor is believed to be the fluid shear stress on the borehole wall (i.e., the

shearing force per unit area, (kg m/s2/m2) resulting from circulating drilling fluids (Darley 1969, Walker and Holman

197 1). As a result, the 1996 WIPP PA estimates cavings removal with a model based on the effect of shear stress on

the borehole diameter. In particular, the borehole diameter is assumed to grow until the shear stress on the borehole

wall is equal to the shear strength of the waste (i.e., the limiting shear stress below which the erosion of the waste

ceases).

The final eroded diameter Df (m) of the borehole through the waste determines the volume V (m3) of

uncompacted waste that will be removed to the surface by circulating drilling fluid. Specifically,

V = VCUt+ VCUV= ~D~Hi 14. (4.5.2)

where VCUVis the volume (m3) of waste removed as cavings.

Most borehole erosion is believed to occur in the vicinity of the drill collar (Fig. 4.5.1) (Rechard et al. 1990,

Letters 1a and 1b, App. A). An important determinant of the extent of this erosion is whether the flow of the drilling

fluid in the vicinity of the collar is laminar or turbulent. The 1996 WIPP PA uses Reynolds numbers to distinguish

between the occurrence of laminar flow and turbulent flow. The Reynolds number is the ratio between inertial and

viscous (i.e., shear) forces in a fluid and can be expressed as

* = P,f llvllDe
e

~’

(4.5.3)

where Re is the Reynolds number (dimensionless), Pf is the fluid density (kg m-3), De is the equivalent diameter (m),

v is the fluid velocity (m s-l), and q is the fluid viscosity (kg m-l S-l).

Typically, p, v and q are averages over a control volume with an equivalent diameter of De. In the 1996 WIPP

PA, pf = 1.21 x 103 kg m-s (Sect. 7.0, Berglund 1996a), Ilvll = 0.7089 m S-l (based on 40 gallons/rein per inch of

drill diameter, Sect. 2.3, Berglund 1992), and D, = 2 (R – RJ as shown in Fig. 4.5.1. The diameter of the drill collar

(i.e., 2Ri in Fig. 4.5.1) is 8.0 in = 0.2032 m (Sect. 7.0, Berglund 1996a). The determination of q is discussed below.

Reynolds numbers less than 2100 are assumed to be associated with Iaminar flow, while Reynolds numbers greater

than 2100 are assumed to be associated with turbulent flow (Walker 1976).

Drilling fluids are non-Newtonian fluids, which means that the viscosity ?I is a function of the shear rate within

the fluid (i.e., the rate at which the fluid velocity changes normal to the flow direction, ((m/s)/m). The 1996 WIPP

PA uses a model proposed by Oldroyd (1958) to estimate the viscosity of drilling fluids. As discussed by Broc

(1982), this model leads to the following expression for the Reynolds number associated with the helical flow of a

drilling fluid within an annulus:
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TRI-6342-11 %3

Fig. 4.5.1. Detail of rotary drill string adjacent to drill-bit (Fig. 7.3, Vol. 2, WIPP PA
et al. 1995a)

1991-1992; Fig. 13, Helton
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~ = 0.8165 De bfttP~
e (4.5.4)

~’=a ‘

where De, IIvII and p~ are defined in conjunction with Eq. (4.5.3), and qm is the asymptotic value for the derivative of

the shear stress (~, kg m-l S-2) with respect to the shear rate (r, S-l) obtained as the shear rate increases (i.e., qm =

dr/~ as r + CO). The 1996 WIPP PA uses Eq. (4.5.4) to obtain the Reynolds numbers that are used to determine

whether drilling fluids in the area of the drill collar are undergoing laminar or turbulent flow.

The Oldroyd model assumes that the shear stress ~ is related to the shear rater by the relationship

where q. is the asymptotic value of the viscosity

al, 02 are constants (s2). The expression leads to

The 1996 WIPP PA uses values of TO = 1.834 x

(4.5.5)

(kg m-l s-l) that results as the shear rater approaches zero, and

(4.5.6)

10-2 kg m-l s-l, CTl= 1.082 x 10+ S* and IS2 = 5.410 x 10-7 S2

(Table 2-1, Sect. 7.0, Berglund 1996a; Berghsnd 1992), and a resultant value of ?L = 9.17 x 10-3 kg m-l S-l. The

quantity qm is comparable to the plastic viscosity of the fluid (Broc 1982).

As previously indicated, different models are used to determine the eroded diameter of a borehole (i.e., 2R in

Fig. 4.5.1, with R = Df /2 in Eq. (4.5.2)) depending on whether flow in the vicinity of the drill collar is larninar or

turbulent. The model for borehole erosion in the presence of Iaminar flow is described next, and is then followed by

a description of the model for borehole erosion in the presence of turbulent flow.

As shown by Savins and Wallick (1966), the shear stresses associated with the Iaminar helical flow of a non-

Newtonian fluid can be expressed as

(4.5.7)

for RilR S p S 1, where Ri and R are the inner and outer radii within which the flow occurs as indicated in Fig. 4.5.1;

7(R, p) is the shear stress (kg m-l S-2) at a radial distance AR beyond the inner boundary (i.e., at p = (Ri + AR)/R);

and the quantities C, J and k are functions of R that satisfy conditions indicated below. The shear stress at the outer

boundary (i.e., R) is given by
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T(R,l) ={C’ +[:(M’)]2]”2 . (4.5.8)

As previously indicated, the borehole radius R is assumed to increase as a result of erosional processes until a value

of R is reached at which 7(R, 1) is equal to the shear strength of the waste. In the 1996 WIPP PA, the shear strength

of the waste is treated as an uncertain input variable (see WTA UFAIL in Sect. 5.2). Computationally, determination

of the eroded borehole diameter R associated with a particular waste shear strength requires repeated evaluation of

7(R, 1), as indicated in Eq. (4.5.8), until a value of R is determined for which z(R, 1) equals that shear strength.

The quantities C, J and 1, must satisfy the following three conditions (Savins and Wallick 1966) for the

expression in Eq. (4.5.8) to be valid:

and

1
O=C H)~ “ - ALl,

Ri/. p3~

o=~+2RJ ‘ ‘Ri’R)2-p2 M “,
nR 3 J[il. n 1[ 1P

(4.5.9)

(4.5.10)

(4.5.11)

where q is the drilling fluid viscosity (kg m–l S–l ) and is a function of R and p, AK2is the drill string angular velocity

(rad S-l), and Q is the drilling fluid flow rate (m3 s-l).

The viscosity q in Eqs. (4.5.9) - (4.5.11) is introduced into the analysis through the assumption that the drilling

fluid follows the Oldroyd model for shear stress in Eq. (4.5.5). In particular, because

as a result of the definition of the viscosity q and

(4.5.12)

(4.5.13)

from Eq. (4.5.5), the expression in Eq. (4.5.7) can be reformulated as
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(4.5.14)

As discussed by Savins and Wallick (1966) and also by Berglund (1992), the expressions in Eqs. (4.5.9) - (4.5.11)

and (4.5. 14) can be numerically evaluated to obtain C, J and k for use in Eqs. (4.5.7) and (4.5.8). In the 1996 WIPP

PA, Af2 = 7.8 rad S-l (Sect. 7.0, Berglund 1996a),

Q = l\Vll(7t~2- df ) (4.5.15)

where IIvII = 0.7089 m S-l as used in Eq. (4.5.3), and qo, rsl and 62 are defined in conjunction with Eq. (4.5.6).

The model for borehole erosion in the presence of turbulent flow is now described. Unlike the theoretically

derived relationship for erosion in the presence of laminar flow, the model for borehole erosion in the presence of

turbulent flow is empirically based. In particular, pressure 10SSfor axial flow in an annulus under turbulent flow

conditions can be approximated by (Broc 1982)

~ _ wPfllv112
0.8165DC ‘

(4.5.16)

where AP is the pressure change (Pa), L is distance (m) over which pressure change AP occurs, f is the Fanning

friction factor (dimensionless), and pfi Ilvll and De are defined in conjunction with Eq. (4.5.3).

For pipe flow, f is empirically related to the Reynolds number Rc and a roughness term&by (Whittaker 1985)

1

[

& 1.255
—-=-410g~o — —
f

1/2
13.72D + Ref ’12 ‘

where D is the inside diameter (m) of the

(4.5.17)

pipe and & is the average depth (m) of pipe wall irregularities. In the

absence of a similar equation for flow in an annulus, Eq. (4.5.17) is used in the 1996 WIPP PA to define f for use in

Eq. (4.5. 16), with D replaced by the effective diameter De = 2(R – Ri) and & equal to the average depth of

irregularities in the waste-borehole interface. In the present analysis, &= 0.025 m (Sect. 7.0, Berglund 1996a), which

exceeds the value often chosen for use in calculations involving very rough concrete or riveted steel piping (Streeter

1958). Further, the Reynolds number R, is defined in Eq. (4.5 .4).

The pressure change AP in Eq. (4.5.16) and the corresponding shear stress ‘c at the walls of the annulus are

approximately related by
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&[~(R2 -R?)]= 7[2~L(R+ Ri)], (4.5.18)

where n( R* – Ri2) is the cross-sectional area. of the annulus (see Fig. 4.5.1) and 2mL (R + Ri) is the total (i.e., interior

and exterior) surface area of the annulus. Rearrangement of Eq. (4.5. 18) and use of the relationship in Eq. (4.5.16)

yields

~ = fPflM12
2(0.8 165) ‘

(4.5.19)

which was used in the 1991 and 1992 WIPP PAs to define the shear stress at the surface of a borehole of radius R.

As a reminder, R enters into Eq. (4.5.9) through the use of D = 2(R–Ri) k the definition off in Eq. (4.5.17). As in

the case for Iaminar flow, the borehole radius R is assumed to increase until a value of z (actually, 7(R)) is reached

that equals the shear strength of the waste (i.e., the uncertain analysis input W~A UFAIL in Sect. 5.2).

Computationally, the eroded borehole diameter is determined by solving Eq. (4.5.19) for R under the assumption that

z equals the assumed shear strength of the waste.

In the 1996 WIPP PA, a slight modification to the definition of z in Eq. (4.5.19) was made to account for

drillstring rotation when fluid flow in the vicinity of the drill collars is turbulent (Abdul Khader and Rao 1974,

Bilgen et al. 1973). Specifically, an axial flow velocity correction factor (i.e., a rotation factor), F,, was introduced

into the definition of ~. The correction factor Fr is defined by

z = 11’J210011/ 1141 (4.5.20)

where IIv210011is the norm of the flow velocity required for the eroded diameters to be the same for turbulent and

Iaminar flow at a Reynolds numberof2100 and is obtained by solving

~fail _ fPAlv2100112—
2(0.8165)

(4.5.21)

for IIv210011with D in the definition of ~ in Eq. (4.5.17) assigned the final diameter value that results for laminar flow

at a Reynolds number of Re = 2100 (i.e., the D in De = 2(R–Ri) = D–2Ri obtained from Eq. (4.5.4) with Re = 2100).

The modified definition of ~ is

~= fP ~ (Frhdt)2
2(0.8165)

(4.5.22)

and results in turbulent and laminar flow having the same eroded diameter at a Reynolds number of 2100, which is

the Reynolds number at which a transition between turbulent and laminar flow is assumed to take place.
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The following algorithm was used to determine the final eroded radius Rf of a borehole and incorporates the

possible occurrence of a transition from turbulent to laminar fluid flow within a borehole:

Step 1. Use Eq. (4.5.4) to determine an initial Reynolds number R, , with R set to the drill-bit radius (i.e., Ro).

In the 1996 WIPP PA, R.= 12.25 in (Sect. 7.0, Berglund 1996a).

Step 2, If R,< 2100, then the flow is laminar and the procedures discussed in conjunction with Eqs. (4.5.7) and

(4.5.8) are used to determine Rf Because any increase in the borehole diameter will cause the Reynolds number to

decrease, the flow will remain laminar and there is no need to consider the possibility of turbulent flow as the

borehole diameter increases, with the result that Rj determined in this step is the final eroded radius of the borehole.

Step 3. If R, 22100, then the flow is turbulent and the procedures discussed in conjunction with Eqs. (4.5.19)

and (4.5.22) are used to determine Rf. Once Rf is determined, the associated Reynolds number Re is calculated with

Eq. (4.5.4) and R = Rf. If R, >2100, then a transition from turbulent to Iaminar flow cannot take place, and the final

eroded radius is Rf determined in this step.

Step 4. If the Reynolds number Re determined in Step 3 satisfies the inequality Re S 2100, then a transition from

turbulent to laminar flow is assumed to have taken place. In this case, the calculation of Rf is redone for larninar

flow, with the outer borehole radius R initially defined to be the radius at which the transition from turbulent to

laminar flow occurs (i.e., the radius associated with R, = 2100). In particular, the initial value for R is given by

2100Tlm
R=Ri+

2(0.8165)IIvIIP
(4.5.23)

which is obtained from Eq. (4.5.4) by solving for R with Re = 2100. A new value for Rf is then calculated with the

procedures discussed in conjunction with Eqs. (4.5.7) and (4.5.8) for laminar flow, with this value of Rf replacing the

value from step 3 as the final eroded diameter of the borehole.

Step 5. Once Rf is known, the amount of waste removed to the surface is determined by Eq. (4.5.2) with

Df = 2Rt

4.5.4 Additional Information

Additional information on CUTTINGS_S and its use in the 1996 WIPP PA to determine cuttings and cavings

releases can be found in the CUTTINGS_S users manual (WIPP PA 1996d) and in the analysis package for cuttings

and spallings releases (Berglund 1996a).
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4.6 Spallings to Surface: CUITINGS_S (i.e., ~~P)

4.6.1 Volume Removed by Spallings

The spallings model used in the 1996 WIPP PA estimates the release of solid material carried to a borehole by

venting gas after a drilling intrusion. Such releases are assumed to have the potential to occur when the pressure in

the repository at the time of a drilling intrusion exceeds 8 MPa, which is the pressure exerted by a column of brine-

saturated drilling fluid at the depth of the repository (Stoelzel and O’Brien 1996). If repository pressure is less than

8 MPa, then no gas venting into the borehole, and hence no spallings release, is assumed.

Results from steady state flow experiments through granular material in a cylindrical geometry indicate that a

pattern of channels would be formed in the waste by venting gas in the vicinity of an intruding borehole (Lenke et al.

1996). Based on these results, the following conceptual model for spallings releases at pressures above 8 MPa was

formulated: (1) Immediately after a drilling intrusion, pressure gradients associated with the flow of gas towards the

borehole fracture the porous waste material, thus permitting the escaping gas to flow within the fractures rather than

through the porous waste. Consequently, the waste permeability does not affect gas flow, and the gas pressure at the

borehole entrance can be assumed to be the initial (i.e., the time of the intrusion) gas pressure in the repository.

(2) The gas flow velocity up the borehole is determined by the properties of isothermal gas flow in a long tube of a

given cross-sectional area, tube roughness, and gas pressure at the borehole entrance. (3) The total mass flow rate of

gas in the fractures at any radial distance from the borehole is equal to the mass flow rate of gas up the borehole.

(4) Erosion of solid material occurs within the fractures when the gas velocity exceeds a fracture erosion velocity v,.

(5) The fracture erosion velocity Veis related to drag forces on a particle and the cohesive strength that results from

moisture and cementation in the matrix. (6) The development of the fracture system is not limited by the amount of

gas available for venting.

The mathematical implementation of the preceding conceptual model is now described. With the assumption

that gas pressure, and hence gas density, is approximately constant throughout the waste, conservation of mass

requires that

2nrva(r)H = ABHv~~ (4.6.1)

or, equivalently, that

Vu (r) = ABHVBH /(2nrH), (4.6.2)

where Va(r) is the average gas velocity (m/s) in the waste at a distance r (m) from the borehole, H is the height (m) of

a repository room at the time of the intrusion, A~H is the area (m2) of the annulus between the drill pipe and the

borehole wall (Fig. 4.5.1), and v&tf is the gas velocity (m/s) up the borehole. The determination of VBHis discussed
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(4.6.3)

later. As the gas flow is assumed to take place predominately within the induced fracture system, the gas velocity

&v r) (m/s) within the fractures is given by

v,f (r)= ‘a (r)/ @f(r),

where @&r)is the fracture porosity at a distance r from the borehole.

The fractures are assumed to grow in size until the gas velocity within them is reduced to the minimum velocity

v= (m/s) required to cause erosion of the fracture surfaces. When Ve is reached at a given distance r from the

borehole, erosion of material from the fractures will cease. Thus, the final (i.e., maximum) fracture porosity @f,(r) at

a distance r from the borehole is given by

@f,(r) = va(r)/ V. =( ABHvB~)/(2rcrHv, ). (4.6.4)

The velocity v, is a property of the waste and its derivation will be discussed later. Given that v, is known, the solid

volume V.$ol(m3) eroded (i.e., spalled) from the fractures is

21T 10
v,o~ =

H
HO – $)+ fe(r)rdrdl =

00

where @is the bulk porosity of the waste

ABHvBHro(l – $) / v,, (4.6.5)

at the time of the intrusion and r. is the equivalent radius (m) of a waste

disposal room. The presence of 1–$ in Eq. (4.6.5) results in the spallings volume V,,)l being taken only from the

solid components of the waste. The porosity $ is obtained from solution of Eqs. (4.2. 1) - (4.2.6) by BRAGFLO and

is a function of intrusion time. Further, in the 1996 WIPP PA, ABH = 4.36 x 10–2 m2 (i.e., ~(rb–rC)2, where rb =

(0.3 11 m)/2 is the drillbit radius and r,, = (0.2032 m)/2 is the drill pipe radius) and r. = 17.1 m (Sect. 7.0, Berglund

1996a).

The volume V,,,l in Eq. (4.6.5) is the volume of solid material removed by spallings. The equivalent volume of

original uncompacted material can be obtained from the equality

Oi=(fi-vfOl)/Y, (4.6.6)

where @iis the original (i.e., uncompacted) porosity of the waste and Vi is the original volume (m3) of material that

gave rise to a spallings release of size V.,(,l. In turn,

(4.6.7)~; = Vwl /(l–$i) = (Af)H~BHro 1 ve)(l–@)/(1–@i).

In the 1996 WIPP PA, radionuclide concentrations were calculated for original uncompacted waste, and so Vi rather

than V~c)lwas used in the determination of the normalized releases due to spallings.
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Two important quantities, Ve and v&Zf,

determination of Ve is described first (Sect.

(Sect. 4.6.3).

4.6.2 Fracture Erosion Velocity

The fracture erosion velocity v, is the

used in the calculation of Vi and V~of remain to be discussed. The

4.6.2) and then followed by a description of the determination of VBH

gas velocity in a fracture required to erode the fracture walls. One

possibility is to define v, to be the terminal velocity of a falling spherical particle as this is the velocity at which the

weight of the particle equals the drag forces on the particle. As discussed by Cheremisinoff and Cheremisinoff

(p. 30, 1984), this results in the relationship

2 4d(P., – Pg )
‘e =

3cD[~e(Ve)]pg ‘
(4.6.8)

where g is the acceleration due to gravity (m/s2), d is the particle diameter (m), p~ is the particle density (kg/m3), pg

is the gas density (kg/m3), and CD[Re(Ve)] is the coefficient of drag and a function of the Reynolds number Re(ve).

In turn, I?,(vJ and CD[Re(Ve)] are defined empirically (p. 406, Fox and McDonald 1973) by

Re(ve)=pgvedlp (4.6.9)

10g~~{C~[RJv~)l ) = 1°g10[24 / ‘e(v,)] if Re(ve) <0.4 (4.6.10)

6
=

E aJloglo Re(ve)f if 0.4< Re(ve)s 2 x 105 (4.6.11)

l=o

= Iog,o(o.2), if Re(ve) 22 x 105 (4.6.12)

where p is the gas viscosity (Pa ● s) and the ai in Eq. (4.6.11) are empirically determined from the relationship given

by Fox and McDonald, using the program GRAPHER, Version 1.23, from Golden Software Inc., Golden CO, to be

(Sect. 7.0, Berglund 1996a)

a. = 1.3918, al = –0.907723, a2 = 0.136371, a3 = 0.0165093

a4 = –0.0285484, a5 = 0.00933281, afj = –0.000897166.

The velocity Vecan then be determined by numerical solution of Eq. (4.6.8) subject to the constraints in Eqs. (4.6.9) -

(4.6.12).
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The use of Eq. (4.6.8) to determine v. results in drag being the only resistance to particle movement. In reality,

the tensile strength of the waste also resists erosion in fractures by flowing gas and should be incorporated into the

derivation of v,. As now described, one way to do this is by replacing the gravity term g in Eq. (4.6.8) by an

effective gravity force gem that derives from both drag and the tensile strength of the waste.

The parting force pf (kg m/s2) on a particle can be expressed as

#L-m_ 4nR)R;gt‘ 3=4p,glR 13,

pa nR2
(4.6.13)

where cr is the tensile strength (kg/ms2), pa is the effective particle area (i.e., nR2) (m), m is the particle mass (kg), R

is the particle radius (m), p~ is the particle density (kg/m3), and gt is the force (kg/ms2) (i.e., the effective

acceleration due to gravity) necessary to generate a particle weight equal to the parting force pf Solution of Eq.

(4.6. 13) for gt then yields

gt =3G/(4p,y R) . (4.6.14)

An effective acceleration due to gravity g,fl(m/s2) that accounts for both drag and tensile strength can now be defined

by

gejf = g+ gt

=g+3~l(4p$R)

(4.6.15)=g+3~P /(4P$R)+3CJC I(4P., R),

with the last equality following from the assumption that CT= CTP+ crc has a component GP resulting from pore water

and a component Oc resulting from intergranular cementation.

The value for g,. in Eq. (4.6.15) was obtained for an unconstrained system. For the determination of spallings

releases, gem will be used for flow in channels. In this situation, it is desirable to add effectiveness factors (Lenke et

al. 1996) to account for the constrained conditions associated with flow in small channels. When this k done, geff

becomes

gefi = Fgeg+3FPe~P J (4P, R)+3%0. /(4 P.yR), (4.6.16)

where Fge, FPe and FCe are empirically-determined effectiveness factors for drag forces, shear strength associated

pore water and shear strength associated with intergranular cementation, respectively (Lenke et al. 1996).

In the 1996 WIPP PA, geff as defined in Eq. (4.6.16) was used instead of g in Eq. (4.6.8) in the numerical

determination of v,. In this determination, the following additional values were also used (Sect. 7.0, Berglund
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1996a): p,, = 2650 kg/m3, p:= 0.0726 kg/m3, p = 9.2 x 10-6 Pa*s, OP = O kg/ms2, crc = 6895 kg/ms2, Fg, = 18.1,

FPe = O, FC, = 1.0, R = d12, and the particle diameter d was an uncertain analysis input (see WPRTDIAM in Sect.

5.2).

4.6.3 Gas Velocity in Borehole

The velocity VBHis given by

!“BH=cMi, (4.6.17)

where C = (KRT,)l’2 is the local sound speed (m/s), T is the absolute temperature (“K), R = 4123 J/(kg s) is the

universal gas constant for hydrogen (p. 541, Obert 1948), K is the ratio of specific heat of hydrogen at constant

pressure to specific heat of hydrogen at constant volume, and Mi is the inlet Mach number (Binder 1958).

In turn, the inlet Mach number is computed based on flow in the borehole annulus with the assumption that the

borehole is free of drilling fluid. Compressible, isothermal flow of a gas in a channel (i.e., the borehole annulus) is

characterized by the following equation (Binder 1958):

where ~ is the friction factor (dimensionless), D is the channel diameter (m), L is the channel length (m), and Pi and

P,, are the inlet and outlet gas pressures (Pa). In this analysis, D is the effective diameter for the borehole annulus

(i.e., the diameter of a circle that has the same area as the borehole annulus).

Due to the difference in D depending on whether flow is in the area of the drill collar or the drill pipe (Fig.

4.5. 1), Eq. (4.6. 18) must be applied over two intervals (i.e., the drill collar and the much longer drill pipe) in the

estimation of Ml for use in the determination of VEH. This division produces the following two equations:

&c/ DC =(l-P~P /P~)(KM~)-’ -21n(Pi /PC_P) (4.6.19)

jLP I DP =(1-P; /P~P)[KM~(~ IPC.P)2(DC /DP)4]-’ -21n(PC_P lP()), (4.6.20)

where LC and LP are the lengths (m) of the drill collar and the drill pipe, DC and DP are the effective diameters (m) for

the annuli associated with the drill collar and the drill pipe, and PC.Pk the gas pressure (Pa) at the interface between

the drill collar and the drill pipe.

The two preceding equations were numerically solved to obtain Mi and PC.P. In this solution, ~ = 0.08, LC =

182.88 m, LP = 472.12 m, DC = 0.2032 m, DP = 0.1143 m, K = 1.41, Pi = pressure (Pa) in waste at time of drilling

4-64



intrusion (obtained from numerical solution of Eqs. (4.2.1) - (4.2.6) by BRAGFLO) and PO equals atmospheric

pressure (i.e., 89465 Pa) or, if applicable, the pressure that corresponds to the condition that the rate of change of

pressure with respect to length is unbounded (i.e., dp/dl + co at the pipe exit) (Sect. 7.0, Berglund 1996a). Once

obtained, Mi is then used in Eq. (4.6.17) to determine VBH.

4.6.4 Additional Information

Additional information on CUTTINGS_S and its use in the 1996 WIPP PA to determine spallings releases can

be found in the CUTTINGS_S users manual (WIPP PA 1996d) and in the analysis package for cuttings and spallings

releases (Berglund 1996a).

4.7 Direct Brine Release to Surface: BRAG FLO_DBR (i.e., ~DB~)

4.7.1 Overview

Direct brine releases are the releases of brine to the surface at the time of a drilling intrusion. Such releases have

the potential to occur when the pressure in the repository at the time of a drilling intrusion exceeds 8 MPa, which is

the pressure exerted by a column of brine-saturated drilling fluid at the depth of the repository (Stoelzel and O’Brien

1996). For repository pressures less than 8 MPa, no direct brine releases are assumed to occur. However, even if

the repository pressure exceeds 8 MPa at the time of a drilling intrusion, a direct brine release is not assured as there

may not be sufficient mobile brine in the repository to result in brine movement to the intruding borehole.

Direct brine releases are determined for the following cases: (1] an initial intrusion into the repository into a

downdip panel, (2) an initial intrusion into the repository into an updip panel, (3) an intrusion into a waste panel that

has been preceded by an El intrusion into the same waste panel, (4) an intrusion into a waste panel that has been

preceded by an E 1 intrusion into a different waste panel, (5) an intrusion into a waste panel that has been preceded

by an E2 intrusion into the same waste panel, and (6) an intrusion into a waste panel that has been preceded by an E2

intrusion into a different waste panel (see Sect. 6.9). To determine releases for the above cases, the direct brine

release calculations use a computational grid that explicitly includes all 10 waste panels (Fig. 4.7.1).

The direct brine releases take place over a relatively short period of time (i.e., 3 to 11 days) following the

drilling intrusion under consideration. The initial value conditions for use in the determination of direct brine

releases are obtained by mapping solutions of Eqs. (4.2. 1) - (4.2.6) obtained with the computational grid in Fig. 4.2.1

onto the grid in Fig. 4.7.1 (Sect. 4.7.2).

In concept, the direct brine release for a drilling intrusion has the form

J‘e

DBR = rDBR(t)dt,
o
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where

DBR = direct brine release (m3) for drilling intrusion,

rDBR(t) = rate (m3) at time t at which brine flows up intruding borehole,

t = elapsed time (s) since drilling intrusion,

te = time (s) at which direct brine release ends.

The definition of rDBR(t) is discussed in Sects. 4.7.3 -4.7.6 and is based on the two-phase flow relationships in Eqs.

(4.2. 1) - (4.2.6) and use of the Poettmann-Carpenter correlation (Poettmann and Carpenter 1952) to determine a
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Fig. 4.7.1. Direct brine release (BRAGFLO_DBR) mesh.
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boundary pressure at the connection between the intruding borehole and the repository. The time teis based on

current drilling practices in the Delaware Basin (Sect. 4.7.7).

4.7.2 Linkage to Solution of Eqs. (4.2.1) - (4.2.6)

The mesh in Fig. 4.7.1 was linked to the mesh in Fig. 4.2.1 by subdividing the waste disposal area in the mesh in

Fig. 4.2.1 into four regions (Fig. 4.7.2). Region 1 represents the farthest updip repository grid blocks in Fig. 4.2.1

that contained waste. Region 4 represents the farthest downdip repository grid blocks in Fig. 4.2.1 that contained

waste and thus corresponds to the downdip waste panel. Similar subdivisions are made for regions 2 and 3. The

linkage between the solutions to Eqs. (4.2. 1) - (4.2.6) and the direct brine release calculations was made by assigning

properties calculated by BRAGFLO for each region in Figure 4.2.1 to the corresponding waste region in Fig. 4.7.1.

The height of the grid in Fig. 4.7.1 was assigned a value that corresponded to the crushed height h (m) of the

waste as predicted by the solution of Eqs. (4.2. 1) - (4.2.6). Specifically,

Refined BRAGFLO_DBR grid geometry Representation of waste area in BRAGFLO grid

(not to scale)

TRI-6342-5720-0

Fig. 4.7.2. Representation of coupling between grids in Figs. 4.2.1 and 4.7.1 to obtain initial conditions for direct
brine release calculation at each intrusion time.
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h=h~(l-$i)/(l -$), (4.7.2)

where hi and $i are the initial height (m) and porosity of the waste and @is the volume-averaged porosity of the waste

at the particular time under consideration as predicted by the SANTOS calculations (Sect. 4.2.3). The areas

designated panel seals, DRZ and impure halite in Fig. 4.7.1 were assigned the same pressures and saturations as the

corresponding waste areas and were assigned porosities that resulted in a conservation of the initial pore volumes

used for these areas in the solution of Eqs. (4.2. 1) - (4.2.6) on the grid in Fig. 4.2.1 (Table 4.7.1). Specifically, the

pore volumes associated with the panel seals, DRZ and impure halite do not change with time, with this constancy

implemented by the definitions of $(x, y, O) in the lower half of Table 4.7.1.

4.7.3 Conceptual Representation for Flow Rate rDBR(t)

The driving force that gives rise to the direct brine release DBR is the difference between waste panel pressure,

P~ (pa)> and the flowing bottomhole pressure in the borehole) PW~(pa)> at the time of the intrusion. The flowing

bottomhole pressure pWp defined as the dynamic pressure at the inlet of the intruding borehole to the waste panel, is

less than the static pressure pw due to elevation, friction and acceleration effects. The rate at which brine and gas are

transported up the intruding borehole is determined by the difference pW – pwf and a productivity index JP for the

intruded waste panel (p. 79, Mattax and Dalton 1990):

(4.7.3)

where

9P(0 = flow rate (m3/s) at time tfor phase p (p = b - brine, p = g - gas),

.IP = productivity index (m3/Pas) for phase p,

and PW and pwf are defined above. As indicated by the inclusionfexclusion of a dependence on t,the terms JP and pWf

are constant during the determination of qp (t) for a particular drilling intrusion in the present analysis, and pW(t)

changes as a function of time.

The determination of JP is now discussed. Then, the numerical determination of pW and DBR is discussed in

Sect. 4.7.4, and the determination of pwf is discussed in Sects. 4.7.5-4.7.6. In concept, the direct brine release DBR

is given by

J

fe
DBR = ‘erDBR(t )dt =

J[ 1Jb Pw(f)– Pwf dt
o 0

(4.7.4)
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Table 4.7.1 Initial Definition (i.e., Initial Value Conditions) for Brine Pressure pb (x, y, O), Gas Saturation

Sg (x, y, O) and Porosity $ (x, y, O) for Computational Grid in Fig. 4.7.1, where (x, y)

Designates a Point in the Grid and t = O yr Corresponds to Time at which Drilling Intrusion

Occurs

Values for pb (x, y, O) and Sg (.x,y, O)

Sx (x, y, o) = J JRSg(2’;’’int)dv1 Rdv

where ~b and ix denote solutions to Eqs. (4.2.1 - (4.2.6), 2 and j denote the variables of integration, ti)lr is the

time at which the drilling intrusion occurs (Note: tinr defines a time in the solution of Eqs. (4.2. 1) - (4.2.6); t = O

defines the start time for the direct brine release calculation and corresponds to tir,r in the solution of Eqs. (4.2, 1) -

(4.2.6)), and R corresponds to the region in the computational grid for BRAGFLO that is mapped into the region in

the computational grid for BRAGFLO_DBR that contains the point (x, y) (Fig. 4.7.2)

Values for $ (x, y, O)

o (-L y, 0) = 1 – hi (1 – @WP,~)/h(ti~~) (x, y) in waste panel in Fig. 4.7.1

= ‘DRZ,i ~DRZ,il ‘(tint) (x, y) in DRZ in Fig. 4.7.1

= ‘rp,$,j 41’s,i~ ‘Z(ti,,f) (x, y) in panel seal in Fig. 4.7.1

= hH,iOH,) h(tint) (x, y) in undisturbed halite in Fig. 4.7.1

where hi is initial height of waste panels (3.96 m), $Wp,i is initial porosity of waste panels (0.848), h(tino is height of

repository at time of intrusion (typically 1 to 1.5 m; corresponds to h in Eq. (4.7.2)), hDRZ,i is initial height for DRZ

that results in DRZ in Fig. 4.7.1 having the same pore volume as the initial pore volume of the DRZ in Fig. 4.2.1

(8.98 m), $DRz,l is initial porosity of DRZ (0.01 29) (Note: h~Rz,l ADRZ ~~RZ,l is equal to pore volume of DRZ in

Fig. 4.2,1, where ADRZ is area associated with DRZ in Fig. 4.7.1), hps,i is initial height of panel seals (3.96 m), @ps,i

is initial porosity of panel seals (0.075) (Note: hp~,l Aps $Ps,i is equal to pore volume of panel seals in Fig. 4.2.1,

where Aps is area associated with panel seals in Fig. 4.7. 1), h~, i is initial height of undisturbed halite in Fig. 4.7.1

(arbitrarily taken to be same as h~Rz,l, which is 8.98 m), and ~H,i is initial porosity of halite (0.01) (Note: due to its

low permeability (3. 16 x 10-23 m2), undisturbed halite has little effect on results calculated over a short time period

with the computational grid in Fig. 4.7.1 and so no effort was made to preserve halite pore volume when mapping

from the computational grid in Fig. 4.2.1 to the computational grid in Fig. 4.7.1).
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once JP, PW and pWf are determined. The associated gas release is given by the corresponding integral with Jg rather

than Jb. In the computational implementation of the analysis, DBR is determined as part of the numerical solution of

the system of partial differential equations that defines pW (Sect. 4.7.4).

In a radial drainage area with uniform saturation, which is assumed to be valid throughout the direct brine

release, the following representation for JP can be determined from Darcy’s law (p. 79, Mattax and Dalton 1990;

Williamson and Chappelear 1981, Chappelear and Williamson 1981):

kkvh
JP =

uP[ln(r, /rW)+~+Cl’
(4.7.5)

where

k = absolute permeability (assumed to be constant through time at 1.7 x 10-13 m2),

kW = relative permeability to phase p (calculated with modified Brooks-Corey model in Eqs. (4.2.10) -

(4.2. 11) and brine and gas saturations, Sg and Sb, obtained by mapping solutions of Eqs. (4.2. 1) -

(4.2.6) obtained with grid in Fig. 4.2.1 onto grid in Fig. 4.7. 1),

h = crushed panel height (Eq. (4.7.2)),

pp = viscosity of fluid phase (assumed to be constant through time with ~b = 1.8 x 10-3 Pas, and pg =

8.92 x 10-6 Pas (Kaufmann 1960)),

re = external drainage radius (for use with the rectangular gridblocks in Fig. 4.7.1, re is taken to be the

equivalent areal radius; see Eq. (4.7.6)),

rw = wellbore radius (assumed to be constant through time at 0.1556 m (Table 14.7, Gatlin 1960)),

c = –0.50 for pseudo steady-state flow,

s = skin factor, which is used to incorporate flow stimulation caused by spallings release (see Eq.

(4.7.7)).

In the present analysis,

re = (10)(32.7)/n = 10.2 m (4.7.6)

results from the gridblock dimensions of 10 m x 32.7 m for the gridblock in Fig. 4.7.1 that contains the downdip

borehole.

The skin factor s is derived from the spallings release through the following petroleum engineering well testing

relationship (pp. 5-7, Lee 1982):
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‘=(:-1)’”(%) (4.7.7)

where

k. =

r.? =

permeability (m2) of an open channel as a result of spallings releases (assumed to be infinite),

effective radius (m) of the wellbore with spallings volume removed.

The effective radius r,, is obtained by converting the spallings volume release Vi in Eq. (4.6.7) into an equivalent

areal release Ai through the relationship

Ai = Vi/ht. (4.7.8)

Then.

r,= ~Ai Ix,

and substitution of r~ into Eq. (4.7.7) with k$ = co yields

s=–ln[~~/rW],

which is used as the skin factor in the calculation of direct brine releases.

4.7.4 Determination of Waste Panel Pressure pW(r)and Brine Release DBR

The repository pressure pw(t)in Eq. (4.7.4) after a drilling intrusion is determined with the same system of

nonlinear partial differential equations discussed in Sect. 4.2. Indeed, what is referred to as the BRAGFLO_DBR

program is actually the BRAGFLO program used with the computational grid in Fig. 4.7.1 and assumptions (i.e.,

parameter values, initial value conditions, and boundary value conditions) that are appropriate for representing brine

flow to an intruding borehole over a relatively short time period immediately after the intrusion (i.e., 3-11 days).

Due to the short time periods under consideration, the model for direct brine release does not include gas generation

due to either corrosion or microbial action and also does not include changes in repository height due to creep

closure. Further, to stabilize the calculation and thus allow longer time steps in the numerical solution, the capillary

pressure was assigned a value of O Pa in all modeled regions (Fig. 4.7.1); in the analysis of the full system in Sect.

4.2, capillary pressure had a value of O Pa in the waste regions and the DRZ but a nonzero value in the panel seals

(Table 4.2.3). Use of a capillary pressure of O Pa results in the brine pressure pb (x, y, 0 and the gas pressure pg (x,

y, t) being equal, with the pressure pw(t)in Eq. (4.7.4) given by

PW(t) = pb (~>Y, t).

(4.7.9)

(4.7.10)

(4.7.11)
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Although the determination of DBR can be conceptually represented by the integral in Eq. (4.7.1), in the numerical

implementation of the analysis DBR is determined within the numerical solution of the system of partial differential

equations that defines pb (x, y, t).

With the specific assumptions for direct brine release, Eqs. (4.2.1) - (4.2.6) become

Gas Conservation

Brine Conservation v.

[ 1‘pbKbkrb(v~b+f)bgvh) = ~ a‘“;;sb)
~b

Saturation Constraint Sx+Sb=l

Capillary Pressure Constraint O=Pg–pb

Gas Density pg determined by Redlich-Kwong-Soave equation of state (Eq. (4.2.30))

Brine Density pb = PO exp[h(pb - PbO)]

Formation Porosity ~ = @O‘xp[~f(pb - PbO)]

with all symbols having the same definitions as in Eqs. (4.2.1) - (4.2.6).

(4.7.12)

(4.7.13)

(4.7.14)

(4.7.15)

(4.7.16)

(4.7.17)

The same parameter values described in Sect. 4.2 for the waste regions, panel seals and DRZ are used with Eqs.

(4.7. 12) - (4.7. 17) to model direct brine releases with the following exceptions: a is a function of the computational

grid and is determined by the outcome of the calculations described in Sect. 4.2 (i.e., a = h as defined in Eq. (4.7.2)),

the pore distribution parameter k used in the definition of /crgand krb (see Eqs. (4.2.10) - (4.2. 11)) is assigned a value

of 0.7 for the waste regions, panel seals and DRZ (values of k = 0.7, 0.94 and 2.89 were used for the waste regions,

panel seals and DRZ in the calculations described in Sect. 4.2), and the initial porosity $0 and initial pressure Pbo

were set on the basis of the calculations described in Sect. 4.2 (Sect. 4.7.2). In particular, the intrinsic permeability k

used in the definitions of Kg and Kb (Eq. (4.2.28)) is given by k = 1.7 x 10–13 m2, 1.0 x 10–15 m2 and 1.0 x 10–15

m2 in the waste regions, panel seals and DRZ, respectively, and the relative permeabilities krg and krb are defined in

Eqs. (4.2.10) - (4.2.11). The uncertain parameters WRBRNSA T (-sbr) and WRGSSAT (-Sgr) (see Sect. 5.2) directly

enter the direct brine release calculations through the definitions ofpc, /crgand krb in Eqs. (4.2.9) - (4.2.14).

The primary differences between the BRAGFLO calculations described in Sect. 4.2 and the BRAGFLO_DBR

calculations described in this section are in the computational meshes used (i.e., the mesh in Fig. 4.7.1 for the
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solution of Eqs. (4.7.12) - (4.7.17) and the mesh in Fig. 4.2.1 for the solution of Eqs. (4.2.1) - (4.2.6), the initial

values used (Table 4.7. 1), and the boundary values used (Table 4.7.2). In particular, the appropriate assignment of

boundary value conditions is used to incorporate brine and gas flow associated with intruding boreholes into the

model. Specifically, brine flow up an intruding borehole is incorporated into Eqs. (4.7.12) - (4.7.17) by using the

Poettmann-Carpenter wellbore model to determine the pressure at the outflow point in a waste panel (Fig. 4.7. 1),

with this pressure entering the calculation as a boundary value condition (Table 4.7.2). The details of this

determination are discussed in Sect. 4.7.5. Further, should a calculation involve a prior El intrusion, the effects of

this intrusion are also incorporated into the analysis as a pressure specified as a boundary value condition (Table

4.7.2). The determination of this pressure is discussed in Sect. 4.7.6.

For perspective, the following provides a quick comparison of the assumptions that underlie the solution of Eqs.

(4.2. 1) - (4.2.6) on the mesh in Fig. 4.2.1 (i.e., the BRAGFLO mesh) and the solution of Eqs. (4.7. 12) - (4.7.17) on

the mesh in Fig. 4.7.1 (i.e., the BRAGFLO_DBR mesh): (1) The BRAGFLO_DBR mesh is defined in the areal

plane with the z-dimension (height) one element thick; the BRAGFLO mesh is defined as a cross-section, with

multiple layers in height and the thickness (y-dimension) one element thick. (2) The BRAGFLO_ DBR model

represents flow only in the waste area. The BRAGFLO model includes the surrounding geology as well as the entire

WIPP excavation (including operations, experimental, and shaft regions). (3) Local scale heterogeneities are

Table 4.7.2. Boundary Value Conditions for pb and SK in Solution of Eqs. (4.7.12) - (4.7.17) with

Computational Grid in Fig. 4.7.1 (see Tables 4.2.9, 4.2.1 O)

(.x,y) on Upper (Northern) or Lower (Southern) Boundary in Fig. 4.7.1,0< t

(VPg + pg gvk)ltx, ~, ~)” i = O Pa/m no gas flow condition

(Vpb + Pb gv~)l(x, y, ,) ● j = o Pa/m no brine flow condition

(x, y) on Right (Eastern) or Left (Western) Boundary in Fig. 4.7.1,0 S ?

(VPg + PgL?Vh)ltX,~,~)“ i = OPa/m no gas flow condition

(Vpb + Pb gv~)l(x, y, ~)● i = o Pa/m no brine flow condition

(x, y) at Location of Drilling Intrusion under Consideration (see indicated points in Fig. 4.7.1), O S t

pb (~, y, ~)=hf (see sect. 4.7.5)

(x, y) at Location of Prior Drilling Intrusion into Pressurized Brine (see indicated point in Fig. 4.7.1), 0< t

Pb (L Y, t)= P~EI (see Sect. 4.7.6)
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included in the BRAGFLO_ DBR model, including the salt pillars, rooms, panel seals, and passageways which

contain waste. These are not fully represented in the BRAGFLO mesh. (4) The BRAGFLO_ DBR mesh uses

constant thickness, while BRAGFLO rectangularly flares the element thickness to account for 3-dimensional

volumes in a 2-dimensional grid (Fig. 4.2.2). (5) The DRZ is included in both models, but exists above and below

the excavated regions in the BRAGFLO model, whereas the DRZ surrounds the waste rooms on the sides for the

BRAGFLO_ DBR model. (6) Both models include a one degree formation dip through the excavated regions (Eq.

4.2.8).

4.7.5 Boundary Value Pressure pWj

The boundary value pressure pWf at the inlet of the intruding borehole is defined by a system of equations of the

following form:

dp/dh = F {qb[p(0)], qgb(o)l, p(h), h), 0 S h S 655 m (4.7.18)

p(655) = 1.013 x 105 Pa (4.7.19)

qb[p(o)] = ~b[pw – P(O)I (4.7.20)

9ghml = Jg[Pw – ml) (4.7.21)

where p(h) is pressure (Pa) at elevation h (m) in the borehole with h = O m corresponding to the entry point of the

borehole into the waste panel and h = 655 m corresponding to the land surface (Fig. 4.7.3), F is a function (Pa/m)

characterizing the change of pressure with elevation in the borehole, p(655) is an initial value condition requiring

that pressure at the land surface (i.e., the outlet point of the borehole) be equal to atmospheric pressure, qb~(())] and

q&p(0)] define brine and gas flow rates (m3/s) into the borehole (see Eq. (4.7.3)), ~b and Jg are productivity indexes

(m3/Pas) (see Eq. (4.7.5)), and pW is the pressure (Pa) in the repository at the time of the drilling intrusion.

The boundary value pressure pwf is defined by

Pwf= P(o). (4.7.22)

Thus, pWf is determined by the numerical solution of Eq. (4.7.18) for p(0) subject to the constraints in Eqs. (4.7.19) -

(4.7.21).

The pressure pW corresponds to the pressure pW(0) in Eq. (4.7.11) and is obtained from the solution of Eqs.

(4.2.1) - (4.2.6) with the computational grid in Fig. 4.2.1 (see Sect. 4.7.2). The production indexes ./b and .Jg are

defined in Eq. (4.7.5). Thus, the only quantit y remaining to be specified in Eqs. (4.7. 18) - (4.7.2 1) is the function F.
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Fig. 4.7.3. Borehole representation used for Poettmann-Carpenter correlation.

Brine and gas flow up a borehole is governed by complex physics dependent on frictional effects and two-phase

fluid properties. This phenomena has been widely studied in the petroleum industry and many modeling procedures

(i.e., empirical correlations) have been developed to predict flow rates and pressures in vertical two-phase pipe flow

(i.e., to define F in Eq. (4.7.18)) (Brill and Beggs 1986). For this analysis, the Poettmann-Carpenter model

(Poettmann and Carpenter 1952, Welchon et al. 1962) was used to define F because it accounts for multi-phase

frictional effects based on empirical (i.e., field) data from flowing wells, is one of the few modeling approaches that

included annular flow data in its development, and is relatively easy to implement. Specifically, the poettmann-

Carpenter model defines F by

F{qb[p(0)], qg[P(o)]> P(h),h) = gin(h) + f’{m(h)>D(h),qb[ p(o)] }gm(h)F2(h) / D5(h), (4.7.23)

where

g = acceleration due to gravity (9.8 m/s2)

m(h) = density (kg/m3) of fluids (i.e., gas and brine) in wellbore at elevation h (Note: m(h) is a

function of qb[P(())] and qg[p(o)]; see Eq. (4.7.24) below),
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.f’{nr(h), D(h)qb[p(0)] ) = empirically defined scale factor (m/s2) (Note: ~’ is the scale factor in the Poettmann-

Carpenter model for fluid flow in a wellbore (Poettmann and Carpenter 1952); see discussion

below),

F(h) = flow rate (m3/s) of fluids (i.e., gas and brine) in wellbore at elevation h (Note: F(h) is a

function of qb [p(O)] and qg [p(O)]; see Eq. (4.7.25) below),

D(h) = effective diameter (m) of wellbore (see Eq. (4.7.28) below).

The first term, grn(h), in Eq. (4.7.23) results from the contribution of elevation to pressure; the second term results

from frictional effects (Poettmann and Carpenter 1952). The original development of Eq. (4.7.23) (Poettmann and

Carpenter 1952) and also the numerical implementation in the 1996 WIPP PA (Stoelzel and O’Brien 1996) used

oilfield units. However, for consistency with the other model descriptions in this presentation, the terms in this

equation are given in S1 units.

The fluid density m(h) at elevation h is given by

m(h) = {qb[p(0)]pb[p(O)] + qg[p(0)]pX[p(O)] } / F(h), (4.7.24)

where

F(h) = qb[p(o)l + [z.(h)p(h) / p(o)lqx[p(o)l, (4.7.25)

pb[p(0)] = density (kg/ms) of brine at pressure p(0) and temperature 300. 1°K, which is fixed at 1230 kg/m3,

pK[p(0)] = density (kg/ ms) of H2 at pressure p(0) and temperature 300. l°K (see Eq. (4.7.26) below),

z(h) = z-factor for compressibility of H2 at elevation h (Note: z(h) is a function of p(h); see Eq. (4.7.27)
below), and qb[p(0)] and qg[p(0)] are defined in Eqs. (4.7.20) and (4.7.21).

The gas density in Eq. (4.7.24) is obtained from the universal gas law, PV = nRT, by

P~[P@)l = cm,k~(~ i W = Cm,kg(p 1 ~~)) (4.7.26)

where n 1s the amount of gas (mol) in a volume V, cm,k~ is the conversion factor from moles to kilograms for H2

(i.e., 2.02 x 10-3 kg/mol), P = p(0), R = 8.3145 kg m2/mo10K S2, and T= 300. I”K. The z-factor is given by

z(h) = 1+ (8.54x 10-8 Pa-* )p(h) (4.7.27)
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and was obtained from calculations performed with the SUPERTRAPP program (Ely and Huber 1992) for pure H2

and a temperature of 300.1 “K (Fig. 4.7.4, Stoelzel and O’Brien 1996). The preceding approximation to z(lz) was

obtained by fitting a straight line between the results for pressures of O psia and 3000 psia and a hydrogen mole

fraction of 1 in Fig. 4.7.4 of Stoelzel and O’Brien (1996); the actual calculations used the more complex, but

numerically similar, regression model given in Fig. 4.7.4 of Stoelzel and O’Brien (1996). The numerator and

denominator in Eq. (4.7.24) involve rates, with the time units canceling to give m(h) in units of kg/m3.

The effective diameter D(h) in Eq. (4.7.23) is defined with the hydraulic radius concept. Specifically,

(4.7.28)D5(h) = [Di(h) + DO(h.)]2[Di(h) - ‘~,(h)]3 ,

where Di(h) and D()(h) are the inner and outer diameters (m) of the wellbore at elevation h(m) (see Fig. 4.7.3).

The factor ~’ in Eq. (4.7.23) is a function of m(h), D(h) and qb[p(0)]. In the original development by

Poettmann and Carpenter (Fig. 4, 1952), ~’ is defined in terms of quantities commonly used to measure production

from oil and gas wells (Note: Poettmann and Carpenter use the symbol ~ rather than the symbol ~’ used in many

subsequent treatments). The result is that f‘ is expressed in quantities that are unfamiliar outside of the oil and gas

industry. For clarity, Eq. (4.7.23) and the quantities contained in it are expressed in S1 units. However, to allow use

of the original correlations developed by Poettmann and Carpenter to define ~’, the calculations within the 1996

WIPP PA (Stoelzel and O’Brien 1996) were performed in the same oilfield units originally used by Poettmann and

Carpenter.

The following iterative procedure based on Euler’s method was used to approximate solutions to Eqs. (4.7.

(4.7.21) for P(O):

Step 1. Make initial or updated estimate of p(0) as appropriate. (Initial guess for p(0) is midpoint pw./

8) -

! of

interval [0, pW], where pW is the pressure in the repository at the time of the drilling intrusion used in Eqs. (4.7.20,

(4.7.2 1). Next guess for p(0) is at midpoint of [0, pWJ2] or [pW/2, pw] depending on whether resultant approximation

to p(655) is above or below atmospheric pressure. Subsequent guesses for p(0) are made in a similar manner.

Step 2. Use p(0), known values for ./b, Jg and pw, and Eqs. (4.7.20) - (4.7.21) to determine qb[p(())] and

9g[P@)l.

Step 3. Use Euler’s method with Ah = 25 ft = 7.62 m and appropriate changes in annular diameter (Fig. 4.7.3) to

determine p(655) [i.e., p(h + Ah) = p(h) + F {qb[p(o)]! qg[p(o)l, p(~)t h)A~l.

Step 4. Stop if p(655) is within 0.07% of atmospheric pressure (i.e., if 11.013 x 105 Pa – p(655)l s 71 Pa).

Otherwise, return to Step 1 and repeat process.
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The preceding procedure is continued until the specified error tolerance (i.e., 0.07%) has been met or 26

iterations have been performed. If the specified error tolerance has not been met after 26 iterations, the procedure is

repeated with the error tolerance increased to. 5 ‘ZO.

The computational design of the 1996 WIPP PA had the potential to require 15,600 separate direct brine release

calculations (Sect 6.9). In concept, each of these cases requires the solution of Eqs. (4.7. 18) - (4.7,21) with the

iterative procedure just presented to obtain the boundary value condition pWf= p(0) for use in conjunction with Eqs.

(4.7. 12) - (4.7. 17) (Table 4.7.2). To help hold computational costs down, Eqs. (4.7. 18) - (4.7.21) were solved for

P(O) for approximately 2000 randomly-generated vectors of the form

(4.7.29)V = [jJw, h, s~r, ~gr, Sb! Ail)

where pW is the repository pressure (used in definition of qb[p(0)], qg[p(0)] in Eqs. (4.7.20), (4.7.21)), h is the

crushed height of the repository (used in definition of JP in Eq. (4.7.5)), Sbr and Sgr are the residual saturations for

gas and brine in the repository (used in definition of kv in Eq. (4.7.5)), .$b is the saturation of brine in the repository

(used in definition of krp in Eq. (4.7.5)), and Ai k the equivalent area of material removed by spallings (used in

definition of skin factor s in Eq. (4.7.10)). The outcomes of these calculations were divided into three cases:

(1) mobile brine only (i.e., krg = O in Eq. (4.2.11)), (2) brine-dominated flow (i.e., log (k,~krb) S O), and (3) gas-

dominated flow (i.e., log (kr~krb) > O). Then, regression procedures were used to fit algebraic models that can be

used to estimate p(0) (Figs. 4.7.4- 4.7.6). These regression models were then used to determine p(0), and hence pWf

in the 1996 WIPP PA.
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Fig. 4.7.4. Flowing bottom hole pressure (FBHP) (i.e., PW1in Eq. (4.7.22)) as a function of brine well index (i.e.,
Jb in Eq. (4.7.5)) and panel pressure for a system with only mobile brine (i.e., krg = O) (Fig. B 1,
Stoelzel and O’Brien 1996).
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Fig. 4.7.5. Flowing bottom hole pressure (FBHp) (i.e., pw~ in %. (4.7.22)) as a function of relative Permeabilities
and panel pressure for a brine dominated system (i.e., log (k,~krb) SO) (Fig. B2, Stoelzel and O’Brien

1996).

Fig. 4.7.6. Flowing bottom hole pressure (FBHp) (i.e., p~~ in Eq. (4.7.22)) as a function of relative Permeabilities
and panel pressure for a gas dominated system (i.e., log (kt.g/krb) > O) (Fig. B3, Stoelzel and O’Brien

1996).
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4.7.6 Boundary Value Pressure pWE1

Some of the calculations for direct brine release are for a drilling intrusion that has been preceded by an El

intrusion in either the same waste panel or a different waste panel (Sects. 4.7.1, 6.9). The effects of these prior El

intrusions are incorporated into the solution of Eqs. (4.7. 12) - (4.7.17), and hence into the direct brine release DBR,

by the specification of a boundary pressure pWEl at the location of the El intrusion into the repository (Table 4.7.2).

Two cases are considered for the definition of pW~l: (1) an open borehole between the brine pocket and the

repository, and (2) a borehole between the brine pocket and the repository filled with material with properties similar

to silty sand. The first case corresponds to the situation in which the drilling intrusion under consideration has

occurred within 200 yr of a prior drilling intrusion that penetrated the pressurized brine pocket, and the second case

corresponds to the situation in which the drilling intrusion under consideration has occurred more than 200 yr after a

prior drilling intrusion that penetrated the pressurized brine pocket (Table 4.2.8).

Case 1: Open Borehole. A derivation follows for the flowing well pressure at the inlet to the repository

associated with a drilling intrusion that penetrates the repository and a brine pocket under the assumption that an

open borehole exists between the brine pocket and the repository. The value for this pressure is then assigned to

PWE1for the case under consideration (Table 4.7.2). This determination is made by developing a system of equations

of the following form:

Q ‘.fI(pBp>pWyBP) (4.7.30)

Q ‘h @wfi3P~Pw@I) (4.7.31)

Q ‘-f3 (I%PJ PwjzIo) (4.7.32)

where

pBP = pressure (Pa) in brine pocket,

Pw@P = flowing well pressure (Pa) at outlet from brine pocket,

PwpI = flowing well pressure (Pa) at inlet to repository from brine pocket,

Pwfl?o = flowing well pressure (Pa) at outlet from repository due to intruding borehole (Note: The

boreholes associated with pwml and pW@o arise from different drilling intrusions and hence are

at different locations; see Fig. 4.7. 1),

Q = brine flOW rate (m3/s) from brine pocket to repository, through repository, and then to surface,
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and fl, j2 and f3 are linear functions of their arguments. In the development, pBP and pWf10 are assumed to be

known, with the result that Eqs. (4.7.30) - (4.7.32) constitute a system of three linear equations in three unknowns

(i.e., PWjIIP)PWflI, Q) that can be solved to obtain pWfBL In the determination of pWfll = pWEl for use in a particular

solution of Eqs. (4.7. 12) - (4.7.17), PEp is the pressure in the brine pocket at the time of the intrusion obtained from

the solution of Eqs. (4.2.1) - (4.2.6) with BRAGFLO, and pWPo is the flowing well pressure obtained from

conditions at the time of the intrusion (from the solution of Eqs. (4.2. 1) - (4.2.6)) and the solutions of the Poettmann-

Carpenter model embodied in Figs. 4.7.4-4.7.6. (i.e., given pressure, krg and krb at the time of the intrusion from the

solution of Eqs. (4.2.1) - (4.2.6) with BRAGFLO and .fb from both the solution of Eqs. (4.2.1)- (4.2.6) with

BRAGFLO and the evaluation of the spallings release with CUTTINGS_S, pWPO is determined from the regression

models indicated in Figs. 4.7.4- 4.7.6).

The definition of Eqs. (4.7.30) - (4.7.32) is now discussed. Eq, (4.7.30) characterizes flow out of the brine

pocket into an open borehole and has the form (Williamson and Chappelear 1981, Chappelear and Williamson

1981):

( kBPhBP
Q=

)( pBP ‘pwfBP
V[ln(reEp / rW) – 0.5] 1 (4.7.33)

where

kBp = brine pocket permeability (m2),

hEp = effective brine pocket height (m),

‘eBP = effective brine pocket radius (m),

rw = wellbore radius (m),

~ = brine viscosity (Pa s).

In the present analysis, kBp is an uncertain analysis input (see BPPRM in Sect. 5.2), hBp = 12.34 m (Stoelzel and

O’Brien 1996), reEp = 114 m (Stoelzel and O’Brien 1996), which corresponds to the size of the largest brine pocket

that could fit under one waste panel, rW= (8.92 1 in) /2 = O.1133 m, which is the inside radius of a 9 5/8 in outside

diameter casing (Table 14.7, Gatlin 1960), w = 1.8 x 10-3 Pa s, and pEp k determined from the solution of Eqs.

(4.2. 1) - (4.2,6) as previously indicated.

Eq. (4.7.31) characterizes flow up an open borehole from the brine pocket to the repository and is based on

Poiseuille’s Law (Eqs. 7-21,7-22, Prasuhn 1980). Specifically, Eq. (4.7.31) has the form
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[
Q= ‘D4

128P(YBP – Y~~p) ][( )pwfBP – Pw@I + gp(yrep – yBP )] (4.7.34)

where

D=

Yrep =

yBP =

g=

P=

wellbore diameter (m),

elevation of repository (m) measured from surface,

elevation of brine pocket (m) measured from surface,

acceleration due to gravity (9.8 m/s2),

density of brine (kg/m3),

and the remaining symbols have already been defined.

In the present analysis, D = 2rw = 0.2266 m, p = 1230 kg/m3, and yreP - yBp = 247 m. With the preceding

values,

128P(YBP – Yrep)/~D4 = 6.87 x 103 Pa s/m3 (4.7.35)

gP6’tzP - YBP) = -2.98 x 106 Pa. (4.7.36)

Thus,

PwpI = PwpP -2.98x106 Pa

when Q is small (S 0.1 m3/s). When

solutions to Eqs. (4.7.30) - (4.7.32).

(4.7.37)

appropriate, this approximation can be used to simplify the construction of

Eq. (4.7.32) characterizes flow from the brine pocket inlet point to the repository to the outlet point associated

with the drilling intrusion under consideration and has the same form as Eq. (4.7.33). Specifically,

[

kr,phreP

1
( )pwfBI – pwfBO ,Q = p[ln(re,rep / rw ) -0.51

(4.7.38)

where

k rep = repository permeability (m2),
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h rep = repository height (m),

‘e, rep = effective repository radius (m),

and the remaining symbols have already been defined. In the present analysis, krep = 1.7 x 10-’3 m2; hrep at the time

of the drilling intrusion under consideration is obtained from the solution of Eqs. (4.2, 1) - (4.2.6) (see Eq. (4.7.2));

and re rep is the same as the radius re defined in Eq. (4.7.6) (i.e., re,rep = 10.2 m). As previously indicated, pW@o is

obtained from the solutions to the Poettmann-Carpenter model summarized in Figs. 4.7.4-4.7.6.

Three equations (i.e., Eqs. (4.7.33), (4.7.34) and (4.7.38)) in three unknowns (i.e., PWPP, Pwflr and Q) have now

been developed. Solution is straight forward (e.g., use Cramer’s Rule or a simple numerical procedure). It is the

solution for pW@l that is of primary interest because pWfll defines the initial value pW~l in Table 4.7.2. When the

simplification in Eq. (4.7.37) is used, the resultant solution for pWP1 is

PwjBI = (pw@10 + KIPBP –2.9t3x~06 KI )/(l+KI ),

where

K, = {kEph~p ln[(re,,ep / rw ) - 0.5] ) / {krePh,ep ln[(reBP / rW~

and –2.98 x 106 comes from Eq. (4.7.36). The expression in Eq. +

(4.7.39)

- 0.5] ) (4.7.40)

4.7.40) was used to define pWE1 in the 1996 WIPP

PA in the determination of direct brine releases for a drilling intrusion that occurred within 200 yr of a preceding El

intrusion (see Table 4.2.8).

Case 2: Sand-Filled Borehole. The determination of the pressure pwfll with the assumption that a borehole

filled with material with properties similar to silty sand connects the brine pocket and the repository is now

considered. The approach is similar to that used for the open borehole except that Eqs. (4.7.30) - (4.7.31) are

replaced by a single equation based on Darcy’s Law. Specifically, flow from the brine pocket to the repository is

represented by

Q = kBHABH[(p~yzw -pw~~)+gP(yreP ‘YBP)]/[P(Yzw -YreP)l, (4.7.41)

where

kBH = borehole permeability (m2),

AB~ = borehole cross-sectional area (m2),
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and the remaining symbols have been defined previously. In the present analysis, kBH is an uncertain input (see

BHPRM in Sect. 5.2) and ABH is defined by the assumption that the borehole diameter is the same as the drillbit

diameter (i.e., 12.25 in. = 0.311 m).

The representation for flow from the brine pocket inlet point to the repository to the outlet point associated with

the drilling intrusion under consideration remains as defined in Eq. (4.7.38). Thus, two equations (i.e., Eqs. (4.7.41)

and (4.7.38)) and two unknowns (i.e., pWfB/and Q) are under consideration. Solution for pWP1 is straight forward

and yields

PW@I ‘(PWPO +K2PBP –2.98x106K2 )J(1+K2)!

where

K2 = nkBHr~ [h(reEp / rW) – o.5] I [h,,pk~ep (YBP – Yrep)1

(4.7.42)

(4.7.43)

and –2.98 x 106 comes from Eq. (4.7.36). The expression in Eq. (4.7.42) was used to define pWE1 in the

determination of direct brine releases for a drilling intrusion that occurred more than 200 yr after a preceding El

intrusion (see Table 4.2.8).

4.7.7 End of Direct Brine Release r,

The 1996 WIPP PA involved 15600 cases that potentially required solution of Eqs. (4.7. 12) - (4.7.17) to obtain

the direct brine release DBR (Sect. 6.9). However, the direct brine release was set to zero without solution of Eqs.

(4.7. 12) - (4.7. 17) when there was no possibility of a release (i.e., the intruded waste panel at the time of the

intrusion had either a pressure less than 8 MPa or a brine saturation below the residual brine saturation Sbr, which

was defined by the uncertain analysis input WRBRNSAT (Sect. 5.2)).

For the remaining cases, Eqs. (4.7.12) - (4.7.17) were solved for a time period of 50 days, although the value

used for tewas always less than 50 days. The minimum value used for te was 3 days, which is an estimate of the time

required to drill from the repository through the Castile Formation and then cement the intermediate casing. If there

is little or no gas flow associated with brine inflow into the borehole during drilling in the Salado Formation, current

industry practice is to allow the brine to “seep” into the drilling mud and be discharged to the mud pits until the salt

section is cased.

If there is a significant amount of gas flow, then it is possible that the driller will lose control of the well. In

such cases, direct brine releases will take place until the gas flow is brought under control. Two possibilities exist:

(1) the driller will regain control of the well when the gas flow drops to a manageable level, and (2) aggressive

measures will be taken to shut off the gas flow before it drops to a manageable level. In the 1996 WIPP PA, the
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driller was assumed to be able to regain control of the well when the gas flow dropped to a “cut-off’ rate of 1 x 105

standard cubic feet per day (SCF/d in commonly used oil field units). Experience at the South Culebra Bluff Unit

#1, which blew out in January 1978, suggests that approximately 11 days are needed to bring a well under control

before the gas flow drops to a manageable level (i.e., 1 x 105 SCF/d). In particular, 11 days was the time required to

assemble the necessary equipment and personnel and then bring that well under control.

Given the preceding, t=is defined by

{

max {3 d,tf} iftf<lld
(4.7.44)

‘e= Ild iftf>lld

in the 1996 WIPP PA, where tf is the time at which the gas flow out of the well drops below 1 x 105 SCF/d. As a

reminder, gas flow out of the repository in the intruding borehole, and hence ~, is determined as part of the solution

to Eqs. (4.7.12) - (4.7.17).

4.7.8 Numerical Solution

As previously indicated, the BRAGFLO_DBR program used to solve Eqs. (4.7.12) - (4.7.17) is just the

BRAGFLO program used with the computational grid in Fig. 4.7.1, the initial value and boundary value conditions

in Tables 4.7.1 and 4.7.2, and parameter values appropriate for modeling direct brine releases. Thus, the numerical

procedures in use are the same as those described in Sect. 4.2.8 for the solution of Eqs. (4.2.1) - (4.2.6).

In this solution, the boundary value conditions associated with drilling intrusions (i.e., pWf and pWEl in Table

4.7.2) are implemented through the specification of fluid withdrawal terms (i.e., qWg and qWb in Eqs. (4.2.1) and

(4.2.2)) rather than as defined boundary value conditions. With this implementation, the representations in Eqs.

(4.7. 12) and (4.7. 13) for gas and brine conservation become

and the constraints in Eqs. (4.7.14) - (4.7.17) remain unchanged

(4.7.45)

(4.7.46)

All quantities appearing in Eqs. (4.7.45), (4.7.46),

(4.7. 14) - (4.7. 17) except qwg and qwb have been defined (see paragraph following Eqs. (0.7.12) - (4.7. lV).

The definitions of qWg and qWb are now considered. As used in Eqs. (4.7.45) and (4.7.46), qWg and qWb are

independent of the computational grid in use (Fig. 4.7.1). In practice, qWg and qWb are defined with a productivity
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index (see Eq. (4.7.5)) that is a function of the specific computational grid in use, with the result that these

definitions are only meaningful in the context of the computational grid that they are intended to be used with. This

specificity results because qWgand qW6as used in Eqs. (4.7.45) and (4.7.46) are defined on a much smaller scale than

can typically be implemented with a reasonable-sized computational grid. As a result, the values used for qWg and

qwb in the numerical solution of Eqs. (4.7.45) and (4.7.46) must incorporate the actual size of the grid in use.

In the solution of Eqs. (4.7.45) and (4.7.46) with the computational grid in Fig. 4.7.1, qwg is used to incorporate

gas flow out of the repository and qwb is used to incorporate both brine inflow to the repository from a pressurized

brine pocket and brine flow out of the repository.

kkrg(x, y>Q[Pg(~>Y>t) – Pwfl
%&L y! t) =

JJg[ln(re 1 rW)+s + Cl

For gas flow out of the repository,

(4.7.47)

if (x, y) is at the center of the grid cell containing the drilling intrusion (Fig. 4.7.1) and qwg (.x, y, t) = O (kg/m3)/s

otherwise, where k, kr~, Pg, r,, rW, s and c are defined in conjunction with Eq. (4.7.5), pg is gas pressure, and pWf is

the flowing well pressure at the outlet borehole (i.e., the boundary value condition in Table 4.7.2). The factor h in

Eq. (4.7.5) is the crushed height of the repository as indicated in Eq. (4.7.2) and defines the factor cxin Eqs. (4.7.45)

and (4.7.46). In the numerical solution of Eqs. (4.7.45) and (4.7.46), qwg(x, y, t) defines qw~i,,‘+1 in Eq. (4.2.72), with

q~~~,j having a nonzero value only when i, j correspond to the grid cell containing the borehole through which gas

outflow is taking place (i.e., the grid cells containing the down-dip and up-dip wells in Fig. 4.7.1).

For brine flow,

kkrb(~,y>t)[Pb( x,Y, t) - PWfl
qwb(x, y>t) = (4.7.48)

Pb[ln(re / rW)+s + C]

if (x, y) is at the center of the grid cell containing the drilling intrusion through which brine outflow from the

repository is taking place (Fig. 4.7.1);

kkrb(-&y>~)[PwEl– pb(x,y,t)]
qwb(-Ly,t) =

!@n(re / rw) + c]

if (x, y) is at the center of the grid cell containing

4.7. 1), where pwEl is the boundary value condition

(4.7.49)

a prior drilling intrusion into a pressurized brine pocket (Fig.

defined in Table 4.7.2; and qwb(x, y, t) = O otherwise. In the

numerical solution of Eqs. (4.7.45) and (4.7.46), qWb(x,Y, t) defines qW~i,j‘+1 in a discretization for Eq. (4.7.46) that is

equivalent to the discretization for Eq. (4.7.45) shown in Eq. (4.2.72), with q~.$~,j having a nonzero value only when

i, j correspond to the grid cell containing the borehole through which brine outflow is taking place (i.e., the grid cells

containing the down-dip and up-dip wells in Fig. 4.7.1; in which case, Eq. (4.7.48) defines q~~~,j ) or to the grid cell
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containing the borehole through which brine inflow to the repository from a pressurized brine pocket is taking place

(i.e., the grid cell containing the El intrusion in Fig. 4.7.1; in which case, Eq. (4.7.49) defines ql~l,j ).

4.7.9 Additional Information

Additional information on BRAGFLO_DBR (actually BRAGFLO) and

determine direct brine releases can be found in the analysis package for direct

1996) and in the BRAGFLO users manual (WIPP PA 1996a)

4.8 Brine Flow in Culebra: SECOFL2D (i.e., ~~_F)

4.8.1 Mathematical Description

Groundwater flow in the Culebra Dolomite is represented by the equation

()s : = V ●(bKVIz)- Q,

its use in the 1996 WIPP PA to

brine release (Stoelzel and O’Brien

where

s=

h=

t =

b=

K=

Q=

medium storativity (dimensionless),

hydraulic head (m),

time (s),

aquifer thickness (m),

hydraulic conductivity tensor (m/s),

source/sink term expressed as the volumetric flux per unit area ((m3/m2)/s =m/s).

Further, the Culebra is assumed to be isotropic, and as a result, K is defined by

[110
K(x, y) = k(x, JJ) o ~ ,

(4.8.1)

(4.8.2)

where I@ y) is the hydraulic conductivity (rrds) at the point (x, y).

The following additional simplifying assumptions are also made: fluid flow in the Culebra is at steady state (i.e.,

~h/ilt = O), and source/sink effects arising from borehole intrusions and infiltration are negligible (i.e., Q = O). Given

these assumptions, Eq. (4.8.1) simplifies to

V.(bKVh) = Q (4.8.3)
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which is the equation actually solved to obtain fluid flow (i.e., KVh) in the Culebra. In the 1996 WIPP PA, b = 4 m

(Meigs and McCord 1996a), and k(x, y) in Eq. (4.8.2) is a function of an imprecisely-known transmissivity field as

discussed in Sect. 4.8.2.

4.8.2 Implementation

The first step in the analysis of fluid flow in the Culebra was to generate transmissivity fields t(x, y) (m2/s) for

the Culebra and to characterize the uncertainty in these fields. This was accomplished by generating a large number

of plausible transmissivity fields with WIPP-site data and geostatistical analysis with the program GRASP-INV

(LaVenue 1996). Each generated transmissivity field t(x, y) k a representation of spatial variability of transmissivity

in the Culebra that is consistent with measured field data. A total of 100 equally-plausible transmissivity fields were

generated for use in the analysis and correspond to the variable CTRAN in Sect. 5.2.

The hydraulic conductivity /c(x, y) in Eq. (4.8.2) was defined in terms of the transmissivity fields t(x, y) by

/C(X, y) = t(X, y)/b. (4.8.4)

The original construction of the functions t(x, y) used a Culebra thickness of 7.75 m (LaVenue 1996). However,

flow was subsequently determined to take place primarily in the lower 4 m of the Culebra (Meigs and McCord

1996a) and so a value of b = 4 m was used in Eq. (4.8.4), which results in a conservation of transmissivity.

Fluid flow (i.e., KVh) is determined by solving Eq. (4.8.3) for two different cases (Wallace 1996a): (1) mining

of potash deposits outside the land withdrawal boundary (Fig. 4.8.1), and (2) mining of potash deposits inside and

outside the land withdrawal boundary (Fig. 4.8.2). As specified by guidance in 40 CFR 194 (p. 5229, U.S. EPA

1996), potash mining increases the hydraulic conductivity in the Culebra in the vicinity of such mining by an

uncertain factor with a value between 1 and 1000 (see CTRANSFM in Sect. 5.2). The mining of economic potash

reserves outside the land withdrawal boundary (Fig. 4.8.1 ) is assumed to have always occurred by 100 yr after

decommissioning of the WIPP (i.e., by the end of the assumed 100 yr period of active institutional control). As

specified in 40 CFR 194.32(b), the occurrence of potash mining within the land withdrawal boundary (Fig. 4.8.2)

follows a Poisson process with a rate constant of km = 1 x 10A yr-l (see Sect. 3.7).

The preceding cases result in the following two modifications of the definition of k(x, y) in Eq. (4.8.4):

{

SFM k(x, y)
k, (X,})=

if (x, y) corresponds to a point impacted by mining in Fig. 4.8.1

k(x, y) otherwise,

{

SFM k(x, y)
k2 (X, y) =

if (x, y) corresponds to a point impacted by mining in Fig. 4.8.2

k(x, y) otherwise,

(4.8.5)

(4.8.6)
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Fig. 4.$.1. Extent of impacted area in the Culebra Dolomite from mining in the McNutt potash zone outside [he
land withdrawal boundary (Wallace 1996a).
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Fig. 4.8.2. Extent of impacted area in the Culebra Dolomite from mining in the McNutt potash zone inside and
outside the land withdrawal boundary (Wallace 1996a).
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where ,SFM is the scale factor for hydraulic conductivity due to potash mining that is specified in 40 CFR 194 (p.

5229, {J.S. EPA 1996; see CTRANSFM in Sect. 5.2).

In turn, /cl(x, y) and k2(x, y) result in the following definitions for the hydraulic conductivity tensor K:

[110
Ki(x, Y)=k(x>Y) ~ ~ , ~=l,z. (4.8.7)

In the imalysis, Eq. (4.8.3) is solved with each of the preceding definitions of Ki to obtain characterizations of fluid

flow in the Culebra under partially-mined conditions (i.e., KIVh) and fully-mined conditions (i.e., K2Vh).

The determination of fluid flow in the Culebra through the solution of Eq. (4.8.3) does not incorporate the

potential effects of climate change on fluid flow. Such effects are incorporated into the analysis by the use of an

uncertain scale factor (see CULCLLW in Sect. 5.2) to introduce the potential effects of climate change into the

analysis (Corbet and Swift 1996a,b). Specifically, the Darcy fluid velocity Vi(x, y) actually used in the radionuclide

transport calculations is given by

V, (X, y) = [Ui(X, y), vi (.X,y)] = SFC[Ki(x, y)v~i (x, Y)]T,
(4.8.8)

where ~i(x, y) and vi(x, y) represent Darcy fluid velocities (m/s) at the point (x, y) in the x and y directions,

respectively, Vhi(x, y) is obtained from Eq. (4.8.3) with K = Ki, and SFC is a scale factor used to incorporate the

uncertainty that results from possible climate changes (see CULCLIM in Sect. 5.2).

4.8.3 Computational Grids and Boundary Value Conditions

The representation for fluid flow in the Culebra in Eq. (4.8.3) is evaluated on both a regional and a local scale

(Fig. 4.8.3). The regional scale simulations were performed over a large problem domain (Fig. 4.8.3) and used a

relatively coarse computational grid (Fig. 4.8 .4). The results of the regional scale simulations were used to define

boundmy value conditions for the local scale simulations. This analysis approach allows the use of a high resolution

computational grid (Fig. 4.8.5) in the region of interest (i.e., close to the repository), and the incorporation of natural

flow boundaries on a much larger scale.

The regional domain is approximately 22x 30 km and aligned with the axis of Nash Draw along a portion of the

western boundary (Fig. 4.8.3). Nash Draw is a topographic low created by the dissolution of halite beneath the

Rustler Formation. As a consequence of this dissolution, the Rustler has subsided and the contact between the

Rustler and Salado Formations consists of an unstructured residuum of gypsum, clay, and sandstone. This residuum

is highly conductive and known to discharge to the surface into saline lakes (Hunter 1985). Test wells in the

southern portion of Nash Draw produced brine from this interval, and it has become known as the brine aquifer
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Fig. 4.8.3. Regional and local domains used in representation of groundwater flow in the Culebra Dolomite.

4-92



TFII-6649-9-1

Fig. 4.84. Regional model domain spatial discretization and type of boundary conditions for groundwater flow in

the Culebra Dolomite.
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Fig. 4.8.5. Local domain spatial discretization for groundwater flow in the Culebra Dolomite.
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(Robinson and Lang 1938). Robinson and Lang (1938) described the brine aquifer and suggested that the structural

conditions that caused the development of Nash Draw may control the occurrence of brine. Thus, the brine aquifer

boundary may coincide with the topographic surface elevations of Nash Draw. Drilling associated with the WIPP

hydrogcologic studies in the northern half of Nash Draw support this theory (p. 50, Mercer 1983).

Groundwater divides are boundaries across which it is assumed that no groundwater flow occurs. The known

topographic and geologic discharge features of Nash Draw suggest that it is a groundwater divide. Thus, the axis of

Nash Draw is assumed to behave hydraulically as a discharge-type groundwater divide. Consequently, the portion

of the western boundary of the regional domain (Figs. 4.8.3, 4.8.4) oriented along the axis of Nash Draw is modeled

using a no flow boundary condition (Table 4.8.1).

The remaining regional boundary conditions are not as well defined. When possible, they were positioned to

align with topographic highs or other geologic features such as San Simon Swale on the northeastern boundary (Fig.

4.8.3). Due to their uncertainty, the boundaries are positioned a large distance from the local problem domain (Fig.

4.8.3). Due to the relative abundance of head data near the site, Dirichlet (i.e., constant head) boundary conditions

were imposed at all boundary locations other than Nash Draw and the northeastern corner of the problem domain

(Table 4.8. 1). No-flow boundary conditions were assumed in the northeastern corner due to low transmissivities and

the coincidence with San Simon Swale, another topographic low (Table 4.8.1).

The boundary value conditions in Table 4.8.1 were used in all solutions of Eq. (4.8.3) on the regional domain in

Figs. 4.8.3 and 4.8.4. As steady state solutions were being calculated, there was no need to specify initial value

conditions.

The local domain boundaries (Fig. 4.8.5) were selected to capture important flow paths and facilitate the

computation of integrated discharges across the land withdrawal boundary. The local domain is approximately 7 x 7

km. The computational grid contains 75 columns and 65 rows, resulting in 4875 grid blocks. Dirichlet (i.e.,

constant head) boundary conditions were imposed on the local domain and were derived from the solution for h on

the regional domain with a hi-linear interpolation procedure. Unlike the constant head boundary conditions on the

regional domain, the constant head boundary conditions on the local domain change for each calculation due to

changes in value for K = Ki. As for the regional domain, steady state solutions to Eq. (4.8.3) were calculated on the

local domain and so there was no need to specify initial value conditions.

4.8.4 Numerical Solution

The flow model in Eq. (4.8.3) is evaluated with a second-order difference procedure (McDonald and Harbaugh

1988, Roache 1972) on the computational grids in Figs. 4.8.4 and 4.8.5. Specifically, the discretized form of Eq.

(4.8.3) is
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Table 4.8.1. Boundary Value Conditions Used for h in solution of Eq. (4.8.3) on Regional Model Domain
Shown in Figs. 4.8.3 and 4.8.4

No Flow Boundaries

dhldx = O Dashed boundary on left and right in Fig. 4.8.4

dhldy = O Dashed boundary on top in Fig. 4.8.4

Constant Head Boundaries

h(x, y) Specified on solid boundary in Fig. 4.8.4; see Fig. 4.8.6 for example of specification on lower
boundary in Fig. 4.8.4.

I I I I I I L

o 3 6 9 12 15 18 21

x (103m)

TRI-6342-5246-0

Fig. 4,8.6. Constant boundary values (m) specified for h on lower boundary in Fig. 4.8.4 for use in solution of Eq.
(4.8.3) (LaVenue 1996).
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where

l-1/2,j = 2tijti-l,j J (fij + ‘t-l,j )! ‘i+l/2,j = 2ti+l,jtij 1 (ti+l,j + ‘ij )tti =bqkg, t

‘i,j–l/2 = 2tijfi,j-1 1 (t; + ‘i,j–l ~! ti,j+l/2 = z~i,j+l~~ i (ri,j+l + ‘j )

and b. and kti are the aquifer height (Eq. (4.8.1)) and hydraulic conductivity (Eq. (4.8.2)) at node (i, j). In the 1996

WIPP PA, b. = 4 m and kti enters the analysis through the specification of an uncertain, spatially-variable

transmissivity (see Eqs. (4.8.4) - (4.8.7)).

The determination of h is then completed by the solution of the linear system of equations in Eq. (4.8.9) for the

unknown heads ho. This solution is accomplished by using a semi-coarsening multigrid solver (Dendy et al. 1989,

1992) to make an initial estimate of the solution of the system in Eq. (4.8.9). Then, this estimate is used as the

starting point in the construction of the solution by a successive over-relaxation (SOR) iterative method (Roache

1972). As the /zti are determined, the Darcy velocities in Eq. (4.8.8) are also obtained and saved for use in later

radionuclide transport calculations. Additional information on the numerical procedures in use is available in the

user’s manual for SECOFL2D (Sects. 3.1-3.3, Roache et al. 1996).

4.8.5 Additional Information

Aclditional information on SECOFL2D and its use in the 1996 WIPP PA to determine fluid flow patterns in the

Culebra Dolomite can be found in the SECOFL2D users manual (Roache et al. 1996) and in the analysis package for

fluid flow and radionuclide transport in the Culebra Dolomite (Ramsey et al. 1996).

4.9 Radionuclide Transport in Culebra: SECOTP2D (i.e.,~~_~)

4.9.1 Mathematical Description

A dual porosity model is used to represent radionuclide transport in the Culebra Dolomite (Meigs and McCord

1996a). In this model, one system of partial differential equations (see Eq. (4.9.1)) is used to represent radionuclide

transport in fractures within the Culebra Dolomite (i.e., advective transport) and another system of partial differential

equations (see Eq. (4.9.6)) is used to represent radionuclide movement and sorption in the matrix that surrounds the

fractures (i.e., diffusive transport).
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The system used to represent advective transport in fractures is given by (WIPP PA 1997)

[)ack
VO[$DkVCk -Vc~] = @Rk ~ f4@kck ‘@?k-lkk-lc&l –Qk ‘rk (4.9.1)

for k =

rk =

1,2, . . . . nR, where

number of radionuclides under consideration,

concentration of radionuclide k in brine (kg/m3),

hydrodynamic dispersion tensor (m2/s),

Darcy velocity (i.e., specific discharge) of brine (m/s= (m3/m2)/s),

advective (i.e., fracture) porosity (dimensionless),

advective retardation coefficient (dimensionless),

decay constant for radionuclide k (s-l),

injection rate of radionuclide k per unit bulk volume of formation ((kg/s)/m3) (Note: Qk >0 corresponds

to injection into the fractures),

mass transfer rate of radionuclide k per unit bulk volume of formation due to diffusion between fractures

and surrounding matrix ((kg/s)/m3) (Note: rk >0 corresponds to diffusion into fractures).

The Darcy velocity v is obtained from the solution of Eq. (4.8.3); specifically, v is defined by the relationship in Eq.

(4.8.8). The advective (i.e., fracture) porosity $ is an uncertain analysis input (Meigs and McCord 1996b; see

CFRCPOR in Sect. 5.2).

The hydrodynamic dispersion tensor is defined by (WIPP PA 1997, Bear 1972)

(4.9.2)

where CXLand cqr are the longitudinal and transverse dispersivities (m); u and v are the x and y components of v (i.e.,

v = [u, v]); D: is the free water molecular diffusion coefficient (m2 S–l) for radionuclide k, and ~ = L/Le is the

advective tortuosity, where L denotes the length of the porous medium (m) and Le denotes the flow path length of a

fluid particle (m). In the 1996 WIPP PA, UL = cq- = O m (McCord 1996). The diffusion coefficient D; equals

3 x 10–10 m2/s for radionuclides in the +3 oxidation state (i.e., Am+3, PU+3), 1.53 x 10-10 m2/s for radionuclides in

the +4 oxidation state (i.e., Pu +4, Th+o, u+4) and 4.26 x 1o–lo m2/s for radionuclides in the +6 oxidation state (i.e.,

U+6) (Brush 1998a); the existence of plutonium in the +3 or +4 oxidation state (i.e., as PU+3 or PU+4) and the

existence of uranium in the +4 or +6 oxidation state (i.e., as U+4 or U+6) is determined by an uncertain analysis input

(see WOXSTAT in Sect. 5.2) (Brush 1996a). Further, 7 = 1 (Wallace 1996d). Thus, the definition of Dk reduces to
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(4.9.3)

in the 1996 WIPP PA.

The advective retardation coefficient Rk is defined by

R~ =l+(l–$)p~KA~ /$, (4.9.4)

where

PA = surface area density of fractures in Culebra (m2/m3 = I/m) (i.e., surface area of fractures (m*) divided by

volume of fractures (m3)),

KAk = surface area distribution coefficient ((kg/m2)/(kg/m3) = m) (i.e., concentration of radionuclide k sorbed on

fracture surfaces (kg/m2) divided by concentration of radionuclide k dissolved in brine within fractures

(kg/m3)).

In the 1996 WIPP PA, KAk = O m and thus Rk = 1 (Brush and Storz 1996).

241Am 2Y3pu ~ *34u+.*30Th, *39Pu) are discussed inThe nR = 5 radionuclides transported in the Culebra (i.e., ,

Sect. 4.3 (see Eq. (4.3.18) and Table 4.3.3). In concept, the term Q~ in Eq. (4.9.1) provides the link between the

releases to the Culebra calculated with NUTS (Sect. 4.3) and PANEL (Sect. 4.4) and transport within the Culebra.

In the computational implementation of the 1996 WIPP PA, radionuclide transport calculations in the Culebra were

performed for unit radionuclide releases to the Culebra and then the outcomes of these calculations were used to

construct the release to the accessible environment associated with time-dependent releases into the Culebra derived

from NUTS and PANEL calculations (see Sect. 12.2). The definition of Qk is discussed in more detail in Sect. 4.9.2.

If @ denotes an arbitrary boundary (e.g., the land withdrawal boundary) in the domain of Eq. (4.9. 1) (i.e., Fig.

4.8.5), then the cumulative transport of CJr, @ ) of radionuclide k from time O to time tacross @ is given by

[ 1Wt, ~) =~~~@{V(X,Y)Ck(X,Y,T)– @k(X, Y,r)VCk(X, Y,T)}b ● n(x, y)ds d~, (4.9.5)

where b = 4 m is the thickness of the Culebra assumed for transport calculations (Meigs and McCord 1996a), ~ is a

constant in the context of the preceding integral in the 1996 WIPP PA, n(x, y) is an outward pointing unit normal

vector, and
J

- ds denotes a line integral over @.
@

The system used to represent diffusive transport in the matrix surrounding the fractures is given by (WIPP PA

1997)
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(4.9.6)

where z is the spatial coordinate in Fig. 4.9.1, D~ is the matrix diffusion coefficient (m2/s) for radionuclide k defined

by D[ = D; ~’ , and z’ is the matrix tortuosity. The remaining terms have the same meaning as those in Eq. (4.9.1)

except that the prime denotes properties of the matrix surrounding the fractures. The matrix (i.e., diffusive)

tortuosity ~’ is defined by z’ = 0.11 (Meigs 1996e). The matrix (i.e., diffusive) porosity $’ is an uncertain input to

the analysis (see CMTRXPOR in Sect. 5.2). The matrix retardation R~ is defined by

where p, is the particle density (kg/m3) of the matrix and Kd~ is the distribution coefficient ((Ci~g)/(Ci/m3) = m3~g)

for radionuclide k in the matrix. The density p,, is assigned a value of 2.82 x 103 kg/m3 (Marten 1996b). The

distribution coefficients Kdk are uncertain inputs to the analysis and dependent on the uncertain oxidation state of the

relevant element (see CMKDAM3, CMKDPU3, CMKDPU4, CMKDTH4, CMKD U4, CMKDU6, WOXSTA T in Sect.

5.2).

The initial and boundary value conditions used in the formulation of Eq. (4.9.6) are

C~ (x, y, z, O) = Okg/m3

dC~ (x, y, O,t)/ dz = O kg/m2

CL (X, y, ~,t) = Ck (X, Y,t),

(4.9.8)

(4.9.9)

(4.9.10)

B!!/ I
Diffusive (Matrix) Continuum

‘BT?’IAdvective (Fracture) Continuum

II b = Fracture Aperture (m)

2B = Matrix Block Length (m) I
TRI-6342-5245-I

Fig. 4.9.1, Parallel plate dual porosity conceptualization.
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where (x, y) corresponds to a point in the domain on which Eq. (4.9.1) is solved and B is the matrix half block length

(m) in Fig. 4.9.1 (i.e., 2B is the thickness of the matrix between two fractures). The initial value condition in Eq.

(4.9.8) says that no radionuclide is present in the matrix at the beginning of the calculation. The boundary value

condition in Eq. (4.9.9) says that no radionuclide movement can take place across the centerline of a matrix block

separating two fractures. The boundary value condition in Eq. (4.9.10) says that the dissolved radionuclide

concentration in the matrix at the boundary with the fracture is the same as the dissolved radionuclide concentration

within the fracture. The matrix half block length B is an uncertain input to the analysis (see CFRCSP in Sect. 5.2).

The linkage between Eqs. (4.9.1) and (4.9.6) is accomplished

which radionuclide k diffuses across the boundary between a

Specifically,

where b is the fracture aperture (m) defined by

b=@B/(1–$).

through the term rk, with rk defining the rate at

fracture and the adjacent matrix (Fig. 4.9. 1).

(4.9.11)

(4.9.12)

The linkage term rk appears directly in Eq. (4.9.1); further, it enters Eq. (4.9.6) through the specification of the

boundary value condition in Eq. (4.9. 10), with this condition affecting the value of 2C~ / ~z Z=B in the definition of

rk in Eq. (4.9.11).

4.9.2 Numerical Solution

Eqs. (4.9.1) and (4.9.6) are numerically solved using the spatial discretizations in Figs. 4.8.5 and 4.9.2. The

initial and boundary value conditions used for Eq. (4.9.6) in this solution are given in Eqs. (4.9.8) - (4.9.10). For Eq.

(4.9.1), the initial value condition is

Ck (x, y, O)= O kg/m3. (4.9.13)

1

Fig. 4.9.2. Illustration of stretched grid used for discretization of matrix (i.e., diffusive) domain into points zi, with
points close together at the fracture-matrix interface and farther apart at greater distances from this
interface.
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Further, the boundary value conditions for Eq. (4.9.1) are defined at individual points on the boundary of the grid in

Fig. 4.8.5 on the basis of whether the flow vector v = [u, v] defines a flow entering the grid or leaving the grid. The

following Neumann boundary value condition is imposed at points (x, y) where flow leaves the grid:

V Ck (x, y, t) ● n(x, y) = O (kg/m3)/m, (4.9.14)

where n(x, y) is an outward pointing unit normal vector defined at (x, y). The following Dirichlet boundary value

condition is imposed at points (x, y) where flow enters the grid:

Ck (x, y, t)= O kg/m3. (4.9.15)

As already indicated, Eqs. (4.9.1) and (4.9.6) were solved for unit radionuclide releases to the Culebra.

Specifically, a release of 1 kg of each radionuclide under consideration was assumed to take place over a time

interval from O to 50 yr, with this release taking place into the computational cell in Fig. 4.8.5 with center at the point

(x= 3331.5 m,y=5173.2 m). This cell (i.e., Cell (35, 55) is located at the center of the “Waste Panel Area” in Fig.

4.8.5 and has dimensions of 50 m x 50 m. Cell (35, 55) has a volume V of

V=(50m)(50m)(4m)= lx104m3, (4.9.16)

where 4 m is the assumed thickness of the Culebra Dolomite (Meigs and McCord 1996a). As a result, Qk(x, y, t) has

the form

Q~(x, y, t)= (1 kg)/[(1 x 104 m3)(50 yr)(3. 16 x 107 s/yr)]

= 6.33 x 10-14 (kg/m3)/s (4.9.17)

for O S t<50 yr and (x, y) = Cell (35, 55) in Fig. 4.8.5 and Qk(x, y, t)= O (kg/m3)/s otherwise.

A high level description of the numerical procedures used to solve Eqs. (4.9.1) and (4.9.6) follows, with more

detail available in WIPP PA (1997). The fracture domain is discretized in space using the block centered finite

difference method indicated in Fig. 4.9.3. In this formulation, cell concentrations are defined at grid block centers

while velocities are defined on grid cell faces. Ghost cells are placed outside the problem domain for the purpose of

implementing boundary conditions. The dispersive term, V.($DkVCJ, in Eq. (4.9.1) is approximated using a

second-order central difference formula (Fletcher 1988), and the advective term, V“vck, is approximated using the

Total Variation Diminishing (TVD) method (Sweby 1984). Temporal derivatives are approximated using a first-

order backwards difference formula.
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Fig. 4.9.3. Schematic of finite volume staggered mesh showing internal and ghost cells. Concentrations, C, are

defined at cell centers and velocities, v = [u, v], at cell faces (Fig. 2, WIPP PA 1997).

The TVD method provides a way of accurately resolving advection dominated transport problems without the

occurrence of nonphysical oscillations commonly present in second order solutions. This method invokes a

weighted upstream differencing scheme that locally adjusts the weighting to prevent oscillatory behavior and

maximize solution accuracy. The weighting parameters are known as the TVD flux limiters @(x,y,r), where r is a

function of the concentration gradient and direction of flow. In the 1996 WIPP PA, the van Leer TVD limiter was

used (p. 1005, Sweby 1984), which is defined as

@(x,y,r)=max[O, min{2r,-}}. (4.9.18)

At locations where u (i.e., the Darcy velocity in the x direction) is positive, r is defined at the j–1/2, k interface by

actax\j-3/2,J

rj-1/2,k – aC/aX/j_~/2,k ‘ (4.9.19)

and at locations where u is negative, r is defined by
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ac/ax\j+l/2,k—rj_~/2,k – ac/aX~j_l/~,k“ (4.9.20)

Similar definitions are made for r at the j, k–1/2 interface in the y-direction with v (i.e., the Darcy velocity in the y

direction) used instead of u.

Because ok is a function of Ck, the discretized set of equations is nonlinear. This nonlinearity is addressed by

treating the flux limiters explicitly (i.e., time lagged). Explicit treatment of the limiter functions, however, can lead

to oscillatory and sometimes unstable solutions when the Courant number exceeds unity (Cr > 1), where Cr is

defined by

Crx = IulAt/$&, C:y = lvIAt/$AY (4.9.21)

To avoid this behavior, the application of the TVD method is restricted to regions in which the Courant numbers are

less than one. In regions where Cr > 1, a first order full upwinding scheme is invoked, which is unconditionally

stable and non-oscillatory.

The discrctizcd form of Eq. (4.9. 1) can be expressed in a delta formulation as

(1+ LXX+ Lyy + S) AC”+l = RHS’[, (4.9.22)

where 1 is the identity matrix, LXXand Lyy are finite difference operators in the x and y directions, S is an implicit

source term that accounts for decay and mass transfer between the matrix and the fracture, RHS consists of the right

hand side known values at time level n, and ACn+l = Cn+l – C“. Direct inversion of Eq. (4.9.22) for a typical

Culebra transport problem is very computationally intensive and requires large amounts of memory and CPU time.

To reduce these requirements, the operator in Eq. (4.9.22) is factored as follows:

(1+ Lx,, + c@)(l + Lyy + c@AC”+l = RHSn, (4.9.23)

where cxxand ctYare constants that must sum to one (i.e., ctx + cxY= 1). The left hand sides in Eqs. (4.9.23) and

(4.9.22) are not equivalent, with the result that the factorization of Eq. (4.9.22) in Eq. (4.9.23) is referred to as an

“approximate factorization” (Fletcher 1988). The advantage of approximately factoring Eq. (4.9.22) is that the

resulting equation consists of the product of two finite difference operators that are easily inverted independently

using a tridiagonal solver. Hence, the solution to the original problem is obtained by solving a sequence of problems

in the following order:

(4.9.24)(1+ L.xr + UIS)AG = RHS’l
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(1+ Lyy + ctyS)ACn+’ = AC (4.9.25)

(4.9.26)

The equation for matrix transport, Eq. (4.9.6), is coupled implicitly to and solved simultaneously with the

equation for fracture transport, Eq. (4.9.1). Second-order central differencing is used to approximate the spatial

derivatives, and a first-order backwards differencing is used to approximate temporal derivatives. The implicit

coupling is accomplished using a technique developed by Huyakorn et al. (1983). A detailed description of this

technique and its implementation in the 1996 WIPP PA is given in the SECOTP2D user’s manual (App. I, WIPP PA

1997).

The cumulative transport Ck(t, @) of individual radionuclides across specified boundaries indicated in Eq.

(4.9.5) is also accumulated during the numerical solution of Eqs. (4.9. 1) and (4.9.6).

4.9.3 Additional Information

Additional information on SECOTP2D and its use in the 1996 WIPP PA to determine radionuclide transport in

the Culebra Dolomite can be found in the SECOTP2D users manual (WIPP PA 1997) and in the analysis package

for fluid flow and radionuclide transport in the Culebra Dolomite (Ramsey et al. 1996).
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5. Probabilistic Characterization of Parameter Uncertainty

5.1 Probability Space (&u, d&, p,.)

The third entity that underlies the 1996 WIPP PA is a probabilistic characterization of the uncertainty in

important variables used as input to the analysis. As discussed in Sect. 2.4, this entity is defined by a probability

space ( $,U, ~.,u, P.$U)that characterizes subjective uncertainty. The individual elements of & are vectors XYUof the

form

1Xfu = [.X1,X2, .... x~v , (5.1.1)

where each xj is an imprecisely-known input to the analysis and nV is the number of such inputs.

The uncertainty in the xj, and hence in X,u, is characterized by developing a distribution

Dj, j= 1,2, .... nV, (5.1.2)

for each xj. Each distribution is based on all available knowledge about the corresponding variable and describes a

degree of belief as to where the appropriate value to use for this variable is located. This degree of belief is

conditional on the numerical, spatial and temporal resolution of the models selected for use in the 1996 WIPP PA

(Chapt. 4). When appropriate, correlations between imprecisely-known variables are also possible, with such

correlations indicating a dependency in the knowledge about the correlated variables. It is the distributions in Eq.

(5. 1.2) and any associated correlations between the xj that define ( $,U, ~,u, P,U).

The uncertain variables (i.e., xj) incorporated into the 1996 WIPP PA are discussed in Sect. 5.2. Then, the

distributions and correlations assigned to these variables are described in Sects. 5.3 and 5.4. Finally, a discussion of

the concept of a scenario is given in Sect. 5.5.

5.2 Uncertain Variables

The 1996 WIPP PA selected nV = 57 imprecisely-known variables for inclusion in the analysis (Table 5.2.1 ).

The individual variables in Table 5.2.1 (i.e., ANHBCEXP, ANHBCVGP, .... WTA UFAIL) correspond to the elements

xj of the vector X,ru in Eq. (5.1.1). Several criteria were used in the selection process, including observed importance

in past analyses, perceived importance with respect to the present analysis, and general level of interest in the

variable. All uncertain variables incorporated into the 1996 WIPP PA are used as input to the models discussed in

Sect. 2.3 and Chapt. 4. Specifically, none of the uncertain variables affect the definition of the probability space ( $,t,

#’,,f, p,,) discussed in Sect. 2.2 and Chapt. 3, although there is no conceptual reason that excludes ($,., ~.,~, P.,J

from containing such variables.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 W IPP PA (See App. PAR, U.S. DOE 1996
for additional information)

Variable Description

ANHBCEXP Brooks-Corey pore distribution parameter for anhydrite (dimensionless). Used in

BRAGFLO. Defines ). in Eqs. (4.2.9) - (4.2.11) for regions 20, 21, 28 of Fig. 4.2.1

for use with Brooks-Corey model; defines L in m = M( l+A) in Eqs, (4.2. 18) -

(4.2.20) for use with van Genuchten-Parker model in same regions. See

ANHBCVGP. Distribution: Student’s with 5 degrees of freedom. Range: 0.491 to

0.842. Mean, Median: 0.644. Database identifiers: 587 (S_MB 139, PORE_DIS),

527 (S_ANH_AB, POR_DIS), 566 (S_MB 138, PORE_DIS). Variable 25 in LHS.

Additional information: Howarth and Christian-Frear 1997; WIPP PA 1992-1993

Vol. 3, p. 2-54.

ANHBCVGP

ANHCOMP

Pointer variable for selection of relative permeability model for use in anhydrite.

Used in BRAGFLO. See ANHBCEXP. Distribution: Discrete with 60% O, 40% 1.

Value of O implies Brooks-Corey model defined by Eqs. (4.2.9)-(4.2. 11); value of 1

implies van Genuchten-Parker model defined by Eqs. (4.2. 18)-(4.2.20). Data base

identifiers: 596 (S_MB 139, RELP_MOD), 536 (S_ANH_AB, RELP_MOD, 575

(S_MB 138, RELP_MOD). Variable 22 in LHS. Additional information: Howarth

and Christian-Frear 1997; WIPP PA 1992-1993 Vol. 3, p. A- 149.

Bulk compressibility of anhydrite (Pa-1). Used in BRAGFLO. Pore

compressibility ~f in Eq. (4.2.6) defined by ANHCOMP divided by initial porosity

(i.e., $() in Table 4.2.1) for use in regions 20, 21, 28 of Fig. 4.2.1. Distribution:

Student’s with 3 degrees of freedom. Range: 1.09 x 10-11 to 2.75 x 10-1~ Pa-1.

Mean, Median: 8,26 x 10-11 Pa-1. Correlation: -0.99 rank correlation with

ANHPRM. Data base identifiers: 580 (S_MB 139, COMP_RCK), 521

(S_ANH_AB, COMP_RCK), 560 (S_MB 138, COMP_RCK). Variable 21 in LHS.

Additional information: Saulnier et al. 1991, Stensrud et al. 1992.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

ANHPRM Logarithm of intrinsic anhydrite permeability (mZ). Used in BRAGFLO. Defines

permeability tensors Kg, Kb in Eqs. (4.2.1), (4.2.2) for regions 20, 21, 28 in Fig.

4.2.1. Specifically, the anhydrite is assumed to be isotropic, with result that

ANHPRM is the logarithm of the diagonal elements of Kb for the indicated regions

and similarly defines the diagonal elements of K~ after a correction is made for the

Klinkenberg effect as shown in Eq. (4.2.29). Distribution: Student’s with 5 degrees

of freedom. Range: –2 1.0 to –17. 1 (i.e., permeability range is 1 x 10-21 to 1 x 10–

17.1 rn2). Mean, Median: –18.9. Correlation : –0.99 rank correlation with

ANHCOA4P. Data base identifiers: 570 (S_MB 138, pRMX_LOG), 571 (S-MB 138,

PRMY_LOG), 572(S_MB 138, PRMZ_LOG), 531 (S_ANH_AB, pRMX_LOG),

532 (S_ANH_AB, PRMY_LOG), 533( S.ANH_AB, pRMZ-LOG), 591

(S_MB 139, PRMX_LOG), 592 (S_MB 139, PRMY_LOG), 593 (S_MB 139,

PRMZ_LOG). Variable 20 in LHS. Additional information: Howarth and

Christian-Frear 1997, Saulnier et al. 1991, Stensrud et al. 1992.

ANRBRSAT

ANRGSSAT

Residual brine saturation in anhydrite (dimensionless). Used in BRAGFLO.

Defines Sbr in Eqs. (4.2.13) - (4.2.14) for use in regions 20, 21, 28 of Fig. 4.2.1.

Distribution: Student’s with 5 degrees of freedom. Range: 7.85 x 10-3 to 1.74 x

10-1. Mean, Median: 8.36 x 10-2. Data base identifiers: 598 (S_MB 139,

SAT_RBRN), 538 (S_ANH_AB, SAT_RBRN), 577(S-MB 138> SAT_RBRN).

Variable 23 in LHS, Additional information: Howarth and Christian-Frear 1997;

WIPP PA 1992-1993 Vol. 3, p. 2-52.

Residual gas saturation in anhydrite (dimensionless). Used in BRAGFLO. Defines

S,vr in Eq. (4.2. 14) for use in regions 20, 21, 28 of Fig. 4.2.1. Distribution:

Student’s with 5 degrees of freedom. Range: 1.39 x 10-2 to 1.79 x 10-1. Mean,

median: 7,71 x 10-2. Database identifiers: 599 (S_MB 139, SAT_RGAS), 539

(S_ANH_AB, SAT_RGAS), 578 (S_MB 138, SAT_RGAS). Variable 24 in LHS.

Additional information: Howarth and Christian-Frear 1997; WIPP PA 1992-1993

Voi. 3, p. 2-53.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

BHPRM Logarithm of intrinsic borehole permeability (mZ). Used in BRAGFLO. Defines

permeability tensors Kx, Kb in Eqs. (4.2.1), (4.2.2) for region 1 in Fig. 4.2.1 when

borehole with properties similar to silty sand is present. Specifically, the borehole

is assumed to be isotropic, with result that BHPRM is the logarithm of the diagonal

elements of Kb for the indicated region and similarly defines the diagonal elements

of Kx after a correction is made for the Klinkenberg effect as shown in Eq. (4.2.29).

Distribution: Uniform. Range: –14 to –1 1 (i.e., permeability range is 1 x 10-14 to

1 x 10-11 mz). Mean, median: -12.5. Data base identifiers: 3184 (BH_SAND,

PRMX_LOG), 3190 (BH_SAND, PRMY_LOG). Variable 30 in LHS. Additional

information: Thompson et al. 1996.

BPCOMP

BPINTPRS

Logarithm of bulk compressibility of brine pocket (Pa-1). Used in BRAGFLO.

Pore compressibility ~f in Eq. (4.2.6) defined by 10E~C@f~ divided by initial

porosity (i.e., $0 in Table 4.2.1) for use in region 30 of Fig. 4.2.1. Distribution:

Triangular. Range: –1 1.3 to –8.00 (i.e., bulk compressibility range is 1 x 10-113 to

1 x 1o-8 Pa-1). Mean, mode: –9.80, –10.0. Correlation: –0.75 rank correlation

with BPPRM. Data base identifier: 61 (CASTILER, COMP_RCK). Variable 29 in

LHS. Additional information: Freeze 1996a.

Initial pressure in brine pocket (Pa). Used in BRAGFLO. Defines Pb (x, y, –5) in

Table 4.2.4 for region 30 in Fig. 4.2.1. Distribution: Triangular. Range: 1.11 x 107

to 1.70 x 107 Pa. Mean, mode: 1.36 x 107 Pa, 1.27 x 107 Pa. Data base identifier:

66 (CASTILER, PRESSURE). Variable 27 in LHS. Additional information:

Freeze and Larson 1996; WIPP PA 1992-1993 Vol. 3, Sect. 4,3.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

BPPRM Logarithm of intrinsic brine pocket permeability (mZ). Used in BRAGFLO.

Defines permeability tensors Kg, Kb in Eqs. (4.2.1), (4.2.2) for region 30 in Fig.

4.2.1. Specifically, the brine pocket is assumed to be isotropic, with result that

BPPRM is the logarithm of the diagonal elements of Kb for the indicated region and

similarly defines the diagonal elements of Kg after a correction is made for the

Klinkenberg effect as shown in Eq. (4.2.29). Distribution: Triangular. Range: –

14.7 to –9.80 (i.e., permeability range is 1 x 10-147 to 1 x 10-ggo mz). Mean,

mode: –12. 1, –1 1.8. Correlation: –0.75 with BPCOMP. Data base identifiers: 67

(CASTILER, PRMX_LOG), 68 (CASTILER, PRMY_LOG). Variable 28 in LHS.

Additional information: Freeze 1996b, Popielak et al. 1983.

BPVOL Pointer variable for selection of brine pocket volume. Used in BRAGFLO.

Distribution: Discrete, with integer values 1, 2, ....32 equally likely. Originally

intended to select from 32 equally-likely brine pocket maps obtained by assuming

five regions beneath repository, with each region either containing or not containing

pressurized brine. This produces 32 (i.e., 2s) possible brine pocket maps. This

approach was abandoned when more information on brine pockets became available

(Powers et al. 1996) and the only role that BPVOL now plays is to determine

volume of brine (ins) contained in the brine pocket. Specifically, the volumes are

32,000, 64,000, 96,000, 128,000 and 160,000 ms if the original maps contained O

or 1, 2, 3, 4 or 5 brine pockets, and the corresponding probabilities are 0.1875,

0.3125, 0.3125, 0.15625 and 0.03125. The indicated volumes define Vbrn in Eq.

(4.2. 16) and thus define @ofor region 30 in Fig. 4.2.1; in addition, the number of

drilling intrusions nD required to deplete the pressurized brine beneath the

repository is defined by nD = 2vbrn/32,000 (i.e., 2, 4, 6, 8 or 10 intrusions

depending on whether the associated brine volume is 32,000, 64,000, 96,000,

128,000 or 160,000 m3; see nD in Table 6.6.2 of Sect. 6.6). For the presentation of

sensitivity analysis results, BPVOL is assigned the brine volumes that correspond to

the sampled integer values. Data base identifiers: 3194 (CASTILER, GRIDFLO).

Variable 31 in LHS. Additional information: Larson 1997, Swift et al. 1996,

Powers et al. 1996.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

CFRCPOR Culebra fracture (i.e., advective) porosity (dimensionless). Used in SECOTP2D.

Defines $ in Eq. (4.9. 1). Distribution: Loguniform. Range: 1.00 x IO-4 to

1.00 x 10-2. Mean, median: 2.10 x 10-3, 1.00 x lb~. Data base identifier: 3487

(CULEBRA, APOROS). Variable 50 in LHS. Additional information: Meigs and

McCord 1996b, Meigs 1996a.

CFRCSP

CMKDAM3

CMKDPU3

CMKDPU4

CA4KDTH4

CMKDU4

Culebra fracture spacing (m). Used in SECOTP2D. Equal to half the distance

between fractures (i.e., the Culebra half matrix block length). Defines B in Eq.

(4.9. 10) and Fig. 4.9.1. Distribution: Uniform. Range: 0.05 to 0.5 m. Mean,

median: 0.275 m, 0.275 m. Data base identifier: 3485 (CULEBRA, HMBLKLT).

Variable 49 in LHS. Additional information: Meigs 1996b, Meigs and McCord

1996c.

Matrix distribution coefficient (m3/kg) for americium in +3 oxidation state. Used in

SEC0TP2D. Defines Kdk in Eq. (4.9.7) for AmS+. Distribution: Uniform. Range:

0.02 to 0.5 ins/kg. Mean, median: 0.26 ins/kg, 0.26 m3/kg. Data base identifier:

3482 (AM+3, MKD_AM). Variable 57 in LHS. Additional information: Brush

1998b.

Same as CMKDAM3 but for plutonium in +3 oxidation state. Distribution:

Uniform. Range: 0.02 to 0.5 ins/kg. Mean, median: 0.26 m3/kg, 0.26 mq/kg.

Data base identifier: 3480 (PU+3, MKD_PU). Variable 54 in LHS.

Same as CA4KDAA43 but for plutonium in +4 oxidation state. Distribution:

Uniform. Range: 0.9 to 20 m3/kg. Mean, median: 10.0 m3/kg, 10.0 m~/kg. Data

base identifier: 3481 (TH+4, MKD_PU). Variable 55 in LHS.

Same as CMKDAM3 but for thorium in +4 oxidation state. Distribution: Uniform.

Range: 0.9 to 20 m~/kg. Mean, median: 10.0 m3/kg, 10.0 m3/kg. Data base

identifier: 3478 (TH+4, MKD_TH). Variable 56 in LHS.

Same as CMKDAM3 but for uranium in +4 oxidation state. Distribution: Uniform.

Range: 0,9 to 20 m3/kg, Mean, median: 10.0 mq/kg, 10.0 m3/kg. Data base

identifier: 3479 (U+4, MKD_U). Variable 53 in LHS.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

CMKDU6 Same as CMKDAM3 but for uranium in +6 oxidation state. Distribution: Uniform.

Range: 3.0 x 10-5 to 3.0 x 10-2 ins/kg. Mean, median: 1.50 x 10-’2 ins/kg,

1,50 x 1o-z m~/kg. Data base identifier: 3475 (U+6, MKD_U). Variable 52 in

LHS.

CMTRXPOR

CTRAN

CTRANSFM

CULCLIM

Culebra matrix (i.e., diffusive) porosity (dimensionless). Used in SECOFL2D and

SECOTP2D. Defines $’ in Eq. (4.9.6). Distribution: Piecewise uniform. Range:

0.01 to 0.25. Mean, median: 0.16, 0.16. Data base identifier: 3486 (CULEBRA,

DPOROS). Variable51 in LHS. Additional information: Meigs 1996c,d.

Pointer variable for selecting transmissivity field. Used in SECOFL2D.

Distribution: Discrete, with integer values 1, 2, .... 100 equally likely. Each integer

value identifies one of 100 transmissivity fields constructed with GRASP_INV for

use in analysis. Transmissivity fields define t(x, y) in Eq. (4.8.4). Data base

identifier: 225 (GLOBAL, TRANSIDX). Variable 35 in LHS. Additional

information: LaVenue 1996; WIPP PA 1992-1993 Vol. 3, p. 2-91.

Multiplier on transmissivity field in presence of mining of potash reserves within

the land withdrawal boundary (dimensionless). Used in SECOFL2D.

Transmissivity field selected by CTRAN is multiplied by CTRANSF’M to obtain

values for kl(x, y) and k2(x, y) in Eqs. (4.8.5) and (4.8.6); defines SFM in Eqs

(4.8.5) and (4.8.6) for mining. Distribution: Uniform. Range: 1 to 1000. Mean,

median: 500.5, 500.5. Data base identifier: 3419 (CULEBRA, MINp–FAC).

Variable 34 in LHS. Additional information: Wallace 1996a-c.

Climate scale factor for Culebra flow (i.e., velocity) field (dimensionless). Used in

SECOTP2D. Culebra flow field is multiplied by CULCLIM to obtain Vi(x, y) in Eq.

(4,8.8); defines SFC in Eq. (4.8,8). Distribution: Piecewise uniform. Range: 1 to

2.25. Mean, median: 1.31, 1.17. Data base identifier: 223 (GLOBAL,

CLIMTIDX). Variable 48 in LHS. Additional information: Corbet and Swift

1996a,b.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

HA LCOMP Bulk compressibility of halite (Pa-1). Used in BRAGFLO. Pore compressibility 13t

in Eq. (4.2.6) defined by HALCOMP divided by initial porosity (i.e., $0 in Table

4.2. 1) for use in region 19 of Fig. 4.2.1. Distribution: Uniform. Range:

2.94 x 10-12 to 1.92 x 10-1o Pa-1. Mean, median: 9.75 x 10-11 Pa-1, 9.75 x 10-11

Pa- I. Correlation: –0.99 rank correlation with HALPRM. Data base identifier:

541 (S_HALITE, COMP_RCK). Variable 19 in LHS. Additional information:

Christian-Frear 1996a.

HALPOR

HALPRM

SALPRES

Halite porosity (dimensionless). Used in BRAGFLO. Defines $0 in Eq. (4.2.6) for

region 19 in Fig. 4.2.1. Distribution: Piecewise uniform. Range: 1.0 x 10–~ to

3 x 10-2. Mean, median: 1.28 x 10-2, 1,00 x 10-2. Data base identifier: 544

(S_HALITE, POROSITY). Variable 17 in LHS. Additional information: Howarth

1996; WIPP PA 1992-1993 Vol. 3, p. 2-41.

Logarithm of halite permeability (mZ). Used in BRAGFLO. Defines permeability

tensors Kg, Kb in Eqs. (4.2.1), (4.2.2) for region 19 in Fig. 4.2.1. Specifically, the

halite is assumed to be isotropic, with result that HALPRM is the logarithm of the

diagonal elements of Kb for the indicated region and similarly defines the diagonal

elements of KS after a correction is made for the Klinkenberg effect as shown in Eq.

(4.2.29). Distribution: Uniform. Range: –24 to–21 (i.e., permeability range is 1 x

10-’2d to 1 x 10-21 m’2). Mean, median: –22.5, –22.5. Correlation: –0.99 rank

correlation with HALCOMP. Data base identifiers: 547 (S_HALITE,

PRMX_LOG), 548 (S_HALITE, PRMY_LOG). Variable 18 in LHS. Additional

information: Davies and Beauheim 1996, Domski 1996a, Christian-Frear 1996b.

Initial brine pressure, without the repository being present, at a reference point

located in the center of the combined shafts at the elevation of the midpoint of MB

139 (Pa). Used in BRAGFLO. Defines pb~, which is used to define pb(x, y, O)

(Table 4.2.4). With respect to computational cells in Fig. 4.2.1, defines initial brine

pressure at location of cell (23,6). Distribution: Uniform. Range: 1.104 x 10T to

1.389 x 107 Pa. Mean, median: 1.247 x 107 Pa, 1.247 x 107 Pa. Data base

identifier: 546 (S_HALITE, PRESSURE). Variable 26 in LHS. Additional

information: Domski 1996b; WIPP PA 1992-1993 Vol. 3, p. 2-38.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

SHBCEXP Brooks-Corey pore distribution parameter for shaft (dimensionless). Used in

BRAGFLO. Defines 1, in Eqs. (4.2.9) - (4.2.11) for regions 3-11 in Fig. 4.2.1.

Distribution: Piecewise uniform. Range: 0.11 to 8.10. Mean, median: 2.52, 0.94.

Data base identifiers: 2516 (SALT_Tl, PORE_DIS), 2533 (SALT_T2, POR_DIS),

2550 (SALT_T3, POR_DIS), 2567 (SALT_T4) POR_DIS), 2809 (SALT-T5,

POR_DIS), 2989 (SALT_T6, POR_DIS), 2499 (EARTH> pOR_DIS), 3006

(CLAY_RUS, POR_DIS), 2330 (CL_L_Tl , POR-DIS), 2347 (CL-L-T2>

POR_DIS), 2364 (CL_L_T3, POR_DIS), 3076 (CL-L-T4, pOR-DIS), 2381

(CL_M_Tl , POR_DIS), 2398 (CL_M_T2, POR_DIS), 2415 (CL_M_T3,

POR_DIS), 2432 (CL_M_T4, POR_DIS), 2449 (CL-M-T5, pOR_DIS), 2313

(CLAY_BOT, POR_DIS), 2466 (CONC_Tl , POR_DIS), 2483 (CONC_T2,

PORDIS), 3057 (CONC_MON, POR_DIS), 2279 (ASPHALT, POR_DIS).

Variable 16 in LHS. Additional information: Kelley et al. 1996a,b; Hurtado 1996.

SHPRMASP Logarithm of intrinsic permeability (mz) of asphalt component of shaft seal (mZ).

Used in BRAGFLO. Permeability tensors Kg, Kb in Eqs. (4.2.1), (4.2.2) for region

5 in Fig. 4.2.1 are functions of asphalt permeability (i.e., k,= 1W, x = SHPRA4ASP,

in Eq. (4.2.34)), halite permeability (i.e., k,)Uf= 1(P, x = HALPRA4, in Eq. (4.2.35),

and shaft DRZ permeability (i.e., kj~ = 1W, x = SHPRMDRZ in J%. (4.2.35)), with

diagonal elements of Kb defined by ke in Eq. (4.2.34) and the diagonal elements of

Kg defined similarly after a correction is made for the Klinkenberg effect as shown

in Eq. (4.2.29). Distribution: Triangular. Range: –21 to –18 (i.e., permeability

range is 1 x 10–21 to 1 x l&lg mz). Mean, mode: –19.7, –20.0. Data base

identifiers: 2283 (ASPHALT, PRMX_LOG), 2284 (ASPHALT, pRMY_LOG).

Variable 11 in LHS. Additional information: Kelley et al. 1996a,b; Repository

Isolation Systems Department 1996.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

SHPRMCLY Logarithm of intrinsic permeability (mz) for clay components of shaft. Used in

BRAGFLO. Defines permeability tensors K:, Kb in Eqs. (4.2.1), (4.2.2) for regions

4, 10 in Fig. 4.2.1; specifically, the clay component is assumed to be isotropic, with

result that SHPRMCLY is the logarithm of the diagonal elements of Kb for the

indicated regions and the diagonal elements of Kg are defined similarly after a

correction is made for Klinkenberg effect as shown in Eq. (4.2.29). Plays same role

in definition of Kx, Kb for regions 8, 9 in Fig. 4.2.1 as SHPRMASP does in the

definition of K~, Kb for region 5 in Fig. 4.2.1, with result that Kx, Kb are functions

of SHPRMCLY, HALPRM and SHPRMDRZ. Distribution: Triangular. Range: –

21 to –17.3 (i.e., permeability range is 1 x 10-21 to 1 x 10-17~ mz). Mean, mode:

–1 8,9, –18.3. Data base identifiers: 2334 (CL_L_Tl , PRMX_LOG), 2335

(CL_L_Tl , PRMY_LOG), 3009 (CLAY_RUS, PRMX_LOG), 3010 (CLAY_RUS,

PRMY_LOG), 2334 (CL_L_Tl , PRMX_LOG), 2335 (CL_L_Tl , PRMY_LOG),

2351 (CL_L_T2, PRMX_LOG), 2352 (CL_L_T2, PRMY_LOG), 2368 (CL_L_T3,

PRMX_LOG), 2369 (CL_L_T3, PRMY_LOG), 3078 (CL-L-T4, pRMX_LOG))

3079 (CL_L_T4, PRMY_LOG), 2385 (CL_M_Tl , PRMX_LOG), 2386

(CL_M_Tl , PRMY_LOG), 2402 (CL_M_T2, PRMX_LOG), 2403 (CL_M_T2,

PRMY_LOG), 2419 (CL_M_T3, PRMX_LOG), 2420 (CL_M_T3, PRMY_LOG),

2436 (CL_M_T4, PRMX_LOG), 2437 (CL_M_T4, PRMY_LOG), 2453

(CL_M_T5, PRMX_LOG), 2454 (CL_M_T5, PRMY_LOG), 2317 (CLAY_BOT,

PRMX_LOG), 2318 (CLAY_BOT, PRMY_LOG), 3009 (CLAY_RUS,

PRMX_LOG), 3010 (CLAY_RUS, PRMY_LOG). Variable 9 in LHS. Additional

information: Kelley et al. 1996a,b; Repository Isolation Systems Department 1996.

SHPRMCON Same as SHPRMCLY (as used for regions 4, 10 in Fig. 4.2.1) but for concrete

component of shaft seal (i.e., region 6 in Fig. 4.2.1) for O to 400 yr. Distribution:

Triangular. Range: –17.0 to –14.0 (i.e., permeability range is 1 x 10-IT to 1 x 10-

14 rn2) Mean, mode: –1 5.3, –1 5.0. Data base identifiers: 24’70 (CONC_T 1,

PRMX_LOG), 2471 (CONC_T 1, PRMY_LOG). Variable 10 in LHS. Additional

information: Kelley et al. 1996a,b; Repository Isolation Systems Department 1996.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

SHPRMDRZ Logarithm of intrinsic permeability (mz) of DRZ surrounding shaft. Used in

BRAGFLO. Defines kin in Eq. (4.2.35). Used in definition of effective

permeability for shaft in regions 5, 8, 7 and 9 of Fig. 4.2.1. See SHPRMASP,

SHPRMCLY, SHPRMHAL. Distribution: Triangular. Range: –17.0 to –14.0 (i.e.,

permeability range is 1 x 10-17 to 1 x 10-14 mz). Mean, mode: –15.3, –15.0. Data

base identifier: 3133 (SHFT_DRZ, PRMX_LOG). Variable 12 in LHS.

Additional information: Kelley et al. 1996a,b; Knowles et al. 1998.

SHPRMHAL Pointer variable (dimensionless) used to select intrinsic permeability in crushed salt

component of shaft seal at different times. Used in BRAGFLO. Distribution:

Uniform. Range: O to 1. Mean, mode: 0.5, 0.5. A distribution of permeability

(mz) in the crushed salt component of the shaft seal (i.e., region 7 in Fig. 4.2.1) is

defined for each of the following time intervals: [0, 10 yr], [10, 25 yr], [25, 50 yr],

[50, 100 yr], [100, 200 yr], [200, 10,000 yr] (see Table 2, Kelley et al. 1996a).

SHPRMHAL is used to select a permeability value from the cumulative distribution

function for permeability for each of the preceding time intervals with result that a

rank correlation of 1 exists between the permeabilities used for the individual time

intervals. Once selected, crushed salt permeabilities are used to define Kg, Kb in

Eqs. (4.2.1), (4.2.2). For region 7 (Fig. 4.2.1) in the same manner as SHPRMASP

is used to define Kg, Kb for region 5 (Fig. 4.2.1). Data base identifier: 2939

(SALT_Tl, CUMPROB). Variable 13 in LHS. Additional information: Kelley et

al. 1996a,b; Vaughn and McArthur 1996.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

SHRBRSAT Residual brine saturation in shaft (dimensionless). Used in BRAGFLO. Defines

Sbr in Eqs. (4.2.23) - (4.2.24) for regions 3-11 in Fig. 4.2.1. Distribution: Uniform.

Range: O to 0.4. Mean, median: 0.2, 0.2. Data base identifiers: 2528 (SALT_Tl,

SAT_RBRN), 2545 (SALT_T2, SAT_RBRN), 2562 (SALT_T3, SAT_RBRN),

2579 (SALT_T4, SAT_RBRN), 2596 (SALT_T5, SAT_RBRN), 2992 (SALT_T6,

SAT_RBRN), 2511 (EARTH, SAT_RBRN), 3014 (CLAY_RUS, SAT_RBRN),

2342 (CL_L_Tl , SAT_RBRN), 2359 (CL_L_T2, SAT_RBRN), 2376 (CL_L_T3,

SAT_RBRN), 3082 (CL_L_T4, SAT_RBRN), 2393 (CL_M_Tl , SAT_RBRN),

2410 (CL_M_T2, SAT_RBRN), 2427 (CL_M_T3, SAT_RBRN), 2444

(CL_M_T4, SAT_RBRN), 2461 (CL_M_T5, SAT_RBRN), 2325 (CLAY_BOT,

SAT_RBRN), 2478 (CONC_Tl , SAT_RBRN), 2494 (CONC_T2, SAT_RBRN),

3063 (CONC_MON, SAT_RBRN), 2291 (ASPHALT, SAT_RBRN). Variable 15

in LHS. Additional information: Kelley et al. 1996a,b.

SHRGSSAT

WA STWICK

Residual gas saturation in shaft (dimensionless). Used in BRAGFLO. Defines Sg,

in Eq. (4.2.24) for regions 3-11 in Fig. 4.2.1. Distribution: Uniform. Range: O to

0.4. Mean, median: 0.2, 0.2. Data base identifiers: 2529 (SALT_Tl ,

SAT_RGAS), 2546 (SALT_T2, SAT_RGAS), 2563 (SALT_T3, SAT_RGAS),

2580 (SALT_T4, SAT_RGAS), 2597 (SALT_T5, SAT_RGAS), 2993 (SALT_T6,

SAT_RGAS), 2512 (EARTH, SAT_RGAS), 3015 (CLAY_RUS, SAT_RGAS),

2543 (CL_L_Tl , SAT_RGAS), 2360 (CL_L_T2, SAT_RGAS), 2377 (CL_L_T3,

SAT_RGAS), 3083 (CL_L_T4, SAT_RGAS), 2394 (CL_M_Tl , SAT_RGAS),

2411 (CL_M_T2, SAT_RGAS), 2428 (CL_M_T3, SAT_RGAS), 2445 (CL_M_T4,

SAT_RGAS), 2462 (CL_M_T5, SAT_RGAS), 2326 (CLAY_BOT, SAT_RGAS),

2479 (CONC_Tl , SAT_RGAS), 2495 (CONC_T2, SAT_RGAS), 3064

(CONC_MON, SAT_RGAS), 2292 (ASPHALT, SAT_RGAS). Variable 14 in

LHS. Additional information: Kelley et al. 1996a,b; Mayer et al. 1992.

Increase in brine saturation of waste due to capillary forces (dimensionless). Used

in BRAGFLO. Defines SWiCkin Eq. (4.2.71) for regions 23, 24 in Fig. 4.2.1.

Distribution: Uniform. Range: O to 1. Mean, median: 0.5, 0.5. Data base

identifier: 2231 (WAS_AREA, SAT_WICK), 2138 (REPOSIT, SAT_WICK).

Variable 8 in LHS.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

WFBETCEL Scale factor used in definition of stoichiometric coefficient for microbial gas

generation (dimensionless). Used in BRAGFLO. Defines ~ in Eq. (4.2.70) for

regions 23, 24 in Fig. 4.2.1. Distribution: Uniform. Range: O to 1. Mean, median:

0.5, 0.5. Data base identifier: 2994 (CELLULS, FBETA). Variable 5 in LHS.

Additional information: Wang and Brush 1996a,b.

WGRCOR

WGRMICH

WGRMICI

WMICDFLG

Corrosion rate for steel under inundated conditions in the absence of C02 (m/s).

Used in BRAGFLO. Defines RCi in Eq. (4.2.49) for regions 23, 24 in Fig. 4.2.1.

Distribution: Uniform. Range: O to 1.58 X l&14 m/S. Mean, median:

7.94 x 10-15 mls, 7.94 x lmls mls. Data base identifier: 2907 (STEEL,

CORRMC02). Variable 1 in LHS. Additional information: Wang and Brush

1996a.

Microbial degradation rate for cellulose under humid conditions (mol/kgos). Used

in BRAGFLO. Defines Rmh in Eq. (4.2.51) for regions 23, 24 in Fig. 4.2.1.

Distribution: Uniform. Range: O to 1.27 x 10-9 mol/kgas. Mean, median:

6.34 x 10-1o mol/kg*s, 6.34 x 10-1o mol/kgw. Data base identifier: 656

(WAS_AREA, GRATMICH), 2127 (REPOSIT, GRATMICH). Variable 4 in LHS.

Additional information: Wang and Brush 1996a.

Microbial degradation rate for cellulose under inundated conditions (mol/kgw).

Used in BRAGFLO. Defines Rmi in Eq. (4.2.51) for regions 23, 24 in Fig. 4.2.1.

Distribution: Uniform. Range: 3.17 x 10-1o to 9.51 x 10-9 mol/kgOs. Mean,

median: 4.92 x 10–9 mol/kg-s, 4.92 x l(hg mollkg-s. Data base identifier: 657

(WAS_AREA, GRATMICI), 2128 (REPOSIT, GRATMICI). Variable 3 in LHS.

Additional information: Wang and Brush 1996a.

Pointer variable for microbial degradation of cellulose. Used in BRAGFLO.

Distribution: Discrete, with 50% O, 259to 1, 25% 2. WMICDFLG = O, 1, 2 implies

no microbial degradation of cellulose, microbial degradation of only cellulose,

microbial degradation of cellulose, plastic and rubber. Data base identifier: 2823

(WAS_AREA, PROBDEG), 2824 (REPOSIT, PROBDEG). Variable 2 in LHS.

Additional information: Tierney 1996a.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

WPRTDIAM Waste particle diameter (m). Used in CUTTINGS_S. Defines din Eqs. (4.6.8) and

(4.6.9). Distribution: Loguniform. Range: 4.0 x 10-5 to 2.0 x IO-1 m. Mean,

median: 2.35 x 10-2 m, 2.80 x 10-2 m. Data base identifier: 3246

(BRAGFLO_DBR, PARTDIA). Variable 32 in LHS. Additional information:

Berglund 1996a,b,

WOXSTAT

WPHUMOX3

WRBRNSAT

Pointer variable for elemental oxidation states (dimensionless). Solubilities

obtained with WOXSTAT used in NUTS, PANEL (see Eqs. (4.3,3)-(4.3.6) and

Table 4.3. 1); retardations obtained with WOXSTAT used in SECOTP2D (see Eq.

(4.9.7)). Distribution: Uniform. Range: O to 1. Mean, median: 0.5, 0.5. Reset to

WOXSTAT = O, 1 for WOXSTAT S 0.5, 0.5< WOXSTAT <1. WOXSTAT = O

implies use of CMKDPU3, CMKDU4, WSOLPU3C, WSOLPUS, WSOLU4S;

WOXSTAT = 1 implies use of CMKDPU4, CMKDU6, WSOLPU4C, WSOLPU4S,

WSOLU6C, WSOLU6S. Data base identifier: 3417 (GLOBAL, OXSTAT).

Variable 47 in LHS. Additional information: Weiner 1996, Stockman 1996a.

Ratio of concentration of actinides attached to humic colloids to dissolved

concentration of actinides for oxidation state III in Castile brine (dimensionless).

See SFHUm (Br, Ox, El) in Table 4.3.1. Distribution: Piecewise uniform. Range:

0.065 to 1.60. Mean, median: 1.10, 1.37. Data base identifier: 3429 (PHUMOX3,

PHUMCIM). Variable 46 in LHS. Additional information: Papenguth 1996,

Papenguth and Moore 1996a, b.

Residual brine saturation in waste (dimensionless). Used in BRAGFLO. Defines

Sbr in Eqs. (4.2.13) - (4.2.14) for use in regions 23, 24 in Fig. 4.2.1. Also used in

BRAGFLO_DBR; see Sect. 4.7.4. Distribution: Uniform. Range: O to 0.552.

Mean, median: 0.276, 0.276. Data base identifiers: 670 (WAS_AREA,

SAT_RBRN), 2741 (REPOSIT, SAT_RBRN). Variable 7 in LHS. Additional

information: Vaughn 1996a.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

WRGSSAT

WSOLAM3C

WSOLAM3S

WSOLPU3C

WSOLPU3S

WSOLPU4C

WSOLPU4S

WSOLTH4S

Residual gas saturation in waste (dimensionless). Used in BRAGFLO. Defines Sgr

in Eq. (4.2.14) for use in regions 23, 24 in Fig. 4.2.1. Also used in

BRAGFLO_DBR; see Sect. 4.7.4. Distribution: Uniform. Range: O to 0.15.

Mean, median: 0.075, 0.075. Data base identifiers: 671 (WAS_AREA,

SAT_RGAS), 2137 (REPOSIT, SAT_RGAS). Variable 6 in LHS. Additional

information: Solutions Engineering 1995.

Logarithm of scale factor used to define volubility in Castile brine of americium in

oxidation state III (dimensionless). Volubility calculated from WSOLAM3C used in

NUTS, PANEL. Defines UF(Br, Ox, El) in Table 4.3.1, which is a multiplier on

volubility prediction with FMT (Siegel 1996). Distribution: Piecewise uniform.

Range: –2.00 to 1.40. Mean, median: 0.18, –0.09. Data base identifier: 3263

(SOLAM3, SOLCIM). Variable 37 in LHS. Additional information: Stockman

1996b; Bynum 1996.

Same as WSOL4M3C but for Salado brine. Data base identifier: 3262 (SOLAM3,

SOLSIM). Variable 36 in LHS. Note: WSOLAM3C, WSOI!AM3S, WSOLPU3C,

WSOLPU3S, WSOLPU4C, WSOLPU4S, WSOLTH4S, WSOLU4S, WSOLU6C,

WSOLU6S have same distribution (see WSOLAM3C) but are sampled

independently.

Same as WSOLAM3C but for plutonium. Data base identifier: 3264 (SOLPU3,

SOLCIM). Variable 39 in LHS.

Same as WSOLAM3C but plutonium in Salado brine. Data base identifier: 3265

(SOLPU3, SOLSIM). Variable 38 in LHS.

Same as WSOLAM3C but for plutonium in oxidation state IV. Data base identifier:

3389 (SOLPU4, SOLCIM). Variable41 in LHS.

Same as WSOLAM3C but for plutonium in oxidation state IV in Salado brine. Data

base identifier: 3266 (SOLPU4, SOLSIM). Variable 40 in LHS.

Same as WSO.IJIM3C but for thorium in oxidation state IV in Salado brine. Data

base identifier: 3393 (SOLTH4, SOLSIM). Variable 45 in LHS.
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Table 5.2.1 Uncertain Variables Incorporated into 1996 WIPP PA (Continued)

Variable Description

WSOLU4S Same as WSOLA~3C but for uranium in oxidation state IV in Salado brine. Data

base identifier: 3390 (SOLU4, SOLSIM). Variable 42 in LHS.

WSOLU6C Same as WSOLAA43C but for uranium in oxidation state VI. Data base identifier:

3392 (SOLU6, SOLCIM). Variable 44 in LHS.

WSOLU6S Same as WSOLAM3C but for uranium in oxidation state VI in Salado brine. Data

base identifier: 3391 (SOLU6, SOLSIM). Variable 43 in LHS.

WTA UFAIL Shear strength of waste (Pa). Used in CUTTINGS_S. Defines 7(R, 1) in Eq.

(4.5.8). Distribution: Uniform. Range: 0.05 to 10 Pa. Mean, median: 5.03 Pa,

5.03 Pa. Data base identifier: 2254 (BOREHOLE, TAUFAIL). Variable 33 in

LHS. Additional information: Berglund 1996c.

5.3 Variable Distributions

A distribution that characterizes subjective uncertainty is indicated for each of the variables in Table 5.2.1.

These distributions characterize a degree of belief as to where the appropriate value to use for each variable is

located and correspond to the distributions Dj in Eq. (5.2.1). Examples of four of these distributions are provided in

Fig. 5.3. 1; further, all 57 distributions are presented in App. A. The truncations associated with ANHCOMP result

from the restriction that the defined distribution cannot contain values that fall outside the observed range for the

variable.
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Variable: ANHCOMP

/

STUDENT Distribution

Cumulative Probability
+ Sampled Data
O Original Data

Variable 21 in LHS

6 1

0 Ixlo-’o 2XI0-”3 3XI0-’O

Anhydrite Compressibility (Pa-’): ANHCOMP

Variable: WMICDFLG

T-----JDELTA Distribution

1 Cumulative Probability
+ Sampled Data

0.0

Fig. 5.3.1

1.0 2.0

Microbial Gas Generation Flag: WMICDFLG

Variable: SHPRMCON

TRIANGULAR Distribution

Cumulative Probability
+ Sampled Data

Variable 10 in LHS

–20.0 –1 9.0 –1 8.0 –1 7.0

Logarithm Shaft Concrete Permeability (mz): SHPRMCON

Variable: WSOLAM3C

Piecewise Uniform Distribution

Cumulative Probability

+ Sampled Dats

Variable 37 in LHS

–2.0 -1.0 0.0 1.0

Logarithm Scale Factor Volubility Am: WSOLAM3C

TRI-6342-51 73-1

Examples of uncertain variables, their associated distributions, and sampled values obtained with a Latin
hypercube sample (McKay et al. 1979; see Sects. 6.1, 6.5) of size 100.
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5.4 Correlations

Most of the variables in Table 5.2.1 are assumed to be uncorrelated. However, the pairs (ANHCOMP,

ANHPRM), (HALCOMP, HALPRM) and {BPCOMP, BPPRM) are assumed to have rank correlations of -0.99,-0.99

and –0.75, respectively (Fig. 5.4. 1). These correlations result from a belief that the underlying physics implies that a

large value for one variable in a pair should be associated with a small value for the other variable in the pair. The

scatterplots in Fig. 5.4.1 result from the Latin hypercube samples described in Sect. 6.5, with the rank correlations

within the pairs (ANHCOMP, ANHPRM), (HALCOMP, HALPRM) and (BPCOMP, BPPRM) induced with the Iman

and Conovcr (1982) restricted pairing technique (see Sect, 6.2).

The distributions and associated correlations indicated in Table 5.2.1 and Figs. 5.3.1 and 5.4.1 define the

probability space ( $,U, d’,u, P,U) for subjective uncertainty in Sect. 2.4. The vector X,ru in Eqs. (2.4.1) and (5.1. I )

has the form

X,,U= [ANHBCEXP, ANHBCVGP, .... WTA UFAIL], (5.4.1)

where the individual elements of X,ru are the variables described in Table 5.2.1.
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Fig. 5.4.1, Scatterplots illustrating correlations within the pairs (ANHCOMP, ANHPRM), (HALCOMP, HALPRM)

and (BP COMP, BPPRM).
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5.5 Scenarios Involving Stochastic and Subjective Uncertainty

Scenarios are usually defined to be subsets <,t of the sample space $’1 for stochastic uncertainty, and scenario

probabilities p,,l ( ~,~) are defined by the function p,ff associated with the probability space ($,1, ~rl, p,rt) for stochastic

uncertainty (Sect. 3.9). This definition is consistent with the concept that a scenario is something that could happen

in the future. However, this definition is also consistent with the broader concept that a scenario is simply a subset of

the sample space ?~associated with an arbitrary probability space ($, ~, p); or to be technically correct, a scenario is

an element of the set ~ associated with the probability space ($ ~, p) (Sect. 3.9).

A probability space ( $,U, ~,u, p,fu) for subjective uncertainty has now been introduced (Sect. 5.1). Consistent

with the concept that scenarios are subsets of the sample space associated with an arbitrary probability space,

scenarios could also be defined to be subsets & of $TU(i. e., elements of ~.ru), with corresponding probabilities

given by P.J &).

Although a subset & of & and also a subset & of &U can be formally thought of as being scenarios in the

sense of being subsets of the sample space associated with a particular probability space, &f and & are very

different entities. In particular, &r contains vectors X,l of the form defined in Eq. (2.2.2), and :Vu contains vectors

x ,Yuof the form defined in Eqs. (5.1.1) and (5.4.1). Further, the probability P.r,(<J for & characterizes the

likelihood that a vector x,,~ in <Jr will match the occurrences that will take place at the WIPP over the next 10,000 yr,

and the probability p,ru( &J for <rUcharacterizes a degree of belief that a vector X,$Uin I&ucontains the appropriate

values for the 57 variables in Table 5.2.1 for use in the 1996 WIPP PA. Given the difference between scenarios

derived from $,1 and scenarios derived from $,U, a careful specification of what is meant by a scenario is always

necessary in an analysis that involves multiple probability spaces.

The probability spaces ($Yt, 4,,, P,W) and ( $u, zfyu, p,,U) can be combined to produce an additional probability

space ($, ~, p), where the elements x of the sample space $ are vectors of the form

x = [X,rfjX.yul, X.fr f= % % ● S,u. (5.5.1)

Thus, under the convention that scenarios are subsets of the sample space associated with an arbitrary probability

space, scenarios could also be defined to be sets of vectors of the form defined in Eq. (5.5.1). In this case, the

definition of a scenario would involve the specification of what could occur in the future (i.e., the part of x defined

by X$l) and the specification of fixed but unknown values for parameters required in the analysis (i.e., the part of x

defined by X,$u).
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The probability space (S, ~, p) can be developed from (&t, ~.yt, PJ and ($., J.,u, P.,U) by defining each

element ~ of ~ by

~,~, Pw) are independent (i.e., thewhere & = ~Vt and & = ~YU. If the probability spaces ( $f, ~~f, p~t) and ( $TU,

occurrence of a particular element X.$fof $f does not affect the definition of ( $u) ~~u, PJ and the occurrence of a

particular element X,$uof & does not affect the definition of ( $, z&, p.~r)), then

P( a = P( ‘a x <J = P.rf( &) P,.( Q (5.5.3)

If ($, ~r,, p,,,) and ( $,U, Au, pJ are not independent, then a more complicated definition for p is required, with the

exact nature of this definition being a function of the dependencies that exist between ( $$(, ~,t, pst) and ( $U, g$u,

P,,.).

In the 1996 WIPP PA, ( $,t, .d$t,P.J and ( $,U, ~fu, pJ are independent, with the result that the relationship in

Eq. (5.5.3) holds. This would not be the case if a parameter required in the definition of ( & <,t, P,t) was treated as

being uncertain and thus included in Xyu. For example, a more complex definition for p in Eq. (5.5.3) would be

required if the drilling rate in Eqs. (3.2.1) - (3.3.3) was treated as being uncertain. Although none of the quantities

used in the definition of ( $, .z&,p.~f) in the 1996 WIpp pA Were Considered to be uncertain, such Uncertainties Were

considered in a verification analysis performed at SNL for the U.S. EPA (MacKinnon, Freeze and Jow 1997); in

particular, the probability that a drilling intrusion would penetrate pressurized brine (Sect. 3.5) was treated as being

uncertain and included in the definition of X.yu.

As described in conjunction with the probability spaces ($, ~yt, p,,), ($$U, ~,u, pfu) and (S= & x ($,U, 4 p),

the concept of a scenario is consistent in the sense of being a subset of a sample space and yet can involve quite

different entities due to the different probability spaces potentially under consideration. Thus, when the use of

scenarios is discussed, it is important to specify clearly which of many possible probability spaces is under

consideration.

Unless specified otherwise, use of the term scenario in the 1996 WIPP PA refers to subsets of the sample space

& for stochastic uncertainty (Sect. 3.9). However, due to the use of Monte Carlo procedures to incorporate the

effects of stochastic and subjective uncertainty into the 1996 WIPP PA, the use of terminology related to scenarios

does not play a large role in the description of this analysis.
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6. Computational Procedures

6.1 Sampling Procedures

As indicated in Chapter 2, extensive use is made of sampling procedures in the 1996 WIPP PA. In particular,

random sampling is used in the generation of individual CCDFS (i.e., for integration over the probability space (&,

~,rt, ~,rt) for stochastic uncertainty; see Sect. 2.3) and Latin hypercube sampling is used for the assessment of the

effects of imprecisely-known analysis inputs (i.e., for integration over the probability space ( $u, ~,u, p,.) for

subjective uncertainty; see Sect. 2.4). Due to the importance of sampling procedures in the 1996 WIPP PA, brief

descriptions are given for random sampling, importance sampling and Latin hypercube sampling, which are probably

the most widely used sampling techniques. For notational convenience, assume that the variable under consideration

is represented by

1x = [X1,X2, ....xnv (6.1.1)

and that the corresponding probability space is (S, ~, p).

In random sampling, sometimes also called simple random sampling, the observations

] k= 1,2,..., nR,xk= [xkl,xkz, .... xk,~v , (6.1.2)

where rrR is the sample size, are selected according to the joint probability distribution for the elements of x as

defined by ($ ~, p). In practice, (~, ~, p) is defined by specifying a distribution Dj for each element Xj of x.

Points from different regions of the sample space S occur in direct relationship to the probability of occurrence of

these regions. Further, each sample element is selected independently of all other sample elements. As illustrated in

Fig. 6.1.1 for xl = U, X2 = V, nV = 2 and nR = 5, the numbers RU(l), RU(2), .... RL’(5) are sampled from a uniform

distribution on [0, 1] and in turn lead to a sample U(1), U(2), .... U(5) from U based on the cumulative distribution

function (CDF) for U. Similarly, the numbers RV(l), RV(2), .... RV(5) lead to a sample V(l), V(2), .... V(5) from V.

The pairs

xk= [U(k), V(.k)], k= 1, 2, ....nR =5. (6.1.3)

then constitute a random sample from x = [U, VI, where U has a normal distribution on [– 1, 1] and V has a triangular

distribution on [0, 4].

Random samples are generated in an analogous manner when x has a dimensionality greater than 2 (e.g., nV =

100). Specifically, if the elements of x are represented by U, V, .... W and a random sample of size nR is to be

generated, then random numbers RU( 1), RU(2), .... RU(nR) are sampled uniformly from [0,1] and used to obtain
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Fig. 6.l.1 Example of random sampling to generate a sample of size nR = 5 from x = [U, Vl with U normal on

[-1, 1] (mean= 0,0.01 quantile = -1,0.99 quantile = 1) and V triangular on [0, 4] (mode= 1).
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corresponding values U(1), U(2), .... U(nR) for U, random numbers RV( 1), RV(2), .... RV(nR) are sampled uniformly

from [0, 1] and used to obtain corresponding values V(1), V(2), .... V(nR) for V, and so on, with the process

continuing through all elements of x and ending with the selection of random numbers RkV( 1), RW(2), .... RkV(rzR)

from [0, 1] and the generation of the corresponding values W(l), W(2), .,., W(nR) for W. The vectors

Xk = [U(k), V(k), .... W(k)], k = 1, 2, .... nR, (6.1 .4)

then constitute a random sample from x = [U,V, .... ~.

In random sampling, there is no assurance that points will be sampled from any given sub-region of the sample

space $. Also, it is possible for an inefficient sampling of $ to occur due to several sampled values falling very close

together. The preceding problems can be partially ameliorated by using importance sampling. With this technique,

S is exhaustively divided into a number of nonoverlapping subregions (i.e., strata) ~, i = 1, 2, .... nS. Then, nSi

values for x are randomly sampled from &j, with the random sampling carried out in consistence y with the definition

of ( $, d’, p) and the restriction of X to $i. The resultant vectors

] k= 1,2,..., ~nSi ,xk = [xk], xk2., .... xlcjnv , (6.1.5)

1=1

then constitute an importance-based sample from S (i.e., a sample obtained by importance sampling). Typically,

only one value is sampled from each Si, with the result that the sample has the form

] k=l,2, ....nS.xk = [xkl, xkz, .... xk,nv , (6.1.6)

The name importance sampling derives from the fact that the $ are in part defined on the basis of how important the

x’s contained in each set are to the final outcome of the analysis. Often, importance sampling is used to assure the

inclusion in an analysis of x’s that have high consequences but low probabilities (i.e., the probabilities p( Si) are

small for the $i that contain such X’s). When importance sampling is used, the probabilities p( $i) and number of

observations nSi taken from each Si must be folded back into the analysis before results can be meaningfully

presented.

Several examples of importance sampling for x = [U, VI are given in Fig. 6.1.2. The two top frames are for

strata of equal probability (i.e., all P( Si) are equal). For two uniform distributions, this results in all strata having the

same area (upper left frame). For two nonuniform distributions, different strata can have different areas even though

they have the same probability (upper right frame). The two lower frames are for strata of unequal probability. In

this case, the variable distributions and the strata probabilities interact to determine the area of the strata. However, it

is important to recognize that specifying variable distributions, number of strata and strata probabilities does not
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Fig. 6.1.2. Examples of importance sampling with ten strata (i.e., nS = 10), one random sample per strata (i.e.,
rr,Si= 1), equal strata probability (i.e., p(Si) = 1/1O, upper frames), unequal strata probability (i.e.,

p(Si) = 0.2, 0.2, 0.1, 0.1, 0.1, 0.06, 0.06, 0.06, 0.06, 0.06, lower frames), U and V uniform On [o 11

(left frames) and U normal on [-l, 1] (mean= O, 0.01 quantile = –1, 0.99 quantile = 1) and V triangular

on [0, 4] (mode = 1) (right frames).

6-4



uniquely define an importance sampling procedure; rather, there are many ways in which the strata Si can be defined

that are consistent for the preceding constraints. In particular, appropriate definition of strata will depend on specific

properties of individual analyses. Similar ideas also hold for more than two variables, in which case the strata

become volumes in a space with the same dimension as x.

Importance sampling operates to ensure the full coverage of specified regions in the sample space. This idea is

carried farther in Latin hypercube sampling (McKay et al. 1979) to ensure the full coverage of the range of each

variable. Specifically, the range of each variable (i.e., the ~j) is divided into nLHS intervals of equal probability and

one value is selected at random from each interval. The nLHS values thus obtained for xl are paired at random

without replacement with the nLHS values obtained for X2. These nLHS pairs are combined in a random manner

without replacement with the nLHS values of X3 to form nLHS triples. This process is continued until a set of nLHS

nV-tuples is formed. These nV-tuples are of the form

] k= 1, ....nLHS.xk = [xkl, xkz, .... x!i,nv , (6.1.7)

and constitute the Latin hypercube sample (LHS). The individual xj must be independent for the preceding

construction procedure to work; a method for generating Latin hypercube and random samples from correlated

variables has been developed by Iman and Conover (1982) and will be discussed in Sect. 6.2. Latin hypercube

sampling is an extension of quota sampling (Steinberg 1963) and can be viewed as an n-dimensional randomized

generalization of Latin square sampling (pp. 206-209, Raj 1968).

The generation of an LHS of size nLHS = 5 from x = [U, Vl is illustrated in Fig. 6.1.3. Initially, the ranges of U

and V are subdivided into five intervals of equal probability, with this subdivision represented by the lines that

originate at 0.2, 0.4, 0.6 and 0.8 on the ordinates of the two upper frames in Fig. 6.1.3, extend horizontally to the

CDFS, and then drop vertically to the abscissas to produce the 5 indicated intervals. Random values U(I), U(2), ....

U(5) and V(l), V(2), .... V(5) are then sampled from these intervals. The sampling of these random values is

implemented by (1) sampling RU( 1) and RV( 1) from a uniform distribution on [0, 0.2], RU(2) and RV(2) from a

uniform distribution on [0.2, 0.4], and so on and (2) then using the CDFS to identify (i.e., sample) the corresponding

U and V values, with this identification represented by the dashed lines that originate on the ordinates of the two

upper frames in Fig. 6.1.3, extend horizontally to the CDFS, and then drop vertically to the abscissas to produce

U(1), U(2), .... U(5) and V(1), V(2), .... V(5). The generation of the LHS is then completed by randomly pairing

(without replacement) the resulting values for U and V. As this pairing is not unique, many possible LHSS can result.

Two such LHSS are shown in the lower two frames in Fig. 6.1.3, with one LHS resulting from the pairings [U(1),

V(5)], [U(2), V(l)], [U(3), V(2)], [U(4), V(3)], [U(5), V(4)] (lower left frame) and the other LHS resulting from the

pairings [U(1), V(3)], [U(2), V(2)], [U(3), V(3)], [U(4), V(5)], [U(5), V(l)] (lower right frame).
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Fig. 6.1.3. Example of Latin hypercube sampling to generate a sample of size nLHS = 5 from x = [U, ~ with U

normal on [–1, 1] (mean = O, 0.01 quantile = –1, 0.99 quantile = 1) and V triangular on [1, 4]

(mode = 1).
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The generation of an LHS for nV >2 proceeds in a manner similar to that shown in Fig. 6.1.3 for nV = 2. The

sampling of the individual variables for rzV > 2 takes place in exactly the same manner as shown in Fig. 6.1.3.

However, the rzV variables define an nV-dimensional solid rather than a 2-dimensional rectangle in the plane. Thus,

the two lower frames in Fig. 6.1.3 would involve a partitioning of an nV-dimensional solid rather than a rectangle.

Random sampling is the preferred technique when sufficiently large samples are possible because it is easy to

implement, easy to explain, and provides unbiased estimates for means, variances and distribution functions. The

possible problems with random sampling derive from the rather vague phrase “sufficiently large” in the preceding

sentence. When the underlying models are expensive to evaluate (e.g., many hours of CPU time per evaluation) or

estimates of extreme quantiles are needed (e.g., the 0.999999 quantile), the required sample size to achieve a specific

purpose may be too large to be computationally practicable. In the 1996 WIPP PA, random sampling is used for the

estimation of CCDFS (i.e., integration over ( $rl, ~ ,Yt,p$t)) because it was possible to develop a computational

strategy that allowed the use of a sample of size nS = 10,000 to estimate an exceedance probability of 0.001 (i.e., the

0.999 quantile of the distribution of normalized releases to the accessible environment).

When random sampling is not computationally feasible for the estimation of extreme quantiles, importance

sampling is often employed. However, the use of importance sampling on nontrivial problems is not easy due to the

difficulty of defining the necessary strata and also of calculating the probabilities of these strata. For example, the

fault and event tree techniques used in probabilistic risk assessments for nuclear power stations and other complex

engineered facilities can be viewed as algorithms for defining importance sampling procedures. The bottom line is

that the definition and implementation of an importance sampling procedure is not easy. Further, without extensive a

priori knowledge, the strata may end up being defined much more finely than is necessary, with the result that the

importance sampling procedure ends up requiring more calculations than the use of random sampling to calculate the

same outcomes. For example, the number of strata in the importance sampling procedure used to estimate CCDFS in

the 1991 and 1992 WIPP PAs (Helton and Iuzzolino 1993) greatly exceeds the size of the random samples used in

the 1996 WIPP PA to estimate CCDFS. The unequal strata probabilities also make the outcomes of analyses based

on importance sampling inconvenient for use in sensitivity analyses (e.g., how does one interpret a scatterplot or a

regression analysis derived from results obtained from an importance sampling procedure). For the preceding

reasons, importance sampling was not used in the 1996 WIPP PA.

Latin hypercube sampling is used when large samples are not computationally practicable and the estimation of

very high quantiles is not required. The preceding is typically the case in uncertainty and sensitivity studies to assess

the effects of subjective uncertainty. First, the models under consideration are often computationally demanding,

with the result that the number of calculations that can be performed to support the analysis is necessarily limited.

For example, the totality of the model calculations (i.e., BRAGFLO, NUTS, PANEL, GRASP_INV, SECOFL2D,

SECOTP2D, CUTTINGS_S, BRAGFLO_DBR) in the 1996 WIPP PA is too extensive to permit the generation of

1000’s of CCDFS in an uncertainty/sensitivity study to assess the effects of subjective uncertainty on compliance
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with 40 CFR 191.13. Second, the estimation of very high quantiles is generally not required in an analysis to assess

the effects of subjective uncertainty. Typically, a 0.90 or 0.95 quantile is adequate to establish where the available

information indicates a particular analysis outcome is likely to be located; in particular, a 0.99, 0.999 or 0.9999

quantilc is usually not needed in assessing the effects of subjective uncertainty.

Desirable features of Latin hypercube sampling include unbiased estimates for means and distribution functions

and dense stratification across the range of each sampled variable (McKay et al. 1979). In particular, uncertainty and

sensitivity analysis results obtained with Latin hypercube sampling have been observed to be quite robust even when

relatively small samples (i.e., nLHS = 50 to 200) are used (Iman and Helton 1988, 1991; Helton et al. 1995 b).

For perspective, Latin hypercube and random sampling are illustrated in Fig. 6.1.4 for two different distribution

pairs. To facilitate comparisons, the grid that underlies the LHSS is also shown for the random samples, although it

plays no role in the actual generation of these samples. The desirability of Latin hypercube sampling derives from

the full coverage of the range of the sampled variables; specifically, each equal probability interval for U and also

each equal probability interval for V has exactly one value sampled from it. In contrast, the random sampling makes

less efficient use of the sampled points, with the possibility existing that significant parts of a variable’s range will be

omitted (e.g., only one value below the 0.5 quantile for U and in the lower left frame and no values for U below the

0.19 quantile nor above the 0.85 quantile in the lower right frame) and that other parts will be overemphasized (e.g.,

5 out of 10 values for U fall between the 0.5 and 0.7 quantiles for U in the lower left frame, and two pairs of sampled

points fall close together in the lower right frame). The enforced stratification in Latin hypercube sampling prevents

such inefficient samplings while still providing unbiased estimates for means and distribution functions.

The outcome of the enforced stratification associated with Latin hypercube sampling is that estimates of means

and distribution functions tend to be more stable when generated by Latin hypercube sampling than by random

sampling. Here, stability refers to the amount of variation between results obtained with different samples generated

by the particular sampling technique under consideration. This stability can be illustrated by comparison of

estimates of the CDF for the simple function

flu, v)=u+v+uv (6.1.8)

obtained with Latin hypercube and random sampling under the assumption that U and V are uniformly distributed on

[0, 2]. In particular, each sampling technique is used to generate 100 samples of size 10 and also 100 samples of size

100 from U and V. Each sample gives rise to an estimated CDF for ~ (Fig. 6. 1.5). The goal is to compare the

variability between the estimates obtained with Latin hypercube and random sampling. Presenting plots similar to

those in Fig. 6.1.5 for 100 CDFS at a time is not very informative because the CDFS tend to turn into a solid black
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Fig. 6.1.4. Examples of Latin hypercube and random sampling to generate a sample of size 10 from variables U

and V with (1) U and V uniform on [–1, 1], and (2) U normal on [–1, 1] (mean = O, 0.01 quantile = –1,

0.99 quantile = 1) and V triangular on [0, 4] (mode= 1).
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Fig. 6.1.5. Example CDFS for ~( U, V) = U + V + UV estimated with random samples of size 10 and 100 under the
assumption that U and V are uniformly distributed on [0, 2].

mass. A more informative presentation is to summarize the distributions of CDFS with mean and percentile curves in

a manner similar to that already discussed in Sect. 2.4. The location of the percentile curves then provides an

indication of how stable the estimates of the CDFS are. In particular, limited separation between low and high

percentiles (e.g., the 10th and 90th) indicates that the sampling procedure is providing stable estimates of the CDF

(i.e., there is little variability in the estimated CDF from one sample to the next); in contrast, a large spread between

low and high percentiles indicates that the sampling procedure is not providing stable estimates of the CDF (i.e.,

there is substantial variability in the estimated CDF from one sample to the next). The previously indicated 100

samples of size 10 and 100 are summarized in this manner in Fig. 6.1.6. Further, the analysis was replicated three

times to give three estimates of the 10th percentile, three estimates of the 50th percentile, and so on.

As examination of Fig. 6.1.6 shows, Latin hypercube sampling is producing CDF estimates that are more stable

than those produced by random sampling (i.e., the spread between the 10th and 90th percentile curves is tighter for

Latin hypercube sampling than for random sampling). The stability of the mean and percentile estimates across the

three replicates indicates that the observed stability is real rather than a chance occurrence associated with a

particular set of 100 Latin hypercube or random samples.
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Fig. 6.1.6. Summary of distribution of CDFS forfl U, V) = U + V + UV estimated with 3 replications of 100 Latin
hypercube samples and 100 random samples of size 10 and 100 under the assumption that U and V are

uniformly distributed on [0, 2].
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From the perspective of uncertainty and sensitivity analysis, the full stratification over the range of each sampled

variable is a particularly desirable property of Latin hypercube sampling. In a large analysis such as the 1996 WIPP

PA, there are potentially 100’s of predicted variables that will be examined at some point in the uncertainty and

sensitivity analysis. Further, it is likely that almost every sampled variable will be important with respect to at least

one of these predicted variables. With Latin hypercube sampling, every variable gets equal treatment (i.e., full

stratification) within the sample; should a variable be important with respect to a particular output variable, it has

been sampled in a way that will permit this importance to be identified. In contrast, it is very difficult to design an

importance sampling procedure that provides acceptable results for a large number of sampled and predicted

variables. In some sense, Latin hypercube sampling can be viewed as a compromise importance sampling procedure

when a priori knowledge of the relationships between the sampled and predicted variables is not available. When

random sampling is used with a small sample size in an analysis that involves a large number of sampled and

predicted variables, the possibility exists that the chance structure of the sample will result in a poor representation of

the relationships between some of the sampled and predicted variables. Such poor relationships can also occur for

Latin hypercube sampling when several sampled variables affect a given predicted variable, but are less likely to do

so than is the case with random sampling.

For reasons just outlined, the 1996 WIPP PA uses Latin hypercube sampling to determine the effects of

subjective uncertainty (i.e., to integrate over ( $U, ~,,u, P.J). Inparticular, Latin hypercube sampling is felt to be

the most appropriate procedure to use to meet the requirement in 40 CFR 194.34(b) that “Computational techniques,

which draw random samples from across the entire range of the probability distributions developed pursuant to

paragraph (b) of this section, shall be used in generating CCDFS and shall be documented in any compliance

application.”

6.2 Correlation Control (Adapted from Sect. 3.2 of Helton 1993c)

Control of correlation within a sample can be very important. If two or more variables are correlated, then it is

necessary that the appropriate correlation structure be incorporated into the sample if meaningful results are to be

obtained in subsequent uncertainty/sensitivity studies. On the other hand, it is equally important that variables do not

appear to be correlated when they are really independent.

It is often difficult to induce a desired correlation structure on a sample, Indeed, most multivariate distributions

are incompatible with the majority of correlation patterns that might be proposed for them. Thus, it is fairly common

to encounter analysis situations where the proposed variable distributions and the suggested correlations between the

variables are inconsistent; that is, it is not possible to have both the desired variable distributions and the requested

correlations between the variables.
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In response to this situation, Iman and Conover (1982) have proposed a method of controlling the correlation

structure in random and Latin hypercube samples that is based on rank correlation (i.e., on rank-transformed

variables) rather than sample correlation (i.e., on the original untransformed data). With their technique, it is

possible to induce any desired rank-correlation structure onto the sample. This technique has a number of desirable

properties: (1) It is distribution free. That is, it may be used with equal facility on all types of distribution functions.

(2) It is simple. No unusual mathematical techniques are required to implement the method. (3) It can be applied to

any sampling scheme for which correlated input variables can logically be considered, while preserving the intent of

the sampling scheme. That is, the same numbers originally selected as input values are retained; only their pairing is

affected to achieve the desired rank correlations.

intervals is maintained. If some other structure

(4) The marginal distributions remain intact.

This means that in Latin hypercube sampling the integrity of the

is used for selection of values, that same structure is retained.

For many, if not most, uncertainty/sensitivity analysis problems, rank-correlation is probably a more natural

measure of congruent variable behavior than is the more traditional sample correlation. What is known in most

situations is some idea of the extent to which variables tend to move up or down together; more detailed assessments

of variable linkage are usually not available. It is precisely this level of knowledge that rank correlation captures.

The following discussion provides an overview of the Iman/Conover procedure for inducing a desired rank

correlation structure on either a random or a Latin hypercube sample. A more detailed discussion of the procedure is

given in the original article. The procedure begins with a sample of size m from the n input variables under

consideration. This sample can be represented by the m x n matrix

[
XII x]~ . . . Xl,l

1

x= ‘:’ ‘2: ““”‘:” (6.2.1)

1X,)11 X,,tz . . . X,n,,J

where Xti is the value for variable j’ in sample element i. Thus, the rows of X correspond to sample elements, and the

columns of X contain the sampled values for individual variables.

The procedure is based on rearranging the values in

correlation structure results between the individual variables

be represented by the n x n matrix

the individual columns of X so that a desired rank

For convenience, let the desired correlation structure

c=

~11 c12
. . . ~,n

C21 c~~ . . . ~2n

Cr,l ct12 ““” Ctlll

(6.2.2)
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where ck[ is the desired rank correlation between variables ~k and xl.

Although the procedure is based on rearranging the values in the individual columns of X to obtain a new matrix

X* that has a rank correlation structure close to that described by C, it is not possible to work directly with X.

Rather, it is necessary to define a new matrix

I !
Sll S1’2 . . . Slrl

s= ‘2’ “22 ““”‘:

s ,,L] S,llz . . . Snt,l

(6.2.3)

that has the same dimensions as X, but is otherwise independent of X. Each column of S contains a random

permutation of the m van der Waerden scores (Conover 1980) CI-l(i/rn + 1), i = 1, 2, . . ., m, where Q-1 is the

inverse of the standard normal distribution. The matrix S is then rearranged to obtain the correlation structure

defined by C. This rearrangement is based on the Cholesky factorization (Golub and van Loan 1983) of C. That is,

a lower triangular matrix P is constructed such that

c = PPT. (6.2.4)

This construction is possible because C is a symmetric, positive-definite matrix (Golub and van Loan 1983, p. 88).

If the correlation matrix associated with S is the n x n identity matrix (i.e., if the correlations between the values

in different columns of S are zero), then the correlation matrix for

S*= SPT (6.2.5)

is C (Anderson 1984, p. 25). At this point, the success of the procedure depends on the following two conditions:

(1) that the correlation matrix associated with S be close to the n x n identity matrix; and (2) that the correlation

matrix for S* be approximately equal to the rank correlation matrix for S*. If these two conditions hold, then the

desired matrix X* can be obtained by simply rearranging the values in the individual columns of X in the same rank

order as the values in the individual columns of S*. This is the first time that the variable values contained in X enter

into the correlation process. When X* is constructed in this manner, it will have the same rank correlation matrix as

S*. Thus, the rank correlation matrix for X* will approximate C to the same extent that the rank correlation matrix

for S* does.

The condition that the correlation matrix associated with S be close to the identity matrix is now considered.

For convenience, the correlation matrix for S will be represented by E. Unfortunately, E will not always be the

identity matrix. However, it is possible to make a correction for this. The starting point for this correction is the

Cholesky factorization for E:
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E = QQT. (6.2.6)

This factorization exists because E is a symmetric, positive-definite matrix. The matrix S* defined by

S*= S(Q-l)TPT (6.2.7)

has C as its correlation matrix. In essence, multiplication of S by (Q-l )T transforms S into a matrix whose

associated correlation matrix is the n x n identity matrix; then, multiplication by PT produces a matrix whose

associated correlation matrix is C. As it is not possible to be sure that E will be an identity matrix, the matrix S*

used in the procedure to produce correlated input should be defined in the corrected form shown in Eq. (6.2.7) rather

than in the uncorrected form shown in Eq. (6.2.5).

The condition that the correlation matrix for S* be approximately equal to the rank correlation matrix for S*

depends on the choice of the scores used in the definition of S. On the basis of empirical investigations, Iman and

Conover (1982) found that van der Waerden scores provided an effective means of defining S, and these scores are

incorporated into the rank correlation procedure in the widely used LHS program (Iman and Shortencarier 1984).

Other possibilities for defining these scores exist, but have not been extensively investigated. The user should

examine the rank correlation matrix associated with S* to ensure that it is close to the target correlation matrix C. If

this is not the case, the construction procedure used to obtain S* can be repeated until a suitable approximation to C

is obtained. Results given in Iman and Conover (1982) indicate that the use of van der Waerden scores leads to rank

correlation matrices for S* that are close to the target matrix C.

Additional information on the Iman/Conover (i.e., restricted pairing) technique to induce a desired rank-

correlation structure is given in the original article. The results of various rank-correlation assumptions are

illustrated in Iman and Davenport (1982). The LHS program generates both random and Latin hypercube samples

with user-specified rank correlations between variables.

6.3 Sample Size for Incorporation of Subjective Uncertainty

The guidance in 40 CFR 194.34(d) states that “The number of CCDFS generated shall be large enough such that,

at cumulative releases of 1 and 10, the maximum CCDF generated exceeds the 99th percentile of the population of

CCDFS with at least a 0.95 probability.” For a Latin hypercube or random sample of size n, the preceding guidance

is equivalent to the inequality

1 – o.99n >0.95, (6.3.1)

which results in a minimum value of 298 for n. In consistency with the preceding result, the 1996 WIPP PA uses an

LHS of size 300 to integrate over the probability space ( $,U, ~.,u, P.,J for subjective uncertainty. Actually, as
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discussed in the next section, three replicated LHSS of size 100 each are used, which results in a total sample size of

300.

6.4 Statistical Confidence on Mean CCDF

The guidance in 40 CFR 194.34(f) states that “Any compliance assessment shall provide information which

demonstrates that there is at least a 95 percent level of statistical confidence that the mean of the population of

CCDFS meets the containment requirements of $191.13 of this chapter.” Given that Latin hypercube sampling is to

be used, the confidence intervals required in 194.34(f) can be obtained with a replicated sampling technique

proposed by Iman (1982). In this technique, the LHS in Eq. (6. 1.7) is repeatedly generated with different random

seeds. These samples lead to a sequence ~r (R), r = 1, 2, .. . . nR, of estimated mean exceedance probabilities, where

F, (R) defines the mean CCDF obtained for sample r (i.e., F, (R) is the mean probability that a normalized release

of size R will be exceeded; see Sect. 2.4) and nR is the number of independent LHSS generated with different

random seeds. Then,

nR

~(R) =~~r(R)/nR

J.=1

and

[

nR

1

1/2

SE(R) = ~[~(R) – F(R)]2 / nR(nR - 1)

r=]

(6.4.1)

(6.4.2)

provide an additional estimate of the mean CCDF and an estimate of the standard error associated with the mean

exccedance probabilities, The r-distribution with nR– 1 degrees of freedom can be used to place confidence intervals

around the mean exceedance probabilities for individual R values (i.e., around F(R) ). Specifically, the 1–u

confidence interval is given by F(R) * tl _W2 SE(R), where t1_ti2 is the 1–cx/2 quantile of the t-distribution with nR–

1 degrees of freedom (e.g., t1_~2 = 4.303 for u = 0.05 and nR = 3). The same procedure can also be used to place

pointwise confidence intervals around percentile curves.

6.5 Generation of LHSS

The LHS program (Iman and Shortencarier 1984) was used to produce three independently generated LHSS of

size nLHS = 100 each, for a total of 300 sample elements. Each individual replicate is an LHS of the form

X,ruk=[xkl, xk2, ..,, xkrlv], k= 1,2, . . ..nLHS= 100, (6.5.1)
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In the context of the replicated sampling procedure described in Sect. 6.4, nR = 3 replicates are being used, with each

replicate of size 100. For notational convenience, the replicates are designated by R 1, R2 and R3 for replicates 1, 2

and 3, respectively.

At the beginning of the analysis, only the 31 variables in Table 5.2.1 that are used as input to BRAGFLO had

been fully specified (i.e., their distributions Dj had been unambiguously defined); the remaining variables now listed

in Table 5.2.1 were still under development. To allow the calculations with BRAGFLO to proceed, the previously

indicated LHSS were generated from nV = 75 variables, with the first 31 variables being the then specified inputs to

BRAGFLO and the remaining 44 variables being assigned uniform distributions on [0, 1]. Later, when the

additional variables in Table 5.2.1 were fully specified, the uniformly distributed variables were used to generate

sampled values from them consistent with their assigned distributions. This procedure allowed the analysis to go

forward while maintaining the integrity of the Latin hypercube sampling procedure for the overall analysis.

With nV = 75 in the LHSS and 31 variables already assigned, 44 additional variables were available for

incorporation into the analysis. To assure that the number of available positions in the LHSS was not exceeded, each

group of investigators developing characterizations of variable uncertainty was assigned a maximum number of

variables that they could elect to have incorporated into the analysis, with the sum of these maximums being less than

44. Ultimately, 26 additional variables were selected for incorporation into the analysis, which produced the 57

variables in Table 5.2.1.

The restricted pairing technique described in Sect. 6.2 was used to induce requested correlations and also to

assure that uncorrelated variables had correlations close to zero. Due to the sequential manner in which the variables

were developed, it was actually only the fh-st 31 variables used as input to BRAGFLO that could have specified non-

zero correlations. The correlations for the remaining variables were controlled in the sense that they were forced to

be close to zero.

The variable pairs (ANHCOMP, ANHPRM), (HALCOA4P, HALPRM) and (BPCOMP, BPPRA4) were assigned

rank correlations of –0.99, –0.99 and –0.75, respectively (Sect. 5.4). Further, all other variable pairs were assigned

rank correlations of zero. The restricted pairing technique was quite successful in producing these correlations

(Table 6.5. 1). Specifically, the correlated variables have correlations that are close to their specified values and

uncorrelated variables have correlations that are close to zero.
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Table 6.5.1 Example Correlations in Replicate 1

WGRCOR 1.0000

WA41CDFLG 0.0198 1.0000

HALCOMP 0.0011 0.0235 1.0000

HALPRM –0.0068 –0.0212 -0.9879 1.0000

ANHCOMP 0.0080 0.0336 –0.0123 –0.0025 1.0000

ANHPRM 0.0049 –0.0183 0.0037 0.0113 -0.9827 1.0000

BPCOMP 0.0242 0.1071 -0.0121 0.0057 –0.0184 0.0078 1.0000

BPPRM -0.0514 -0.0342 0.0035 0.0097 0.0283 -0.0202 -0.7401 1.0000

WGRCOR WMICDFLG HALCOMP HALPRM ANHCOMP ANHPRM BPCOMP BPPRM

6.6 Generation of Individual Futures

Random sampling (Sect. 6.1 ) is used to generate elements X.,( of s~t for use in CCDF construction. The drilling

rate Ad is used to generate the times at which drilling intrusions occur. For a poisson process with a constant Ad (i.e.,

a stationary process), the cumulative distribution function (CDF) for the time At between the successive events is

given by (Ross 1987, p. 113)

pmb(t S At) = 1– exp(–kdfit). (6.6.1)

A uniformly distributed random number is selected from [0, 1]. Then, solution of

rt = 1– exl)(-%d tl) (6.6.2)

for tlgives the time of the first drilling intrusion (Fig. 6.6.1). If 100 yr of administrative control is assumed, then

100 yr would be added to the tlobtained in Eq. (6.6.2) to obtain the time of the first drilling intrusion. Selection of a

second random number r2 and solution of

r2 = 1– exp(–Ld Atl ) (6.6.3)

for Atl gives the time interval between the first and second drilling intrusions, with the outcome that t2 = tl + Atl.

This process can be continued until a time rn+l is generated that exceeds 10,000 yr. The times tl,tz,....tnthen

constitute the drilling times in Xsr in Eq. (2.2.2). A detailed description of the algorithm for generating individual

drilling intrusion times is given in Table 6.6.1. The mining time tm~nis sampled in a similar manner. Additional

uniformly distributed random numbers from [0, 1] are used to generate the elements li, ei, bi, Pi, %, i = 1, 2, . . .. n, of

x~t from their assigned distributions (see Chapt. 3). A detailed description of the algorithm for generating individual

futures is given in Table 6.6.2.
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The 1996 WIPP PA assumed that drilling intrusions within the berm used as part of the passive marker system

(Fig. 3.2. 1) and potash mining within the land withdrawal boundary (Fig. 4.8.3) are the only events involved in the

definition of X~t in Eq. (2.2.2) and hence in the definition of the sample space S$t for stochastic uncertainty. The

inclusion of additional potential occurrences in the definition of ( $.$t, &, p$l) presents no conceptual problem. Such

occurrences could be incorporated into the definition of X~t and their associated probabilities used in the sampling

process described in the preceding paragraph. For example, if deemed sufficiently important to the calculation of

normalized releases, climatic change could be incorporated into the definition of X$t and hence ( $.rf, ~Sf, p~r).

The algorithm in Table 6.6.2 describes how random sampling was used to generate a single future X,t in the

1996 WIPP PA. For each LHS element xyu,k, k = 1,2, . . . . 300, used in the analysis, nS = 10,000 individual futures

X,$,,, = [tj~, lj~, f?j~, bj~,~j~, a,,, tj~, lj~, ~,*, bj~,~,*, aj~,

. . . . t~~, 1,~, ~,~, bj~,~,~, ajn, t,,~,~], ~= 1,2,..., nS = 10,000, (6.6.4)

were randomly sampled and used in the construction of all CCDFS for that LHS element. A different random seed

was used to initiate the sampling of x~t for each LHS element, with the result that each LHS element uses different

values for X~t in CCDF construction. As 300 LHS elements are used in the analysis and 10,000 futures are sampled

for each LHS element, the total number of futures X,l used in the analysis in CCDF construction is 3 x 106.

Time Between Drilling Intrusions

1,0 I

5 0!5
.g
z 0.4

s 03
~.
L

0.2

0.1

0.0

0.9

0.8
2

1~

CDF: 1- exp(-lt)
VI 0.7
al
3 )L= 3.28 X 10-4 yi’
73 0.6 ri
> --—- ————

I
I

Intrusion Time:

I ti=ti.l+ Ati

I
I
I
I
I
lAti

0. 1000. 2000. 3000. 4000. 5000. 6000. 7000. 8000. 9000. 10000.

At: Time Between Intrusions (yr)

Fig. 6.6.1. Sampling of time intervals between drilling intrusions from cumulative distribution

associated with drilling rate ?L= &’ (Note: L = 3.28 x 10–4 yr–l is drilling rate used

1992 WIPP PAs).
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Table 6.6.1. Algorithm to Sample Time of a Drilling Intrusion with

L(t)=
{

p = fPICD h for tA S t < tA + tPICD

k for tA + tPICD < t

where tA = 100 Yr is the Time at which Administrative Control Ends, fP/CD = 0.01 is the Fractional

Reduction in the Drilling Rate due to Passive Institutional Controls, and tF’/CD = 600 Yr is the Time over

which Passive Institutional Controls are Effective in Deterring Drilling Intrusions.

1, Sample random number r from uniform distribution on [0, 1]. Then,

r = 1 – exp(–~Atl)a Atl = [–ln(l – r)] / ~.

Two cases, with to= tA to facilitate description of the algorithm:

1.1 If to + Atl 5 tA + tPICD, then tl = tO+ Atl.

1.2 If to + Atl > tA + tPICD, then sample new random number r and determine new Atl:

r = 1–exp(–kAtl) ~ Atl = [–ln(l – r)]/ k.

Then, t]= tA + tPICD + Atl.

2. Repeat process to obtain t2.Two cases:

2.1 H’ tl< tA + tPICD, then identical to Step 1 except that to is replaced by tland the random number

sampled at the start of the step produces an increment of time At2. The two cases are then based on the

inequalities

t] + At2 < tA + tPICD and tl + At2 > tA + tPICD.

2.2 If tl> tA + tPICD, then identical to Step 1.2 except that tA + tPICD is replaced by tlin the definition of

t2 (i.e., t2 = tl + At2.

3. Repeat Step 2 to obtain t+ tl,....tn+l,where t~+l is the first time to exceed tM (=10,000 Yr). Then, tl, tz, . . .. t,l
are the desired times.
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Table 6.6.2. Algorithm to Generate (i.e., Sample) Single Future X,f from &~

1.

2.

3.

4.

5.

6.

7.

8.

9.

Sample tl (see Table 6.6.1) with a time dependent& given by

kd (t) = O if OSt StA

= fPICD ~d if ~A < t < tA + tPICD

= Ad if t> tA + tPICD

where tA = 100 yr (i.e., time at which administrative control ends), tPICD = 600 yr (i.e., time over which passive
institutional controls are effective), &ICD = 0.01 (i.e., fractional reduction in drilling rate due to passive

institutional controls) and kd = 2.94 X10–3 yr–l (see Sect. 3.2).

Sample 11 with a probability of pLi = 6.94 x 10-3 for each of the j = 1, 2, . . .. 144 nodes in Fig. 3.2.1 (see

Sect. 3.3).

Sample e 1 with a probability ofpEo=0.791 that the intrusion will be in an unexcavated area and a probability of
pE1 = 0.209 that the intrusion will be in an excavated area (see Sect. 3.4).

Sample b 1 with a probability of pBo = 0.92 that the intrusion will not penetrate pressurized brine and a
probability of pBl = 0.08 that the intrusion will penetrate pressurized brine (see Sect. 3.5).

Sample pl with probabilities of pPL1 = 0.02, pP.L2 = 0.68 and pPL3 = 0.30 that plugging pattern 1, 2 or 3,
respectively, will be used (see Sect. 3.6).

Sample al (see Sect. 3.7)

6.1

6.2

6,3

6.4

Penetration of nonexcavated area (i.e., el = O): al = al = O.

Penetration of excavated area (i.e., e I = 1): Sample to determine if intrusion penetrates RH or CH waste
with probabilities of pRH = 0.124 and pCH = 0.876 of penetrating RH and CH waste, respectively.

Penetration of RH waste: al = al = 1.

Penetration of CH waste: Use probabilities pCHj of intersecting waste stream j, i = 1, 2, . . . . 569, (see Table
3.7.1 ) to independently sample three intersected waste streams iCH11, iCHl ~, iCH1 ~ (i.e., each of iCH11,

. .

iCH12, iCH13 is an integer between 1 and 569). Then, al = [2, iCH11, iCH12, iCH13].

Repeat steps 1-6 to determine properties (i.e., t2, 12,e2, bz, p2, a2) of 2nd drilling intrusion.

Continue until t,l+I >10,000 yr; the 1‘t n intrusions define the drilling intrusions associated with XYP

Sample ~,,li,l(see Table 6.6.1) with a time dependent kvl given by

1,,, (f) = o if O<t StA

= fPICM L,,, if tA < t < tA + tPICM

= & if tA + tPICM < t

where tA = 100 yr, tPICM = 600 yr, fPICM = 0.01, ?L,,l= 1 X10–4 yr–l (see Sect. 3.8) and tPICM and fPICM are

defined the same as tPICD and fPICD except for applying to mining rather than drilling,
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6.7 Construction of CCDFS

The 1996 WIPP PA uses the sampled futures xr,,i in Eq. (6.6.4) to construct CCDFS for many different

quantities (e.g., cuttings and cavings releases, spallings releases, direct brine releases, . ..). The construction process

is the same for each quantity. For notational convenience, assume that the particular quantity under consideration

can be represented by a function ~(x.~t,t),with the result that 10,000 values

fix$t,[), i= 1,2, . . . . 10,000 (6.7.1)

are available for use in CCDF construction. Formally, the resultant CCDF is defined by the expression in Eq.

(2.3. 1). In practice, the indicator function 8R is not directly used and the desired CCDF is obtained after an

appropriate ordering of the flx~l,i) (i.e., from smallest to largest or largest to smallest) as described below.

In concept, the easiest way to construct the desired CCDF is to order the flx$l,i) from smallest to largest and

then directly construct the CCDF with a weight of 1@ assigned to each f(xst,i) (Fk. 6.7.1). However> this approach

is cumbersome because it requires the flx.yf,i) to be sorted from smallest to largest and also results in lQOOO plot

points for each CCDF. As an aside, the included and excluded points appear in Fig. 6.7.1 because a CCDF gives the

probability of exceeding a value. In practice, CCDFS are usually plotted with the distinction between included and

excluded points omitted and vertical lines added at the discontinuities associated with these points (Fig. 6.7.2).

I 1 1 1 ●**~

fl fz f3 fggg8 f9999 fl 0000

f:Value forf(x~t)

TRI-6342-5134-0

Fig. 6.7.1. Example CCDF construction from 10,000 values forfl)($t,i).
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Fig. 6.7.2. Example CCDF construction from 10,000 values for f(X.ft,~)with vertical lines added at discontinuities

(i.e., between the locations of included and excluded points in Fig. 6.7.1).

The 1996 WIPP PA uses a binning procedure in CCDF construction to simplify sorting the individual flx$r,i) and

to reduce the number of plot points. Specifically, the range of ~ is divided into intervals (i.e., bins) by the specified

points

fmin=bo<bl<bz<...<ba=fm, (6.7.2)

where fmin is the minimum value of ~ to be plotted (typically 10–6 or 10–5 when an EPA normalized release is under

consideration), fw is the maximum value off to be plotted (typically 100 when an EPA normalized release is under

consideration), n is the number of bins in use, and the bi are typically loguniformly placed with 20 values per order

of magnitude. A counter nBj is used for each interval [bj_l, bj]. All counters are initially set to zero. Then, as

individual values fix.rl,i) are generated, the counter nBj is incremented by 1 when the inequality

bj-l <flx~~,i) s bj (6.7.3)

is satisfied. As an aside, the indicated procedure is dynamic in the 1996 WIPP PA in the sense that, if necessary,

fm will be increased in value so that the inequality flx$t,i) < f- will always be satisfied. Once the 10,000 values

forfi)(~f,i) have been generated, a value of nBj will exist for each interval [bj-1, bjl. me nBj satisfy the inequality

6-23



n

x
rmj <10,000

j=l
(6.7.4)

because some of the flx,r~,i) may satisfy the inequality .f(x.~r,i)<~rnin.

The quotient

pBj = nBj /10,000 (6.7.5)

provides an approximation to the probability that jIx.,J will have a value that falls in the interval [bj_l, .bj]. The

resultant CCDF is then defined by the points

(bj, prob(value > bj)) = (bj, ~PB~) (6.7.6)

k=j+l

forj= 0,1, 2,..., n– 1, where prob(value > bj) is the probability that a value greater than bj will occur (Fig. 6.7.3).

The omitted points in the CCDF in Fig. 6.7.3 produce plots that are hard to read. This is especially true when

multiple CCDFS appear in a single plot frame. One possibility is to add vertical lines at the discontinuities as

indicated in Fig. 6.7.3. However, this can also produce plots that are hard to read when multiple CCDFS appear in a

single plot frame due to the running together of the horizontal components of individual CCDFS at the discretized

probability levels (e.g., at integer multiples of 10-4), which makes it difficult to follow a single CCDF in the plot;

this behavior can be seen in the CDFS in Fig. 6.1.5. Further, in most situations a stairstep CCDF should converge to

a continuous CCDF as additional points (i.e., elements X.ytof $t) are used in its construction. For the preceding

reasons, the 1996 WIPP PA “smooths” its CCDFS by drawing diagonal lines from included point to included point

(i.e., from the left end of one bin to the left end of the next bin; see Fig. 6.7.4).

When multiple CCDFS appear in a single plot, the bottom of the plot can become very congested as the

individual CCDFS drop to zero on the abscissa. For this reason, the CCDFS for comparison with the EPA release

limits contained in this presentation stop at the largest observed consequence value (e.g., a point in the interval

[bn_3, bfl_2] in Fig. 6.7.4 as illustrated in Fig. 6.7.5). Stopping at the largest consequence value rather than the left

bin boundary of the bin that contains this value (e.g., bn-3 in Fig. 6.7.4) permits the CCDF to explicitly show the

largest observed consequence. However, given that 20 bins per order of magnitude are in use, this convention has no

significant effect on the appearance of the resultant CCDFS.

Due to the use of a sample size of 10,000 in the generation of CCDFS for comparison with the EPA release

limits, the last nonzero exceedance probability in the resultant CCDFS is typically 10+ (Fig. 6.7.6). Specifically, the
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Fig. 6.7.3. Example CCDF construction based on subdivision of range offix.$f,i) into bins.
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Fig. 6.7.4. Example CCDF construction based on subdivision of
included points.
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Fig. 6.7.5. Example CCDF construction based on subdivision of range of~(x,t,i) into bins, connection of included

points, and termination of CCDF at largest observed consequence value (i.e., maximum value for

X%1)).
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Fig. 6.7.6. Comparison of plots of multiple CCDFS with individual CCDFS continued to largest observed
consequence value and then extended to the abscissa
largest observed consequence value (right frame).
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left frame of Fig. 6.7.6 shows what the CCDFS would look like if the plots dropped to zero from the largest observed

value, and the right frame in Fig. 6.7.6 shows what the same CCDFS would look like with the convention of stopping

at the largest observed consequence value. The only difference in the CCDFS in the left and right frames of Fig.

6.7.6 are the vertical lines between exceedance probabilities of 10< and 10-5, where 10-5 is being used as a

surrogate for an exceedance probability y of zero. As already indicated, the plotting convention in the right frame of

Fig. 6.7.6 will be used in this presentation. The horizontal lines near the bottom of the CCDFS in Fig. 6.7.6 result

when the largest observed consequence value is preceded by several unpopulated bins. Further, the appearance of

these horizontal lines is accentuated by the discretized probability values (i.e., integer multiples of 10q), which

results in horizontal sections of different CCDFS running together; this same pattern can be seen in Fig. 6.1.5.

In the 1996 WIPP PA, the sampling of individual futures (Sect. 6.6) and associated CCDF construction is

carried out by the CCDFGF program (Smith et al. 1996, Johnson 1997).

6.8 Kaplan/Garrick Ordered Triple Representation for Risk

The 1991 and 1992 WIPP PAs (WIPP PA 1991-1992, 1992-1993) used the Kaplan and Garrick ( 198 1) ordered

triple representation for risk as a basis for CCDF construction (Helton and Iuzzolino 1993). In this representation,

risk is characterized by a set ~of the form

R={(~,Psj, csj),~= 1,2, .-., ns}, (6.8.1)

where ~j is a subset of the sample space $f for stochastic uncertainty (i.e., an element of ~$t), the Sj have no futures

in common (i.e., $ n Sk = 0 if~ # k), the $ are all inclusive in the sense that & = uj~, pSJ is the probability of ($

(i.e., ~.$j = P.,A4)), Csj is a vector of consequence values associated with $ (e.g., one of the many elements cSj of

CSj would be the EPA normalized release specified in 40 CFR 191.13(a)), and rzS is the number of sets (i.e.,

scenarios) into which &t is decomposed. The construction of a CCDF for a particular consequence contained in CS

proceeds in exactly the same manner as described in Figs. 6.7.1 -6.7.4 except that each consequence value cSj has a

probability of pSj rather than a fixed probability as is the case when random sampling is used to select the futures for

which consequence results will be calculated (e.g., a probability of 10–4 when a sample of size 10,000 is used). As

an aside, it is technically incorrect to refer to probabilities for elements of random samples. These numbers (i.e.,

probabilities) are actually weights that are used in estimating distributions and re~ated quantities; the individual

sample elements typically have probabilities of zero.

The 1991 and 1992 WIPP PAs used an importance sampling procedure to subdivide Sst into the sets $, to

determine the probabilities pSj, and to calculate the consequences in Csj (Heltonlggsb, HeltonandIuzzolino1993).

By the 1996 WIPP PA, the elements IC.,rof &t had become too complex to be amendable to the use of an importance

sampling procedure (see Sect. 3.9). Therefore, the PA switched to a Monte Carlo procedure (i.e., simple random
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sampling) for integration over C$lto produce the CCDF specified in 40 CFR 191.13(a). However, it is still possible

to express the results in the Kaplan/Garrick representation in Eq. (6.8. 1) by appropriately defining the sets $ in

terms of the bin boundaries bj, j = O, 1, 2, . . . . n, in Eq. (6.7.2). Specifically, the sets ~, $1, &, . . .. & are defined by

C%={%:-t%) ~ bo} (6.8.2)

and

$= {xs~:bj-l <fix.rf)~bj},~= 1, 2, . . ..~. (6.8.3)

where j(x.$r) is the normalized release associated with x.~t. The sets &, $, &, . . .. & in Eqs. (6.8.2) and (6.8.3)

correspond to the sets Sj,j = 1, Z . ... M, in Eq. (6.8.1). Further, approximations to the probabilities of these sets are

given by

@j=p.rr($)=pBj, j= 1,2, . . ..n.

and

n.

PSo=P.,/($o)=@Bj!

(6.8.4)

(6.8,5)

j=l

where pBj is defined in Eq. (6.7.5). Finally, the sets ~jare assignedtheconsequence

cSo=Oand cSj=bj_l, j= 1,2, . . ..n. (6.8.6)

The preceding assignments for ~, pSj and cSj in the definition of the set !t?-inEq. (6.8. 1) results in the same CCDF

as the construction procedure used in the 1996 WIPP PA and described in conjunction with Figs. 6.7.4 and 6.7.5.

Although the procedure for CCDF construction used in the 1996 WIPP PA and the procedure used in the 1991

and 1992 WIPP PAs can both be formally represented in terms of the KaplardGarrick representation for risk, there is

an underlying difference in approach. The 1991 and 1992 pAs defined the sets $j entirelyon the basisof properties

of X,(. This approach has already been referred to as a form of importance sampling because of the division of &l

into sets and the assignment of probabilities to these sets. However, it can also be viewed as an integration problem

in the spirit of the Riemann integral in the sense that it is based on laying a systematic grid on the space that is being

integrated over (i.e., $rf). The 1996 WIPP PA defined the sets $ on the basis of the values assumed by fix~t), which

results in the possibility that a given set $ will contain elements X.yffrom very different regions of $t. This can also

be viewed as an integration problem, but it is now an integration problem in the spirit of the Lebesgue integral, as

sets based on the range of j“ rather than simply on a partitioning of $~1are under consideration (App. B, Sokolnikoff
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and Redheffer 1966). In consistency with the concept of Lebesgue integration, the determination of pSj can be

viewed as the estimation of a probability measure (i.e., a probabilistic size) for $ However, when appropriately

implemented, both approaches lead to approximations of the same CCDF.

The individual randomly sampled futures can also be used in the following expression with the same structure as

the Kaplan/Garrick ordered triple representation for risk:

R={(xst,i, llns, ‘(x,rf,i)), i = 1, z, . . . nsl, (6.8.7)

where nS = 10,000 in the 1996 WIPP PA and f(x~r,i) is a vector of consequence values associated with x~r,i.

Although the preceding representation leads to approximations of the same CCDFS as the representation in Eq.

(6.8. 1), the individual terms are different. Specifically, the $ in Eq. (6.8.1) are disjoint sets such that $,t = Uj$; in

contrast, the X,yl,iin Eq. (6.8.7) are elements randomly sampled from & with& # Ui{x~r,i}. The psj in Eq. (6.8.1)

are the probabilities of the sets Sj; in contrast, l/nS in Eq. (6.8.7) is a weight used in estimating CCDFS but is not

equal to the probability of Xr,,i. The Csj in Eq. (6.8.1) are representative of the consequences associated with $ and,

as such, might be calculated for a single representative element X$f,jof Sj or, more appropriately but very unlikely in

practice, might be the expected consequences associated with $; in contrast, f(x$l,i) in Eq. (6.8.7) is calculated

specifically for X~t,i.

6.9 Mechanistic Calculations

The computational strategy used in the 1996 WIPP PA was to perform calculations with the models described in

Chapt. 4 for selected elements of &f and then to use the results of these calculations to determine the releases to the

accessible environment for the large number (i.e., 10,000) of randomly sampled futures used in the estimation of

individual CCDFS. The same set of mechanistic calculations was performed for each LHS element (Table 6.9.1).

The manner in which these calculations were used to construct releases for the randomly sampled elements x~t,i of

$,, is described in Sect. 9.2 (cuttings and cavings), Sect. 9.4 (spellings), Sect. 10.3 (direct brine release), Sect. 11.2

(release to Culebra), Sect. 12.2 (transport in Culebra), and Sect. 13.1 (total release to accessible environment).

Four categories of calculations are indicated in Table 6.9.1 as being performed with BRAGFLO (i.e., EO, El,

E2, E2E1 ). In turn, the calculations associated with these categories can be viewed as being performed for specific

elements X$lof $Tr. In particular, the EO calculation is performed for

X.$[,o= element of $$f that corresponds to no drilling intrusions and no mining (Note: Xft,oas

defined here is different from X$t,oin Eq. (4.1.1)). (6.9.1)

6-29



Table 6.9.1. Mechanistic Calculations Performed to Support CCDF Construction in the 1996 WIPP PA.

BRAGFLO: 1800 Calculations

EO

El

E2

E2E 1

(i.e., undisturbed conditions)

at 350, 1000 yr (i.e., drilling intrusion through repository that penetrates pressurized brine in the Castile Fm)

at 350, 1000 yr (i.e., drilling intrusion through repository that does not penetrate pressurized brine in the
Castile Fm)

with E2 intrusion at 800 yr and E 1 intrusion at 2000 yr

Total calculations = 6 nR nLHS = 6 ● 3 ● 100= 1800

Note: All intrusions are represented by region 1 in Fig. 4.2.1.

CUTITNGS_S: 15600 Calculations

Intrusion into lower waste panel in previously unintruded (i.e., EO conditions) repository at 100, 350, 1000, 3000,
5000, 10,000 yr

Intrusion into upper waste panel in previously unintruded repository at 100, 350, 1000, 3000,5000, 10,000 yr

Initial El intrusion at 350 yr followed by a second intrusion into the same waste panel at 550, 750, 2000, 4000 or
I0,000 yr

Initial E 1 intrusion at 350 yr followed by a second intrusion into a different waste panel at 550, 750, 2000, 4000 or
10,000 yr

Initial E 1 intrusion at 1000 yr followed by a second intrusion into the same waste panel at 1200, 1400, 3000, 5000 or
10,000 yr

Initial E 1 intrusion at 1000 yr followed by a second intrusion into a different waste panel at 1200, 1400, 3000, 5000
or 10,000 yr

Initial E2 intrusion at 350 yr followed by a second intrusion into the same waste panel at 550, 750, 2000, 4000 or
10,000 yr

Initial E2 intrusion at 350 yr followed by a second intrusion into a different waste panel at 550, 750, 2000, 4000 or
I0,000 yr

Initial E2 intrusion at 1000 yr followed by a second intrusion into the same waste panel at 1200, 1400, 3000, 5000 or
10,000 yr

Initial E2 intrusion at 1000 yr followed by a second intrusion into a different waste panel at 1200, 1400, 3000, 5000
or 10,000 yr

Total calculations =52 nR nLHS = 52 ● 3. 100= 15600

Note: The calculations for two intrusions into the same waste panel assume that the intrusions are into the lower
waste panel (i e., region 23 in Fig. 4.2.1); the calculations for two intrusions into different waste panels assume that
the first intrusion is into the lower waste panel (i.e., region 23 in Fig. 4.2.1) and that the second intrusion is into an
upper waste panel (i.e., region 24 in Fig. 4.2. 1).

BRAGFLO_DBR: 15600 Calculations

Same computational cases as for CUTTINGS_S
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Table 6.9.1. Mechanistic Calculations Performed to Support CCDF Construction in the 1996 WIPP PA
(continued).

NUTS: 594 Calculations

EO

El at 100, 350, 1000, 3000, 5000,7000, 9000 yr

E2 at 100, 350, 1000, 3000, 5000, 7000, 9000 yr

Screening calculations = 5 nR nLHS = 1500

NUTS calculations = 594

Note: An initial screening calculation was initially performed for each computational case (i.e., EO, E 1 at 350 and
1000 yr, E2 at 350 and 1000 yr, which produces the multiplier of 5 in the calculation of the number of screening
calculations) to determine if the potential for a radionuclide release existed, with a full NUTS calculation only being
performed when such a potential existed. For the three replicates 9, 62, 67, 18 and 18 sample elements were

screened in for full NUTS calculations for the cases EO, El at 350 yr, El at 1000 yr, E2 at 350 yr and E2 at 1000 yr,
respectively. In turn, this led to 9 + 62(2) + 67(5) + 18(2) + 18(5) = 594 full NUTS calculations, where the
multipliers of 2 and 5 appear due to the use of intrusion results at 350 yr for NUTS calculations for intrusions at 100
and 350 yr (i.e., a multiplier of 2) and the use of intrusion results at 1000 yr for NUTS calculations for intrusions at
1000, 3000, 5000,7000 and 9000 yr (i.e., a multiplier of 5).

PANEL: 2100 Calculations

E2E 1 at 100, 350, 1000, 2000,4000,6000, 9000 yr

Total calculations: 7 nR nLHS = 7.3 ● 100= 2100

Note: Additional PANEL calculations were also performed at 100, 125, 175, 350, 1000,
10,000 yr for Salado-dominated brines and also for Castile-dominated brines to determine
concentrations for use in the determination of direct brine releases.

3000, 5000, 7500 and
dissolved radionuclide

SECOFL2D: 600 Calculations

Partially mined conditions in vicinity of repository

Fully mined conditions in vicinity of repository

Total calculations = 2 nR nLHS = 203 ● 100= 600

Note: Only 100 uniaue transmissivity fields were constructed with GRASP_INV for use in the analysis.

SECOTP2D: 600 Calculations

Partially mined conditions in vicinity of repository

Fully mined conditions in vicinity of repository

Total calculations = 2 nR nLHS = 2 ● 3. 100= 600

Note: Each calculation is for four radionuclides: Am-241, Pu-239, Th-230, U-234. Further, calculations are done
for unit releases at time O yr, which can then be used to construct transport results for the Culebra for arbitrary time-
dependent release rates into the Culebra (Sect. 12.2).
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Similarly, the El calculations are performed for

x,t,l =[tl =350 yr,ll, el =1, bl =1, P, =2, a1] (6.9.2)

XSt,2 =[tl =lOOOyr,ll, el =1, bl =1, pl =2, a1], (6.9.3)

where ~1= 350, 1000 yr indicates the time of the drilling intrusion (Sect. 3.2), el = 1 indicates that an excavated area

of the repository is penetrated by the drilling intrusion (Sect. 3.4), bl = 1 indicates that pressurized brine is

penetrated by the drilling intrusion (Sect. 3.5), p, = 2 indicates that plugging pattern 2 is used (Sect, 3.6), the

absence of specific values for drilling location 11 (Sect. 3.3) and activity level al (Sect. 3.7) indicates that exact

values for these characteristics are not specified, and the absence of a value for mining time rm (Sect. 3.8) indicates

that mining does not take place.

Although drilling location 11 is not specified in Eqs. (6.9.2) and (6.9.3), some specification is required for the

BRAGFLO calculations. If equivalent grids were used in the definition of x~t (Fig. 3.2.1) and in the numerical

solution of the partial differential equations on which BRAGFLO is based (Fig. 4.2.1), the location of the drilling

intrusion used in the BRAGFLO calculations could be specified as a specific value for 1], which in turn would

correspond to one of the 144 locations in Fig. 3.2.1 that are designated by 1 in the definition of Xrf. However, as

these grids are not the same, a unique pairing between a value for 11and the location of the drilling intrusion used in

the computational grid employed with BRAGFLO is not possible. The BRAGFLO computational grid divides the

repository into a single lower (i.e., down dip) waste panel and a composite of the 9 upper (i.e., up dip) waste panels,

with the drilling intrusion taking place through the center of the lower panel (Fig. 4.2.1). Thus, in the context of the

locations in Fig. 3.2.1 potentially indexed by 11, the drilling intrusion takes place at a location in Panel 4, 5 or 10

(i.e., at a location in one of the three most down dip waste panels).

The E2 calculations with BRAGFLO are performed for

x,$1,3=[tl =350 yr, /l, el =1, bl =0, pl =2, a1] (6.9.4)

XSt,4 =[tl =lOOOyr, 11,el =1, bl =0, pl =2, a1], (6.9.5)

with X.$1,3and X.yf,4the same as XT,,1 and X.~t,2in Eqs. (6.9.2) and (6.9.3) except for the absence of a penetration of

pressurized brine (i.e., bl = O rather than b, = 1). As in the BRAGFLO calculations for X~t,land X,$t,2,the

computational implementation of the analysis assumes that the drilling intrusion takes place through the center of the

lower waste panel in Fig. 4.2.1.

The E2E1 calculations with BRAGFLO are performed for
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x$[,5=[tl =800yr,11, el=l, bl=O, pl=2, al, t2=2000 yr,12, e2=l, b2=l, p2=2, a2]. (6.9.6)

As for the El and E2 intrusions, the locations 11 and 12 of the drilling intrusions are assumed to correspond to the

center of the lower waste panel in Fig. 4.2.1, with the effects of the two drilling intrusions and their associated

plugging patterns being implemented through assumptions involving the time-dependent behavior of borehole

permeability (Sect. 8.10),

Ten categories of calculations are indicated in Table 6.9.1 as being performed with CUTTINGS_S:

(1) intrusion into lower waste panel in previously unintruded (i.e., EO conditions) repository at 100,350, 1000,3000,

5000, 10,000 yr; (2) intrusion into upper waste panel in previously unintruded repository at 100, 350, 1000, 3000,

5000, 10,000 yr; (3) initial El intrusion at 350 yr followed by a second intrusion into the same waste panel at 550,

750, 2000, 4000 or 10,000 yr; (4) initial El intrusion at 350 yr followed by a second intrusion into a different waste

panel at 550,750,2000,4000 or 10,000 yr; (5) initial El intrusion at 1000 yr followed by a second intrusion into the

same waste panel at 1200, 1400, 3000, 5000 or 10,000 yr; (6) initial El intrusion at 1000 yr followed by a second

intrusion into a different waste panel at 1200, 1400, 3000, 5000 or 10,000 yr; (7) initial E2 intrusion at 350 yr

followed by a second intrusion into the same waste panel at 550, 750, 2000, 4000 or 10,000 yr; (8) initial E2

intrusion at 350 yr followed by a second intrusion into a different waste panel at 550, 750, 2000, 4000 or 10,000 yr;

(9) initial E2 intrusion at 1000 yr followed by a second intrusion into the same waste panel at 1200, 1400, 3000,

5000 or 10,000 yr; (10) initial E2 intrusion at 1000 yr followed by a second intrusion into a different waste panel at

1200, 1400, 3000, 5000 or 10,000 yr. Categories (1) and (2) involve elements X$tof $ of the form

1x$~,c=[tl,~l,el=l,bl,~l,al , (6.9.7)

where tl = 100, 350, 1000, 3000, 5000 or 10,000 yr, 11corresponds to an intrusion into the lower waste panel (i.e.,

Panel 4, 5 or 10 in Fig. 3.2.1 and region 23 in Fig. 4.2,1) for Category (1) and into the upper waste panels (i.e., Panel

1, 2, 3, 6, 7, 8 or 9 in Fig. 3.2.1 and region 24 in Fig. 4.2.1) for Category (2), ei = 1 indicates that the intrusion takes

place into an excavated area of the repository, b 1 and p I are unspecified because these characteristics do not affect

results calculated by CUTTINGS_S for use in the 1996 WIPP PA, and al corresponds to the penetration of CH-TRU

waste (i.e., al = [2, CH 11, CH 12, CH I~], although only the property that CH-TRU waste is penetrated is used in the

calculation with CUTTINGS_S). The characteristics specified by bl and p 1 (i.e., penetration of pressurized brine

and plugging pattern) are not relevant to the determination of cuttings and spallings releases because these releases

take place at the time that the drilling intrusion penetrates the repository. The penetration of CH-TRU waste is

important because this determines the material properties used in the cavings and spallings calculations; the

penetration of RH-TRU waste is assumed to result in no cavings and spallings releases. The actual locations at which

the intrusions are assumed occur correspond to the points in Fig. 4.7.1 designated “Down-dip well, first or second

intrusion” for Category ( 1) intrusions and “Up-dip well, first or second intrusion” for Category (2) intrusions. As
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described in conjunction with Fig. 4.7.2, pressures for use at the indicated points in Fig. 4.7.1 are obtained from

calculations performed with BRAGFLO on the computational grid in Fig. 4.2.1.

Categories (3) - (6) for the calculations performed with CUTTINGS_S involve elements x~tof &t of the form

1x$t,7=[t1,11, e1 =1, bl =1, P1 =Zal,tz,lz,q =1,~2,P2,a2 , (6.9.8)

where tl= 350 yr for Categories (3) and (4), tl = 1000 yr for Categories (5) and (6), t2 = 550, 750, 2000, 4000 and

10,000 yr for Categories (3) and (4), t2 = 1200, 1400, 3000,5000 and 10,000 yr for Categories (5) and (6), /1 and 12

correspond to intrusions into the same waste panel (Fig. 3.2.1) for Categories (3) and (5), 11 and 12 correspond to

intrusions into different waste panels for Categories (4) and (6), el = e2 = 1 indicates that both intrusions take place

into excavated areas of the repository, h I = 1 indicates that the first intrusion penetrates pressurized brine, pl = 2

indicates that plugging pattern 2 is used with the first intrusion, al and a2 correspond to the penetration of CH-TRU

waste (i.e., ai = [2, CHil, CHi2, CHi3], i = 1,2, although only the property that CH-TRU waste is penetrated is used

in the calculation with CUTTINGS_S), and p2 is unspecified. In the computational implementation of the analysis,

intrusions into different waste panels are implemented by assuming that the first and second intrusions occur at the

locations in Fig. 4,7.1 designated “Down-dip well, first or second intrusion” and “Up-dip well, first or second

intrusion,” respectively, and intrusions into the same waste panel are implemented by assuming that both intrusions

occur at the location in Fig. 4.7.1 designated “Down-dip well, first or second intrusion. ” Thus, intrusions into

different waste panels are implemented computationally as an initial intrusion into a lower (i.e., down dip) waste

panel followed by a second intrusion into an upper (i.e., up dip) waste panel, and intrusions into the same waste

panel are implemented computationally as two intrusions into the same lower (i.e., down dip) waste panel.

Categories (7) - (10) for the calculations performed with CUTflNGS_S involve elements X$tof $,t of the form

)(,rf,g = [tl,fl, ej =1, bl=O, p1=2, al, t2,12, e2=l, b2, p2, a2 1 (6.9.9)

The vectors X.ft,gassociated with Categories (7) - (10) are the same as the vectors X,1,7 associated with Categories

(4) - (6) except for the use of b] = O instead of bl = 1, which implies that the first intrusion associated with x~t,7

penetrates pressurized brine while the first intrusion associated with )(@ does not penetrate pressurized brine.

As described in Sects. 9.2 and 9.4, the results obtained with CUTTINGS_S for the elements of $ indicated in

Eqs. (6.9.7) - (6.9.9) are then used in conjunction with algebraic procedures to construct releases due to cuttings and

cavings and also due to spallings for arbitrary elements X$tof $ sampled in the Monte Carlo construction of CCDFS

for comparison with the boundary line specified in 40 CFR 191.13.

Calculations are performed for BRAGFLO_DBR for the same ten categories as for CUTTINGS_S (Table

6.9. 1). Thus, the elements of & in Eqs. (6.9.7) - (6.9.9) also characterize the elements of & for which
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BRAGFLO_DBR calculations are performed. Further, BRAGFLO_DBR also uses the spallings releases calculated

by CUTTINGS_S for these elements of $Ytas input (Sect. 4.7.3). As described in Sect. 10.3, the results obtained

with BRAGFLO_DBR are then used in conjunction with algebraic procedures to construct direct brine releases for

arbitrary elements Xrt of C$ftsampled in the Monte Carlo construction of CCDFS for comparison with the boundary

line specified in 40 CFR 191.13.

Three categories of calculations are indicated in Table 6.9.1 as being performed with NUTS (i.e., EO, El, E2).

The EO calculation is performed for the vector x~r,o in Eq. (6.9.1). The El calculations are performed for vectors of

the form appearing in Eqs. (6.9.2) and (6.9.3) with tl = 100, 350, 1000, 3000, 5000, 7000 and 9000 yr. Similarly,

the E2 calculations are performed for vectors of the form appearing in Eqs. (6.9.4) and (6.9.5) with t, = 100, 350,

1000, 3000, 5000, 7000 and 9000 yr. The BRAGFLO flow fields calculated for intrusions at 350 yr are moved back

in time to 100 yr to support the NUTS calculations for Cl = 100 yr; similarly, the BRAGFLO flow fields calculated

for intrusions at 1000 yr are moved forward in time to support the NUTS calculations fort, = 3000, 5000, 7000 and

9000 yr.

One category of calculations is indicated in Table 6.9.1 as being performed with PANEL (i.e., E2EI). The

associated calculations are performed for vectors XL$1,5of the form appearing in Eq. (6.9.6). The PANEL calculations

are based on the E2E 1 B RAGFLO calculation in which t 1 = 800 yr and t2 = 2000 yr in x~f,5. The PANEL

calculations are for t2 = 100, 350, 1000, 2000, 4000, 6000 and 9000 yr in X.$t,5.The single BRAGFLO calculation

for X~t,5 as defined in Eq. (6.9.6) supports the PANEL calculations by having the flow fields calculated by

BRAGFLO moved forward or backward in time as appropriate to match the value for t2in the PANEL calculations.

In concept, this can be viewed as having the corresponding values for tl in x$f,5for the PANEL calculations assigned

values of

tl = max {100 yr, t2-1200 yr}, (6.9.10)

where the restriction that tIcannot be less than 100 yr results because the definition of X~rdoes not allow negative

intrusion times and the assumption of 100 yr of administrative control (i.e., Ad(t) = O yr–l for O S ts 100 yr; see Eq.

(3.2. 1)) results in a probability of zero for intrusion times between O and 100 yr. Under this convention, what is

specified in concept by the definition of Xrr,5for the PANEL calculations differs from what is actually done

computationally because tl does indeed precede t2by 1200 yr in the BRAGFLO calculation.

As described in Sect. 11.2, the results obtained with NUTS and PANEL for elements of S’t of the form indicated

in Eqs. (6.9.1) - (6.9.6) are then used in conjunction with algebraic procedures to construct time-dependent releases

to the Culebra for arbitrary elements X.rtof & sampled in the Monte Carlo construction of CCDFS for comparison

with the boundary line specified in 40 CFR 191.13.
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The SECOFL2D calculations are performed for two categories of conditions (Table 6.9.1): partially mined

conditions in the vicinity of the repository (Fig. 4.8.1) and fully mined conditions in the vicinity of the repository

(Fig, 4.8,2). As a reminder, partially mined conditions are assumed to always exist by the end of the period of

administrative control (i.e., at 100 yr) in assessing compliance with 40 CFR 191.13 (Wallace 1996a, U.S. EPA

1996). The SECOFL2D calculations for partially mined conditions are performed for the element X.rt,oof S’t defined

in Eq. (6.9.1). The SECOFL2D calculations for fully mined conditions are performed for the element Xst,mof $’~~

given by

x ,r,,m = [tmin=100 yr], (6.9. 11)

which corresponds to the future in which no drilling intrusion occurs and full mining occurs at tmin = 100 yr.

The SECOTP2D calculations are performed for the same two categories of conditions as the SECOFL2D

calculations (Table 6.9. 1). Thus, the SECOTP2D calculations are performed for the elements x~t,o and x$r,m of S’r

defined in Eqs. (6.9.1) and (6.9.11), with the flow fields required in these calculations supplied by the calculations

with SECOFL2D for X.rt,o and x.fr,n. FM described in Sect. 12.2, the results obtained for X$t,oarid XJt,mwith

SECOTP2D are then used in conjunction with algebraic procedures to construct Culebra transport results for

arbitrary elements X,$rof $, sampled in the Monte Carlo construction of CCDFS for comparison with the boundary

line specified in 40 CFR 191.13.

6.10 Sensitivity Analysis (Adapted from Sect. 3.5 of Helton 1993c)

6.10.1 Mapping from Input to Output

Evaluation of one or more of the models discussed in Chapt. 4 with the LHS in Eq. (6.5.1) (Table 6.9.1) creates

a mapping

(6.10.1)[x.,~,~!Y(x .,U,,JI,k = 1,2, . . .. nLHS,

from analysis inputs (i.e., X,$u,k)to analysis results (i.e., y(x.YU,k)),where y(x.TU,k)denotes the results obtained with the

model or models under consideration. A vector notation is used for y because, in general, a large number of

predicted results is produced by each of the models used in the 1996 WIPP PA. In addition, y(x$u,k) could also

correspond to a CCDF for normalized release constructed from model results associated with Xru,k. Sensitivity

analysis involves an exploration of the mapping in Eq. (6.10.1) to determine how the uncertainty in individual

elements of X$Uaffects the uncertainty in individual elements of Y(x,YU).
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The numerical implementation of the sensitivity analysis techniques used in this report involves the investigation

of the effects of elements of X.$llon single elements of y(x.ru). For notational convenience in the description of these

techniques, the mapping in Eq. (6. 10,1) will be represented by

(6.10.2)[xk,yk], k=1,2, . . ..nLHS.

where

Xk = [+1, Xkz . ..? Xk,rtv] (6.10.3)

and yk corresponds to one element of y(Xk). The vector xk corresponds to the vector )(~u,k in Eq. (6.10.1) with the

subscript su dropped to produce a less cumbersome notation.

To make efficient use of all available information, most of the sensitivity analysis results contained in this report

are based on a pooling of the results obtained for the three replicated LHSS (i.e., R1, R2, R3) discussed in Sect. 6.5.

Thus, the mapping in use is actually of the form

[Xk, yk], k= 1,2, . ...3 ●nLHS, (6.10.4)

wherek= 1, 2, . . . . 100 corresponds to results from replicate R1, k = 101, 102, . . . . 200 corresponds to results from

replicate R2, and k = 201, 202, . . . . 300 corresponds to results from replicate R3. The discussions in this section will

refer to the simpler mapping in Eq. (6. 10.2) rather than the mapping in Eq. (6.10.4), although the numerical

examples will actually be generated with the mapping in Eq. (6.10.4).

6.10.2 Scatterplots

The generation of scatterplots is undoubtedly the simplest sensitivity analysis technique and only involves

plotting the points

(xkj, Yk), k = 1,2, . . .. nLHS, (6.10.5)

for each element xj of x for j = 1, 2, . . . . nV (see Eq. (6.10.3)). This produces nV scatterplots that can then be

examined for relationships between y and the elements of x (Le., the ~j). As an example, the scatterplot in Fig.

6.10.1 shows a nonlinear but monotonic relationship between borehole permeability (BHPRM) and cumulative brine

flow down an intruding borehole, with no brine flow taking place for small values of BHPRM and brine flow

increasing rapidly for larger values of BHPRM (see Sect. 8.2 for additional discussion). As another example, the

scatterplot in Fig. 6.10.2 shows a complex relationship between BHPRM and repository pressure that is both

nonlinear and nonmonotonic, with repository pressure decreasing as BHPRM increases and then undergoing a

sudden jump at BHPRM = –1 1.7 (i.e., at a permeability of 10–117 m2 = 2 x 10-12 m2) (see Sect. 8.4 for additional
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discussion). In contrast to the well-defined patterns in Figs. 6.10.1 and 6.10.2, the individual points will be randomly

spread over the plot when there is no relationship between y and a particular xj.

Sometimes scatterplots alone will completely reveal the relationships between model input (i.e., elements of X)

and model predictions (i.e., y). This is often the case when only one or two inputs dominate the outcome of the

analysis. Further, scatterplots often reveal nonlinear relationships, thresholds and variable interactions that facilitate

the understanding of model behavior and the planning of more sophisticated sensitivity studies. Iman and Helton

(1988) provide an example where the examination of scatterplots revealed a rather complex pattern of variable

interactions. The examination of scatterplots is always a good starting point in a sensitivity study. The examination

of such plots when Latin hypercube sampling is used can be particularly revealing due to the full stratification over

the range of each input variable.

BRAGFLO (E2 at 1000 yr, R1, R2, R3)

I ! 1 m

Time: 10000 yr

9

:1 .1

q,,,,,,,,, ,+??!!.,l
,.-14 ,.-13 ,.-1:

Borehole Permeability (m*): 10x, x = BHPRM

TRI-6342-5371-0

Fig. 6.10.1. Scatterplot for cumulative brine flow through borehole into upper DRZ over 10,000 yr for E2 intrusion
at 1000 yr into lower waste panel versus borehole permeability (BHPRM).
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Fig. 6.10.2. Scatterplot for repository pressure (Pa) at 10,000 yr versus borehole permeability (BHPRM) for E2
intrusion at 1000 yr into lower waste panel.

6.10.3 Regression Analysis

A more formal investigation

approach, a model of the form

n

y=bo+
x

bj Xj

j=l

of the mapping in Eq. (6. 10.2) can be based on regression analysis. In this

(6.10.6)

is developed from the mapping between analysis inputs and analysis results shown in Eq. (6. 10.2), where the Xj are

the input variables under consideration and the bj are coefficients that must be determined. The coefficients bj and

other aspects of the construction of the regression model in Eq. (6.10.6) can be used to indicate the importance of the

individual variables xj with respect to the uncertainty in y.
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The construction of the regression model in Eq. (6.10.6) is considered first. To keep the notation from

becoming unwieldy, n will be used to denote the number of independent variables under consideration (i.e., n = nV

as used in Eq. (6. 10.3)) and m will be used to denote the number of observations under consideration (i.e., m = nLHS

or 3 . tzLHS as used in Eqs. (6. 10.2) or (6.10.4)). As shown in Eq. (6. 10.2), there exists a sequence yk, k = 1, .... m,

of values for the output variable. When expressed in the form of the model in Eq. (6.10,6), each yk becomes

n

y~ = bo + z bj Xkji-Ek , k=l, . . ..m.

j=l

(6.10.7)

where the error terms &k,k = 1, . . . . m, equal the difference between the observed value yk and the corresponding

predicted value ~k defined by Eq. (6. 10.6). At this point, the bj are still unknown. What is desired is to determine

the bj in some suitable manner. The method of least squares is widely used and will be employed here (Harter 1983,

Eisenhart 1964). As a result of its extensive use, there exist a number of excellent textbooks on least squares

regression analysis (Myers 1986, Weisberg 1985, Seber 1977, Draper and Smith 1981, Daniel et al. 1980, Neter and

Wasserman 1974). The purpose of the following discussion is to present just enough information to be able to

describe some of the applications of regression-based techniques in sensitivity analysis. The indicated textbooks, as

well as many others, provide far more information on regression analysis than can be presented here.

To determine the bjj it is convenient to use the following matrix representation for the equalities in Eq. (6. 10.7):

y= Xb+s, (6.10.8)

where

‘=[:.!l‘=KLUb=t!and‘=[::1
In the least squares approach, the intent is to determine the bj such that the sum

‘(b)=:[yk-bo-zb’xkjr=(y-xb)’(y-xb)(6.10.9)

is a minimum. Put another way, the bj are determined such that the sum
z

&~ involving the error terms is a
k

minimum. The determination of the bj in the least squares approach is just an exercise in calculus and is based on

consideration of the first derivatives of S(b) with respect to the individual bj (Draper and Smith 1981).
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This derivation leads to the following matrix equation that defines the coefficient vector b for

S(b) given in Eq. (6. 10.9) is a minimum:

XWb = xTy.

which the sum

(6.10.10)

For the analysis to produce a unique value for the coefficient vector b, it is necessary that the matrix X~ be

invertible. Then, b is given by

b = (XW)-l )(Ty. (6.10.11)

The matrix X~ will always be invertible when the columns of X are linearly independent. This usually is the case in

a sampling-based study in which the number of sample elements (i.e., m) exceeds the number of independent

variables (i.e., n).

The following identity

adequacy of such models:

m m

holds for the least squares regression model and plays an important role in assessing the

m

(6.10.12)

k=l k=l k=l

where jk denotes the estimate of }Jkobtained from the regression model and ~ is the mean of the ~k (Draper and

Smith, 198 1). Since

m

x(jk - .))k)2
k=l

provides a measure of variability about the regression model, the ratio

(6.10.13)

(6.10.14)

provides a measure of the extent to which the regression model can match the observed data. Specifically, when the

variation about the regression model is small (i.e., when ~k( ~k – Y# is a small relative to %( ~k – T )2), then the

corresponding R2 value is close 1, which indicates that the regression model is accounting for most of the uncertainty

in the )’k. Conversely, an R* value close to zero indicates that the regression model is not very successful in

accounting for the uncertainty in the ~k. Another name for R2 is the coefficient of multiple determination.
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An important situation occurs when the rows of the matrix X (i.e., the variable values at which the model is

evaluated) are selected so that X~ is a diagonal matrix. In this case, the columns of X are said to be orthogonal, and

the estimated regression coefficients are given by

10 odn

-’[1 11”
X11 X21 ‘“ Xml

Lx,n x*n ~~~.xmn [)
Y1

Y!

Ym

(6.10.15)

and so each element bj of b is given by

m m m

bj = ~ Xkjyk I dj =
E p

2
‘kj Yk Xkj (6.10.16)

k=l k=l k=l

The important point to recognize is that the estimate of the regression coefficient bj for the variable xj depends only

on the values for xj in the design matrix X (i.e. >X]j! ...) Xmj). This is true regardless of the number of variables

included in the regression. As long as the design is orthogonal, the addition or deletion of variables from the model

will not change the regression coefficients. Further, when the design matrix X is orthogonal, the R2 value for the

regression can be expressed as

/

R2 = ~ (jk‘7)2 X ()’k‘7)2 = R;+ R;+... +R; , (6.10.17)

k=l k=l

where R; is the R2 value that results from regressing y on only xj (Eq. (III-74) Helton et al. 1991). Thus) R; is

equal to the contribution of xj to R2 when the design matrix X is orthogonal.

The regression model in Eq. (6. 10.6) can be algebraically reformulated as

j=l

where

(6.10.18)

m

[ 1
1/2

y=
z

yk I m, ‘= ~ (yk-y)2/(m-1) ,

k=l k=l
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m
yj =

z
Xkj /m,

‘J=[S (Xkj-xj)zim-’)]’”
k=l k=l

The coefficients bj{j /f appearing in Eq. (6.10.18) are called standardized regression coefficients (SRCS). When

the xj are independent, the absolute value of the SRCS can be used to provide a measure of variable importance.

Specifically, the coefficients provide a measure of importance based on the effect of moving each variable away

from its expected value by a fixed fraction of its standard deviation while retaining all other variables at their

expected values. Calculating SRCS is equivalent to performing the regression analysis with the input and output

variables normalized to mean zero and standard deviation one.

An example regression analysis is now given. The output variable (i.e., y) is pressure (Pa) in the repository at

10,000 yr under undisturbed (i.e., EO) conditions (i.e., the pressure values above 10,000 yr in Fig. 6.10.3). To keep

the example at a convenient size, 3 independent variables (i.e., xj) will be considered (Table 5.2.1): pointer variable

for microbial degradation of cellulose (WUICDFLG), halite porosity (HALPOR), and corrosion rate for steel

(WGRCOR). The following regression model is obtained using the preceding three variables and the pooled LHS in

Eq. (6.10.4) (i.e., n = 3 and m = 300):

y = 5.72X 106+ 2.46X 106 ● WMICDFLG + 1.55 X 108 ● HALPOR + 1.52X 1020 w WGRCOR. (6.10.19)

The coefficients in the preceding model show the effect of a one unit change in an input variable (i.e., an xj) on the

output variable (i.e., y). The sign of a regression coefficient indicates whether y tends to increase (a positive

regression coefficient) or tends to decrease (a negative regression coefficient) as the corresponding input variable

increases. Thus, y tends to increase as each of WA41CDFLG, HALPOR and WGRCOR increases.

It is hard to assess variable importance from the regression coefficients in Eq. (6. 10.19) because of the effects of

units and distribution assumptions. In particular, the regression coefficient for WGRCOR is much larger than the

regression coefficients for WMICDFLG and HALPOR, which does not necessarily imply that WGRCOR has greater

influence on the uncertainty in y than WMICDFLG or HALPOR. Variable importance is more clearly shown by the

following reformation of Eq. (6. 10.19) with SRCS:

6-43



BRAGFLO (EO, RI)
Vol-Averaged Pressure Lower Panel (WAS-PRES)

F ‘“’~
L

r-
Z 1.5
~

u
n

I 1.2
~

3
g 0.9
c
2
$ 0.6

3
g
~ 0.3
UIg)
n

0.0
0.0 2.0 4.0 6.0 8.0 10.0

Time (103 yr)

TRI-6342-5373-0

Fig. 6.10.3 Pressure (Pa) inlower waste panel under undisturbed conditions.

~ = 0.722 WMICDFLG + 0.468 HALPOR + 0.246 WGRCOR. (6.10.20)

The SRCS in Eq. (6. 10.20) provide a better characterization of variable importance than the unstandardized

coefficients in Eq. (6. 10. 19). For perturbations equal to a fixed fraction of their standard deviation, the impact of

WMICDFLG is approximately 50% larger than the impact of HALPOR (Le., (0.722 – 0.468)/0.468 = 0.54) and

almost 200% larger than the impact of WGRCOR (i.e., (0.722 – 0.246)/0.246 = 1.96). Both regression models have

an R* value of 0.79 and thus can account for approximately 79% of the uncertainty in y.

6.10.4 Correlation and Partial Correlation

The ideas of correlation

uncertainty/sensitivity studies.

between x and y is defined by

>,,

and partial correlation are useful concepts that often appear in sampling-based

For a sequence of observations (xi, y[), i = 1, .... m, the (sample) correlation rxy

(6.10.21)

.

~ (x,‘%’, ‘~)
k=l

“=[~,x,-~)2~[~,-~)2~

where 2 and J are defined in conjunction with Eq. (6.10. 18). The correlation coefficient r-x),provides a measure of

the linear relationship between x and y.
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The nature of the correlation coefficient rXYis most readily understood by considering the regression

y= bo+blx. (6.10.22)

The definition of rXYin Eq. (6. 10.21) is equivalent to the definition

rly = sign(b1)(R2)”2, (6.10.23)

where sign(bl ) = 1 if b 1 2 0, sign(b 1) = –1 if bl < 0, and R2 is the coefficient of determination that results from

regressing y on x. With respect to interpretation, the correlation coefficient rXY provides a measure of the linear

relationship between x and y, and the regression coefficient b 1 characterizes the effect that a unit change in x will

have on y.

When more than one input variable is under consideration, partial correlation coefficients (PCCS) can be used to

provide a measure of the linear relationships between the output variable y and the individual input variables. The

PCC between y and an individual variable XPis obtained from the use of a sequence of regression models, First, the

following two regression models are constructed:

n n

j=bo+
E

bj xj and .iP = Co +
z ‘j ‘j .

j=l j=l

j$p j*p

(6.10.24)

Then, the results of the two preceding regressions are used to define the new variables y – ~ and x,, – i,, By

definition, the PCC between y and x,, is the correlation coefficient between y – ~ and x,, – i,, . Thus, the PCC

provides a measure of the linear relationship between y and Xp with the linear effects of the other variables removed.

The preceding provides a rather intuitive development of what a PCC is. A formal development of PCCS and the

relationships between PCCS and SRCS is provided by Iman et al. (1985).

The PCC characterizes the strength of the linear relationship between two variables after a correction has been

made for the linear effects of the other variables in the analysis, and the SRC characterizes the effect on the output

variable that results from perturbing an input variable by a fixed fraction of its standard deviation. Thus, PCCS and

SRCS provide related, but not identical, measures of variable importance. In particular, the PCC provides a measure

of variable importance that tends to exclude the effects of other variables, the assumed distribution for the particular

input variable under consideration, and the magnitude of the impact of an input variable on an output variable. In

contrast, the value for an SRC is significantly influenced by both the distribution assigned to an input variable and

the impact that this variable has on an output variable. However, when the input variables in an analysis are

uncorrelated, an ordering of variable importance based on either the absolute value of SRCS or the absolute value of
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PCCS will yield the same ranking of variable importance, even though the SRCS and PCCS for individual variables

may be quite different (Iman et al. 1985).

Many output variables are functions of time or location. A useful way to present sensitivity results for such

variables is with plots of PCCS or SRCS. An example of such a presentation for the pressure curves in Fig. 6.10.3 is

given in Fig. 6.10.4, which displays two sets of curves. The left set contains SRCS plotted as a function of time; the

right set contains PCCS plotted in a similar manner. For both sets of curves, the dependent variables are pressures at

fixed times, and each curve displays the values of SRCS or PCCS relating these pressures to a single input variable as

a function of time.
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6.10.5 Stepwise Regression Analysis

When many input variables are involved, the direct construction of a regression model containing all input

variables as shown in Eq. (6.10.6) may not be the best approach for several reasons. First, the large number of

variables makes the regression model tedious to examine and unwieldy to display. Second, it is often the case that

only a relatively small number of input variables have an impact on the output variable. As a result, there is no

reason to include the remaining variables in the regression model. Third, correlated variables result in unstable

regression coefficients (i.e., coefficients whose values are sensitive to the specific variables included in the

regression model). When this occurs, the regression coefficients in a model containing all the input variables can

give a misleading representation of variable importance. As a side point, if several input variables are highly

correlated, consideration should be given to either removing all but one of the correlated variables or transforming

the variables to correct for (i.e., remove) the correlations between them. Fourth, an overfitting of the data can result

when variables are arbitrarily forced into the regression model. This phenomenon occurs when the regression model

attempts to match the predictions associated with individual sample elements rather than match the trends shown by

the sample elements collectively.

Stepwise regression analysis provides an alternative to constructing a regression model containing all the input

variables. With this approach, a sequence of regression models is constructed. The first regression model contains

the single input variable that has the largest impact on the uncertainty in the output variable (i.e., the input variable

that has the largest correlation with the output variable y). The second regression model contains the two input

variables that have the largest impact on the output variable: the input variable from the first step plus whichever of

the remaining variables has the largest impact on the uncertainty not accounted for by the first variable (i.e., the

input variable that has the largest correlation with the uncertainty in y that cannot be accounted for by the first

variable). The third regression model contains the three input variables that have the largest impact on the output

variable: the two input variables from the second step plus whichever of the remaining variables has the largest

impact on the uncertainty not accounted for by the first two variables (i.e., the input variable that has the largest

correlation with the uncertainty in y that cannot be accounted for by the first two variables). Additional models in

the sequence are defined in the same manner until a point is reached at which further models are unable to

meaningfully increase the amount of the uncertainty in the output variable that can be accounted for. Further, at each

step of the process, the possibility exists for an already selected variable to be dropped out if it no longer has a

significant impact on the amount of uncertainty in the output variable that can be accounted for by the regression

model; this only occurs when correlations exist between the input variables.

Several aspects of stepwise regression analysis provide insights on the importance of the individual variables.

First, the order in which the variables are selected in the stepwise procedure provides an indication of their

importance, with the most important variable being selected first, the next most important variable being selected

second, and so on. Second, the R2 values (see Eq. (6.10.14)) at successive steps of the analysis also provide a
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measure of variable importance by indicating how much of the uncertainty in the dependent variable can be

accounted for by all variables selected through each step. When the input variables are uncorrelated, the differences

in the R2 values for the regression models constructed at successive steps equals the fraction of the total uncertainty

in the output variable that can be accounted for by the individual input variables being added at each step (see Eq.

(6. 10. 17)). Third, the absolute values of the SRCS (see Eq. (6. 10.18)) in the individual regression models provide an

indication of variable importance. Further, the sign of an SRC indicates whether the input and output variable tend

to increase and decrease together (a positive coefficient) or tend to move in opposite directions (a negative

coefficient).

An important situation occurs when the input variables are uncorrelated. In this case, the orderings of variable

importance based on order of entry into the regression model, size of the R2 values attributable to the individual

variables, the absolute values of the SRCS, and the absolute values of the PCCS are the same. In situations where the

input variables are believed to be uncorrelated, one of the important applications of the previously discussed

restricted pairing technique of Iman and Conover (Sect. 6.2) is to ensure that the correlations between variables

within a Latin hypercubc or random sample are indeed close to zero. When variables are correlated, care must be

used in the interpretation of the results of a regression analysis since the regression coefficients can change in ways

that are basically unrelated to the importance of the individual variables as correlated variables are added to and

deleted from the regression model (see Sect. 7.2 for an example of the effects of correlated variables on the

outcomes of a regression analysis).

When the stepwise technique is used to construct a regression model, it is necessary to have some criteria to stop

the construction process. When there are many independent variables, there is usually no reason to let the

construction process continue until all the variables have been used. It is also necessary to have some criteria to

determine when a variable is no longer needed and thus can be dropped from the regression model. As indicated

earlier, this latter situation only occurs when the input variables are correlated.

The usual criterion for making the preceding decisions is based on whether or not the regression coefficient

associated with an input variable appears to be significantly different from zero. Specifically, the t-test is used to

determine the probability that a regression coefficient as large as or larger than the one constructed in the analysis

would be obtained if, in reality, there was no relationship between the input and output variable, and, as a result, the

apparent relationship that led to the constructed regression coefficient was due entirely to chance (Sect. 7.5, Neter

and Wasserman 1974). The probability of exceeding a regression coefficient due to chance variation is often

referred to as an cx-value. The actual derivation of the cx-value depends on assumptions involving normality and

random variation that are not satisfied in sampling-based sensitivity studies for computer models since there is no

variation in the predictions for a fixed set of input. However, the t-test and the associated et-value still constitute a

useful criterion for adding or deleting variables from a regression model in a sensitivity study since they provide a

measure of how viable the relationship between the input and output variable would appear to be in a study in which
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this relationship could possibly have arisen from random variation. Sensitivity studies often use an et-value of 0.01

or 0.02 to add a variable to a regression model and a somewhat larger value to drop a variable from the model.

As models involving more variables are developed in a stepwise regression analysis, the possibility exists of

overfitting the data. Overfitting occurs when the regression model in essence “chases” the individual observations

rather than folIowing an overall pattern in the data. For example, it is possible to obtain a good fit to a set of points

by using a polynomial of high degree. However, in doing so, it is possible to overfit the data and produce a spurious

model that makes poor predictions.

To protect against overfit, the Predicted Error Sum of Squares (PRESS) criterion can be used to determine the

adequacy of a regression model (Allen 1971). For a regression model containing q variables and constructed from m

observations, PRESS is computed in the following manner. For k = 1,2,...,m, the kth observation is deleted from the

original set of m observations and then a regression model containing the original q variables is constructed from the

remaining m – 1 observations. With this new regression model, the value jq (k) is estimated for the deleted

observation ~k. Then, PRESS is defined from the preceding predictions and the m original observations by

PRESSq = ~ (y~ - j#c))2.

k=l

(6.10.25)

The regression model having the smallest PRESS value is preferred when choosing between two competing models,

as this is an indication of how well the basic pattern of the data has been fitted versus an overfit or an underfit. In

particular, PRESS values will decrease in size as additional variables are added to the regression model without an

overfitting of the data (i.e., PRESS,, > PRESSq+l ), with an increase in the PRESS values (i.e., PRESSq < PRESSq+l )

indicating an overfitting of the data. In addition to PRESS, there are also a number of other diagnostic tools that can

be used to investigate the adequacy of regression models (Cook and Weisberg 1982, Belsley et al. 1980).

It is important to use scatterplots, PRESS values and other procedures to examine the reasonableness of

regression models. This is especially true when regression models are used for sensitivity analysis. Such analyses

often involve many input variables and large uncertainties

a possibility that must be checked for.

An example stepwise regression analysis is now

in these variables. The appearance of spurious patterns is

presented for repository pressure at 10,000 yr under

undisturbed conditions (Fig. 6.10.3). The following 31 variables from Table 5.2.1 and contained in the three

replicated LHSS indicated in Eq. (6.5.1) are used as input to calculations performed with BRAGFLO in the 1996

WIPP PA: ANHBCEXP, ANHBCVGP, ANRBRSAT, ANHCOMP, ANHPRM, ANRGSSAT, BHPRM, BP COMP,

BPINTPRS, BPPRM, BPVOL, HA LCOMP, HALPOR, HALPRM, SALPRES, SHBCEXP, SHPRMASP, SHPRMCL Y,
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SHPRMCON, SHPRA4DRZ, SHPRMHAL, SHRBRSAT, SHRGSSAT, WASTWICK, WFBETCEL, WGRCOR,

WGRMICH, WGRMICI, WMICDFLG, WRBRNSAT and WRGSSAT. Variables within the pairs (ANHCOMP,

ANHPRM) and (HALCOA4P, HALPOR) have rank correlations of –0.99 (Table 5.2.1, Fig, 5.4.1), which creates

instabilities in regression results (Sect. 7.2). Therefore, to avoid the distracting effects that result from the presence

of highly correlated variables, ANHCOMP and HALCOMP will not be included as independent variables in the

following example. Thus, the data available for analysis are of the form

[X~,,X~~, . . ..x~.zg, ykl>k= 1>2, . ..> m=300, (6.10.26)

where yk is the value for pressure obtained with the kth sample element (i.e., y = WAS_PRES at 10,000 yr in Fig.

6.10.3), the Xkj, J = 1, 2, . . .. 29, correspond to the variables indicated above with ANHCOMP and HALCOMP

omitted, and a value of m = 300 results from pooling the three replicated LHSS (i.e., R 1, R2, R3).

The variables BHPRM, BPCOMP, BPINTPRS, BPPRM and BPVOL do not effect repository pressure under

undisturbed conditions and thus could be omitted from consideration. However, they are left in this example to

increase the number of variables that must be considered in the stepwise process. Also, leaving such variables in an

analysis can be beneficial from an analysis verification perspective. In particular, an error in the implementation of

the analysis is indicated if such unimportant variables show up as having identifiable effects. Similarly, errors are

indicated when variables are identified as having effects that are inconsistent with their known usage within the

analysis.

The first step selects the input variable xj that has the largest impact on the output variable y. Specifically, this is

defined to be the variable that has the largest correlation, in absolute value, withy (see Eqs. (6. 10.21) and (6. 10.23)).

Thus, it is necessary to calculate the correlations between y and each of the 29 input variables under consideration.

For illustration, Table 6.10.1 shows the 7 x 7 correlation matrix for y and the six input variables ultimately selected

in the stepwise regression, although the full correlation matrix would actually be (29 + 1) x (29 + 1). Each element

in the correlation matrix is the correlation between the variables in the corresponding row and column. As

examination of the correlation matrix in Table 6.10.1 shows, the variable WMICDFLG has the highest correlation

with waste pressure, which is denoted by WAS_PRES. Thus, the first step in the analysis selects the variable

WMICDFLG. A regression model relating y to WMICDFLG is then developed as shown in Eq. (6. 10.11) with n = 1

and m = 300. The resultant regression model is

j = 8.94X 106+ 2.43 X 106 ● WMICDFLG, (6.10.27)

which has an R2 value of 0.508, an a-value of 0.0000, an SRC of 0.712 and a PRESS value of 1.20 x 10’5. This

model is summarized in Table 6.10.2.
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Table 6.10.1. Correlation Matrix for Variables Selected in Stepwise Regression Analysis for Pressure in
the Repository at 10,000 yr Under Undisturbed Conditions (i.e., y = WAS_PRES at 10,000

yr in Fig. 6.10.3)

Wh41CDFLG 1.0000

HALPOR –0.0348 1.0000

WGRCOR 0.0272 0.0216 1.0000

ANHPRM 0.0008 -0.0039 0,0130 1.0000

SHRGSSAT –0.0026 0.0395 -0.01-?1 -0.0042 1,0000

SALPRES 0.0560 –0.0072 0.0010 –0.01 17 0.0061 1.0000

WAS.PRES 0.7124 0.4483 0,2762 0.1303 0.0820 0.0993 1,0000

Wh41CDFLG HALPOR WGRCOR ANHPRM SHRGSSA T SALPRES WAS_PRES

Table 6,10.2. Results of Stepwise Regression Analysis for Pressure in the Repository at 10,000 yr
Under Undisturbed Conditions (i.e., y= WAS_PRES at 10,000 yr in Fig. 6.10.3)

Stepa Variablesb SRCC cx-Valuesd R2 Valuese PRESSf

1 WMICDFLG

2 WMICDFLG

HALPOR

3 WMICDFLG

HALPOR
WGRCOR

4 WMICDFLG

HALPOR
WGRCOR

ANHPRM

5 WMICDFLG

HALPOR

WGRCOR

ANHPRM

SHRGSSAT

6 WMICDFLG

HALPOR
WGRCOR

ANHPRM
SHRGSSAT
SALPRES

0.712 0.0000 0.508 1.20 x 1015

0.729 0.0000 0.732 6.59 X 1014

0.474 0.0000

0.722 0.0000 0.792 5.14 x 1014

0.468 0.0000
0.246 0.0000

0.722 0.0000 0.809 4.79 x 1014

0.469 0.0000
0.245 0.0000
0.128 0.0000

0.722 0.0000 0.814 4.70 x 1014

0.466 0.0000

0.246 0.0000
0.129 0.0000
0.070 0.0056

0.718 0.0000 0.818 4.63 X 1014

0.466 0.0000
0.246 0.0000

0.129 0.0000
0.070 0.0055
0.063 0.0012

J Steps in the analysis
h Variables ~elec~edat each step with ANHCOMP and HALCOMP excluded from entrY into the regression model

c Standardized regression coefficients (SRCS) for variables in the regression model at each step

d et-values for variables in the regression model at each step

c R* value for the regression model at each step

f predicted error SUMof squares (PRESS) value for the regression model at each steP

6-51



The second step selects the input variable xj that has the largest impact on the uncertainty in the output variable y

that cannot be accounted by WMICDFLG, the variable selected in the first step. This selection is made by defining a

new variable

ji = y – j = y - (8.94X 106+ 2.43 X 106 ● WMICDFLG), (6.10.28)

where ~ is defined in Eq. (6. 10.27), and then calculating the correlations between j and the remaining variables.

The variable with the largest correlation, in absolute value, with j is selected as the second variable for inclusion in

the model. In this example, the selected variable is HALPOR. The regression model at this step will thus involve the

two variables WMICDFLG and HALPOR and is constructed as shown in Eq. (6.10.11) with n = 2 and m = 300. The

resultant regression model is

j = 6.89X 106 + 2,49X 106 ● WMICDFLG + 1.57 X 108 ● HALPOR. (6.10.29)

This model is summarized in Table 6.10.2.

The third step selects the input variable xj that has the largest impact on the uncertainty in the output variable y

that cannot be accounted for by WMICDFLG and HALPOR, the two variables from the second step. This selection

is made by defining a new variable

J =}) – j =Jl – (fj.g$t X 106 + 2.49X 106 ● W’JfICDFL,G + 1.57 X 108 ● HALPOR), (6.10.30)

where j is defined in Eq. (6.10.29). The variable with the largest correlation, in absolute value, with J is selected

as the third variable for inclusion in the model. In this example, the selected variable is WGRCOR. The regression

model for this step will thus involve the three variables WMICDFLG, HALPOR and WGRCOR. The resultant

regression model is summarized in Table 6.10.2.

As shown in Table 6.10.2, the stepwise procedure then continues in the same manner through a total of six steps,

until no more variables can be found with an et-value less than 0.02. At this point, the stepwise procedure stops.

At each step, the stepwise procedure also checks to see if any variable selected at a prior step now has an ct-

value that exceeds a specified level, which is 0.05 in this analysis. If such a situation occurs, the variable will be

dropped from the analysis, with the possibility that it may be reselected at a later step as other variables are added

and deleted from the model. This type of behavior only occurs when there are correlations between the input

variables. As shown in the example correlation matrix in Table 6.10.2, the restricted pairing technique has been

successful in keeping the correlations between the input variables close to zero. Thus, no variables meet the criterion

to be dropped from the regression model once they have been selected at a prior step.
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Another result of this lack of correlation is that the regression coefficients do not change significantly as

additional variables are added to the regression model. As examination of Table 6.10.2 shows, the regression

coefficients for a specific variable are essentially the same in all regression models containing that variable. Further,

as indicated in Eq. (6. 10. 17), the R2 values obtained for successive models can be subtracted to obtain the

contribution to the uncertainty in y due to the newly added variable. Thus, for example, WA41CDFLG accounts for

approximately 51 $ZOof the uncertainty in y (i.e., R2 = 0.508), while WMICDFLG and HAL.POR together account for

approximately T3Y0 of the uncertainty (i.e., R2 = 0.732). As a result, HALPOR by itself accounts for approximately

73% – 51 ?to = 22% of the uncertainty in y. Similar results hold for the other variables selected in the analysis.

Table 6.10.2 also reports the PRESS values for the regression models obtained at the individual steps in the

analysis, A decreasing sequence of PRESS values indicates that the regression models are not overfitting the data on

which they are based. An increase in the PRESS values suggests that a model is overfitting the data, and thus that

the stepwise procedure should probably be stopped at the preceding step. As shown by the decreasing PRESS values

in Table 6.10.2, the regression models in this analysis are probably not overfitting the data from which they were

constructed.

Typically, a certain amount of discretion is involved in selecting the exact point at which to stop a stepwise

regression analysis. Certainly, u-values and the behavior of PRESS values provide two criteria to consider in

selecting a stopping point. Other criteria include the changes in the R* values that take place as additional variables

are added to the regression models and whether or not spurious variables are starting to enter the regression models.

When only very small changes in R2 values are taking place (e.g., S 0.01), there is often little reason to continue the

stepwise process. When cx-values approach or exceed 0.01 and a large number of input variables are being

considered, it is fairly common to start getting spurious variables in the regression. Such variables appear to have a

small effect on the output variable which, in fact, is due to chance variation. In such situations, a natural stopping

point may be just before spurious variables start being selected. Another possibility is to delete spurious variables

from the regression model.

When the input variables are uncorrelated, a display of the results of a stepwise regression analysis as shown in

Table 6,10.2 contains a large amount of redundant information. A more compact display can be obtained by listing

the variables in the order that they entered in the regression model, the R2 values obtained with the entry of

successive variables into the regression model, and the SRCS for the variables contained in the final model. Table

6.10.3 shows what this summary looks like for the stepwise regression analysis presented in Table 6.10.2.
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Table 6.10.3. Compact Summary of Stepwise Regression Analyses for Pressure in the Repository at
10,000 yr Under Undisturbed Conditions (i.e., y = WLS_PRES at 10,000 yr in Fig. 6.10.3).

Stepa I Variableb I SRCC I R2d

1

2

3

4

5

6

WMICDFLG

HALPOR

WGRCOR

ANHPRM

SHRGSSAT

SALPRES

0.718

0.466

0.246

0.129

0.070

0.063

0.508

0.732

0.792

0.809

0.814

0.818

“ Steps in stepwise analysis.
hvariables [l~ted in the ~rd~~ of selection in regression analysis with AIVffC~Jff’ and

HALCOMP excluded from entry into regression model.

c Standardized regression coefficients (SRCS) for variables in final regression model.

d Cumulative R2 value with entry of each variable into regression model.

6.10.6 The Rank Transformation

Regression and correlation analyses often perform poorly when the relationships between the input and output

variables are nonlinear. This is not surprising since such analyses are based on developing linear relationships

between variables. The problems associated with poor linear fits to nonlinear data can often be avoided by use of the

rank transformation (Iman and Conover 1979). The rank transformation is a simple concept: data are replaced with

their corresponding ranks and then the usual regression and correlation procedures are performed on these ranks.

Specifically, the smallest value of each variable is assigned the rank 1, the next largest value is assigned the rank 2,

and so on up to the largest value, which is assigned the rank m, where m denotes the number of observations. The

analysis is then performed with these ranks being used as the values for the input and output variables.

Example regression analyses with raw (i.e., untransformed) and rank-transformed data follow. The output

variable (i.e., y) is cumulative brine flow over 10,000 yr under undisturbed (i.e., EO) conditions from the anhydrite

marker beds (MBs) to the disturbed rock zone (DRZ, see Fig. 4.2.3) that surrounds the repository (i.e., the

cumulative flow values above 10,000 yr in Fig. 6.10.5). The results of the stepwise regression analyses with raw and

rank-transformed data can be summarized in the compact form illustrated in Table 6.10.3 and show that the analysis

with rank-transformed data is outperforming the analysis with raw data (Table 6.10.4). In particular, the analysis

with rank-transformed data can account for approximately 87% of the uncertainty in y (i.e., R2 = 0.869), while the

analysis with raw data can account for only 50~0 of the uncertainty in y (i.e., R2 = 0.496). Further, the regression

with rank-transformed data indicates a stronger effect for WMICDFLG (i.e., R2 = 0.425) than is indicated by the

regression with raw data (i.e., R2 = 0.423 – 0.320= O.103).
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Fig. 6.10.5 Cumulative brine flow (m3) into disturbed rock zone (DRZ) fmm all anhydrite marker beds (MBs)
under undisturbed (i.e., EO) conditions.

Table 6.10.4.

Stepa

1

2

3

4

5

6

7

Comparison of Stepwise Regression Analyses with Raw and Rank-Transformed Data for
Cumulative Brine Flow over 10,000 yr under Undisturbed Conditions from the Anhydrite
Marker Beds to the Disturbed Rock Zone that Surrounds the Repository (i.e., y =
BRAAL/C at 10,000 yr in Fig. 6.10.5).

Variableb

ANHPRM

WA41CDFLG

WGRCOR

WASTWICK

ANHBCEXP

HALPOR

Raw Data

SRCC

0.562

–0.309

–0.164

–0.145

–0.120

–0.101

I
‘ Steps in stepwise regression analysis.

I

R2d

0.320

0.423

0.449

0.471

0.486

0.496

I

Rank-Transformed Data

Variableb

WMICDFLG

ANHPRM

HALPOR

WGRCOR

HALPRM

SALPRES

I WASTWICK I -0.010

R2d

0.425

0.766

0.802

0.824

0.845

0.860

I 0.869

SRRCe

–0.656
0.593

–0.155

–0.152

0.143

0.120

h Variables listed in o;der of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model

“ Standardized regression coefficient (SRCS) in final regression model.
d Cumulative R2value with entry of each variable into regression model.
e Standardized rank regression coefficients (SRRCS) in final regression model.
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The analysis with rank-transformed data is more effective than the analysis with raw data because the rank

transformation tends to linearize the relationships between the independent variables (i.e., the xj’s) and the dependent

variable (i.e., y). In particular, both W141CDFLG and ANHPRM show a better defined linear relationship with y after

the rank transformation (Fig. 6. 10.6). The rank transformation improves the analysis when nonlinear but monotonic

relationships exist between the independent variables and the dependent variable. When more complex relationships

exist, the rank transformation may do little to improve the quality of an analysis. In such cases, more sophisticated

procedures may be required. For example, the chi square test can be used to test for deviations from randomness in

scatterplots; other techniques also exist (Hamby 1994, Saltelli and Marivoet 1990).

As is the case for stepwise regression analyses, analyses wth SRCS and PCCS of the type presented in Fig. 6.10.4

can often be improved with the use of rank-transformed data. When the rank transform is used, the resultant plots

will contain standardized rank regression coefficients (SRRCS) and partial rank correlation coefficients (PRCCS). As

an example, the results of analyzing the cumulative brine inflows in Fig. 6.10.5 with both raw and rank-transformed

data are presented in Fig. 6.10.7, with each plot frame showing the five variables with the largest, in absolute value,

SRCS, PCCS, SRRCS and PRCCS as appropriate. As in the comparisons of stepwise regression analyses with raw

and rank-transformed data (Table 6.10.4), the analyses with rank-transformed data in Fig. 6.10.7 produce outcomes

that indicate stronger effects for individual variables than is the case for the analyses with raw data.
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7. Fluid Flow in Vicinity of Repository: Undisturbed Conditions

7.1 Overview

This chapter presents uncertainty and sensitivity analysis results for fluid flow in the vicinity of the repository

under undisturbed conditions. These results were calculated with BRAGFLO for the three replicated samples (i.e.,

RI, R2, R3) indicated in Eq. (6.5. 1). In particular, the results under consideration are the outcomes of the 300 EO

BRAGFLO calculations indicated in Table 6.9.1. The topics considered are brine inflow (Sect. 7.2), gas generation

(Sect. 7.3), pressure (Sect. 7.4), brine saturation (Sect. 7.5), and brine and gas outflow (Sect. 7.6). In each section, a

number of specific results calculated by BRAGFLO are examined with techniques based on examination of

scatterplots, partial correlation coefficients, and stepwise regression analyses (Sect. 6.10). The specific BRAGFLO

results considered in Chapt. 7 are listed in Table 7.1.1, which can be used to obtain exact definitions of the

individual variables under consideration.

The sensitivity analysis results presented in this chapter and in other similar chapters will be based on all 300

observations (i.e., replicates RI, R2 and R3 will be pooled for the performance of sensitivity analyses with

scatterplots, correlation coefficients and stepwise regression analyses). This will permit the sensitivity analysis

results to be based on all available information. Similarly, summaries of uncertainty based on box plots will also use

all 300 observations. In contrast, distributions of time-dependent results, and also CCDFS in later chapters, will

typically be shown for only replicate R1 to avoid the presentation of plots with so many individual curves that they

are unreadable. However, mean and percentile curves will typically be obtained from all 300 observations.

Table 7.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e,, EO) Conditions

Result Description

BRAABNIC Cumulative brine flow (m3) out of north anhydrites A and B into DRZ (i.e., from
Cell 556 to Cell 527 in Fig. 4.2.3)

BRAABNLW Cumulative brine flow (m3) in north anhydrites A and B across land withdrawal

boundary (i.e., from Cell 561 to Cell 562 in Fig. 4.2.3)

BRAABNOC Cumulative brine flow (m3) out of DRZ into north anhydrites A and B (i.e., from
Cell 527 to Cell 556 in Fig. 4.2.3)

BRAABSLW Cumulative brine flow (m3) in south anhydrites A and B across land withdrawal
boundary (i.e., from Cell 550 to Cell 549 in Fig. 4.2.3)

.

BRAABSOC Cumulative brine flow (m3) out of DRZ into south anhydrites A and B (i.e., from
Cell 482 to Cell 555 in Fig. 4.2.3)
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Table 7.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions
(Continued)

Result Description

BRAALL W

BRAALOC

BRM38NL W

BRM38NOC

BRM38S1C

BRM38SLW

BRM38SOC

BRM39NIC

BRM39NLW

BRM39NOC

BRM39SIC

BRM39SLW

BRA439SOC

BRN_DNSH

BRN.RMV

BRNVOL.R

BRNVOL. W

Cumulative brine flow (m3) in all MBs across land withdrawal boundary (i.e.,
BRM38NL W + BRAABNL W + BRM39NL W + BRM38SNL W •I- BRAABNL W +

BRM39SLW

Cumulative brine flow (m3) out of DRZ into all MBs (i.e., BRM38NOC +
BRAABNOC + BRM39NOC + BRM38SNOC + BRAABNOC + BRM39SOC)

Cumulative brine flow (m3) in north MB 138 across land withdrawal boundary (i.e.,
from Cell 593 to Cell 594 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ into north MB 138 (i.e., from Cell 587 to
Cell 588 in Fig. 4.2.3)

Cumulative brine flow (m3) out of south MB 138 into DRZ (i.e., from Cell 571 to
Cell 572 in Fig. 4.2.3)

Cumulative brine flow (m3) in south MB 138 across land withdrawal boundary (i.e.,
from Cell 566 to Cell 565 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ into south MB 138 (i.e., from Cell 572 to
Cell 571 in Fig. 4.2.3)

Cumulative brine flow (ms) out of north MB 139 into DRZ (i.e., from Cell 540 to
Cell 465 in Fig. 4.2.3)

Cumulative brine flow (m3) in north MB 139 across land withdrawal boundary (i.e.,
from Cell 545 to Cell 546 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ into north MB 139 (i.e., from Cell 465 to
Cell 540 in Fig. 4.2.3)

Cumulative brine flow (m3) out of south MB 139 into DRZ (i.e., from Cell 539 to
Cell 436 in Fig. 4.2.3)

Cumulative brine flow (m3) in south MB 139 across land withdrawal boundary (i.e.,

from Cell 534 to Cell 533 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ into south MB 139 (i.e., from Cell 436 to
Cell 539 in Fig. 4.2.3)

Cumulative brine flow (m3) down shaft at upper boundary of DRZ (i.e., from Cell
654 to Cell 653 in Fig. 4.2.3)

Cumulative brine (m3) consumed in repository by corrosion (i.e., in Cells 596-625
in Fig. 4.2.3)

Brine volume (m3) in upper waste panels (i.e., in Cells 617-625 in Fig. 4.2.3)

Brine volume (m3) in lower waste panels (i.e., in Cells 596-616 in Fig. 4.2.3)
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Table 7.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions
(Continued)

Result Description

BRNREPTC

BRNSHUC

BSCL8AOC

CELL.KG

CELL_M_H

CELL_M_I

CELL_MOL

FE.KG

FE_MOLE

FEREM_R

FEREM_ W

FRACXABN

FRACXABS

FRACX38N

FRACX38S

FRACX39N

FRACX395

GAS_MOLE

GA SMOL.R

GA SMOL_W

Cumulative brine flow (m3) into repository (ie., into region corresponding to Cells

596-625,638-640 in Fig. 4.2.3)

Cumulative brine flow (m3) up shaft at boundary between Salado and Rustler
Formations (i.e., from Cell 660 to Cell 661 in Fig. 4.2.3)

Cumulative brine flow (m3) up shaft at boundary of DRZ and intact halite (i.e., from

Cell 653 to Cell 654)

Mass of cellulose (kg) in repository (i.e., in Cells 596-625 in Fig. 4.2.3)

Cumulative gas generation (mol) in repository due to microbial degradation of
cellulose under inundated conditions (i.e., in Cells 596-625 in Fig. 4.2.3)

Cumulative gas generation (mol) in repository due to microbial degradation of
cellulose under inundated conditions (i.e., in Cells 596-625 in Fig. 4.2.3)

Cumulative gas generation (mol) in repository due to microbial degradation of
cellulose (i.e., CELL_M_H + CELL_M_I)

Mass of steel (kg) in repository (i.e., in Cells 596-625 in Fig. 4.2.3)

Cumulative gas generation (mol) in repository due to corrosion (i.e., in Cells 596-
625 in Fig. 4.2.3)

Fraction of steel remaining in upper waste panels (i.e., in Cells 617-625 in Fig.

4.2.3)

Fraction of steel remaining in lower waste panel (i.e., in Cells 596-616 in Fig. 4.2.3)

Length (m) of fractured zone in north anhydrites A and B (i.e., in Cells 556-563 in
Fig. 4.2.3)

Length (m) of fractured zone in south anhydrites A and B (i.e., in Cells 548-555 in
Fig. 4.2.3)

Length (m) of fractured zone in north MB 138 (i.e., in Cells 588-595 in Fig. 4.2.3)

Length (m) of fractured zone in south MB 138 (i.e., in Cells 564-571 in Fig. 4.2.3)

Length (m) of fractured zone in north MB 139 (i.e., in Cells 540-547 in Fig. 4.2.3)

Length (m) of fracturez zone in south MB 139 (i.e., in Cells 532-539 in Fig. 4.2.3)

Total cumulative gas generation in repository (i.e., FE_MOLE + CELL_MOL)

Cumulative gas generation (mol) in upper waste panels due to corrosion and
microbial degradation (i.e., in Cells 617-625 in Fig. 4.2.3)

Cumulative gas generation (mol) in Iower waste panel due to corrosion and
microbial degradation (i.e., in Cells 596-616 in Fig. 4.2.3)
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Table 7.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions
(Continued)

Result Description

GSAABNIM

GSAABNOC

GSAABSIA4

GSAABSOC

GSAALIM

GSAALOM

GSM38NIM

GSM38NOC

GSM38SIM

GSM38SOC

GSM39NIM

GSM39NOC

GSM39SIM

GSM39SOC

GSMSHUPC

PORVOL.R

PORVOL.T

PORVOL_W

Cumulative gas flow (mol) out of north anhydrites A and B into DRZ (i.e., from
Cell 556 to Cell 527 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into north anhydrites A and B (i.e., from

Cell 527 to Cell 556 in Fig. 4.2.3)

Cumulative gas flow (mol) out of south anhydrites A and B into DRZ (i.e., from
Cell 555 to Cell 482 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into south anhydrites A and B (i.e., from
Cell 482 to Cell 555 in Fig. 4.2.3)

Cumulative gas flow (mol) out of all MBs into DRZ (i.e., GSM38N1M +
GSAABNIM i- GSM39NIM i- GSM38SNIM •t GSAABNIM + GSM39SIM)

Cumulative gas flow (mol) out of DRZ into all MBs (i.e., GSM38NOC +
GSAABNOC + GSM39NOC •I-GSM38SNOC + GSAABNOC •I-GSM39SOC)

Cumulative gas flow (mol) out of north MB 138 into DRZ (i.e., from Cell 588 to
Cell 587 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into north MB 138 (i.e., from Cell 587 to
Cell 588 in Fig. 4.2.3)

Cumulative gas flow (mol) out of south MB 138 into DRZ (i.e., from Cell 571 to
Cell 572 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into south MB 138 (i.e., from Cell 572 to
Cell 571 in Fig. 4.2.3)

Cumulative gas flow (mol) out of north MB 139 into DRZ (i.e., from Cell 540 to
Cell 465 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into north MB 139 (i.e., from Cell 465 to
Cell 540 in Fig. 4.2.3)

Cumulative gas flow (mol) out of south MB 139 into DRZ (i.e., from Cell 539 to

Cell 436 in Fig. 4.2.3)

Cumulative gas flow (mol) out of DRZ into south MB 139 (i.e., from Cell 436 to
Cell 539 in Fig. 4.2.3)

Cumulative gas flow (mol) up shaft at boundary between Salado and Rustler
Formations (i.e., from Cell 660 to Cell 661 in Fig. 4.2.3)

Pore volume (m3) in upper waste panels (i.e., in Cells 617-625 in Fig. 4.2.3)

Total pore volume (m3) in repository (i.e., in Cells 596-625 in Fig. 4.2.3)

Pore volume (m3) in lower waste panels (i.e., in Cells 596-616 in Fig. 4.2.3)
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Table 7.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Reposito~ under Undisturbed (i.e., EO) Conditions
(Continued)

Result Description

PVOLI.T Pore volume increase (m3) due to fracturing in all MBs (i.e., PVOL138N +

PVOLIABN + PVOL139N + PVOL138S + PVOLIABS + PVOL139S)

PVOLIABN Pore volume increase (m3) due to fracturing in north anhydrites A and B (i.e., in
Cells 556-563 in Fig. 4.2.3)

PVOLIABS Pore volume increase (m3) due to fracturing in south anhydrites A and B (i.e., in
Cells 548-555 in Fig. 4.2.3)

PVOL138N Pore volume increase (m3) due to fracturing in north MB 138 (i.e., in Cells 588-595
in Fig. 4.2.3)

PVOL138S Pore volume increase (m3) due to fracturing in south MB 138 (i.e., in Cells 564-571
in Fig. 4.2.3)

PVOL139N Pore volume increase (m3) due to fracturing in north MB 139 (i.e., in Cells 540-547
in Fig. 4.2.3)

PVOL139S Pore volume increase due to fracturing in south MB 139 (i.e., in Cells 532-539
in Fig. 4.2.3)

REP.PRES Pressure (Pa) in upper waste panels (i.e., average pressure calculated over Cells
617-625 in Fig. 4.2.3)

REP_SATB Brine saturation in upper waste panels (i.e., average brine saturation calculated over
Cells 617-625 in Fig. 4.2.3)

WA S_PRES Pressure (Pa) in lower waste panel (i.e., average pressure calculated over Cells 596-
616 in Fig. 4.2.3)

WA S_SATB Brine saturation in lower waste panel (i.e., average brine saturation calculated over
Cells 596-616 in Fig. 4.2.3)

7.2 Undisturbed Conditions: Brine Inflow

The anhydrite marker beds (Fig. 4.2.1) provide the only significant pathway by which brine can flow from the

Salado Formation to the repository from areas beyond the DRZ, with this flow tending to take place at a relatively

constant rate (Fig. 7.2. 1). However, the dominant source of brine into the repository is drainage from the DRZ,

which primarily takes place over the first 50 to 100 yr of the calculation due to the enhanced permeability of the

DRZ (i.e., 1 x 10-15 m2) over that of the original, undisturbed halite (i.e., HALPRMl (Fig. 7.2.1). The highest

cumulative brine inflow in Fig. 7.2.1 results for the sample element (i.e., element 23 in replicate R1 ) that has the
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Fig. 7.2.1 Cumulative brine flow into DRZ (BRAALIC) and into repository (BRNREPTQ under undisturbed
conditions.

second highest value for anhydrite permeability (i.e., ANHPRM = 7.94 x 10–18 m2) and also one of the higher brine

far-field pore pressures (i.e., SALPRES = 1.31 x 107 Pa).

The brine inflows from the anhydrite marker beds can occur from MB 138, anhydrites a and b, and MB 139 at

both the northern and southern ends of the computational grid (Fig. 4.2.1). As shown by the box plots (Iman and

Conover 1983) in Fig 7.2.2, the flow from MB 139 exceeds the flow from anhydrites a and b, which in turn exceeds

the flow from MB 138. For a given marker bed, the flows from the north tend to be smaller than the flows from the

south (Fig. 7.2.2). As already noted, total inflow to the repository exceeds total flow from the marker beds because

of drainage from the DRZ.

Box plots (Fig. 7.2.2) provide an alternative way to display the information in a distribution function. The

endpoints of the boxes are formed by the lower and upper quartiles of the data, that is .X025 and X0,75. The vertical

line within the box represents the median, X0,50. The mean is identified by the large dot. The bar on the right of the

box extends to the minimum of X0,75+ 1.5(x0,75 – X0,25) and the maxium value. In a similar manner, the bar on the

left of the box extends to the maximum of X.0,25– 1.5(.x0,75– X0,25)and the minimum value. The observations falling

outside of these bars are shown with crosses. In symmetric distributions, these values would be considered outliers.

Box plots contain the same information as a distribution function, but in a somewhat reduced form. Further, their

flattened shape makes it convenient to place many distirbutions on a single plot and also to compare different

distirbutions.
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Fig. 7.2.2 Cumulative brine flow over 10,000 yr into DRZ (BRM38NIC, BRM38SIC, BRAABNIC, BRAABSIC,
BRM39NIC, BRM39SIC, and BRAALIC) and into repository (BRNREPTC) under undisturbed

conditions.

As examination of Figs. 7.2.1 and 7.2.2 shows, considerable uncertainty exists with respect to the amount of

brine that will flow out of the marker beds and into the repository. The performance of a regression analysis between

cumulative brine flow (Fig. 7.2.2) and variables in the LHS provides one way to assess the contribution of individual

variables to this uncertainty, with variable importance being indicated by the order in which variables enter the

regression model, the changes in R2 values as additional variables enter the regression model, and the standardized

regression coefficients of the variables in the final regression model (Table 7.2.1). The candidate independent

variables for the regression analyses in Table 7.2.1 consist of the 31 variables in Table 5.2.1 that are used as input to

BRAGFLO (i.e., ANHBCEXP, ANHBCVGP, ANRBRSAT, ANHCOMP, ANHPRM, ANRGSSAT, BHPRM,

BP COMP, BPINTPRS, BPPRM, BPVOL, HA LCOMP, HALPOR, HALPRM, SALPRES, SHBCEXP, SHPRMASP,

SHPRMCLY, SHPRMCON, SHPRMDRZ, SHPRMHAL, SHRBRSAT, SHRGSSAT, WASTWICK, WFBETCEL,

WGRCOR, WGRMICH, WGRMICI, WMICDFLG, WRBRNSA T and WRGSSA T). Further, the outcomes of all three

replicates were pooled, with the result that the individual regression analyses are based on 300 observations. For the

results presented in Table 7.2.1 and other similar tables, variables were required to be significant at the 0.02 et-level

to enter a regression model and to remain significant at the 0.05 a-level to be retained in a regression model.

7-7



Table 7.2.1. Stepwise Regression Analvses with Rank-Transformed Data for Cumulative Brine Flow

Step”

1

2

3

4

5

6

7

8

9

Step

1

2

3

4

5

6

7

8

ove’r 10,000 jr into DRZ iBRM38NlC, BRM38SIC, BRAABNIC, BRAABSIC, BRM39NIC,
BRM39S/C, BRAAL/C) and into repository (BRNREF7C) under Undisturbed Conditions

MB 138 N

Varlableh

ANHPRM

WMICDFLG

HALCOMP

HALPOR

WGRCOR

SALPRES

WA STWICK

WGRMICI

SHRGSSAT

: BRM38NIC MB 138 South: BRM38SIC Anh a and b North: BRAABNIC Anh a and b South: BRAABSIC

SRRCC R2d Variable SRRC R2 Variable SRRC R2 Variable SRRC ~2

0.75 0.54 ANHPRM 0.73 0.51 WMICDFLG -0.66 0.43 WMICDFLG –0.66 0.43

–0.52 0.80 WMICDFLG –0.55 0.80 ANHPRM 0.60 0.79 ANHPRM 0.59 0.77

0.21 0.84 HALCOMP 0,18 0.83 HALPOR -0.15 0.81 HALPOR -0.16 0.80

-0.1 I 0.86 WGRCOR –0.13 0.85 WGRCOR -0.16 0.84 WGRCOR –O. 16 0.83

-0.12 0.87 HALPOR –0. 11 0.86 SALPRES 0.11 0.85 SALPRES O.11 0.84

0.11 0,88 SALPRES 0.10 0.87 WASTWICK -0.09 0.86 HALPRM 0.54 0.85

-0.08 0.89 WASTWICK -0.08 0.88 HALPRM 0.49 0.87 WASTWICK -0.09 0.86

–0.06 0.89 WGRMICI –0.06 0,88 HALCOMP 0.40 0.87 HALCOMP 0.43 0.86

-0.04 0.90 SHRGSSAT –0.05 0,88 SHRGSSAT –0,05 0.87 SHRGSSAT -0.05 0.87

MB 139 North: BRM39NIC

Variable

WMICDFLG

ANHPRM

HALPOR

HALPRM

WGRCOR

SALPRES

WA STWICK

HALCOMP

SRRC

–0.65

0.59

–0.16

0.52

-o. I5

0.12

–0.10

0.37

R2
—

0.42

0.78

0.80

0.83

0.85

0.86

0.87

0.88

MB 139 South: BRM39SIC

q

WMICDFLG

ANHPRM

HALPRM

HALPOR

WGRCOR

SALPRES

WASTWICK

HALCOMP

SRRC

-0.65

0.57

0.55

–O.16

-0.15

0.12

-0.10

0.37

—
R2

—

0.43

0.75

0.79

0.81

0.84

0.85

.086

0.86

MBs Total: BRAALIC

Variable

WMICDFLG

ANHPRM

HALPOR

WGRCOR

HALPRM

SALPRES

WASTWICK

HALCOMP

SRRC

–0.65

0,59

–0.16

-0.15

0.51

0.12

–0.10

0.37

R2
—

0.43

0.78

0.80

0.82

0.85

0.86

0.87

0.87

Repository Total: BRNREPTC

Variable

HALPOR

WMICDFLG

ANHPRM

HALCOMP

WRBRNSAT

WGRCOR

ANHCOMP

WASTWICK

SRRC

0.88

-0.26

0.60

-0.09

–0.09

–0.08

0.43

-0.06

R2

0.77

0.85

0.88

0.89

0.89

0.90

0.91

0.91

‘ Steps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis

C Standardized rank regression coefficients m final regression model
d ~umulat]ve R2 value with ~ntrY Ofeach variable into regression mOdel.

The regression analyses in Table 7.2.1 are all relatively successful in the sense that they have R2 values between

0.86 and 0.91. However, close inspection of the individual regression analyses indicates that there is an undesirable

complication that results from the rank correlations of –0.99 that are assigned to the variable pairs (ANHPRM,

ANHCOMP) and (HALPRM, HALCOMP) (Table 5.2.1). When no correlations exist between the sampled variables

in the regression model, the regression coefficients will decrease monotonically in absolute value. In this case, an

ordering of the variables by the absolute value of their regression coefficients provides a way to rank variable

importance. However, when correlated variables are included in a regression model, the sizes and even the signs of

the associated regression coefficients may not properly indicate the effects of these variables. This behavior appears

in Table 7.2.1 for the pair (HALPRM, HALCOMP) in the regressions for Anhydrites a and b North, Anhydrites a and

b South, MB 139 North, MB 139 South and MBs Total, and for the pair (ANHPRM, ANHCOMP) in the regression

for Repository Total. In particular, the existence of the strong correlations within the pairs (HALPRM, HALCOMP)

and (ANHPRM, ANHCOMP) results in a nonmonotonic behavior of the associated regression coefficients.
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As a more detailed example, explicit representations of the following three regression analyses for MBs total are

shown in Table 7.2.2: (1) all 31 sampled variables allowed as candidates for inclusion in the regression model, (2)

ANHCOA4P and HALCOMP excluded as candidates for inclusion in the regression model, and (3) ANHPRM and

HALPRM excluded as candidates for inclusion in the regression model. When all sampled variables are included as

candidates, the regression coefficients decrease monotonically until Step 8, when HALCOMP enters the regression

model. With entry of HALCOMP, the regression coefficient for HALPRM jumps from a value of 0.14 at Step 7 to a

value of 0.51; further, HALCOMP has a regression coefficient of 0.37 even though it has essentially no effect on the

R2 value for the regression model (i.e., R2 = 0.86889 at Step 7 and R2 = 0.87203 at Step 8), When ANHCOMP and

HALCOMP are excluded as candidates for entry into the regression model, a sequence of 7 regression models are

produced that are identical to the first 7 regression models that are produced when all variables are allowed as

candidates for inclusion. However, a different sequence of regression models is constructed when ANHPRM and

HALPRM are excluded. In this case, ANHPRM and HALPRM are replaced in the regression models with

ANHCOMP and HALCOMP and the signs of the regression coefficients are reversed. Thus, ANHCOMP and

HALCOMP appear with negative regression coefficients where ANHPRM and HALPRM appear with positive

regression coefficients. In contrast, HALPRM and HALCOMP both have positive regression coefficients when they

appear together in the regression model constructed at Step 8 when all variables are included as candidates for entry

into the analysis. Thus, care must be used in interpreting regression analyses that involve highly correlated variables.

For perspective, Tables 7.2.3 and 7.2.4 present regression analyses for the same cumulative brine flows

considered in Table 7.2.1, but with ANHCOMP and HALCOMP excluded in Table 7.2.3 and ANHPRM and

HALPRM excluded in Table 7.2.4. In general, the variables in the pairs (ANHPRM, ANHCOMP) and (HALPRM,

HALCOMP) tend to be exchangeable with a reverse in the sign of the regression coefficient. Due to their important

role in influencing fluid flow, the two permeabilities ANHPRM and HALPRM are probably the more basic variables.

Therefore, the following discussion of sensitivity will emphasize the results in Table 7.2.3. However, with the

assigned correlations of –0.99, the variables in the pairs (ANHPRM, ANHCOMP) and (HALPRM, HALCOMP) are

almost interchangeable in a sensitivity analysis.

For brine inflow from the marker beds, the two dominant variables in the regression analyses in Table 7.2.3 are

WMICDFLG and ANHPRM. The negative effect indicated for WMICDFLG results because increasing WMICDFLG

increases gas generation and thus pressure in the repository, which in turn increases resistance to brine flow out of

the marker beds. The positive effect indicated for ANHPRM results from decreased resistance to brine flow in the

marker beds. Small negative effects are indicated for HALPOR, WASTWICK, WGRCOR and WGRMICI, with these

effects resulting because each of these variables tends to increase gas generation and thus resistance to brine flow out

of the marker beds due to increased repository pressure. The variable HALPOR will be discussed in more detail in
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Flow From all Marker Beds (BRAAUC) over 10,000 yr under Undisturbed Conditions

AllVariables Included ANHCOMP ANHPRM AllVariables ANHCOMP ANHPRM

HALCOMP HALPRM HALCOMP HALPRM

Excluded Excluded Excluded Excluded

Variable’ SRRCb Variable SRRC Variable SRRC Variable SRRC Variable SRRC Variable SRRC

Step I Step 6

WMICDFLG +.65 WMICDFLG -0.65 WM[CDFLG -065 WMICDFLG 4,66 WMICDFLG –o 66 WMICDFLG -0.66

R2C 0.43 ~2 0.43 R2 043 ANHPRM 0.59 ANHPRM 0.59 ANHCOMP 4.59

HALPOR 416 HALPOR -0.16 HALPOR +.16

Step 2 WGRCOR -0,15 WGRCOR -0.15 WGRCOR 4.15

WMICDFLG -066 WMICDFLG -0.66 WMICDFLG 4.67 HALPRM 0.14 HALPRM 0.14 HALCOMP a.r4

ANHPRM 0.s9 ANHPRM 0.59 ANHCOMP -0.58 SALPRES 0.12 SALPRES 012 SALPRES 0.13

R2 0.77 R’ 077 R2 0.76 R2 0.86 R’ 0.86 R2 0.85

steD3 Step7

WMICDFLG -0.66 WMICDFLG -0.66 WMICDFLG 4.67 WMICDFLG -0.66 WMICDFLG 466 WMICDFLG +.66

ANHPRM 0.59 ANHPRM 0.59 ANHCOMP -0.58 ANHPRM 0,59 ANHPRM 059 ANHCOMP 4.58

HALPOR -0.16 HALPOR 4116 HALPOR -0.16 HALPOR ~. 16 HALPOR -016 HALPOR -0.16

R’ 0.80 R2 0.80 R2 0.79 wGRCOR 4.15 WGRCOR –015 WGRCOR -0.15

HALPRM 014 HALPRM o.r4 HALCOMP -0.14

Step 4
SALPRES 0.12 SALPRES o,r2 SALPRES 0.13

WMICDFLG -0.66 WMICDFLG -0.66 WM[CDFLG 4.66 WASTWICK -0.1o WASTWICK -Oro WASIWICK -0.09

ANHPRM 0.60 ANHPRM 0.60 ANHCOMP -0.58 R’ 0.87 Rz 0.87 R’ 085

HALPOR –0.16 HALPOR -0.16 HALPOR –0.16

WGRCOR -015 WGRCOR 4.15 WGRCOR -a15
Step 8

R2 0.82 R’ 0.82 R2 0.81 WMICDFLG -0.65

ANHPRM 0.59
Step 5

HALPOR -0.16

WMICDFLG -0.65 WMICDFLG -0.65 WMICDFLG –0.66 WGRCOR -015

ANHPRM 0.59 ANHPRM 0.59 ANHCOMP -0.58 HALPRM 051

HALPOR -0.16 HALPOR 4.16 HALPOR 4.16 SALPRES 0.12

WGRCOR -or5 WGRCOR -0.15 WGRCOR -0.15 WASTWICK -0. ro

HALPRM 0.)5 HALPRM 015 HALCOMP -014 HALCOMP 0.37

R2 0.85 R’ 0.85 R’ 0.83 R’ 0.87

“ Variables in regression model

h Standardized rank regression coefficients for variables in regression model
c RZvalues for regression mOdel

7-1o



Table 7.2.3 Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
over 10,000 yr into D RZ (BRM38NIC, BRM38SIC, BRAABNIC, BRAABSIC, BRM39NIC,
BRM29S/C, BRAAL/C) and into repository (BRNREPTC) under Undisturbed Conditions with
Variables ANHCOMP and HALCOMP Excluded from Entry into Regression Model

MB 138 North: BRM38NIC MB 138 South: BRM38S1C Anh a and b North: BRAABNIC Anh a and b South BRAABSIC

Variableh

ANHPRM

WMICDFLG

HALPRM

HALPOR

WGRCOR

SALPRES

WASTWICK

WGRMICI

SRRCC

0.75

–0.52

–0.20

-0.12

-0. I2

0.11

-0,08

–0.06

~2d

0.54
0.80
0.84
0.86

0.87

0.88
0.89
0.89

Variable

ANHPRM

WMICDFLG

HALPRM

WGRCOR

HALPOR

SALPRES

WASTWICK

WGRMICI

SRRC

0.73

–0.55

-0,18

-0.12

-0.11

0.10

-0.08

-0.06

R2

0.51

0.80

0.83

0.85

0.86

0.87

0.88

0.88

Variable

WMICDFLG

ANHPRM

HALPOR

WGRCOR

SALPRES

WASTWICK

HALPRM

SHRGSSAT

SRRC

–0,72

0.60

–0.15

-0.16

0.12

-0.09

0.09

-0.05

Variable

WMICDFLG

ANHPRM

HALPOR

WGRCOR

SALPRES

HALPRM

WASTWICK

SHRGSSA T

SRRC

–0.66

0.59

–0.16

–0.16

0.11

0.11

–0.09

-0.05

—
R2

—

0,43

0.77

0.80

0.83

0.84

0.85

0.86

0.86
—

—

Step’

0.43
0.79
0.81
0.84

0.85
0.86

0.87
0.87

1

2

3

4

5

6

7

8

MB 139 North: BRM39N/C MB 139 South: BRM39S[C MBs Total: BRAALIC Repository Total: BRNREPTC

Variable

WMICDFLG

ANHPRM

HALPOR

HALPRM

WGRCOR

SALPRES

WASTWICK

SRRC

–0,65

0.60

-0.16

0.15

-0.15

0.12

–0.10

Variable

WMICDFLG

ANHPRM

HALPRM

HALPOR

WGRCOR

SALPRES

WASTWICK

SRRC R2

0.43
0.75
0.80
0.82
0,85

0.86
0.87

Var]able

HALPOR

WMICDFLG

ANHPRM

WRBRNSAT

HALPRM

WGRCOR

WASTWICK

SRRC

0,88

–0.26

0,18

–0,09

0.09

-0.08

–0.06

—
R2

—

0.77

0.85

0.88

0.89

0.89

0.90

0.90
—

Variable

WMICDFLG

ANHPRM

HALPOR

WGRCOR

HALPRM

SALPRES

WA STWICK

SRRC

–0.66

0.59

-0.16

–0.15

0.14

0.12

–0.10

Step

–0.65

0.57

0.19

–0.16

-0.15

0,12

-0.10

1

2

3

4

5

6

7

0.42
0.78
0.80
0.83

0.85

0.86
0.87

0.43

0.75

0.79

0.81

0.84

0.85

0.86

‘ Steps in stepwise regresmon analysis.

h Variables listed in order of selection in regression analysis

c Standardized rank regression coefficients in final regression model.

d Cumulative R2 vaIue with entry of each variable into regression model.

conjunction with total brine flow into the repository. A small positive effect is indicated for SALPRES, with this

effect resulting because increasing SALPRES tends to increase the pressure gradient between the marker beds and the

repository.

The variable HALPRM appears with negative regression coefficients for brine flow out of MB 138 North and

MB 138 South and appears with positive regression coefficients for brine flow out of Anhydrites a and b North,

Anhydrites a and b South, MB 139 North and MB 139 South. The reason for this behavior is not immediately

apparent but is probably related to the assigned correlations between permeability and compressibility and the

complex interactions between permeability and compressibility in determining brine flow into and through the

marker beds. All things being equal, increasing HALPRM should reduce resistance to flow in the halite and, as a

result, increase brine inflow to the marker beds and thus to the repository. Similarly, increasing HALCOMP should

increase brine discharge from the halite for a given drop in pressure and, as a result, increase brine inflow to the

marker beds and thus to the repository. Thus, HALPRM and HALCOMP should both have positive effects on brine
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discharge from the marker beds to the repository. The appearance of HALPRM in Table 7.2.3 with both positive and

negative effects on brine discharge probably results from the –0.99 rank correlation between HALPRM and

HALCOMP, which produced a complex pattern of correlations between HALPRM, HALCOMP and brine discharge

(Table 7.2.5).

It is not immediately apparent why SHRGSSAT appears in Table 7.2.3 for brine flow out of Anhydrites a and b.

The effect of SHRGSSAT is very small (i.e., the change in the R2 values with its addition is < 0.01) and its selection

may be due to effects related to brine and gas movement across the part of the computational grid that corresponds to

the shaft in the repository and DRZ (i.e., regions 10, 11 in Fig. 4.2.1). It is also possible that the effect may be

spurious.

Table 7.2.4. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
ove”r 10,000 ~r into DRZ (BRM38NIC, BRM38SIC, BRAABNIC, BRAABSIC, BRM39NIC,
BRM29S/C, BRAAL/C) and into re~ositotv (BRNREPTC) under Undisturbed Conditions with
Variables ANHPRM and HALPRM”Excluded from Entry into the Regression Model

Stepa

I

2

3

4

5

6

7

8

MB 138 North: BRM38NIC

Variableh

ANHCOMP

WMICDFLG

HALCOMP

SALPRES

HALPOR

WGRCOR

WA STWICK

WGRMICI

SRRCC

–0.74
-0.53

0.20
0.12

-0.12

-0.12
-0.07
–0.06

R2d

0.52

0.79

0.83

0.84

0.86

0.87

0.87

0.88

MB 138 South: BRM38SIC

Variable

ANHCOMP

WMICDFLG

HALCOMP

WGRCOR

HALPOR

SALPRES

WA STWICK

WGRMICI

SRRC

-0.72

-0.55

0,17

-0.12

–0.12

0.11

–0,07

–0.06

—
R2

—

0.50

0.79

0.82

0.83

0.84

0.86

0.86

0.87

Arrh a and b North: BRAABNIC

Variable

WMICDFLG

ANHCOMP

HALPOR

WGRCOR

SALPRES

WASTWICK

HALCOMP

SRRC

–0.66
–0.59

-0.16
–o.15

0.13
-0.09
–0.09

—
R2

—

0.43

0.77

0.80

0.82

0.84

0.85

0.85

Anh a and b South: BRAABSfC

Variable

WM]CDFLG

ANHCOMP

HALPOR

WGRCOR

SALPRES

HALCOMP

WASTWICK

SRRC

–0.66
-0.58

-0.16
–O.16

0.12
–o.11
-0.09

—
R2

0.43
0,76
0.79
0.81
0.83
0.84
0.85

1
I MB 139 North: BRM39NIC I MB 139 South: BRM39S[C ] MBsT.tal: BRAALIC ! Repository T&d: BRNREPTC I

Step Variable SRRC R2 Variable SRRC R2 Variable SRRC R2 Variable

1 WMICDFLG -0.66 0.42 WMICDFLG –0,66 0.43 WMICDFLG -0.66 0.43 HALPOR

2 ANHCOMP -0.59 0,76 ANHCOMP –0.56 0.74 ANHCOMP -0.58 0.76 WM[CDFLG

3 HALPOR –0.16 0.79 HALCOMP –0.18 0.77 HALPOR –0.16 0.79 ANHCOMP

4 HALCOMP -0.15 0,81 HALPOR -0.16 0.80 WGRCOR -0.15 0.81 HALCOMP

5 WGRCOR –0.15 0.83 WGRCOR -0.15 0.82 HALCOMP –o. 14 0.83 WRBRNSAT

6 SALPRES 0.14 0.85 SALPRES 0,13 0.84 SALPRES 0.13 0.85 WGRCOR

7 WASTWICK –0.09 0.86 WASTWICK –0.09 0.85 WA STWICK –0.09 0.85 WASTWICK

‘ Steps in stepwise regression analysis.

h Variables listed m order of selection in regressimr analysis.

c Standardized rnak regression coefficients in final regression model.

0.88
–0.26

0.77
0.85

-0.16 I 0.87
-0.09 I 0.88
-0.09 ] 0.89
–0.08
-0.06

0.89
0.90

d cumulative R’2“a] “e ~itb entry Ofeach variable into regression mOdel
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Table 7.2.5 Rank Correlations between ANHPRM, ANHCOMP, HALPRM, HALCOMP and Cumulative
Brine Flow from the Marker Beds over 10,000 yr under Undisturbed Conditions

ANHPRM

ANHCOMP

HALPRM

HA LCOMP

BRM38NIC

BRM38SIC

BRAABNIC

BRAABSIC

BRM39NIC

BRM39SIC

BRAALIC

1.0000

–0.9887

0.0131

-0.0084

0.7343

0.7162

0.5890

0.5769

0.5840

0.5599

0.5804

ANHPRM

1.0000

–0.0026

-0.0021

–0.7222

–0.7036

–0.5740

–0.5621

-0.5670

–0.5429

-0.5640

ANHCOMP

1.0000

–0.9836

-0.1670

–0.1384

0.1314

0.1518

0.1931

0.2274

0.1850

HALPRM

1.0000

0.1773

0.1496

–0.1160

–0.1355

-0.1775

–0.21 15

-0.1694

HALCOA4P

For total brine inflow to the repository, the dominant variable in the regression analysis is HALPOR

(Table 7.2.3). The positive effect indicated for HALPOR results because increasing HALPOR increases the amount

of brine in the DRZ that is available to drain downward into the repository. This increased brine results in greater

gas generation due to corrosion and hence higher pressures in the repository. The association of higher pressures

with increasing values for HALPOR is why HALPOR has a negative effect on brine flow from the marker beds to the

repository. Specifically, increased repository pressure reduces the gradient between the marker beds and the

repository and thus reduces the rate at which brine flows out of the marker beds. Smaller effects are indicated for

WMICDFLG and ANHPRM. As previously discussed, increasing WMICDFLG reduces brine inflow from the marker

beds by increasing pressure in the repository and increasing ANHPRM increases brine inflow from the marker beds

by decreasing resistance to flow.

An alternative way to assess the sensitivity of analysis outcomes to uncertain inputs is by calculating partial rank

correlation coefficients (PRCCS) between analysis outcomes and uncertain inputs. When the predicted outcomes are

time dependent, the change in the PRCCS through time will indicate changing variable importance. The outcome of

such an analysis for the brine flows in Fig. 7.2.1 is shown in Fig. 7.2.3. The variables ANHCOMP and HALCOMP

have been excluded from the calculation of the PRCCS in Fig. 7.2.3. Due to the –0.99 rank correlation within the

pairs (ANHPRM, ANHCOMP) and (HALPRM, HALCOMP), neither variable within a pair would appear in an

analysis based on PRCCS. Fig. 7.2.3 and other similar figures in this presentation show the PRCCS for all variables

whose PRCC exceeds 0.5 in absolute value at some point in time.
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\

‘\
‘\.

=.<.
+.-

------
-------- - ----

i
Depen~~AtAfieh Ie

.,
ANHPRM

------- WMICDFLG
--—-- HALPRM

‘.
. .

. . . . . . . . . ------- --------------- . . . . . . . . .

0.0 1.5 3.0 4.5 6.0 7.5 9.0

Time (103 yr)

BRAGFLO (EO, R1 , R2, R3)
Cumulative Brine Flow into Repository (BRNREPTC)

. .
f -. ---------- -.--------------——

~ . . . . . . . . .-. . . . ..- ------

! ..”----””------ Dependent Variable
BRNREPTC

1 .“.. — HALPOR

~;”
------- SALPRES
—-—-- WMICDFLG

, ,< ----- ANHPRM---—-—- ----,, —---- -— ----- _____,,
;

LI ! 1 I 1 1 1 I
0.0 1.5 3.0 4.5 6.0 7.5 9.0

Tme (103 yr)

TRI-6342-4901-0

Fig. 7.2.3 Partial rank correlation coefficients for cumulative brine flow from marker beds (BRAALJC) and
cumulative brine flow into repository (BRNREPTC) under undisturbed conditions with ANHCOMP and
HALCOMP excluded from calculation.

The dominant variables for cumulative brine outflow from the marker beds identified with PRCCS are

ANHPRM, WMICDFLG and HALPRM (Fig. 7.2.3), which is consistent with the results obtained in the regression

analysis (Table 7.2.3). The positive effects for ANHPRM and HALPRM result because of reduced resistance to flow

in the marker beds and in the Salado halite, respectively. The negative effect for WMICDFLG results because of

increased pressure in the repository and hence an increased resistance to flow out of the marker beds.

The dominant variables for cumulative brine flow into the repository identified with PRCCS are HALPOR,

WMICDFLG and ANHPRM, which is also consistent with the results obtained in the regression analysis

(Table 7.2.3). The negative effect indicated for SALPRES at very early times may be spurious. As a reminder,

PRCCS provide a measure of the linear relationship between two variables after a correction has been made for the

effects of all other variables under consideration. As HALPOR has a PRCC of approximately 1 when SALPRES

appears to have a negative effect, the amount of uncertainty being accounted for by SALPRES or any other variable

is actually quite small after the correction is made for the effects of HALPOR. In the regression analysis, SALPRES

is not identified as having a discernible effect on brine inflow to the repository over 10,000 yr (Table 7.2.3). The

positive effects indicated for HALPOR and ANHPRM result from increased brine drainage from the DRZ and
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increased brine flow from the marker beds, respectively. The negative effect for WMICDFLG results from increased

pressure in the repository and hence increased resistance to flow out of the marker beds.

The examination of scatterplots provides an additional way to assess the effects of uncertain variables on

analysis outcomes of interest. The two most important variables identified in Table 7.2.3 and Fig. 7.2.3 for brine

outflow from the marker beds are WMICDFLG and ANHPRM. The corresponding scatterplots show well-defined

relationships between these two variables and cumulative brine outflow from the marker beds over 10,000 yr

(Fig. 7.2.4). Similarly, the dominant variable for cumulative brine inflow to the repository over 10,000 yr is

HALPOR, with the corresponding scatterplot again showing a well-defined relationship (Fig. 7.2.5).

Flow down the shaft constitutes another possible brine inflow pathway to the repository. However, the amount

of brine entering the repository by flow out of the shaft (Fig. 7.2.6) is insignificant relative to other sources of brine

inflow (Fig. 7.2.2). Specifically, flow out of the shaft is on the order of a few 10’s of cubic meters of brine

(Fig. 7.2.6) while flow out of the marker beds is on the order of 1,000’s to 10,000’s of cubic meters of brine

(Fig. 7.2.2).

BRAGFLO (EO, RI, R2, R3) BRAGFLO (EO, RI, R2, R3)
70 !+ 1 1 1 I I 1 J 70 L, 1 1 I 1 1 1 1 d
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Microbial Gas Generation Flag: WMICDFLG Logarithm Marker Bed Permeability (mz): ANHPRM

TRI-6342-4902-0

Fig. 7.2.4. Scatterplots for cumulative brine discharge from the marker beds (BRAALIC) over 10,000 yr under
undisturbed conditions versus WMICDFLG and ANHPRM.
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BRAGFLO (EO, RI, R2, R3)
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TRI-6342-4903-0

Fig. 7.2.5. Scatterplot for cumulative brine inflow to the repository (BRNREPTC) over 10,000 yr under
undisturbed conditions versus HALPOR.

nn

BRAGFLO (EO, Rl)
Cum Brine Flow Down Shaft at Element 654 (BRN_DNSH)

1“’’’’’’’’’’’’’’’”1

“..4
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Time (103 yr)
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Fig. 7.2.6. Cumulative brine flow down the shaft at the upper boundary of the DRZ (BRN_DNSH) under

undisturbed conditions.
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7.3 Undisturbed Conditions: Gas Generation

Gas generation results from the corrosion of steel and the microbial degradation of cellulose (Fig. 7.3.1). The

discretized character of cumulative gas generation for microbial degradation derives from the variable WA41CDFLG,

which takes on three values. Specifically, one value, which has a probability of 0.25, specifies the inclusion of

rubber and plastics in the inventory of cellulose available for microbial degradation and results in the upper group of

curves in Fig. 7.3.1; one value, which also has a probability of 0.25, specifies the exclusion of rubber and plastics

from the inventory of cellulose available for microbial degradation and results in the middle group of curves in

Fig. 7.3. 1; and one value, which has a probability of 0.5, specifies that no microbial degradation of cellulose will

take place and results in the lower group of curves in Fig. 7.3.1. The leveling off of the curves for microbial gas

generation in Fig. 7.3.1 results from exhaustion of the cellulose inventory (Fig. 7.3.2).

Microbial gas generation takes place at different rates under humid and inundated conditions. Overall, more gas

generation takes place under inundated than humid conditions (Fig. 7.3.3). However, the occurrence of gas

generation under humid or inundated conditions does not affect the total amount of gas generated by microbial action

as indicated by the lack of variability around the two asymptotes in Fig. 7,3.1.

Total gas generation is obtained by combining gas generation due to corrosion and gas generation due to

microbial degradation (Fig. 7.3.4), with the larger contribution coming from corrosion (Fig. 7.3. 1). However,

microbial degradation still makes a substantial contribution to the total uncertainty in gas generation.

As already indicated, gas generation due to microbial degradation is dominated by WMICDFLG. For gas

generation due to corrosion, the dominant variables are WGRCOR and HALPOR, with a smaller effect indicated for

WASTWICK (left frame, Fig. 7.3.5). The variables WGRCOR and WASTWICK are important at early times because

increasing each of these variables increases the rate at which gas is generated. However, over the longer term, the

amount of gas generated by corrosion depends on the amount of steel undergoing corrosion, which in turn depends

on the amount of brine available for the corrosion process. As a reminder, brine is consumed in the corrosion

process, with the result that the amount of gas generated by corrosion can be limited by the amount of brine present

in the repository. The positive effect indicated for HALPOR results because HALPOR is the dominant variable with

respect to the amount of brine entering the repository (Table 7.2.3, Figs. 7.2.3, 7.2.5).

For total gas generation due to corrosion of steel and microbial degradation of cellulose, the dominant variables

are WMICDFLG and HALPOR, with WMICDFLG controlling the uncertainty in the amount of gas generated by

microbial degradation and HALPOR controlling the uncertainty in the amount of gas generated by corrosion (right

frame, Fig. 7.3.5). Smaller positive effects are indicated for WGRCOR and WASTWICK, which affect the rate at

which corrosion takes place, with these effects becoming less important with increasing time.
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i

o -“-0.0 2.0 4.0 6.0 8.0 10.0

Time (103 yr)

BRAGFLO (EO, RI)
n Cum Microbial Gas Generation (CELL MOL)

0.0 2.0 4.0 6.0 8.0 10.0

Time (103yr)

TRI-6342-4904-0

Fig. 7.3,1. Cumulative gas generation due to corrosion (FEJ40LE) and microbial degradation of cellulose
(CELL_MOL) under undisturbed conditions.
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Fig. ‘7.3.2. Time-dependent masses of steel (FE_KG) and cellulose (CELL_KG) in repository under undisturbed

conditions.
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BRAGFLO (EO, Rl)
Cum Gas Generated by Inundated Microbial Action (CELL_M_l)
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Fig. 7.3.3. Cumulative gas generation due to microbial degradation of cellulose under inundated (CELL_M_fl and

humid (CELL_M_H) conditions for undisturbed conditions.
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Fig. 7.3.4. Cumulative gas generation due to both corrosion and microbial degradation of cellulose (GAS_MOL~
under undisturbed conditions,
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Fig. 7.3.5. Partial rank correlation coefficients for cumulative gas generation due to corrosion of steel
(FE_MOLE) and cumulative gas generation due to corrosion of steel and microbial degradation of

cellulose (GAS_MOLE) under undisturbed conditions with ANHCOMP and HALCOMP excluded from
calculation.

Stepwise regression analysis provides an alternative way to investigate the uncertainty in gas generation

(Table 7.3. 1). For cumulative gas generation over 10,000 yr due to corrosion, the dominant variable is HALPOR,

which controls the amount of brine entering the repository. Positive effects are also indicated for WGRCOR and

WASTWICK due to their role in increasing the rate of corrosion. The variable WMICDFLG appears in the regression

model with a negative regression coefficient due to its role in reducing brine inflow to the repository (Table 7.2.3,

Figs. 7.2.3, 7.2.4). The variable ANHPRM also appears in the regression model with a positive regression

coefficient, which is consistent with its role in increasing brine flow into the repository (Table 7.2.3, Figs. 7.2.3,

7.2.4). The appearance of BPINTPRS at the final step of the analysis is spurious, as may also be the case for the

selection of SHRGSSAT at Step 5. However, it is also possible that SHRGSSAT affects gas and brine flow patterns

within the repository. The exclusion of SHRGSSAT and BPINTPRS from the regression analysis reduces the R2

value of the final regression model from 0.76 to 0.75.
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Table 7.3.1.

Step’

1
2

3

4

5
6
7

Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas
Generation over 10,000 yr due to Corrosion of Steel (EEJ140K) and to Corrosion of Steel
and Microbial Degradation of Cellulose (GAS_ MOLE) under Undisturbed Conditions

Corrosion of Steel: FE_MOLE Corrosion of Steel and Microbial Degradation
of Cellulose: GASJ40LE

Variableb SRR~ R2Li Variable SRRC R2

HALPOR 0.73 0.55 WMICDFLG 0.62 0.39
WGRCOR 0,39 0.69 HALPOR 0.57 0.72
WMICDFLG -0.20 0.73 WGRCOR 0.28 0.80

WASTWICK 0.11 0.74 ANHPRA4 0.08 0.81
SHRGSSAT 0.09 0.75 WASTWICK 0.07 0.81
ANHPRM 0.09 0.76 SHRGSSAT 0.07 0.82
BPINTPRS 0.07 0.76

‘ Steps in stepwise regression analysis.
h v~nab]e~ listed i“ ~rd~r of ~electiOn jn ~egression analysis with ANHCOMP and HALCOMP excluded from entrY intO regression mOdel.

c Standardized rank regression coefficients in final regression model.
d ~umulatjve R2 “aIue with entry of each variable into regression mOdel.

As discussed in conjunction with Fig. 7.3.1, WA41CDFLG completely controls the amount of gas generation due

to microbial degradation. For total gas generation due to corrosion and microbial degradation, WMICDFLG is also

the dominant variable (Table 7.3. 1). After WMICDFLG, the regression analysis for total gas generation selects

variables also selected in the regression analysis for gas generation due to corrosion (i.e., HALPOR, WGRCOR,

WASTWICK, SHRGSSAT, ANHPRIW). The two dominant variables with respect to total gas generation are

WMICDFLG and HALPOR, with these two variables producing patterns that are easily identified in scatterplots

(Fig. 7.3,6). The three bands of points in the scatterplot for HALPOR result from the effects of the three values that

WMICDFLG can take on.

The analysis outcomes amount of gas generated by corrosion (Fig. 7.3.1), amount of steel remaining in the

repository (Fig. 7.3.2) and amount of brine consumed by corrosion (Fig. 7.3.7) are highly correlated (Fig. 7.3.8).

Thus, the sensitivity analysis results for amount of gas generated by corrosion (Fig. 7.3.3, Table 7.3.1) are also

indicative of the variables affecting amount of steel remaining in the repository and amount of brine consumed by

corrosion.

The computational grid used in the 1996 WIPP PA is based on dividing the repository into a single lower, or

downdip, waste panel and nine upper waste panels, with the panel closures placed between these two groups of

panels (Figs. 4.2.1, 4.2.3). For disturbed conditions, BRAGFLO calculations are performed with the assumption that

the associated drilling intrusion takes place into the single lower panel. Further, spallings and direct brine release

calculations distinguish between drilling intrusions into upper and lower waste panels. The rationale for this

selection was based on the belief that intrusions into a downdip panel might be somewhat worse from a release
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Fig. 7.3.6. ScatterPlots for total gas generation over 10,000 yr due to corrosion of steel and microbial degradation
of cellulose (GASJ40LE) under undisturbed conditions versus WMICDFLG and HALPOR. -

perspective than intrusions into an updip panel due to brine flow down the 10 dip on which the repository is

constructed, Given the role that distinctions between intrusions into upper and lower waste panels will play in the

release calculations, it is useful to examine the differences in conditions in these two sets of panels.

On a fractional basis, more steel is consumed in the lower waste panel than in the upper waste panels

(Fig. 7.3 .9). This pattern occurs because the lower waste panel receives more brine inflow relative to its volume than

the upper waste panels. As indicated by the many level curves for fraction of steel in the upper waste panels, the

corrosion of steel ceases for many sample elements due to brine depletion. In contrast, this behavior is less

pronounced for the lower waste panel, which receives more brine inflow from the marker beds relative to its volume

than does the upper waste panels. Also, the lower waste panel receives brine that initially enters the upper waste

panels and then flows down dip into the lower waste panel.

The variables WGRCOR, WASTWICK and HALPOR have negative effects on the amount of steel remaining in

both the upper and lower waste panels (Fig. 7.3.9). That is, increasing each of these variables tends to decrease the

fraction of steel remaining. The variable WMICDFLG also appears in the analysis for the lower waste panel
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(Fig. 7.3.9). The appearance of WMICDFLG in the analysis for the lower waste panel but not the upper waste panels

results because reducing brine inflow from the marker beds has a greater impact on a per unit volume basis in the

lower waste panel than it does in the upper waste panels. Specifically, the volume of the upper waste panels is 9

times the volume of the lower waste panel. Thus, as similar amounts of brine flow out of the marker beds at the

northern and southern ends of the computational grid (Fig. 7.2.2), the lower waste panel receives approximately 9

times more brine from the marker beds for each unit of steel that it contains than is received by the upper waste

panels. Due to the linkage of gas generation and removal of steel (Fig. 7.3.8) and the fact that most gas generation

takes place in the upper waste panels, the PRCCS in Fig. 7.3.9 for the fraction of steel remaining in the upper waste

panels and the PRCCS in Fig. 7.3.5 for gas generation from corrosion appear with the appropriate reversal in sign.

Regression analysis can also be used to investigate variable importance with respect to fraction of steel

remaining in the upper and lower waste panels (Table 7.3.2). For the upper panels, HALPOR, WGRCOR and

WASTWICK have negative effects on the fraction of steel remaining, which is consistent with the analysis with

PRCCS (Fig. 7.3.9). The variable WMJCDFLG is also indicated as having a small positive effect, which is consistent

with its role in impeding brine inflow from the marker beds. Small effects are also indicated for SHRGSSAT and

BPINTPRS, with the selection of BPINTPRS and possibly the selection of both variables being spurious. However,

it is also possible that SHRGSSAT may affect gas and brine flow patterns within the repository. For the lower panel,

WMICDFLG, WGRCOR and HALPOR have effects consistent with those observed in the analysis with PRCCS

(Fig. 7.3.9). The variables ANHPRM and HALPRM are selected with negative regression coefficients, which

corresponds to the role that these variables play in increasing brine flow to the repository (Table 7.2.3). The

Table 7.3.2. Stepwise Regression Analyses with Rank-Transformed Data for Fraction of Steel
Remaining a;d Total Gas ‘Generation in Upper (FEREM_l?, GASMOL_/?) and Lower
(FE/?EM_W, GASMOf._ ~ Waste Panels at 10,000 yr Under Undisturbed Conditions

Fraction Steel Remaining Upper Fraction Steel Remaining Lower Total Gas Generation Upper Total Gas Generation Lower

Waste Panels: FEREM.R Waste Panel: FEREM_W Waste Panels: GASMOL_R Waste Panel: GA.SMOL_W

Stepa Variableh SRRCC ~zd Variable SRRC R2 Variable SRRC R2 Variable SRRC ~z

1 HALPOR –0.78 0.63 WMICDFLG 0.46 0.20 WMICDFLG 0.65 0.43 WGRCOR 0.47 0.23

2 WGRCOR -0.35 0.75 WGRCOR –0.45 0.41 HALPOR 0.58 0.77 HALPOR 0.45 0.44

3 WMICDFLG 0.12 0,76 HALPOR -0,38 0.56 WGRCOR 0.24 0.83 ANHPRM 0.33 0.55

4 WASTWICK –o. 10 0.77 ANHPRM –0.25 0.63 WA STWICK 0.07 0.83 WMICDFLG 0.17 0.58

5 SHRGSSAT –0.08 0.78 HALPRM -0.09 0.63 SHRGSSAT 0.06 0,83 HALPRM 0.12 0.59

6 BPINTPRS -0.06 0.78 SHRGSSAT -0.09 0.64 SHRGSSAT 0.08 0.60

a Steps in stepwise regression analysis.

b Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model.

c Standardized rank regression coefficients in final regression model.
d Cumulative R2 value with entiy Ofeach vwiable into regression mOdel.
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selection of SHRGSSAT at the end of the regression may be spurious. For perspective, Fig. 7.3.10 shows scatterplots

for the first three variables selected in each regression for fraction of steel remaining.

The patterns of steel consumption in the upper and lower waste panels propagate through into the patterns of gas

production (Fig. 7.3. 11). When microbial degradation takes place, all the cellulose in the repository is consumed by

2000 yr (Fig. 7.3.2), with the result that the time-dependent patterns of gas generation after 2000 yr are determined

by corrosion. Thus, the more pronounced cessation of steel consumption in the upper waste panels than in the lower

waste panel (Fig. 7.3.9) carries through to a corresponding leveling off of gas production in the upper waste panels

(Fig. 7.3.1 1).

The dominant variables with respect to gas production in the upper and lower waste panels are WMICDFLG,

HALPOR, WGRCOR and WASTWICK, although there is some difference in their relative effects between the upper

and lower panels (Fig. 7.3. 11). For example, Wh41CDFLG remains more important over time for gas generation in

the upper panels than in the lower panel. The upper and lower panels produce similar amounts of gas by microbial

degradation on a unit volume basis; however, the lower panel produces more gas due to corrosion on a unit volume

basis because of greater availability of brine. As a result, WMICDFLG is more important with respect to gas

generation in the upper panels than in the lower panel. Similarly, HALPOR is more important to gas generation due

to corrosion in the upper panels than in the lower panel due to the reduction of the importance of HALPOR in the

lower panel owing to the inflow of brine from the marker beds. Similar results for gas generation in the upper and

lower panels are also obtained with regression analysis (Table 7.3.2).
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7.4 Undisturbed Conditions: Pressure

Pressure in the repository under undisturbed conditions influences the extent to which contaminated brine

migrates from the repository into the marker beds and also the size of the spallings and direct brine releases

associated with initial drilling intrusions into the repository. Thus, repository pressure is one of the most important

results obtained from modeling brine and gas flow in the vicinity of the repository.

The pressure in the repository tends to initially increase rapidly and then to either approach an asymptote or

show a decreased rate of increase (Fig. 7.4.1). The results in Fig. 7.4.1 are for the lower waste panel (Fig. 4.2.1);

however, due to limited resistance to gas flow in the DRZ and panel closures, pressure is almost the same throughout

the repository, operations area and experimental area. The 1996 WIPP PA was performed with three replicated

LHSS of size 100, with the results for repository pressure being quite stable across replicates (Fig. 7.4.2). Thus, the

distribution of this important variable that results from subjective uncertainty is being estimated quite well within the

analysis.

The dominant contributor to the uncertainty in pressure is WMICDFLG (Fig. 7.4.1), with pressure tending to

increase as WMICDFLG increases. As previously discussed, WMICDFLG controls the amount of gas generated by

microbial degradation of cellulose. At early times WGRCOR and WAS71WCK are also important with respect to

pressure, with pressure tending to increase as each of these variables increases. Increases in WGRCOR and

WASTWICK tend to increase gas pressure at early times by increasing the rate at which steel is consumed by

corrosion. However, neither variabIe affects the total amount of corrosion that will take place, with the result that

their influence on pressure tends to decrease with time. In contrast, HALPOR has little effect on pressure at early

times, but increases steadily in importance with time. This effect results because corrosion occurs only under

inundated conditions. Given that corrosion consumes brine, increased brine in the repository results in more

corrosion and hence in higher pressures. As discussed in Sect. 7.2, HALPOR is the dominant determinant of the

amount of brine that enters the repository and hence of the amount of gas produced by corrosion. The variable

HALPOR has little or no effect on pressure at earlier times because of the availability of brine from other sources and

the dominance of gas generation by the microbial degradation of cellulose. However, at later times it is the brine

inflow associated with HALPOR that allows corrosion to continue.

There is a well-defined relationship between cumulative gas generation and repository pressure (Fig. 7.4.3), with

the results at 10,000 yr showing slightly more scatter than the results at 2000 yr due to increased time for gas

migration into the marker beds. The strong positive correlation between gas generation and repository pressure

results in the PRCCS in Fig. 7.3.5 for total gas generation and the PRCCS in Fig. 7.4.1 for repository pressure being

almost identical.
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Stepwise regression analysis (Table 7.4,1) provides an alternative to the analysis based on PRCCS in Fig. 7.4.1.

The first three variables identified in the regression analysis are WMICDFLG, HALPOR and WGRCOR, which are

also the top three variables identified in the analysis with PRCCS at 10,000 yr. In addition, the regression analysis

also identifies positive effects for ANHPRM and SALPRES. Increased values for ANHPRM tend to increase brine

flow out of the marker beds and thus increase pressure by increasing gas generation due to corrosion (Tables 7.2.3,

7.3. 1). Increased values for SALPRES tend to reduce gas and brine movement into the marker beds and thus

increase pressure in the repository. Increased values for SHRGSSAT are associated with increased gas generation

due to corrosion (Table 7.3.1) and thus increased gas pressure in the repository; however, the selection of

SHRGSSAT in Table 7.3.1 may be spurious. It is also possible that SHRGSSAT may effect gas and brine movement

across the computational cells associated with the shaft (i.e., regions 10, 11 in Fig. 4.2.1), Because of the strong

positive correlation between gas generation and pressure (Fig. 7.4.3), the regression analysis in Table 7.4.1 for

repository pressure and the regression analysis in Table 7.3.1 for total gas generation are very similar.
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Table 7.4.1. Stepwise Regression Analysis with Rank-Transformed Data for Pressure in the Repository
( WAS_PRE$ at 10,000 yr-Under Undisturbed Conditions

Stepa

1

2

3

4

5

6

Variableb

WA41CDFLG

HALPOR

WGRCOR

ANHPRM

SALPRES

SHRGSSA T

SRRCC

0.71

0.45

0.23

0.11

0.07

0.06

R2d

0.52

0.73

0.79

0.80

0.80

0.81

‘ Steps in stepwise regression analysis.

h Variables listed in Order of selectlon in regression analysls with AN~C~MP and

HALCOMP excluded from entry into regression model.

c Standardized rank regression coefficients in final regression model.

d Cumulatwe R2 value with entry of each variable into regression model.

Pore volume in the repository (Fig. 7.4.4) changes in response to changes in pressure (Fig. 7.4.5). Due to the

strong positive correlation between pore volume and pressure, sensitivity analysis for pore volume produces results

similar to those obtained for repository pressure (Fig. 7.4.1, Table 7.4.1). The coupling between pore volume and

pressure is implemented in the calculation through relationships determined with the SANTOS program (Sect. 4.2.3).

This presentation primarily emphasizes uncertainty and sensitivity analysis results that are obtained by

considering the collective behavior of the 300 LHS elements associated with replicates RI, R2 and R3. In the formal

uncertainty and sensitivity analysis procedures in use, the behavior of individual sample elements is considered only

in the context of patterns that emerge from the collective behavior of all sample elements. However, it is also

informative to consider the behavior of results associated with individual sample elements because this allows an

examination of specific analysis outcomes at a level of resolution that is different from that considered in the formal

uncertainty and sensitivity analysis. Unfortunately, the number of individual analysis outcomes that can be subjected

to detailed examination is necessarily limited. In particular, as 300 sample elements are available and there are 100s

of predicted results that could be examined for each sample element, all potential results of interest cannot be

individually examined. None the less, selected results will be given individual examinations to help develop insight

into the behavior of gas and brine in the vicinity of the repository.

As an example, the interplay between gas generation, repository pressure and repository pore volume for sample

elements 37 and 40 of replicate RI is shown in Fig. 7.4.6. For both sample elements, pressure (WAS_PRES,

REP_PRES) initially increases rapidly and then levels oft also, pressure in the lower waste panel (WAS_PRES) and

pressure in the upper waste panels (REP_PRES) are essentially the same. Further, both sample elements show
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Fig. 7.4.5. Scatterplot of pressure in repository (WAS_PRES) at 10,000 yr under undisturbed conditions versus

total pore volume in repository (PORVOL_T).
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CELL_A40L, GAS_MOLE) for repository under undisturbed conditions for sample elements 37 and 40
of replicate RI,
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similar patterns of microbial gas generation (CELL_MOL), with all microbial gas generation completed within 500

yr. The pattern for gas generation due to corrosion (FE_MOLE) is somewhat different between the two sample

elements, with gas generation due to corrosion for element 37 being less than that due to microbial degradation and

also almost ceasing after 3600 yr and gas generation due to corrosion for element 40 being considerably larger than

that due to microbial degradation and continuing at an almost constant rate over the entire 10,000 yr period. For

both sample elements, total pore volume in the repository (PORVOL_T) tracks repository pressure. The following

patterns appearing in Fig. 7.4.6 are common to all sample elements for EO conditions: (1) pressures in the upper and

lower waste panels are similar, (2) repository pressure increases monotonically through time, (3) repository pressure

and pore volume track each other very closely, and (4) microbial gas generation takes place very quickly and then

stops.

7.5 Undisturbed Conditions: Brine Saturation

Unlike pressure, there is considerable variation between the brine saturation conditions at the southern and

northern ends of the repository (Fig. 7.5.1). At both ends, brine saturation increases rapidly in the first 50 to 1000 yr

due to brine flow from the DRZ (Fig. 7.2.1) and reduction in pore volume due to compaction of the waste

(Fig. 7.4.4). After this period of rapid increase, brine saturation tends to decrease as brine is consumed more rapidly

by corrosion than it is replaced by inflow. Due to the computational grid in use (Fig. 4.2.1), the lower waste panel

receives more brine inflow from the marker beds relative to its size than the upper waste panels (Fig. 7.2.2). The

lower panel is also at the downdip end of the repository, with the result that it can also receive brine flowing down

from the upper panels. As a result, the lower panel receives more brine on a unit volume basis than the upper panels

and thus tends to have a higher brine saturation.

Brine saturation is dropping to zero for some sample elements, with this tending to occur less often for the lower

waste panel than for the upper waste panels (Fig. 7.5. 1). Further, brine saturation is more likely to remain at zero for

the upper waste panels than the lower waste panel. When brine saturation goes to zero in a given computational cell

(Fig. 4.2.3), corrosion stops but will resume if brine saturation subsequently increases. The complete cessation of

corrosion is indicated by the level steel fraction curves in Fig. 7.3.9, with such cessation occurring for more sample

elements in the upper waste panels than in the lower waste panel.

The estimated mean and percentile curves for brine saturation show less stability across replicates than the

curves for pressure (Figs. 7.4.2, 7.5 .2). This reduced stability results from a limited number of sample elements

producing very high brine saturations while most sample elements produce much lower brine saturations (Fig, 7.5. 1).

The dominant variables with respect to the uncertainty in brine saturation in the lower waste panel are HALPOR,

WMICDFLG, WGRCOR, WASTWICK and ANHPRM (Fig. 7.5.1). The positive effect for HALPOR results because

7-35



BRAGFLO (EO, Rl, R2, R3)BRAGFLO (EO, RI)
Vol-Averaged Brine Saturation Upper Panels (REP_SATB)

.

1s’ 1
‘“ah[ /

1.00
Vol-Averaged Brine Saturation Upper Panels (REP_SATB))

+ I , 1 1 ,

DeDendent Variable

II REP.SATB

II
— HALPOR
------ WGRCOR
—-—. WMICDFLG
---- WASTWICK

1
! ./--- =---- -----—------
~,

,//
,/’ -----

!:;z’c---::-----------.::.::.:........
‘-- . . . . . . . . . . . . . - . . -------

Tme (103 yr)

1.00

0.75
z
al.—
: 0.50
al

~ 0.25
0.—
~
g 0.00

0

t -0.25
c
m

:-0.50
.—
c
: –0.75

-1.00
0.0 2.0 4.0 6.0 8.0 10.0

Time (103 yr)

-1.00 1 I , ,

0.0 1.5 3.0 4.5 6.0 7.5 9.0

Time (103 yr)

BRAGFLO (EO, RI, R2, R3)
Vol-Averaged Brine Saturation Lower Panel (WAS SATB)

I Dependent Variable
WAS_SATB

— HALPOR
------ WMICDFLG

1,
‘-—- WGRCOR
---- WASTWICK

I\, ‘— ANHPRM

—

w -——
‘——_ ——. .

--
------

----
----

?A, ,-------- -- ---
: \-\ --------

-.—----------- -----—------------ ----,------ -—- —----
i

0.0 1.5 3.0 4.5 6.0 7.5 9.0

Time (103 yr)

TRI-6342-4916-0
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Fig. 7.5.2. Percentile curves for three replicated LHSs for brine saturation in the lower (WAS_SA7’B) and upper
waste panels (REP_SATB) under undisturbed conditions.

increasing HALPOR increases the flow of brine into the lower waste panel from the DRZ in the first 50 to 100 yr of

the calculation and thus contributes to the rapid rise in brine saturation during this early time period (Fig. 7.5.1).

However, some of this rapid initial increase in brine saturation is also due to the compaction of the repository at early

times (Fig. 7.4.4). The negative effect for WMICDFLG results because increasing WMICDFLG increases pressure

in the repository, which in turn increases pore volume and decreases brine inflow from the marker beds. Both of the

preceding effects will tend to reduce brine saturation. The negative effects for WGRCOR and WASTWICK result

from increasing the rate at which brine is consumed by corrosion, which in turn tends to reduce brine saturation by

both removing brine and increasing pore volume due to increased pressure. Finally, the positive effect for ANHPRM

results because increasing ANHPRM increases brine flow from the marker beds and thus increases saturation in the

lower waste panel.

Similar effects are also indicated for HALPOR, WMICDFLG, WGRCOR and WASTWICK in the analysis for

brine saturation in the upper waste panels (Fig. 7.5.1). However, the patterns of importance for HALPOR and

WMICDFLG are changed, with HALPOR showing greater importance over the entire 10,000 yr period than for the

lower waste panel and WMICDFLG showing a significant effect at only early times. These changes occur because

brine inflow from the marker beds is more important in determining saturation in the lower waste panel than in the

upper waste panels, with the result that WMICDFLG has more influence through time on the saturation conditions in

the lower waste panel than on the saturation conditions in the upper waste panels. Because WMJCDFLG has less
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effect through time on the saturation conditions in the upper panels, HALPOR will correspondingly tend to remain

more important through time.

Regression analysis provides an alternative way to investigate the effect of uncertain variables on brine

saturation in the upper and lower waste panels (Table 7.5.1) and produces results similar to those obtained with

PRCCS (Fig. 7.5.1). For the lower panel, the variables HALPOR, WMICDFLG, WGRCOR, WASTTWCK and

ANHPRM identified with PRCCS are also identified in the regression analysis with effects of the same sign (i.e.,

saturation increases as HALPOR and ANHPRM increase and saturation decreases as WMICDFLG, WGRCOR and

WASTWICK increase). Further, the regression analysis identifies WRBRNSAT and HALPRM as having negative and

positive effects, respectively, on brine saturation in the lower panel. The positive effect for HALPRM results

because increasing HALPRM tends to increase brine flow into the repository. The reason for the negative effect

associated with WRBRNSAT is not clear; intuitively, it seems like increasing WRBRNSAT should increase brine

saturation. A possibility is that increasing WRBRNSAT makes it more difficult for brine to flow into the repository as

brine saturation is reduced below WRBRNSAT in individual computational cells due to consumption in the corrosion

process. Another possibility is that the use of brine saturation and WASTWICK to define an effective saturation for

the implementation of corrosion (i.e., Sb,efl in Eq. (4.2.71)) may result in the small negative effect observed for

WRBRNSA T.

For the upper waste panels, the variables HALPOR, WGRCOR, WMICDFLG and WASTWICK are identified in

both the PRCC analysis (Fig. 7.5.1) and the regression analysis (Table 7.5.1) as having similar effects on brine

saturation. In addition, the regression analysis also identifies WRBRNSAT, HALPRM and ANHPRM. The positive

effects for HALPRM and ANHPRM result from increasing brine inflow to the repository. It is also possible that

increasing HALPRM and ANHPRM may increase brine saturation by increasing gas movement away from the

repository, which would reduce pressure and thereby reduce pore volume and thus increase brine saturation. As for

the lower waste panel, the reason for the selection of WRBRNSAT with a negative regression coefficient is not

immediately apparent. For perspective, scatterplots for the top three variables in each of the regression analyses in

Table 7.5.1 are shown in Fig. 7.5.3.

In addition to brine saturation, brine volume in the waste panels is also important because it influences the

amount of dissolved, and hence mobile, radionuclides in the repository. Volume of brine in the upper waste panels

tends to increase at very early times (i.e., in the first few hundred years) and then decrease monotonically

(Fig. 7.5.4). In contrast, brine volume in the lower panel shows a more complex pattern of behavior, with brine

volume tending to increase over the entire 10,000 yr period for some sample elements and displaying a pattern of

early increase followed by monotonic decrease for other sample elements (Fig. 7.5.4).
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Table 7.5.1. Stepwise Regression Analyses with Rank-Transformed Data for Brine Saturation in the
Upper (REP_ SATB) and Lower ( WAS_ SATB) Waste Panels at 10,000 yr Under
Undisturbed Conditions

Stepa

1

2

3

4

5

6

7

a

h

c

d

Brine Saturation Brine Saturation
Upper Waste Panels: REP_SATB Lower Waste Panel: WAS_SATB

Variableb SRRCC R2d Variable SRRC R2

HALPOR 0.53 0.27 WMICDFLG –0.59 0.39

WGRCOR –0.53 0.55 WGRCOR –0.43 0.57

WASTWICK –0.35 0.67 ANHPRM 0.23 0.62

WMICDFLG –o. 15 0.70 HALPOR 0.21 0.66

WRBRNSAT -0.10 0.71 WRBRNSAT –O. 18 0.69

HALPRM 0.09 0.71 WASTWICK –0. 16 0.72

ANHPRM 0.08 0.72 HALPRM 0.11 0.73

Steps in stepwise regression analysis.

Variables listed in order of selection in regression analysis with ANHCOJ4P and HALCOMP excluded from entry into regression model

Standardized rank regression coefficients in final regression model.

Cumulative R2 value with entry of each variable into regression model.

The dominant variables with respect to brine volume in the upper panels identified by PRCCS are HALPOR,

WGRCOR and WASTWICK, with brine volume tending to increase as HALPOR increases and decrease as WGRCOR

and WASTWICK increase (Fig. 7.5.4). These effects result because HALPOR influences the amount of brine that

enters the repository due to drainage from the DRZ (Fig. 7.2.3, Table 7.2.3) and WGRCOR and WASTWICK

influence the rate at which brine is consumed by corrosion (Fig. 7.3.7, Table 7.3.2, with fraction of steel remaining

having a rank correlation of – 1 with amount of brine consumed). The negative effect for SALPRES at early times is

probably spurious and results from HALPOR having a PRCC close to 1.

Regression analysis provides an alternative determination of variable importance for volume of brine in upper

panels (Table 7.5 .2) and also identifies HALPOR, WGRCOR and WASTWICK as important variables with similar

effects as in the analysis with PRCCS. In addition, the analysis indicates that brine volume increases as ANHPRM

and HALPRM increase and decreases as WMICDFLG and WRBRNSAT increase. The effects of these variables have

been previously discussed in the context of brine saturation. Indeed, the sensitivity analyses for brine saturation

(Fig. 7.5.1, Table 7.5.1) and brine volume (Fig. 7.5.4, Table 7,5.2) are very similar due to the substantial correlations

that exist between brine saturation and brine volume in the upper and lower waste panels (Fig. 7.5.5).

As for the upper waste panels, the sensitivity analyses for brine volume in the lower panel (Fig. 7.5.4,

Table 7.5.2) are very similar to the corresponding results for brine saturation in the lower panel (Fig. 7.5.1,

Table 7.5. 1). In particular, brine volume tends to increase as HALPOR, ANHPRM and HALPRM increase and tends

to decrease as WMICDFLG, WGRCOR, WRBRNSAT and WASTWICK increase, with these effects having been

previously discussed in conjunction with brine saturation.
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Fig. 7.5.3. Scatterplots for brine saturation in upper waste panels (REP_SA7’B) (left frames) and lower waste panel
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Table 7.5.2. Stepwise Regression Analyses with Rank-Transformed Data for Brine Volume in the Upper
(W?NVOL._/?) and Lower (/3RNVOL_W) Waste Panels at 10,000 yr Under Undisturbed
Conditions

rStepa

1

2

3

4

5

6

7

I Brine Volume

Upper Waste Panels: BRNVOL_R

Variableb

HALPOR

WGRCOR

WA STWICK

WMICDFLG

ANHPRM

WRBRNSAT

HALPRA4 T
SRRCC R2d

0.57 0.31

-0.51 0.57

–0.34 0.69

-0.12 0.70

0.10 0.71

–0.10 0.72

–0.09 0.73

Brine Volume

Lower Waste Panel: BRNVOL_ W

Variable

WMICDFLG

WGRCOR

HALPOR

ANHPRM

WRBRNSAT

WASTWICK

HALPRM

SRRC

–0.52

–0.39

0.33

0.28

-0.20

–0.15

0.13

R2

0.30

0.44

0.55

0.63

0.67

0.69

0.71

a Steps in stepwlse regression analysis.

b Variables ]l~ted ,n order of select,on in regression analysis with AIVHCOMF’ d HA~co~p excluded from ~ntrY‘nto

regression model.

c Standardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model.
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Fig. 7.5.5. Scatterplots for brine saturation and brine volume in upper (BRNVOL_R, REP_SATB) and lower
(BRNVOL_W, WAS_SATB) waste panels under undisturbed conditions at 10,000 yr.
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For perspective, time-dependent gas saturations (REP_SATG, WAS_SATG) and fractions of initial steel

inventory remaining (FEREM_R, FEREM_W) in the upper and lower waste panels for sample elements 37 and 40 of

replicate RI are shown in Fig. 7.5.6. For sample element 37, the gas saturations go to 1 in both the upper

(REP_SATG) and lower (WAS_SATG) waste panels, which is equivalent to the brine saturation going to O. As the

fraction of remaining steel ceases to decrease in the upper panels (FEREM_R), no ongoing corrosion is occurring in

these panels. However, given that the fraction of remaining steel continues to decrease in the lower waste panel

(FEREM_W), corrosion is continuing over the entire 10,000 yr period in this panel. As the gas saturation

(WAS_SATG) is staying at 1, brine must be flowing into the lower waste panel, with this inflow being consumed by

corrosion as it occurs. In contrast, the gas saturations remain below 1 in both the upper and lower panels for sample

element 40, with the result that gas generation due to corrosion takes place in both panels over the entire 10,000 yr

period under consideration.

Time-dependent pore volumes (PORVOL_R, PORVOL_W) and brine volumes (BRNVOL_R, BRNVOL_W) are

shown in Fig. 7.5.7. For sample element 37, brine is almost completely removed from both the upper and lower

waste panels, which is consistent with gas saturations (REP_SATG, WAS_SATG) close to 1 in Fig. 7.5.6. However,

as gas generation due to corrosion continues over the entire 10,000 yr period for this sample element (see FE_MOLE

in Fig. 7.4.7 and FEREM_W in Fig. 7.5.6 for sample element 37), a small amount of brine is entering the lower waste

panel to replace the brine that is being consumed by corrosion. For sample element 40, a substantial amount of brine

is present in the waste panels over the entire 10,000 yr period (Fig. 7.5.7), with the result that gas generation due to

corrosion also continues over this time period (Figs. 7.4.6, 7.5.6).
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7.6 Undisturbed Conditions: Brine and Gas Outflow

The anhydrite marker beds provide a possible pathway by which brine can flow away from the repository

(Fig. 7.6. I). However, the amount of brine that leaves the repository through the marker beds (i.e., at the boundary

between the marker beds and the DRZ) tends to be smaller than the amount of brine that enters by this pathway (i.e.,

compare Figs. 7.2.1 and 7.6.1). Most sample elements result in no brine flow away from the repository in the marker

beds (i.e., less than half of the sample elements result in nonzero cumulative brine flows in Fig. 7.6.1 ).

The largest brine flows away from the repository take place in MB 139, with the next largest flows taking place

in MB 138 and the smallest flows taking place in anhydrite layers A and B (Fig. 7.6.2). Further, the brine flows from

the repository into the shaft tend to be intermediate in size between those into MB 139 and 138 (Fig. 7.6.2), although

the largest flows into MB 138 are larger than the largest flows into the shaft.

The PRCCS in Fig. 7.6.1 indicate that WMICDFLG and HALPOR are the two most important variables with

respect to brine flow away from the repository, with this flow tending to increase as each of these variables increases.

Increasing each of these variables increases gas generation and thus pressure in the repository, which in turn

increases the pressure gradient into the marker beds. The scatterplots in Fig. 7.6.3 provide a summary of the effects

of WMICDFLG and HALPOR at 10,000 yr.

The variables WA41CDFLG and HALPOR are also the most important variables for brine movement into the

individual marker beds (Table 7.6. 1). In addition, small effects are indicated for several other variables. Increasing

WGRCOR and WASTWICK tends to increase brine movement into the marker beds due to their role in increasing

pressure, and increasing SALPRES tends to decrease movement into the marker beds by increasing marker bed

pressure. Positive effects are also indicated for ANHPRM and HALPRM. These two variables potentially play a dual

role by initially increasing brine inflow to the repository and thus pressure due to gas generation by corrosion, and

then by reducing resistance to brine flow away from the repository as pressure increases. The individual regression

models tend to have relatively low R* values (i.e., 0.51 to 0.62) due to the large number of vectors in which no brine

flow into the marker beds takes place (Fig. 7.6.3).

The last regression in Table 7.6.1 is for brine movement in the shaft away from the repository at the top of the

DRZ. The size of the movements is small and typically around 10 m3 (Fig. 7.6.2). A number of variables are

identified as affecting this movement but the final regression model has an R2 of only 0.58. The two most important

variables are WMICDFLG and SHRGSSAT, with brine flow away from the repository tending to increase as each of

these variables increases. Increasing WMICDFLG increases pressure in the repository and hence the movement of

brine away from the repository. Increasing SHRGSSAT changes brine flow patterns in the vicinity of the shaft. For

perspective, scatterplots for WMICDFLG and SHRGSSAT are presented in Fig. 7.6.4, with the positive effects

indicated in the regression model apparent but weak.
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Fig. 7.6.1. Uncertainty and sensitivity analysis results for cumulative brine flow into marker beds away from
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Table 7.6.1. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
over 10,000 yr away from Repository in Marker Beds (BRM38NOC, BRM38SOC,
BRAABNOC, BRAABSOC, BRM39NOC, BRM39SOC, BRAALOC) and up shaft
(BSCL8AOC) Under Undisturbed Conditions

I MB 138 Nor

=--l=-=
1 WMICDFLG

2 HALPOR

3 I S4LPRES

4 I ANHPRM

llE&-

: BRM38NOC I MB 138sc

=--P-u=
0.57 I0.32 WMICDFLG

0.33 0.43 HALPOR

-0.18 I 0.47 I ANHPRM

0.17 I 0.49 I WGRCOR

I MB 139 North: BRM39NOC

Step’ Variableb SRRCC R2Lt

1 WMICDFLG

2 HALPOR

3 WGRCOR

4 SALPRES

5 HALPRM

0.59 0.34

0.45 0.55

0.19 0.58

–o. 15 0.61

0.09 0.61

: BRM38SOC I Anh a and b North: BRAABNOC

SRRC I R2 I Variable I SRRC I R’

0.55 0.30 WMICDFLG

0.35 0.42 HALPOR

0.17 0.45 WGRCOR

0.16 0.48 SALPRES

–0.16 0.51 HALPRM

0.57 0.31

0,48 0.55

0.18 0.58

–0.15 0.60

0.09 0.61

I I I I

Anh a and b South: BRAABSOC

Variable SRRC R2

WMICDFLG

HALPOR

WGRCOR

SALPRES

ANHPRM

HALPRM

0.57

0.44

0.17

-0.15

0.12

0.09

0.31

0.51

0.54

0.56

0.57

0.58

MB 139 South: BRM39SOC MBs Total: BRAALOC Up Shaft: BSCL8AOC

Variable

WMICDFLG

HALPOR

WGRCOR

SALPRES

0.61 0.37 WMICDFLG

0.40 0.53 HALPOR

0.18 0.56 WGRCOR

-0.15 0.59 SALPRES

HALPRM

SRRC I R’

J
0.61 0.36

0.44 0.56

0.19 0.59

–0,15 0.61

0.09 0.62

Variable

WMICDFLG

SHRGSSAT

HALPRM

HALPOR

WGRCOR

SHPRMHAL

WA STWICK

SHBCEXP

ANHBCVGP

SRRC

0,48

0.33

–0.25

0.24

0.20

0.18

0.09

0.10

0.09

0.25

0.36

0.42

0.48

0.52

0.55

0.56

0.57

0.58

‘Steps in stepwise regression analysis

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model

CStandardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model

Brine flow away from the repository in the marker beds provides a potential mechanism for radionuclide

transport to the accessible environment. However, flows across the land withdrawal boundary (i.e., the subsurface

boundary of the accessible enviornment) away from the repository are zero or very small for most sample elements

(Figs. 7.6.5, 7.6.6). Generally, more flow crosses the land withdrawal boundary moving away from the repository to

the north than to the south (Fig. 7.6.6). However, it is a mistake to assume that the brine flows in Fig. 7.6.6 crossing

the land withdrawal boundary originated in the repository. The pressurization of the marker beds can cause the

movement across the land withdrawal boundary of brine that was initially present in the marker beds and has never

had contact with the waste. For perspective, cumulative flows from the shaft into the Rustler Formation are also

shown (Fig. 7.6.6). Again, it .is a mistake to assume that these flows necessarily originated in the repository.

The dominant variable affecting brine flow in the marker beds across the land withdrawal boundary away from

the repository is ANHPRM, with this flow tending to increase as ANHPRM increases due to reduced resistance to

flow (Fig. 7.6.5, Table 7.6.2). The regressions for flow to the south (Table 7.6.2) have low R2 values (i.e., 0.20 to
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withdrawal boundary away from repository (BRAALLWC) under undisturbed conditions.

MB 138 (N)
BRM38NLW

MB 138 (S)
BRM38SLW

Anh A, B (N)
BRAABNLW

Anh A, B (S)
BRAABSLW

MB 139 (N)
BRM39NLW

MB 139 (S)
BRM39SLW

BRAGFLO (EO, RI, R2, R3
I 1 1 I [ I m

Time: 10000 yr

~=- ‘ “’”= “

< xx al XXMX xxx

~“ * ““=”’

xxx *X XX% XKXXX

~“x-”” “x

x xxx ● m Xxx=xx

‘h’z=
,0-3 ,0-2 ,.-1 ,00 ,.l ,02 ,03 ,04

Brine Flow (m3J

TRI-6342-4S31-O
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Table 7.6.2. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
over 10,000 yr Away From Repository in Individual Marker Beds at Land Withdrawal
Boundary Away from Repository (B/?M38NL W, BRM38SLW, BRAABNLW, BRAABSL W,
BRM39AfLW, BRM39SLW, BRAALLWC) and in Shaft at Boundary with Rustler Formation
(BRNSHUC) Under Undisturbed Conditions

MB 138 North: BRM38NLW MB 138 South: BRM38SLW Anh a and b North: BRAABNLW Anh a and b South: BRAABSLW

Stepa Variableh SRRC’ ~2c! Variable SRRC ~2 Variable SRRC ~2 Variable SftRC ~2

1 ANHPRM 0.88 0.78 WMICDFLG 0.30 0,09 ANHPRM 0.70 0.50 WMICDFLG 0.31 0.10

2 WMICDFLG 0.12 0.79 ANHPRM 0.23 0.14 WMICDFLG 0.19 0.54 ANHPRM 0.22 0.15

3 HALPOR 0.08 0.80 HALPOR 0.16 0.17 HALPRM 0.18 0.57 HALPOR 0.16 0.17

4 ANHBCVGP –0.16 0.19 WRGSSAT –0. 11 0.58 ANHBCVGP -0.16 0.20

5 SALPRES –0.14 0.21 ANHBCVGP –0.09 0,59 SALPRES -0.14 0.22

6 WA STWICK 0.13 0,23

MB 139 North: BRM39NLW MB 139 South: BRM39SLW MBs Total: BRAALLWC Shaft to Culebrtx BRNSHUC

Step Variable SRRC R2 Variable SRRC R2 Variable SRRC R2 Variable SRRC R2

1 HALPRM 0.37 0,13 WMICDFLG 0.30 0.10 ANHPRM 0.72 0.53 SHPRMCLY 0.72 0,51

2 ANHPRM 0.34 0.25 ANHPRM 0.26 0.16 HALPRM 0.24 0.59 HALPRM 0.49 0.75

3 WMICDFLG 0.22 0.30 WA STWICK 0.16 0.19 WMICDFLG 0.19 0.63 SHPRMHAL 0.19 0.79

4 ANHBCVGP -0.14 0.32 HALPOR 0.13 0.20 ANHBCVGP –0.09 0.63 WMICDFLG 0.07 0.79

5 WASTWICK 0.12 0.33 WASTWICK 0.08 0.64 SALPRES 0.07 0.80

6 WRGSSA T -0.08 0,65

‘ Steps in stepwise regression wadys]s.
h variables llsted in order of ~election in regression analysis with ANHCOMP and HALCf3MP excluded frOm entrY intO regression mOdel.

c Standardized rank regression coefficients in final regression model.
d cumulative R2 “aIue with entry of each variable into regression mOdel.

0.23) due to the Iarge number of zero results (Fig. 7.6.6). Similarly, the models for flow to the north and also for

total flow are also rather poor with R2 values of 0.80, 0.59, 0.33 and 0.65 (Table 7.6.2) due to the large number of

zero or very small flows (Fig. 7.6.7). However, when flow does occur, it takes place for larger values of ANHPRM

and also tends to increase as ANHPRM increases (Fig. 7.6.7).

The last regression in Table 7.6.2 is for brine flow out of the shaft into the Culebra. Brine flow out of the shaft

is much greater than brine flow into the shaft at the repository (Figs. 7.6.2, 7.6.6). Thus, most of the brine exiting the

shaft into the Culebra did not enter the shaft directly from the repository. The variables SHPRMCLY and

SHPRMHAL appear in the regression model with positive regression coefficients because increasing their values

reduces resistance to flow. The variables HALPRM and SALPRES appear in the regression model with positive

regression coefficients because increasing their values tends to increase brine movement from the Salado halite to the

shaft. Finally, WMICDFLG also appears in the regression model with a positive coefficient because increasing its

values tends to increase repository pressure and thus increase brine movement away from the repository.
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Gas flow can also take place in the anhydrite marker beds away from the repository, although little appreciable

gas movement takes place for most sample elements (Fig. 7.6.8). Most gas movement in the individual marker beds

tends to take place to the north (Fig. 7.6.9). In particular, MB 139 South experiences little gas inflow due to the

tendency of brine to drain to its interface with the DRZ (Fig. 7.6.9).

The dominant variable in determining the amount of gas that moves away from the repository is WA41CDFLG,

with gas movement tending to increase as WMICDFLG increases due to increased repository pressure (Fig. 7.6.8,

Table 7.6.3). In addition, gas movement tends to increase with increasing values for HALPOR, WGRCOR and

ANHPRM, and to decrease with increasing values for ANHBCVGP and SALPRES. Increasing HALPOR and

WGRCOR increases gas generation and hence pressure in the repository. Increasing ANHPRM increases repository

pressure by increasing gas generation due to corrosion and also reduces resistance to gas flow into the marker beds.

In contrast, increasing SALPRES reduces gas flow into the marker beds by increasing the pressure within the marker

beds. The negative effect for ANHBCVGP indicates that gas is more likely to move into the marker beds when the

Brooks-Corey model is in use. The very low R2 value for gas movement into MB 139 South (i.e., 0.28) results from

the large number of sample elements in which no gas movement takes place (Fig. 7.6.9). Scatterplots for the three

most important variables with respect to gas movement away from the repository (i.e., WMICDFLG, HALPOR and

ANHBCVGP) are given in Fig. 7.6.10, with the positive effects for WMICDFLG and HALPOR and tbe negative

effect for ANHBCVGP being discernible within these plots.

Very little gas movement takes place through the shaft to the Culebra (Fig. 7.6.9). Due to the large number of

zero and very small (i.e., probably numerical noise) results, the corresponding regression analysis (Table 7.6.3)

produces rather poor results (i.e., R2 = 0.49). However, examination of scatterplots shows the nonzero gas releases

tend to be associated with small values for SHRGSSAT (Fig. 7.6.11).

The increased pressurization of the marker beds that results from gas generation in the repository can cause the

marker beds to fracture and increase in pore volume (Fig. 7.6.12). However, pressure induced fracturing does not

occur for most sample elements. Fracturing occurs almost equally to the north and south of the repository, with

perhaps a slight tendency towards a greater increase in fracture-induced pore volume to the north (Fig. 7.6. 13). Due

to changes in pressure, the additional pore volume associated with fracturing can both increase and decrease with

time (Fig. 7.6.12).

Due to its influence on volume of gas generated and hence repository pressure, WMICDFLG is the mo~t

important variable with respect to pore volume increase due to fracturing, with pore volume tending to increase m

WMICDFLG increases (Fig. 7.6.12, Table 7.6.4). In addition, pore volume tends to increase as HALPOR ~)d

WGRCOR increase due to increased gas generation and to decrease as SALPRES increases due to reduced gas Pt)d
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Fig. 7.6.8. Uncertainty and sensitivity analysis results for cumulative gas flow into marker beds away from
repository (GSAALOlf) under undisturbed conditions.
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Fig, 7.6.9. Cumulative gas flows over 10,000 yr away from repository in individual marker beds (GSM38NOC,
GSM38SOC, GSAABNOC, GSAABSOC, GSM39NOC, GSM39SOC, GSAALOM) and in shaft at
boundary with Rustler Formation (GSMSHUPC) under undisturbed conditions.
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Table 7.6.3. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Flows
over 10,000 yr Away From Repository in Individual Marker Beds (GSM38NOC,
GSM38SOC, GSAABNOC, GSAABSOC, GSM39NOC, GSM39SOC, GSAALOMj and in
Shaft at Boundary with Rustler Formation (GSMSHJPC) Under Undisturbed Conditions

MB 138 North: GSM.38NOC MB 138 South: GSM3&SOC Anh a and b North: GSAABNOC Anh a and b South: GSAABSOC

Variableh

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

SALPRES

HALPRM

SHRGSSAT

SRRC’

0.59

0.26

-0.28

0.19

-0.16

0.16

0.10

R2d

0.35

0.43

0.50

0.54

0.56

0.58

0.59

Variable

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

ANHPRM

SALPRES

HALPRM

SHRGSSAT

SRRC

0,59

0.29

-0.24

0.15

0.15

-0.15

0.13

0.09

R2

0.35

0.44

0.50

0.52

0.54

0.56

0.58

0.58
—

Variable

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

ANHPRM

SALPRES

R2

0.37

0.49

0,53

0.57

0.60

0.61

R2

0.36

0.46

0.50

0.52

0.55

0.57

Step’ SRRC Variable SRRC

0.59

0.32

–0.20

0.16

–O. 16

0.13

1

2

3

4

5

6

7

8

0.60

0.33

-0.22

0.19

0.17

-0.10

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

SALPRES

ANHPRM

MB 139 North: GSM39NOC MB 139 South: GSM39SOC MBs Total: GSAALOM Jp Shaft at Rustler: GSMSHUPC

Variable

WMICDFLG

ANHBCVGP

ANHPRM

SALPRES

WGRCOR

SRRC

0.66

–0.18

0.15

–0.13

0.11

R2

0.44

0.47

0.50

0.51

0.53

Variable

WMICDFLG

SALPRES

WGRCOR

SRRC

0.49

–0.17

0.13

R2

0.24

0.27

0.28

—

Variable

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

ANHPRM

SALPRES

SRRC

0.61

0,34

–0.22

0.20

0.15

-0.11

R2

0.38

0.50

0.54

0.58

0.61

0.62

Variable

SHPRMCON

SHRGSSAT

SHPRMCLY

SRRC

–0.43

-0.41

0.35

R2

0.20

0.37

0.49

Step

1

~

3

4

5

6

‘ Steps in stepwise regression analysis,

h Vwiables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model

c Standardized rank regression coefficients in final regression model,

d Cumulative R2 value w]th entry of each variable into regression model

brine inflow to the marker beds (Table 7.6.4). However, the R2 values for the individual regression models tend to

be low (i.e., 0.31 to 0.49 in Table 7.6.4) due to the large number of observations that result in no increase in pore

volume, Scatterplots for the effects of WA41CDFLG, HALPOR, SALPRES and WGRCOR on pore volume increase at

10,000 yr are shown in Fig. 7.6.14, with the two strongest trends involving WMICDFLG and HALPOR.

Fracturing is of concern because it can create zones of enhanced permeability between the repository and the

boundary with the accessible environment (i.e., the land withdrawal boundary), which is 2.75 km from the

repository. The longest observed fractures were approximately 2 km in length (Table 7.6.5) and thus did not reach

the accessible environment. Further, most sample elements result in no fracturing of the marker beds (Table 7.6.5).

As for fracture volume, fracture length can both increase and decrease with time due to changes in pressure (Fig.

7.6.15).
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Fig. 7.6.10. Scatterplots for cumulative gas flow in marker beds away from repository (GSAALOM) under
undisturbed conditions over 10,000 yr versus WMICDFLG, HALPOR and ANHBCVGP.

7-56



BRAGFLO (EO, RI, R2, R3)

800 Time: 10000 yr
●

.
.

●

.

.
● ✎

✎

.
●✎

■ ■

.

0,00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0,40

Shaft Residual Gas Saturation: SHRGSSAT

TRI-6342-5146-0

Fig. 7.6.11. ScatterPlots for cumulative gas flow in shaft away from repository at boundary with Rustler Formation

(GSA4SHUPC) under undisturbed conditions over 10,000 yr versus SHRGSSAT.
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Fig. 7.6.12. Uncertainty and sensitivity analysis results for total pore volume increase in marker beds (PVOLI_T)

under undisturbed conditions.
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Fig. 7.6.13. Pore volume increase due to fracturing in individual marker beds (PVOL138N, PVOL138S, PVOLIABN,

PVOLIABS, PVOL139N, PVOL139S, pvOL1–~ at 1o,ooo yr Under undisturbed conditions.

Table 7.6.4. Stepwise Regression Analyses with Rank-Transformed Data for Pore Volume Increase Due
to Fracturing in Individual Marker (PVOL138N, PVOL138S, PVOLIABN, PVOLIABS.
PVOL139N, bVOL139S, PVOLl_7) Beds at 10,000 yr Under Undisturbed Conditions

MB 138 North: PVOLJ38N MB 138 South: PVOL138S Anh a and b North: PVOLIABN Anh a and b South: PVOLJABS

Stepa Variableh SRRCC ~2d Variable SRRC ~2 Variable SRRC ~2 Variable SRRC ~1

J WMICDFLG 0.42 0.16 WMICDFLG 0.42 0.17 WMICDFLG 0.49 0.24 WMICDFLG 0.44 0.19

2 HALPOR 0.29 0.25 HALPOR 0.29 0.26 HALPOR 0.28 0.32 HALPOR 0.30 0.28

3 SALPRES –0.20 0.29 SALPRES –(),20 0.30 SALPRES –0.24 0.38 SALPRES -0.18 0.31

4 WGRCOR 0.13 0.31 WGRCOR 013 0.32 WGRCOR 0.12 0.39 WGRCOR 0.12 0,33

5 SHRGSSAT 0.11 0.41 SHRGSSAT 0.12 0.34

6 HALPRM –o. 11 0.42

MB 139 North: PVOL139N MB 139 South: PVOL139S MBs Total: PVOLI_T

Step Vmable SRRC R2 Variable SRRC R2 Variable SRRC R2

1 WMICDFLG 0.53 0.27 WMICDFLG 0.52 0.26 WMICDFLG 0.54 0.28

2 HALPOR 0.37 0.41 HALPOR 0.34 0.38 HALPOR 0.37 0.42

3 SALPRES –0.2 I 0.45 SALPRES -0.21 0.42 SALPRES -0.20 0.46

4 WGRCOR 0.15 0,47 WGRCOR 0.14 0.44 WGRCOR 0.16 0.49

“ Steps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model

c Standardized rank regression coefficients In final regression model.
d Cum”lativc RI value with entrY of each variable into regresslOn mOdel.
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Table 7.6.5. Number of Observations Producing Fracture Zones of Different Lengths in Individual
Marker Beds (FRACX38N, FRACX38S, FRACXABN, FRACXABS, FRACX39N,
FRACX39S) at 10,000 yr under Undisturbed Conditions

Marker Bed

MB 138 (N): FRACX38N
MB 138 (S): FRACX38S
Anh A,B (N): FRACXABN

Anh A,B (S): FRACXABS

MB 139 (N): FRACX39N

MB 139 (S): FRACX39S

a Numberof observationsoutof 300

Fracture Distance

5m 30 m 100 m 400 m 1030 m 1900 m

0, 9 10 5 2 5
0 6 14 6 5 0
1 6 11 14 7 5
1 6 12 12 2 0

10 15 19 16 3 0
8 15 25 5 1 0

BRAGFLO (EO, RI)
Length of Fractured Zone in North MB139 (FRACX39N)

‘“~

Fig. 7.6.15.
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Uncertainty and sensitivity analysis results for length of fracture zone in north MB 139 (FRACX39N)
under undisturbed conditions.
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Fracture volume (Fig. 7.6. 13) and length (Table 7.6.5) are highly correlated. Specifically, rank correlations of

0.9999, 0.9994, 0.9997, 0.9996, 0.9991 and 0.9987 exist between fracture volume and length for MB 138 North,

MB 138 South, Anhydrites a and b North, Anhydrites a and b South, MB 139 North, and MB 139 South. Thus, the

sensitivity analysis results obtained for fracture volume (Table 7.6.4, Fig. 7.6. 14) also apply to fracture length.

As an example, the brine and gas flows from the marker beds into the repository (BR4ALIC, GSAALIM) and

also from the repository into the marker beds (BRAALOC, GSAALOM) are summarized for sample elements 37 and

40 of replicate R1 in Fig. 7.6.16. Both sample elements have relatively small brine flows from the marker beds to

the repository (-800 m3 for element 37 and -390 m3 for element 40), with brine flow continuing over a longer

period of time for element 40 than element 37. Brine flows into the marker beds (-900 m3 for element 37 and -140

m3 for element 40) also occur once the pressure in the repository has risen to a sufficiently high level. A substantial

gas flow into the marker beds occurs for sample element 37 but no gas flow occurs for element 40, which is why

pressure levels off at an asymptote for element 37 but not for element 40. No gas flow takes place from the marker

beds to the repository for either sample element.

A more detailed representation of the brine flows out of and into the individual marker beds is given in Fig.

7.6.17 for sample elements 37 and 40 of replicate R1. Most of the brine flow out of the marker beds and all of the

brine flow into the marker beds are associated with MB 139.

A more detailed representation of the gas flows into the individual marker beds is given in Fig. 7.6.18. As no

such flows occurred for sample element 40, the gas flows associated with sample element 14 are presented as an

additional example. For sample element 14, the orderings of the gas flows out of the repository are GSAABNOM >

GSM38NOM > GSM39NOM at the northern end of the repository and GSM39SOM > GSAABSOM > GSM38SOM at

the southern end of the repository. For sample element 37, the corresponding orderings are GSAABNOM >

GSM39NOM > GSM38NOM and GSAABSOM > GSM38SOM > SGM39SOM = O mol, respectively. Most sample

elements result in no gas movement into the marker beds. When such movement does occur, the largest movements

are typically in Anhydrites a and b (Fig. 7.6.9).
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8. Fluid Flow in Vicinity of Repository: Disturbed Conditions

8.1 Overview

This chapter presents uncertainty and sensitivity analysis results for fluid flow in the vicinity of the repository

under disturbed conditions. These results were calculated with BRAGFLO for the three replicated samples (i.e., R 1,

R2, R3) indicated in Eq. (6.5.1). In particular, the following cases in Table 6.9.1 will be presented: an El intrusion

at 1000 yr, an E2 intrusion at 1000 yr, and an E2E1 intrusion with the E2 intrusion at 800 yr and the E 1 intrusion at

2000 yr. Calculations were also performed for El and E2 intrusions at 350 yr (Table 6.9.1). However, as the results

for fluid flow in the vicinity of the repository for intrusions at 350 yr are similar to those for intrusions at 1000 yr, the

results for intrusions at 350 yr will not be presented. The following topics related to conditions in the repository are

considered: brine inflow (Sect. 8.2), gas generation (Sect. 8.3), pressure (Sect. 8.4), saturation (Sect. 8.5), brine and

gas flow in an intruding borehole (Sect. 8.6), brine and gas flow in marker beds (Sect. 8.7), behavior of brine pocket

(Sect. 8.8), brine flow within repository and DRZ (Sect. 8.9), and behavior of E2E1 intrusions (Sect. 8.10). As in

each section of Chapt. 7, a number of specific results calculated by BRAGFLO are examined with techniques based

on examination of scatterplots, partial correlation coefficients, and stepwise regression analyses (Sect. 6.10). The

specific BRAGFLO results considered are listed in Tables 7.1.1 and 8.1.1, which can be used to obtain exact

definitions of the individual variables under consideration.

As in Chapt. 7, the sensitivity analysis results presented in this chapter are based on all 300 observations (i.e.,

replicates R 1, R2 and R3 are pooled for the performance of sensitivity analyses with scatterplots, correlation

coefficients and stepwise regression analyses). This permits the sensitivity analysis results to be based on all

available information. Similarly, summaries of uncertainty based on box plots also use all 300 observations. In

contrast, distributions of time-dependent results are typically shown for only replicate R 1 to avoid the presentation of

plots with so many individual curves that they are unreadable. However, mean and percentile curves are obtained

from all 300 observations.

The chapter concludes with results of BRAGFLO calculations for multiple El intrusions (Sect. 8.11). These

results are not listed in Table 6.9.1 and were not used in CCDF construction in the 1996 WIPP PA. Rather, these

calculations were performed to provide perspective on the possible effects of multiple E 1 intrusions when a block of

CPU time became available after the computational plan for CCDF construction had been finalized.
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Table 8.1.1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository Under Disturbed (i.e., El, E2, E2E1 )
Conditions in Addition to the Results in Table 7.1.1

Result Description

B_P_PRES

BNBHDNUZ

BNBHLDRZ

BNBHUDRZ

BRA PSNOC

BRA PSSOC

BRBPSNOC

BRBPSSOC

BRNPSIRC

BRNPSIWC

BRNVOL.B

GASBHUDZ

GSMBHUDZ

Volume-averaged pressure (Pa) in brine pocket (i.e., in Cells 1007-1023 in Fig.
4.2.3)

Cumulative brine flow (m3) down borehole at MB 138 (i.e., from Cell 223 to Cell
575 in Fig. 4.2.3)

Cumulative brine flow (m3) up borehole at bottom of lower DRZ (i.e., from Cell 78
to Cell 439 in Fig. 4.2.3)

Cumulative brine flow (m3) up borehole at top of DRZ (i.e., from Cell 513 to Cell
5’75 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ above panel seal to north (i.e., from Cells
475,489,503,517 to Cells 476,490, 504,518

Cumulative brine flow (m3) out of DRZ above panel seal to south (i.e., from Cells
475,489,503,517 to Cells 474,488,502,516 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ column below panel seal to north (i.e., from

Cells 443,457 to Cells 444,458 in Fig. 4.2.3)

Cumulative brine flow (m3) out of DRZ column below panel seal to south (i.e., from

Cells 443,457 to Cells 442,456 in Fig. 4.2.3)

Cumulative brine flow (m3) across panel seal into upper waste panels (i.e., from
Cells 638,639,640 to Cells 617,620,623 in Fig. 4.2.3)

Cumulative brine flow (m3) across panel seal into lower waste panel (i.e., from
Cells 638,639, 640 to Cells 602, 609,616 in Fig. 4.2.3)

Brine volume (m3) in brine pocket (i.e., in Cells 1007-1023 in Fig. 4.2.3)

Cumulative gas flow (m3 at standard temperature and pressure; GASBHUDZ =

0.02463 m3/mol * GSMBUDZ) up borehole at top of DRZ (i.e., from Cell 513 to

Cell 575 in Fig. 4.2.3)

Cumulative gas flow (mol) up borehole at top of DRZ (i.e., from Cell 513 to Cell
575 in Fig. 4.2.3)

8.2 Disturbed Conditions: Brine Inflow for El and E2 Intrusions

For undisturbed (i.e., EO) conditions, the two main pathways by which brine enters the repository are flow from

the Salado Formation through the anhydrite marker beds and drainage from the DRZ (Sect. 7.2). For E2 intrusions

(i.e., drilling intrusions that pass through the repository but do not penetrate pressurized brine in the Castile

Formation), an additional pathway is provided by brine flow down the intruding borehole from overlying formations;
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for El intrusions (i.e., drilling intrusions that pass through the repository and penetrate pressurized brine in the

Castile Formation), two additional pathways are provided by brine flow down the intruding borehole from overlying

formations and brine flow up the borehole from a pressurized brine pocket in the Castile Formation.

For brine inflow from the marker beds, EO, El and E2 conditions produce similar results (Figs. 7.2.1, 8.2.1),

with the inflows for El and E2 intrusions tending to be somewhat larger than the inflows for EO conditions

(Fig. 8.2.2). This difference results because El and E2 intrusions result in lower repository pressures (Sect. 8.4),

which in turn result in reduced resistance to brine flow toward the repository and hence greater brine flow out of the

marker beds. The dominant variables affecting brine flow from the marker beds are ANHPRM, HALPRM, and

WMICDFLG (Fig. 8.2.1). The positive effects for AAV7PRM and HALPRM result from reducing resistance to flow

in the anhydrite and halite, respectively. The negative effect for WMICDFLG results from increasing pressure in the

repository before the drilling intrusion at 1000 yr and thus increasing resistance to flow out of the marker beds. A

positive effect is also indicated for BHPRM after the E2 intrusion, with this effect resulting from reduced pressure in

the repository and hence reduced resistance to flow out of the marker beds (Sect. 8.4).

Stepwise regression provides another way to investigate the effects of uncertain variables on brine flow from the

marker beds (Table 8.2. 1). The first regression, EO: O - 1000 yr, in Table 8.2.1 is for cumulative brine flow out of

the marker beds under undisturbed conditions in the first 1000 yr after repository closure, which is also the flow that

occurs over this time period for E 1 and E2 intrusions at 1000 yr. The dominant variable is ANHPRM, with brine

flow out of the marker beds increasing as ANHPRM increases because of reduced resistance to flow. In addition,

positive effects are indicated for HALPRM and SALPRES, with increasing values for HALPRM decreasing resistance

to brine flow out of the halite into the marker beds and increasing values for SALPRES increasing the pressure

gradient towards the repository. Negative effects are indicated for WMICDFLG, WASTWICK, WGRCOR and

WGRMICI due to the role that these variables play in increasing gas generation and hence pressure in the repository

(Sect. 7.4).

Regression results for cumulative brine inflow from 1000 to 10,000 yr after a drilling intrusion at 1000 yr are

presented under the headings E2: 1000-10,000 yr and El: 1000-10,000 yr for E2 and El intrusions, respectively.

For both intrusion types, ANHPRM, SALPRES and HALPRM have similar effects to those observed for undisturbed

conditions, although ANHPRM can now account for more of the uncertainty (i.e., R2 = 0.81, 0.80 for E2, El: 1000-

10,000 yr versus R2 = 0.58 for EO: O - 1000 yr) in brine inflow due to the reduction in repository pressure resulting

from the venting of gas through the borehole. Consistent with this, BHPRM has a positive effect on brine inflow

from the marker beds for both intrusion types because increasing BHPRM tends to increase gas flow up the borehole

and thus reduce repository pressure. Small negative effects are indicated for WMICDFLG and BPCOMP for the E2

and El intrusions, respectively, with both variables tending to increase pressure in the repository and thus reduce

brine inflow from the marker beds.
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Fig. 8.2.1. Uncertainty and sensitivity analysis results for cumulative brine flow from anhydrite marker beds

(BRAALIC) for El and E2 intrusions at 1000 yr into lower waste panel.
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Table 8.2.1. Stepwise Regression Analvses with Rank-Transformed Data for Cumulative Brine Flow
from Anhydri~e Marker Beds (BF?AAHC) for El and E2 Intrusions at 1000 yr into Lower
Waste Panel

EO: O- 1000 yr I E2: 1000-10,000 yr I E2: 0-10,000 Y[ El: 1000- 10,000w
—

~2

—

0.83

0.85

0.87

0.88

0.89

0.90

.

Step’

1

2

3

4

5

6

7

~21i

0.58

0.79

0.88

0.89

0.90

0.90

0.91

Variable SRRC R2Variableb SRRCC Variable SRRC Variable

ANHPRM

WMICDFLG

BHPRM

HALPRM

SALPRES

WGRCOR

SRRC

0.91

–0.15

0.13

0.12

0.10

–0.05

ANHPRM

WMICDFLG

HALPRM

WASTWICK

SALPRES

WGRCOR

WGRMICI

0.73

-0.45

0.29

-0.11

0.08

-0.07

-0.07

ANHPRM

BHPRM

WMICDFLG

SALPRES

HALPRM

0.90

0.16

-0.10

0.81

0.84

0.85

0.86

0.86

ANHPRM

BHPRM

SALPRES

BPCOMP

HALPRM

0.89

0.14

0.12

–o. 10

0.08

0.80

0.82

0.83

0,84

0.85

0,10

0.08

I I

(E2: 0-10,000 yr)

-(El: O- 10,000yr)I E1:O - 10,000yr (E2: 0-10,000 yr) I (El: O- 10,000 yr)

- (EO: 0-10,000 yr) - (EO: 0-10,000 yr)

I
Variable SRRC

ANHPRM 0.74

WMICDFLG 0.27

WGRCOR 0.16

BHPRM 0.13

HALPOR 0.12

Variable SRRC R2

T
Variable SRRC

BPCOMP 0.57

ANHPRM 0.32

BHPRM 0.25

WMICDFLG –0.27

BPINTPRS 0.14

BPVOL 0.11

Step Variable SRRC R2

I I I

1

2

3

4

5

6

ANHPRM

HALPRM

BHPRM

SALPRES

WMICDFLG

BPCOMP

0.91

0.12

0.12

0.12

–o. 12

–0.09

0.83

0.84

0.86

0.87

0.88

0.89

0.55

0.63

0.65

0.67

0.68 --l
ANHPRM 0.64 0.43

WMICDFLG 0.32 0.54

WGRCOR 0.22 0.58

BPCOMP -0.15 0.61

HALPOR 0.12 0.62

BHPRM 0.10 0.63

BPVOL -0.09 0.64

WASTWICK 0.08 0.65

0.32

0.41

0.48

0.54

0.56

0.57

a Steps in stepwise regression analysis.

b v~able~ lisf~d in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model.

‘ Standardized rank regression coefficients in final regression model.

~ Cumulative R2 value with entry of each variable into regression model.

Results for the entire 10,000 yr period (i.e., E2: O -10,000 yr, El: O -10,000 yr in Table 8.2.1) are consistent

with those previously observed for the periods O - 1000 yr and 1000- 10,000 yr. In particular, the dominant variable

is ANHPRM, with small positive effects indicated for BHPRM, HALPRM and SALPRES, and small negative effects

indicated for WMICDFLG, WGRCOR and BPCOMP.

The last three regressions in Table 8.2.1 are for the differences between brine inflow for E2 and EO, El and EO,

and E2 and El intrusions (see Fig. 8.2.2 for scatterplots of the flows associated with EO, El and E2 intrusions). The

differences in brine inflows between E2 and El intrusions and undisturbed (i.e., EO) conditions are dominated by

ANHPRM, with the difference between flows for disturbed and undisturbed conditions tending to increase as

ANHPRM increases. This effect occurs because the potential of higher values of ANHPRM to allow more brine

inflow to the repository is realized to a greater extent under the lower repository pressure conditions associated with

El and E2 intrusions. Additional small effects are indicated for a number of variables. The difference between E2
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Fig. 8.2.2. Scatterplots for cumulative brine flow from anhydrite marker beds (BRAALIC) over 10,000 yr for EO
conditions, an El intrusion at 1000 yr into lower waste panel, and an E2 intrusion at 1000 yr into lower
waste panel.

and E 1 flows is dominated by BPCOMP, with this difference tending to increase as BPCOMP increases. This

behavior occurs because increasing BPCOMP increases brine inflow from the brine pocket to the repository and thus

pressure in the repository, with the result that brine inflow from the marker beds is reduced. Smaller effects are

indicated for several additional variables. However, the differences between brine inflows from the marker beds for

El and E2 intrusions are rather small (Fig. 8.2.2).

A more detailed summary of brine inflow can be obtained by examining the flows associated with individual

marker beds (Figs. 8.2.3, 8.2.4). In general, the patterns for El and E2 intrusion are similar to those already

observed for EO conditions (Fig. 7.2.2), although the flows for disturbed conditions tend to be somewhat higher due

to reduced repository pressures as previously discussed. The regression analyses for brine flows out of the

individual marker beds are presented in Tables 8.2.2 and 8.2.3. These analyses are consistent with previously

presented results (Tables 7.2.4, 8.2. 1) and will not be discussed.

Unlike brine flow from the marker beds, there is often considerable difference in cumulative brineflow into the

repository for EO, E 1 and E2 conditions (Figs. 7.2.1, 8.2.5). For the E2 intrusion, the cumulative brine inflow

increases relative to that observed for undisturbed conditions due to brine flow down the intruding borehole

(Fig. 8.2.6). Due to the assumption of a borehole plug at the Rustler/Salado interface with a 200 yr life expectancy
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BRAGFLO (El at 1000 yr, RI, R2, R3)
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Fig. 8.2.3. Cumulative brine flow over 10,000 yr into DRZ (BRM38NIC, BRM38SIC, BRAABNIC, BRAABSIC,

BRM39NIC, BRM39SIQ and into repository (BRNREPTC) for an El intrusion at 1000 yr into lower
waste panel.
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Fig. 8.2.4. Cumulative brine flow over 10,000 yr into DRZ (BRM38N1C, BRM38SIC, BRAABNIC, BRAABSIC,

BRM39NIC, BRM39SIC) and into repository (BRNREPTQ for an E2 intrusion at 1000 yr into lower
waste panel.
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Table 8.2.2. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Fiow
over 10,000 yr into Repository from Individual Marker Beds (BRM38N/C, BRlVf38S/C,
BRAABN/C, BRAABS/C, BRM39N/C, BRM39S/C) for an El Intrusion at 1000 yr into Lower
Waste Panel

MB 138 North BRM38N[C MB 138 South: BRM38SIC Anh A, B North: BRAABNIC Anh A, B South: BRAABSIC

Stepa Variableb SRRC’ R2d Variable SRRC ~2 Variable SRRC R2 Variable SRRC R2

1 ANHPRM 0.91 0.81 ANHPRM 0.90 0.80 ANHPRM 0,89 0,78 ANHPRM 0.89 0.79

2 HALPRM –0.3 1 0.91 HALPRM –0,29 0.89 WMICDFLG –0.22 0,83 WMICDFLG –0.18 0.82

3 WA41CDFLG –o. 11 0.92 WMICDFLG –o. 13 0.90 BHPRM 0.12 0.85 BHPRM 0.12 0.83

4 SALPRES O.O8 0.92 BHPRM 0.08 0,91 SALPRES 0.11 0.86 SALPRES 0.10 0.84

5 BHPRM 0.07 0.93 SALPRES 0.08 0.91 BPCOMP –0.08 0.86 BPCOMP –o. 10 0,85

6 BPCOMP –0.06 0.93 BPCOMP –0.06 0.92

Step

1

2

3

4

5

6

MB 139 North: BRM39NIC

Variable SRRC R2

ANHPRM 0.91 0.83

HALPRM 0.13 0,85

BHPRM 0.12 0.86

SALPRES 0.11 0.88

WMICDFLG -0.10 0.89

BPCOMP –0.08 0.89

MB 139 South: BRM39SIC

Variable

ANHPRM

HALPRM

SALPRES

BHPRM

BPCOMP

WMICDFLG

SRRC

0,89

0.21

0.12

0.12

–0,09

–0.08

R2

0.79

0.83

0.85

0.86

0.87

0.88

“ Steps in stepwise regression analysis.

b Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model,

CStandardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model.

(Table 4.3.8), this flow does not begin until 200 yr after the drilling intrusion. For the El intrusion, the cumulative

brine inflow increases relative to that observed for undisturbed conditions due to both brine flow down the intruding

borehole (Fig. 8.2.6) and brine flow up the intruding borehole from the brine pocket (Fig. 8.2.7). The sharp

increases in cumulative brine flow for El intrusions (Figs. 8.2.5, 8.2.7) take place during the 200 yr period (i.e., from

1000 to 1200 yr) during which an open borehole is assumed to exist between the brine pocket and the repository

(Table 4.3.8). In the computational implementation of the analysis, this section of the borehole is assigned a

permeability of 10-9 m2. After 1200 yr, the effects of flow down the borehole are also apparent for El intrusions

(Figs. 8.2.5, 8.2.6).

Prior to 1000 yr, the sensitivity analysis results for cumulative brine flow into the repository for EO, El and E2

conditions are the same (Figs. 7.2.3, 8.2.5), with HALPOR being the dominant variable. After 1000 yr, HALPOR is

gradually exceeded by BHPRM in importance for disturbed conditions due to the role of BHPRM in controlling brine

flow in the borehole. This flow takes place both down the borehole from overlying formation (Fig 8.2.6) and, for the

El intrusion, up the borehole from the brine pocket (Fig. 8.2.7). For flow down the borehole into the repository,

BHPRM is the dominant variable for both El and E2 intrusions (Fig. 8.2.6), with this effect resulting because
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Table 8.2.3. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
over 10,000 yr into Repository from Individual Marker Beds (BRM38N/C, BRM38S/C,
BRAABN/C, BRAABS/C, BRM39/V/C, BRM39S/C) for an E2 Intrusion at 1000 yr into Lower
Waste Panel

MB 138 North: BRM38NIC MB 138 South: BRM38SIC Anh A, B North: BRAABNIC Anh A, B South: BRAABSIC

Step’ Variableb SRRCC R2d Variable SRRC R2 Variable SRRC ~2 Variable SRRC R2

1 ANHPRM 0.90 0.81 ANHPRM 0.90 0.80 ANHPRM 0.89 0.78 ANHPRM 0.89 0.78

2 HALPRM -0.32 0.90 HALPRM –0.30 0.89 WMICDFLG –0.26 0.84 WMICDFLG –0.23 0.83

3 WMICDFLG –o. 13 0.92 WMICDFLG –o. 15 0.91 BHPRM 0.13 0.86 BHPRM 0.14 0.85

4 BHPRM 0.08 0,93 BHPRM 0.09 0.92 SALPRES 0.10 0.87 SALPRES 0.09 0.85

5 SALPRES 0.07 0.93 SALPRES 0.06 0,92 WGRCOR –0.05 0,87

IJ%%=E-
1

2

3

4

5

6

ANHPRM

HALPRM

BHPRM

WMICDFLG

SALPRES

WGRCOR

0.91

0.13

0.14

-0.13

0.10

–0.05

0.83

0.85

0.87

0.89

0.89

0.90

MB 139 South: BRM39SIC

Variable ] SRRC I R2

ANHPRM 0.89 0.80

HALPRM 0.21 0.84

BHPRM 0.13 0.86

WMICDFLG –o. 11 0.87

SALPRES 0,10 0.88

a Steps in stepwise regression analysis.
b Vafiables [i.sted in order of selection in regression analysis with ANHCOMP and HALCOMP exchd.erl from entry into regression model.

c Standardized rank regression coefficients in finat regression model.

d Cumulative R2 value with entry of each variable into regression model.

increasing BHPRM reduces resistance to flow in the borehole. A brief negative effect is indicated for WMICDFLG

shortly after 1200 yr (Fig. 8.2.6) due to the obstruction of brine inflow by the rapid venting of gas when the

repository is at high pressure. As a reminder, WMICDFLG is the dominant variable with respect to the uncertainty in

repository pressure under undisturbed conditions (Fig. 7.4.1, Table 7.4.1).

The variable WMZCDFLG also shows a negative effect on total brine inflow to the repository after 1200 yr for

the El intrusion that is not present for the E2 intrusion (Fig. 8.2.5). This behavior results because large flows of

brine can take place from the brine pocket to the repository for an El intrusion from 1000 to 1200 yr, during which

period an open borehole is assumed to connect the brine pocket and the repository (Fig. 8.2.5). However, this flow

will not take place when the repository pressure is too high (Fig. 8.2.8). Thus, the negative effect for WMICDFLG

again results from its dominant role in determining the uncertainty in repository pressure. This effect results in the

negative PRCC for WMICDFLG for cumulative brine flow from the brine pocket (Fig. 8.2.7) and thus in the negative

PRCC for cumulative brine flow into the repository (Fig. 8.2.6). In addition to the negative effect of WMICDFLG,

the variables BPCOMP and BHPRM have positive effects on cumulative brine flow from the brine pocket to the

repository. Specifically, increasing BPCOMP increases the amount of brine that leaves the brine pocket for each

unit drop in pressure, and increasing BHPRM both reduces the pressure in the repository and reduces resistance to

flow between the brine pocket and the repository.
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Stepwise regression analysis provides an alternative to the sensitivity anaiysis based on PRCCS in Figs. 8.2.5-

8.2.6 (Table 8.2.4). Under undisturbed conditions from O to 1000 yr, brine inflow to the repository is dominated by

HALPOR. After an E2 intrusion at 1000 yr, the dominant variable is BHPRM, with cumulative brine inflow

increasing as BHPRM increases. This effect happens for two reasons. First, increasing BHPRM reduces repository

pressure and thus allows more brine inflow from the marker beds. Second, increasing BHPRM allows more brine to

flow down the borehole and into the repository. After BHPRM, positive effects are indicated for ANHPRM,

HALPOR and HALPRM, with these variables increasing brine flow from the marker beds, DRZ and Salado halite,

respectively. Finally, a small negative effect is indicated for WRBRNSAT and results because increasing WRBRNSAT

decreases brine mobility within the repository and thus decreases the inflow of brine to the repository to replace

brine that has moved to a new location. The E2 results for O to 10,000 yr are similar to those for 1000 to 10,000 yr

with the exception that HALPOR is more important from O to 10,000 yr than from 1000 to 10,000 yr due to its

influence on brine drainage from the DRZ at early times.

Table 8.2.4. Ste~wise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow into
Repository (6RNf?HTC) (or El and E2 Intrusions at 1000 yr into Lower Waste Panel

EO: O -1000 yr E2: 1000-10,000 yr E2: 0-10,000 yI El: 1000- 10,000yr

Variableh

HALPOR

WMICDFLG

ANHPRM

HALPRM

WRBRNSAT

WASTWICK

SALPRES

WGRCOR

SRRCC

0.98

–o. 10 ~

0.08

0.05

–0.04

-0.04

-0.04

-0.03

R2d

0.96

0.97

0.97

0.97

0.98

0.98

0.98

0.98

Variable

BHPRM

ANHPRM

HALPOR

HALPRM

WRBRNSAT

SRRC

0,79

0.32

0.24

0.16

-0.08

R2

0.62

0.73

0.78

0,81

0.82

Variable

BHPRM

HALPOR

ANHPRM

HALPRM

WRBRNSAT

Variable

BHPRM

BPCOMP

WMICDFLG

BPVOL

ANHPRM

BPINTPRS

WGRCOR

SRRC

0.66

0.42

–0.27

0.16

0.14

0.09

-0.08

Stepa SRRC R2

1

2

3

4

5

6

7

8

0.66

0.51

0.24

0.15

–0.07

0.44

0.70

0.76

0.78

0.79

0.43

0.60

0.67

0.70

0,72

0.72

0,73

(El: 0-10,000 yr)

- (EO: 0-10,000 yr)

(E2: 0-10,000 yr)

- (EO: 0-10,000 yr)

El: O- 10,000yr (El: O- 10,000 yr)

- (E2: 0-10,000 yr)

R2

0.34

0.49

0.61

0.68

0.70

0.72

0.72

0.73

R2

0.69

0.76

0.80

0.81

0.82

0.82

Variable

BHPRM

BPCOMP

WM[CDFLG

BPVOL

BPINTPRS

ANHPRM

SRRC

0.68

0.45

-0.18

0.15

0,11

0.10

—
R2

0.46

0.67

0.70

0.72

0.73

0.74

Variable

BPCOMP

WMICDFLG

BHPRM

BPINTPRS

BPVOL

WASTWICK

SRRC

0.46

–0.34

–O.16

0.15

0.13

–0. 11

R2

0.21

0.32

0,34

0,36

0.38

0.39

Variable I SRRCStep Variable SRRC

1

2

3

4

5

6

7

8

BHPRM

BPCOMP

HALPOR

WMICDFLG

BPVOL

ANHPRM

BPINTPRS

HALPRM

0.58

0.38

0.34

–0.27

0.17

0.12

0.09

0.08

BHPRM

ANHPRM

WA41CDFLG

HALPRM

WGRCOR

WASTWICK

0.83

0.27

0.20

0.11

0.10

0.06

a steps in ~tepwise regression malysis.

b v~ables listed in Order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model.

CStandardized rank regression coefficients in finaf regression model.
d Cumu]atlve R2 value With entry of each variable into regression model
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After an E 1 intrusion at 1000 yr, the dominant variable is again BHPRM for reasons similar to those for the E2

intrusion. Further, brine can also flow into the repository from the brine pocket after an El intrusion, with the result

that BF’COMP, BPVOL and BPHW’PRS appear in the regression model with positive coefficients. Of these,

BPCOMP is the most important. A positive effect is also indicated for ANHPRM because of its role in controlling

brine flow from the marker beds, and negative effects are indicated for WMICDFLG and WGRCOR because of their

role in controlling repository pressure. As for the E2 intrusion, the results for O to 10,000 yr for the El intrusion are

similar to those for 1000 to 10,000 yr, with the same exception that HALPOR is more important from O to 10,000 yr

than from 1000 to 10,000 yr.

The final regressions in Table 8.2.4 are for the differences between brine inflow to the repository for E2 and EO,

El and EO, and E 1 and E2 intrusions. The differences between E2 and El intrusions and undisturbed (i.e., EO)

conditions are dominated by BHPRM because increasing BHPRM reduces pressure in the repository and resistance

to brine flow in the borehole. For the E2 intrusion, the difference also increases as ANHPRM, WMICDFLG,

HALPRM, WGRCOR and WASTWICK increase. The positive effects for ANHPRM and HALPRM result from

increasing flow into the repository from the marker beds after the intrusion. The positive effects for WMICDFLG,

WGRCOR and WASTWICK result from increasing repository pressure and thus reducing brine inflow from the

marker beds under undisturbed conditions. For the El intrusion, the difference also increases as BPCOMP, BPVOL,

BPINTPRS and ANHPRM increase and decreases as WMICDFLG increases. The positive effects for BPCOMP,

BPVOL and BPINTPRS result from increasing brine flow from the brine pocket, and the negative effect for

WMICDFLG results from decreasing flow from the brine pocket between 1000 and 1200 yr when an open borehole

exists beneath the repository (Fig. 8.2.8). The positive effect for ANHPRM results from increased flow out of the

marker beds due to reduced pressure in the repository after an E 1 pressure.

The dominant variable in determining the difference in brine flow into the repository for El and E2 intrusions is

BPCOMP, with this difference tending to increase as BPCOMP increases. In addition, negative effects are indicated

for WMICDFLG, BHPRM and WASTWICK, and positive effects are indicated for BPINTPRS and BPVOL. The

negative effects for WMICDFLG and WASTWICK result from increasing repository pressure and thus reducing flow

from the brine pocket between 1000 and 1200 yr (Fig. 8.2.8). The negative effect for BHPRM results because little

brine flow down the borehole occurs for small values of BHPRM, in which case brine flow from the brine pocket

dominates the difference in flows between E 1 and E2 intrusions; at large values of BHPRM, so much brine flows

down the borehole. that the repository saturates and rises to hydrostatic pressure, which reduces brine inflow from the

brine pocket (see Sect. 8.4 for additional discussion). The positive effects for BPINTPRS and BPVOL result from

their role in increasing flow from the brine pocket. However, the final regression model has an R2 value of only

0.39. Thus, the examination of scatterplots is advisable to obtain a better feeling for the processes involved in

determining this difference (Fig. 8.2.9). The dominant roles played by BPCOMP and BHPRM and the lesser role

played by WMICDFLG are clearly indicated by the scatterplots in Fig. 8.2.9. The primary differences in brine inflow
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10,000 yr) in Table 8.2.4) versus BPCOMP, BHPRM and WMICDFLG.
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to the repository for undisturbed (i.e., EO) and disturbed (i.e., E 1, E2) conditions derive from brine flow in the

intruding borehole. For the E2 intrusion, flow down the borehole into the repository is dominated by BHPRM (Table

8.2.5, Fig. 8.2. 10). Similarly, brine flow down the borehole for an El intrusion is also dominated by BHPRM,

although increasing values for BPCOMP tend to decrease the amount of flow down the borehole (Table 8.2.5,

Fig. 8.2. 10) by increasing the amount of repository pore volume that will be filled by brine from the brine pocket.

The difference in flow down the borehole for E2 and El intrusions is dominated by BHPRM and BPCOMP

(Table 8.2.5, Fig. 8.2. 11). In general, E2 intrusions tend to have more flow down the borehole than El intrusions

due to the absence of flow from the brine pocket. The most important variable with respect to flow from the brine

pocket is BPCOMP, with the flow tending to increase as BPCOMP increases (Table 8.2.5, Fig. 8.2.12). As a result,

increasing BPCOMP tends to increase the difference between brine flow down the borehole for E2 and E 1

intrusions.

Table 8.2.5. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
Through Borehole into DRZ (BNBHDNUZ, EW3HLDRZ) over 10,000 yr for El and E2

Step’

1

2

3

4

5

6

Intrusions at 1000 yr into Lower Waste Panel

E2: Upper DRZ

Variableh

BHPRM

HALPRM

HALPOR

ANHPRM

WRGSSAT

SRRC’

0.95

0.13

–0.06

–0.06

–0.04

R2d

0.90

0.92

0.92

0.92

0,93

El: Upper DRZ

Variable

BHPRM

BPCOMP

HALPRM

HALPOR

BPINTPRS

SRRC

0.90

–o. 11

0.10

–0.08

–0,06

0.81

0.82

0.83

0.84

0.84

(E2: Upper DRZ)

- (El: Upper DRZ)

Variable

BHPRM

BPCOMP

HALPOR

SHPRMASP I
SRRC ~2

0.69 0.48

0.20 0.52

-0.11 0.53

-0.10 0,54

E 1: Lower DRZ

Variable

BPCOMP

BHPRM

WMICDFLG

BPVOL

BPINTPRS

SHRBRSAT

ANHPRM

SRRC

0.72

0.34

–0.28

0.16

0.12

-0.07

-0.07

a Steps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model

0.52

0.64

0.71

0.74

0,75

0.76

0.76

‘ Standardized rank regression coefficients in final regression model.

d Cumulative R2 vahse with entry of each variable into regression model,
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– (El: Upper DRZ) in Table 8.2.5) versus BHPRM and BPCOMP.
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8.3 Disturbed Conditions: Gas Generation for El and E2 Intrusions

As most of the cellulose is consumed by microbial action by 1000 yr for undisturbed conditions (Fig. 7.3.2),

there is not a significant difference between gas generation due to microbial degradation under disturbed and

undisturbed conditions. However, disturbed conditions result in greater gas generation from corrosion due to the

increased amount of brine entering the repository (Figs. 8.3.1, 8.3.2).

Gas generation due to corrosion for E 1 and E2 intrusions is dominated by WGRCOR, WASTWICK, HALPOR

and BHPRM, with gas generation tending to increase as each of these variables increases (Fig. 8.3.1). The positive

effect for WGRCOR results from increasing the rate at which steel is consumed by corrosion, and the positive effects

for WASTWICK, HALPOR and BHPRM result from increasing the amount of brine available for the corrosion

process. Similar results were obtained in the PRCC analysis for gas generation under undisturbed conditions except

that BHPRM was not a relevant variable (Fig. 7.3.5).

Similar results were also obtained in stepwise regression analyses for total gas generation due to corrosion over

10,000 yr for El and E2 intrusions (Table 8.3.1). For both intrusion modes, the three dominant variables are

HALPOR, WGRCOR and BHPRM, with smaller effects indicated for several additional variables. For perspective,

scatterplots for HALPOR, WGRCOR and BHPRM for the E2 intrusion are shown in Fig. 8.3.3.

More gas is produced by E 1 and E2 intrusions than for EO (i.e., undisturbed) conditions; further, sometimes the

amount of gas produced under E 1 conditions exceeds that produced under E2 conditions and sometimes the reverse

is true (Fig. 8.3.2). The dominant variables in determining the difference in the amount of gas produced under El or

E2 conditions and the amount of gas produced under EO conditions are BHPRM and WGRCOR, with this difference

tending to increase as each of these variables increases. The positive effect for BHPRM results from increasing the

amount of brine entering the repository, and the positive effect for WGRCOR results from increasing the rate at

which this brine is consumed by corrosion. Smaller effects are also indicated for several additional variables. For

the E2 intrusions, the difference also tends to increase as ANHPRM and WMICDFLG increase because increasing

ANHPRM allows more brine to flow into the repository under the decreased pressures associated with the E2

intrusion and increasing WMICDFLG elevates repository pressure under EO conditions and thus tends to reduce the

amount of brine flowing into the repository. For the El intrusion, increasing BPCOMP and BPINTPRS increases the

amount of brine flowing into the repository from the brine pocket, increasing HALPOR makes it less likely that

corrosion will be brine limited under EO conditions, and increasing WMICDFLG tends to exclude brine under EO

conditions.

The first three variables selected in the regression analysis for the difference between gas generation due to

corrosion for E 1 and E2 intrusions are BPCOMP, BHPRM and WMICDFLG, with this difference tending to increase
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Fig. 8.3.2. Scatterplots for cumulative gas generation over 10,000 yr due to corrosion (FE_MOL~ for EO
conditions, an El intrusion at 1000 yr into lower waste panel, and an E2 intrusion at 1000 yr into lower
waste panel.

as BPCOMP increases and tending to decrease as BHPRM and WMICDFLG increase (Table 8.3.1). The positive

effect for BPCOMP results from allowing more brine flow from the brine pocket to the repository for El intrusions;

the negative effect for BHPRM results from allowing more brine flow into the repository from overlying formations

for E2 intrusions, and the negative effect for WMICDFLG results from reducing brine flow from the brine pocket to

the repository during the 200 yr period immediately following an El intrusion in which an open borehole is assumed

to exist between the brine pocket and the repository (Fig. 8.2.8). After BPCOMP, BHPRM and WMICDFLG, the

regression model selects an additional 6 variables. However, the final regression model has an R2 of only 0.36,

which indicates a rather poor fit to the data. In such cases, an examination of scatterplots is often informative (Fig.

8.3.4).

The scatterplots in Fig. 8.3.4 show patterns involving BPCOMP, BHPRM and WMICDFLG that are consistent

with the signs of the regression coefficients in Table 8.3.1. In particular, the difference in gas generation for El and

E2 conditions tends to increase as BPCOMP increases and to decrease as BHPRM and WMICDFLG increase.

However, BHPRM shows a complex pattern with the difference only being affected by the largest values of BHPRM.

This pattern cannot be captured by the linear regression techniques in use, which results in a low R2 value for the

final regression model. As discussed in Sect. 8.4, the indicated effect for BHPRM results from the tendency of the

intruded waste panel to fill with brine for large values of BHPRM.
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Table 8.3.1. Stepwise Regression Analyses with Rank-Transformed Data for Gas Generation Due to
Corrosion (H_ MOLE) and Total (i.e., Corrosion and Microbial) Gas Generation
(GAS_ MOLE) for El and E2 Intrusions at 1000 yr into Lower Waste Panel

Gas, Corrosion

E2: 0-10,000 yr

~2dStep=

1

2

3

4

5

6

7 T
Variableb SRRCC

HALPOR 0.52

WGRCOR 0.45

BHPRM 0.42

ANHPRM 0.13

WASTWICK 0.09

SHRGSSAT 0.08

WMICDFLG –0.08

Step

1

2

3

4

5

6

7

8

9

0.29

0.49

0.67

0.69

0,70

0.70

0.71

Gas, Corrosion

(El: 0-10,000 yr)

- (E2: 0-10,000 yr)

Variable

BPCOkfP

BHPRM

WMICDFLG

HALPRM

HALPOR

ANHPRM

BPINTPRS

WGRCOR

WASTWICK

SRRC

0.32

–0.29

–0.28

–o. 17

–0.15

-0.13

0.13

0.12

–o. 11

R2

0.10

0.18

0.25

0.28

0.30

0.32

0.34

0.35

0.36

Gas, Corrosion

El: O- 10,000 yr

Variable SRRC R2

HALPOR

WGRCOR

BHPRM

WMICDFLG

BPPRM

BPINTPRS

0.47

0.47

0.34

–o. 19

–0.16

0.10

0.23

0,45

0.57

0.61

0.63

0.64

Gas, Corrosion

(E2: 0-10,000 yr)

- (EO: 0-10,000 yr)

Variable SRRC Rz

BHPRM 0.73 0.54

WGRCOR 0.37 0.68

ANHPRM 0,19 0.71

WMICDFLG 0.10 0.72

Gas, Corrosion

(El: O- 10,000 yr)

- (EO: 0-10,000 y,)

Variable I SRRC I R2

BHPRM

WGRCOR

BPCOMP

HALPOR

WMICDFLG

BPINTPRS

0.56

0.39

0.27

–0.15

–o. 11

0.10

0.31

0.46

0.53

0.55

0.57

0.58

Gas, Total

E2: 0-10,000 yr

Variable

WMICDFLG

HALPOR

WGRCOR

BHPRM

ANHPRM

HALPRM

SRRC

0.53

0.44

0.36

0.34

0.13

0.07

—
R2

0.28

0,48

0.61

0.72

0.74

0.75

Gas, Total

El: O -10,000 yr

Variable

WMICDFLG

WGRCOR

HALPOR

BHPRM

BPCOMP

BPINTPRS

ANHPRM

~

0,44

0.41

0.41

0.28

0.13

0.09

0.08

R2

0.22

0.40

0.57

0.64

0.66

0.67

0.68

XSteps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis with ANHCOA4P and HALCOMP excluded from entry into regression model.

‘ Standardized rank regression coefficients in finaf regression model.

d Cumulative R2 value with entry of each variable into regression model.

Due to the effects of corrosion, total gas generation for El and E2 intrusions is also elevated relative to that

observed for undisturbed conditions (Figs. 7.3.4, 8.3.5, 8.3.6). Now, WMICDFLG appears as an important variable

(Fig. 8.3.5, Table 8.3. 1) in addition to WGRCOR, WASTWICK, HALPOR and BHPRM, which were also identified

when only gas generation due to corrosion was considered (Fig. 8.3.1, Table 8.3.1). As previously discussed,

WMICDFLG controls the amount of gas generated by the microbial degradation of cellulose.

The effects of the drilling intrusion are more apparent when gas generation in the intruded panel and the rest of

the repository are compared. Specifically, the intruded panel often has its entire steel inventory consumed by

corrosion (Figs. 8.3.7, 8.3.8), which does not occur for the remainder of the repository in intrusion scenarios

(Figs. 8.3.7, 8.3.8) or for the unintruded repository (Fig. 7.3.9).
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Fig. 8.3.6. Scatterplots for cumulative gas generation due to corrosion and microbial degradation (GAS_kfOLE) at
10,000 yr for EO conditions, an El intrusion at 1000 yr into lower waste panel, and an E2 intrusion at
1000 yr into lower waste panel.

There is a linear relationship between the amount of steel consumed by corrosion and the amount of gas

generated (Fig. 7.3 .8). As a result, the same variables that are identified as affecting the amount of gas generated by

corrosion (i.e., WGRCOR, WASTWICK, HALPOR, BHPRM in Fig. 8.3.1) are also identified as affecting the amount

of steel remaining in the upper and lower waste panels (Figs. 8.3.7, 8.3.8). Because the fraction of steel remaining

rather than the fraction of steel consumed by corrosion appears in Figs. 8.3.7 and 8.3.8, the signs on the PRCCS in

these two figures are reversed from the signs in Fig. 8.3.1.

Stepwise regression analysis provides a supplement to the sensitivity results based on PRCCS in Figs. 8.3.7 and

8.3.8 (Table 8.3.2). The dependent variables in Table 8.3.2 are fractions of steel consumed by corrosion under

different sets of conditions; regressions for amounts of gas generated by corrosion would produce the same results.

For the first 1000 yr in both the upper and lower waste panels, the dominant variable is WGRCOR, with the fraction

of steel consumed tending to increase as WGRCOR increases. In addition, positive effects are indicated for

WASTWICK, HALPOR and SHRGSSAT for the first 1000 yr in both the upper and lower waste panels and a negative

effect is indicated for WMICDFLG, with increasing values for WASTWICK and HALPOR tending to increase the

amount of brine available to the corrosion process, increasing values for WMICDFLG tending to decrease the
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Table 8.3.2. Stepwise Regression Analyses with Rank-Transformed Data for Fraction of Steel
Consumed in Upper and Lower Waste Panels (1–E!3%EM_R, l–FEREM_W) for El and E2

Intrusions at 1000 yr into Lower Waste Panel

Upper Waste Panels Upper Waste Panels Upper Waste Panels Upper Waste Panels

E2: 0-10,000 yr El: 1000-10,000 yr

Variable SRRC ~2 Variable SRRC //2

HALPOR 0.58 0.35 HALPOR 0.51 0.27

BHPRM 0.42 0.52 BHPRM 0.38 0.42

WGRCOR 0.38 0.67 WGRCOR 0,22 0.47

ANHPRM 0.12 0.68 WMICDFLG -0.20 0.50

WASTWICK 0.09 0.69 BPPRM –0.18 0.54

HALPRM 0.08 0.70 BPINTPRS 0.11 0.55

SHRGSSAT 0.08 0.70

E2: O -1000 yr

Step’ Variableh SRRCC

1 WGRCOR 0.81

E2: 1000-10,000 yr

Variable SRRC R2R2d

HALPOR

BHPRM

WGRCOR

ANHPRM

HALPRM

0.59

0.47

0,17

0,12

0.09

0,35

0.58

0.60

0.62

0.63

0.64

0.85

0.89

0.90

0.90

2

3

4

5

6

7

WASTWICK

HALPOR

WMICDFLG

SHRGSSAT

0.46

0.20

-0.09

0.05

Upper Waste Panels Upper Waste Panels Lower Waste Panel Lower Waste Panel

El: O- 10,000yr (El: O- 10,000 yr) E2: O- 1000 yr E2: 1000-10,000 yr

-(E2: O- 10,OOOy]

=’=1=Step I Variable SRRC Variable SRRC

1 HALPOR

2 WGRCOR

3 BHPRM

4 WMICDFLG

5 BPPRM

6 BPINTPRS

7

0.51

0.40

0.35

-0.20

-0.17

0.10

WGRCOR ] 0550.27

0.43

0.56

0.59

0.62

0.63

BPCOMP

WMICDFLG

BHPRM

HALPRM

WASTWICK

BPINTPRS

0.31

-0.30

-0.22

-0.17

-0.13

0.12

0.09

0.17

0.22

0.25

0.26

0.28

WGRCOR

WASTWICK

HALPOR

WMICDFLG

ANHPRM

SHRGSSAT

0.85

0.40

0.15

–0. 14

0.09

0.04

0.71

0.86

0.89

0.91

0,91

0.92

0.31

0,50

0.52

0,54

0.55

0.55

0.56

BHPRM ] 0.45

ANHPRM 0.14

WASTWICK –o. 12

SHRGSSAT 0.10

SHPRMCON –0.10

BPVOL I -0.091 t I I

(
Lower Waste Panel

f
Lower Waste Panel

El: 1000- 10,000yr

Lower Waste Panel

(El: 0-10,000 yr)

- (E2: 0-10,000 yr)

Lower Waste Panel

E2: 0-10,000 yr El: O- 10,000 yr

Variable

BHPRM

HALPOR

ANHPRM

BPINTPRS

HALPRM

WMICDFLG

Step

1

2

3

4

5

6

7

8

R2

0.51

0.66

0.70

0.72

0.74

0.74

Variable

WGRCOR

BHPRM

WASTWICK

R2

0.33

0.41

0.45

Variable

WGRCOR

BHPRM

WMICDFLG

WASTWICK

HALPOR

SHRGSSAT

BPINTPRS

ANHPRM

R2

0.62

0.68

0.71

0.73

0.75

0.75

0.76

0.76

SRRC

–0.43

–0.37

-0,30

0.14

–o. 12

–o. 11

SRRC

0.57

0.28

-0.22

SRRC

0.79

0.26

-0.18

0.13

0.12

0.08

0.08

0.07

R2

0.19

0.32

0.42

0.44

0.45

0.46

Variable I SRRC

WGRCOR

BHPRM

HALPOR

ANHPRM

WMICDFLG

WASTWICK

0.71

0.39

0.18

0.17

–o. 11

0.08

‘ Steps in stepwise regression analysis,

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model,

CStandardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model,
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amount of brine available to the corrosion process, and increasing values of SHRGSSAT tending to alter patterns of

gas and brine flow across the part of the computational grid corresponding to the shaft within the repository and

DRZ (i.e., Regions 10 and 11, Fig. 4.2.1). Also, a small positive effect for ANHPRM is indicated in the lower panel

due to its role in enhancing brine flow from the marker beds.

For E2 intrusions between 1000 and 10,000 yr, HALPOR is the most important variable for the upper waste

panels and WGRCOR is the most important variable for the lower waste panel (Table 8.3.2). For both upper and

lower panels, BHPRA4 is the second variable selected in the regression analysis. The upper panels receive less of the

brine flowing down the borehole than the lower panel. As a result, the amount of brine entering by drainage from the

DRZ, which is determined by HALPOR, is the most important variable in determining the amount of steel that will

be consumed by corrosion. In contrast, the lower panel receives more brine inflow on a unit vo~ume basis than the

upper panels and the amount of steel consumed is dominated by how fast this brine can be used in the corrosion

process, with this rate dominated by WGRCOR. The variable BHPRM has a positive effect due to its role in

increasing both brine flow down the borehole and out of the marker beds. The variable ANHPRM also has a positive

effect in both regressions due to its role in increasing brine flow out of the marker beds. The appearance of

WASTWICK with a negative regression coefficient for the lower waste panel results because increasing WASTWICK

increases steel consumption in the first 1000 yr and thus reduces the amount of steel that can be consumed between

1000 and 10,000 yr. Several other variables (i.e., HALPRM, SHRGSSAT, SHPRMCON, BPVOL) are indicated as

having small effects. Increasing HALPRM tends to increase brine flow out of the marker beds (Table 8.2.1). The

variables SHRGSSAT and SHPRMCON affect gas and brine flow across the part of the computational grid

corresponding to the shaft within the repository and DRZ (i.e., Regions 10 and 11, Fig. 4.2.1). The appearance of

BPVOL is spurious.

The regressions for E2 intrusions between 1000 and 10,000 yr have relatively low R* values (i.e., 0.63, 0.56)

due to patterns of the form shown by the scatterplots in Fig. 8.3.9. Specifically, the left and right columns in

Fig. 8.3.9 display scatterplots for the first three variables selected in the regression analyses in Table 8.3.2 for steel

consumption between 1000 and 10,000 yr in the upper and lower waste panels, respectively. For the upper waste

panels, the positive trends indicated in the scatterplots for HALPOR, BHPRM and WGRCOR are consistent with the

positive regression coefficients in Table 8.3.2. However, the patterns are fairly diffuse, and the fact that corrosion

ceases in the absence of brine is producing patterns that are difficult to capture with a linear regression model. In

particular, a well-defined relationship between steel consumption and WGRCOR can be seen for small values of

WGRCOR, with this pattern then becoming very diffuse for larger values of WGRCOR due to brine exhaustion. For

the lower waste panel, a much stronger relationship between gas generation and WGRCOR can be seen because the

extensive brine flow into the lower waste panel makes it unlikely that corrosion will cease due to brine exhaustion.

The leveling off and actual decrease in the fraction of steel consumed for larger values of WGRCOR occurs because
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Fig. 8.3.9. ScatterPlots for fraction of steel consumed in upper waste panels (1–FEREM_R) (left frames) and

lower waste panel ( l–FEREM_W) (right frames) between 1000 and 10,000 yr for an E2 intrusion at
1000 yr into lower waste panel versus HALPOR, WGRCOR, BHPRM, and ANHPRM.
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large values of WGRCOR result in more steel consumption in the first 1000 yr and hence in less steel being available

for consumption between 1000 and 10,000 yr. For small values of WGRCOR, corrosion is not limited by the steel

inventory and so the loss of steel during the first 1000 yr has no effect on the fraction of steel consumed by corrosion

between 1000 and 10,000 yr. As for the upper waste panels, the relationships between the fraction of steel consumed

by corrosion and the sampled variables are too complex to be captured by a linear regression model.

When the entire 10,000 yr period is considered for E2 intrusions, HALPOR is the dominant variable with respect

to fraction of steel consumed in the upper panels (Table 8.3.2), and WGRCOR is the dominant variable with respect

to the fraction of steel consumed in the lower panel (Table 8.3.2, Figure 8.3.10). The greater availability of brine in

the lower waste panel results in the fraction of steel consumed by corrosion being dominated by the rate at which

corrosion takes place (Fig. 8.3. 10). The larger values for WGRCOR result in a complete consumption of the steel if

adequate brine is present (Fig. 8.3.10). Overall, the patterns of variable influence are consistent with those

previously observed and discussed for the O -1000 yr and 1000-10,000 yr time periods.
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The O - 1000 yr results are identical for El and E2 intrusions at 1000 yr (Table 8.3.2). For the upper waste

panels over the interval 1000-10,000 yr, the analyses for El and E2 intrusions both select HALPOR, BHPRM and

WGRCOR as the first three variables in the regression model (Table 8.3.2) for reasons previously discussed. The

analysis for the E 1 intrusion then selects WMICDFLG, BPPRM and BPINTPRS. The selection of WMICDFLG with

a negative regression coefficient results because of the role that WMICDFLG plays in reducing andlor stopping brine

flow from the brine pocket to the repository in the 200 yr period between the occurrence of the drilling intrusion and

the failure of the plug at the Rustler/Salado interface (Fig. 8.2.8). The appearance of BPPRM with a negative

regression coefficient is counterintuitive; however, BPCOMP and BPPRM were sampled with a rank correlation of –

0.75, which can cause unanticipated patterns in a regression analysis. The variable BPINTPRS appears with a

positive regression coefficient because increasing its value tends to increase brine flow from the brine pocket to the

repository.

For the lower waste panel over the interval 1000-10,000 yr, the regression analysis for the El intrusion selects

WGRCOR, BHPRM and WASTWICK and produces a model with an R2 value of only 0.45 (Table 8.3.2). This poor

fit is resulting from patterns that cannot be captured by the regression model in use (Fig. 8.3.11). Specifically, the

linear relationship for small values of WGRCOR followed by an asymptote for larger values is too complex for a

simple linear regression model to duplicate.

The variable BPCOMP was identified as being important with respect to the amount of brine that flows from the

brine pocket to the repository for an El intrusion (Table 8.2.5, Fig. 8.2.12). However, BPCOMP does not appear in

the sensitivity analyses for the amount of steel consumed by corrosion subsequent to an El intrusion (Fig, 8.3.8,

Table 8.3.2). Given the large amount of brine that typically enters the repository for an E 1 intrusion, the importance

of BPCOMP with respect to the amount of brine entering the repository is lost due to the dominant effect of

WGRCOR in determining the rate at which this brine is consumed (Figs. 8.3.11, 8.3.12). A similar pattern occurs for

E2 intrusions, where BHPRM controls the amount of brine flowing down a borehole into the repository (Table 8.2.4,

Fig. 8.2. 10) and the amount of steel consumed by corrosion subsequent to an intrusion is dominated by WGRCOR

(Fig. 8.3.9).

For steel consumption in the upper waste panels over the entire 10,000 yr period with an El intrusion at 1000 yr,

the same variables are identified as for steel consumption from 1000 to 10,000 yr (Table 8.3.2), which is consistent

with the result that most steel consumption occurs after 1000 yr (Fig. 8.3.8). For steel consumption in the upper

waste panels, the analyses for both E 1 and E2 intrusions identify HALPOR, WGRCOR and BHPRM as the top three

variables. Interestingly, the regression analysis for steel consumption in the lower waste panel over the entire 10,000

yr period with an E 1 intrusion at 1000 yr is considerably more successful than the corresponding analysis for steel

consumption between 1000 and 10,000 yr (i.e., a model with 8 variables and an R2 of 0.76 versus a model with 3

variables and an R2 of 0.45). This difference arises from the difficulty of capturing the effects of a complete
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Fig. 8.3.11. Scatterplots for fraction of steel in upper waste panels ( l–FEREM_R) (left frames) and lower waste

panel ( l–FEREM_W) (right frames) consumed by co~osion between 1000 and lQOOO yr for an E1
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Scatterplots for fraction of steel consumed in upper ( l–FEREM_R) and lower ( l–FEREM_~ waste

panels between 1000 and 10,000 yr for an E 1 intrusion at 1000 yr into lower waste panel versus
BPCOMP.

of the remaining steel inventory between 1000 and 10,000 yr (Figs. 8.3.8, 8.3.11). The dominant

variable for steel consumption in the lower waste panel with an El intrusion at 1000 yr is WGRCOR, which is

consistent with the corresponding scatterplot in Fig. 8.3.10. The remaining 7 variables in the regression model (i.e.,

BHPRM, WASTWICK, HALPOR, SHRGSSAT, BPINTPRS and ANHPRM with positive regression coefficients and

WMICDFLG with a negative regression coefficient) have considerably smaller effects than WGRCOR and have been

discussed previously for results in the 0-1000 yr and 1000-10,000 yr time intervals.

Regression analyses were also performed for the upper and lower waste panels for the difference between

fraction of steel consumed for El and E2 intrusions at 1000 yr (Table 8.3.2). However, neither regression was very

successful in identifying the variables that determine these differences (i.e., R2 values of 0.28 and 0.46). For

perspective, scatterplots of the variables used to define the indicated differences for the upper and lower waste panels

are shown in Fig. 8.3.13. The basic problem is that the underlying patterns are too complicated to be captured by a

simple regression model (Fig. 8.3. 14). For the upper waste panels, BPCOMP, BHPRM, WMICDFLG and HALPOR

interact to determine the difference between steel consumption for El and E2 intrusions (Fig. 8.3.14). Large values

for BPCOMP tend to increase the difference because of increased brine flow from the brine pocket. Similarly, large

values of WMICDFLG tend to decrease the difference because of decreased flow from the brine pocket. Small
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Fig. 8.3.13. Scatterplots for fraction of steel in upper ( l–FEREM_R) and lower ( l–F’EREA4_tlo waste panels

consumed by corrosion for E 1 and E2 intrusions at 1000 yr into lower waste panel.

values for HAL.POR tend to increase the difference because drainage from the DRZ is a more important brine source

for the E2 than the El intrusion. Finally, the cases where steel consumption for the E2 intrusion exceeds steel

consumption for the El intrusion are associated exclusively with the largest values for BHPRM.

For the lower waste panel, BPCOMP, BHPRM, WMICDFLG and HALPOR again determine the difference

between steel consumption for El and E2 intrusions (Fig. 8.3.15). In contrast to the upper waste panels where

positive and negative differences occur over the entire range of steel consumption (Fig. 8.3.13), steel consumption

under El conditions always equals or exceeds the consumption under E2 conditions for the lower waste panel

(Fig. 8.3. 13). Further, the largest differences are strongly concentrated near a consumption fraction of 1 for the El

intrusion (Fig. 8.3. 13). When corrosion rates are small, El and E2 intrusions result in corrosion of similar amounts

of steel (Fig. 8.3.10) because there is no exhaustion of the available brine. At higher corrosion rates, the amount of

steel that can be consumed by corrosion becomes limited by the amount of available brine, which is why the El

intrusion often results in the consumption of more steel in the lower waste panel than does the E2 intrusion

(Fig. 8.3. 13). This pattern is consistent with the scatterplots for the lower waste panel in Fig. 8.3.15. Specifically,

increasing BPCOMP increases the difference between the fraction of steel consumed under El and E2 conditions

because it increases the amount of brine present under El conditions. Similarly, increasing each of BHPRM and

HALPOR tends to increase the amount of brine present under E2 conditions and thus reduce the difference between

the fraction of steel consumed under E 1 and E2 conditions. Finally, increasing WMICDFLG tends to reduce the
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HALPOR.
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amount of brine present under El conditions and thus reduce the difference between the fraction of steel consumed

under El and E2 conditions. However, the large number of observations for which steel consumption in the lower

waste panel is the same for E 1 and E2 intrusions creates a pattern that cannot be captured by a simple regression

model, which is why the corresponding regression in Table 8,3.2 has an R2 value of only 0.46.

The increased brine inflow, and hence increased corrosion, results in the increased gas generation observed for

El and E2 intrusions relative to that observed for undisturbed conditions (Figs. 8.3.2, 8.3.6). Due to the different

patterns of brine inflow, and hence corrosion, in the upper and lower waste panels, there are also different patterns of

gas generation (Figs, 8.3.16, 8.3.17). In particular, gas generation in the lower waste panel ceases for some sample

elements due to a complete consumption of the steel inventory (Figs. 8.3.7, 8.3.8). In contrast, the steel inventory is

not depleted in the upper waste panels (Figs. 8.3.7, 8.3.8) and so gas generation continues over the entire 10,000 yr

period unless there is no brine in the upper waste panels.

The PRCCS in Figs. 8.3.16 and 8.3.17 for cumulative gas generation consistently show WMICDFLG to be the

dominant variable due to its role in determining the amount of gas generated by microbial degradation of cellulose.

After WMICDFLG, the selected variables are consistent with those obtained in Figs. 8.3.7 and 8.3.8 for fraction of

steel remaining, with the appropriate reversal in sign. For completeness, Table 8.3.3 presents the same regression

analyses for total gas generation as presented in Table 8.3.2 for amount of steel consumed. The results in

Tables 8.3.2 and 8.3.3 are generally the same with the appropriate addition of WMICDFLG due to its role in

influencing microbial gas generation.
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microbial degradation in upper waste panels (GSMO.L_R) (upper frames) and lower waste panel
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8-41



BRAGFLO (El at 1000 yr, Rl)
Total Cum Gas Generated Uppe Panels (GASMOL_R)

g 1.5 1 1 1 1
E ~

‘0

$ 1,2 [

Time (103 yr)

BRAGFLO (El at 1000 yr, RI)
Total Cum Gas Generated Lowe Panel (GASMOL_W)

F 2.0

2

‘0
L 1.6

3
-1’
0
~ 1,2

a
c1

%
% 0.8
L
g

: 0.4

:
KJ
P 0.0

0,0

Fig. 8.3.17.

2.0 4.0 6.0 8.0 10.0

Time (103 yr)

BRAGFLO (Elat 1000 yr, RI, R2, R3)
Total Cum Gas Generated Uppe Panels (GASMOL_R)

1.00

z
al ----:”--:-=- -= ---=--

-------- . .
g 0.50
al ,/

~ 0.25 - /lf ‘\.
0 ---.—
‘%

f -------- ------
p 0.00 !
z I

I Dependent Variable
~ –0.25 GASMOL_R

— WMICDFLG
------- WGRCOR
—---- WASTWICK
----- HALPOR

\
-,,00-

0.0 1.5 3.0

Time (103 yr)

1.00

0.75
E
al.-
; 0.50

~ 0.25
.g

f 0.00

~ -0.25
,-

BRAGFLO ( El at 1000 yr, R1 , R2, R3)
Total Cum Gas Generated Lower Panel (GASMOL_W)

1 -------- --------- . . . . . . . . . . . . . . . . --,. .”--

,
‘\,-

.%.
--~

‘N
.\---

------ -----

1! i

II Dependent Variable

GASMOL_W 4
z
:-0.50

I

— WMICDFLG
------- WGRCOR

.—
c —---- WASTWICK

$ –0.75
1

-1,00 ~
0.0 1.5 3.0 4.5 6.0 7.5

Time (103 yr)

TRI-6342-4957-0

Uncertainty and sensitivity analysis results for cumulative gas generation due to corrosion and
microbial degradation in upper waste panels (GAM40LJ?) (upper frames) and lower waste panel
(GASA40L_kto (lower frames) for an El intrusion at 1000 yr into lower waste panel.

8-42



Table 8.3.3. Stepwise Regression Analyses with Rank-Transformed Data for Amount of Gas Generated
over 10,000 yr Due to Corrosion and Microbial Degradation in Upper (GASMOL_R) and
Lower (GASMOL_VV) Waste Panels for El and E2 Intrusions at 1000 yr into Lower Waste
Panel

Upper Waste Panels Upper Waste Panels Upper Waste Panels Upper Waste Panels

E2: 0-1000 w E2: 1000-10,000 yr E2: 0-10,000 yr El: 1000- 10,000yr

Step’

1

2

3

4

5

6

7

Variableb

WMICDFLG

WGRCOR

WASTWICK

H.4LPOR

WGRMIC1

ANHBCUGP

ANHPRM

!Step

1

2

3

4

5

6

SRRCC

0.86

0.34

0.23

0.11

0.04

–0.03

0.03

1 1
I I

Rzd I Variable I SRfW I R’ I Variable

0,76 I HALPOR I 0.58 I 0.35 I WMICDFLG

0.88 BHPRM I 0.47 I 0.57 HALPOR

0.93 WGRCOR 0.17 0.60 BHPRM

0.94 ANHPRM I 0.12 I 0.61 I WGRCOR

a__LLE&

SRRC

0.54

0.47

0.33

0.30

0.12

0.08

0.07

0.30

0.52

0.63

0.72

0.74

0.74

0.75

Variable

HALPOR

BHPRM

WGRCOR

BPPRM

WMICDFLG

BPINTPRS 1
SRRC R2

0.51 0.27

0.38 0.41

0.23 0.47

–o. 17 0.50

–0. 18 0.53

0.12 0.54

Upper Waste Panels Upper Waste Panels Lower Waste Panel Lower Waste Panel

El: O- 10,000yr (El: 0-10,000 yr) E2: O -1000 yr E2: 1000-10,000 yr

- (E2: 0-10,000 yr)

Variable SRRC Rz Variable SRRC R2 Variable SRRC R2 Variable SRRC Rz

WMICDFLG 0.45 0.22 BPCOMP 0.31 0.09 WMICDFLG 0.84 0.73 WGRCOR 0.55 0.31

HALPOR 0.45 0.43 WMICDFLG –0.30 0.17 WGRCOR 0.39 0,88 BHPRM 0.44 0.51

WGRCOR 0.35 0.55 BHPRM –0.22 0.22 WASTWICK 0,21 0,93 ANHPRM 0.14 0.53

BHPRM 0.28 0.63 HALPRM –o. 17 0.25 HALPOR 0.09 0.93 WASTWICK –o. 12 0.54

BPCOMP 0.13 0.65 WASTWICK –0.13 0.26 ANHPRM 0.07 0.94 SHRGSSAT 0.10 0.55

BPINTPRS 0.09 0.66 BPINTPRS 0.12 0.28 WGRMICI 0.03 0.94

1 1 I 1 1
Lower Waste Panel Lower Waste Panel Lower Waste Panel Lower Waste Panel

E2: 0-10,000 yr El: 1000-10,000 yr E1:O - 10,000yr (E 1:0-10,000 yr)

- (E2: 0-10,000 yr)

Step Variable SRRC R2 Variable SRRC Rz Variable SRRC R2 Variable SRRC Rz

1 WGRCOR 0,63 0.42 WGRCOR 0.58 0.34 WGRCOR 0.70 0.50 BHPRM –0.43 0.19

2 WMICDFLG 0,38 0.56 BHPRM 0.28 0.42 WMICDFLG 0.39 0.66 HALPOR -0.36 0.32

3 BHPRM 0.33 0.68 WASTWICK –0.22 0.46 BHPRM 0.22 0.71 ANHPRM -0.30 0.42

4 ANHPRM 0.15 0.70 SHRGSSAT 0,11 0.47 ANHBCVGP –0.08 0.71 BPINTPRS 0,13 0.44

5 HALPOR 0.13 0.72 BPPRM -0.07 0.72 HALPRM –o. 12 0.45

6 SHRGSSAT 0.08 0.72 SHRGSSAT 0.07 0.72 WMICDFLG –0. 11 0.46

ANRGSSAT 0.10 0.47

‘ Steps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model.

CStandardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model.
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8.4 Disturbed Conditions: Pressure for El and E21ntrusions

Pressure intherepository under undisturbed conditions tends to increase monotonically towards an asymptote

for each sample element (Fig. 7.4.1), with the value of this asymptote determined primarily by the amount of gas

generated bycomosion andmicrobial degadation (Fig. 7.4.3). Avery different pattern isexhibited under disturbed

conditions, with pressure tending to decrease rapidly after a drilling intrusion (Fig. 8.4.1). The results in Fig. 8.4.1

are for pressure in the lower waste panel; the pressure histories for the upper waste panels are very similar

(Fig. 8.4.2).

Due to the assumption of a borehole plug with a life expectancy of 200 yr at the Rustler/Salado interface (Table

4.2.8), the E2 intrusion at 1000 yr has no effect on repository pressure until 1200 yr. In contrast, the El intrusion is

modeled with an open borehole (i.e., with a permeability of 10–9 m2) between the plug and the brine pocket during

this 200 yr period, with the result that the potential for flow between the brine pocket and the repository exists. The

effects of this flow can be seen in the rapidly changing pressures between 1000 and 1200 yr for some sample

elements for the El intrusion (Fig. 8.4.3). However, the highest repository pressures show little change from 1000 to

1200 yr because these pressures are sufficiently high to prevent brine flow from the brine pocket to the repository

(Fig. 8.2.8). These high repository pressures tend to be associated with large values for WMICDFLG (Fig. 8.4.4).

Sample elements with low pressures at 1000 yr often undergo a sudden increase in pressure immediately after the

drilling intrusion, with this pressure then decreasing over the next 200 yr (Fig. 8.4.3) due to brine and gas flow

through the DRZ and the panel closures to the remainder of the repository. The effect of the DRZ and panel closures

in spreading out the pressure pulse due to penetration of a brine pocket can be seen in the slow monotonic increase in

pressure in the rest of the repository in contrast with the sharp increase in pressure in the waste panel associated with

the intrusion into the brine pocket (Fig. 8.4.3). Repository pressure undergoes a rapid decrease after failure of the

plug at the Rustler/Salado interface at 1200 yr due to gas outflow (Fig. 8.4.1).

The PRCCS in Fig. 8.4.1 prior to 1000 yr are the same as those in Fig. 7.4.1 for undisturbed conditions. At 1000

yr, pressure in the repository is dominated by WMICDFLG and other variables (i.e., WGRCOR, WASTWICK,

HALPOR, ANHPRM, WGRMICI) that influence gas generation under undisturbed conditions (Figs. 8.4.1, 8.4.4,

Table 8.4. 1). Immediately after 1200 yr, BHPRM shows a negative effect on pressure because gas flow up the

borehole increases with increasing values for BHPRM. However, the PRCCS in Fig. 8.4.1 and regression analyses in

Table 8.4.1 are not very successful in identifying the variables dominating the uncertainty in pressure after 1200 yr

(e.g., the two regressions in Table 8.4.1 for pressure at 10,000 yr have R2 values of only 0.20 and 0.25).
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Fig. 8.4.1. Uncertainty and sensitivity analysis results for repository pressure (WAS_PRES) for El and E2
intrusions into lower waste panel at 1000 yr.
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8.0 9.0 10.0 11.0 12.0 13,0 14.0

Time (102 yr)

Fig. 8.4.3. Pressure in waste panel (WAS_PRES) penetrated by an E 1 intrusion at 1000
panel) and in rest of repository (REP_PRES) (i.e., the upper waste panels).

TRI-6342-4960-0

yr (i.e., the lower waste
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Fig. 8.4.4. Scatterplot for repository
WMICDFLG.

0.3 0.6 0.9 1.2 t .5 1.8

Microbial Gas Generation Flag: WMICDFLG

TRI-6342-4961 -0

pressure (WAS_PRES) at 1000 yr under undisturbed conditions versus

Table 8.4.1. Ste~wise Regression Analyses with Rank-Transformed Data for pressure in Lower Waste
Panel (WASIPRES) for El-and E2 intrusions into Lower Waste Panel at 1000 yr

I 1 I f
E2: 1000 yr

Stepa Variableb SRRCC R2d

1
2

3
4

5
6

WMICDFLG

WGRCOR

WASTWICK

HALPOR

ANHPRM
WGRMICI

0.87
0.33

0.21
0.08
0.05
0.04

0.78
0.89
0.94
0.94
0.95
0.95

E2: 10,000 yr

Variable I SRRC

HALPRM 0.36
ANHPRM 0.24

HALPOR 0.14

I El: 10,000 yr I

T
R2 Variable

0.13 HALPRM

0.19 BPCOMP

0.20 ANHPRM
BPVOL

HALPOR 1
SRRC R2

0.36 0.12
0.22 0.17
0.18 0.20
0.17 0.23
0.15 0.25

‘ Steps in stepwise regression analysis.
h Variables listed in order of selection in ~egress]on analysis with ANffCOMP and HALCOMP excluded frOm entrY intO re~ressiOn mOdel

‘ Standardized rank regression coefficients;n final regression model.

d Cumulative R2 value with entry of each variable into regression model.
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The poor performance of the sensitivity measures after 1200 yr is due to patterns that cannot be identified by the

regression-based procedures in use. In particular, repository pressure is dominated by BHPRM after 1200 yr

(Fig. 8.4.5). Pressure tends to decrease as BHPRM increases until a value of approximately 10-116 m2 (2.5 x 10-12

m2) is reached; at this point, pressure jumps to approximately 6 x 106 Pa, which is hydrostatic pressure at repository

depth. The patterns in Fig. 8.4.5 result from an interplay of gas and brine flow in the borehole. At low

permeabilities, little gas can flow out the borehole and so pressures remain high, As BHPRM increases, more gas

can flow out the borehole and so pressure decreases. In particular, pressure stays relatively low (i.e., - 1.5 to

3.0 x 106 Pa) at intermediate values for BHPRM because a continuous brine column is not established between the

repository and overlying formations. As BHPRM increases, more brine flows down the borehole and the repository

fills with brine at higher values of BHPRM. When this occurs, a continuous brine column is established between the

repository and overlying formation, with the result that reposito~ pressure then jumps to hydrostatic pressure.
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Fig. 8.4.5. ScatterPlots for repository pressure (WAS_PRES) at 10,000 yr versus BHPRM for E 1 and E2 intrusions
at 1000 yr into lower waste panel.
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Total pore volume in the repository is shown in Fig. 8.4.6. Pore volume tracks pressure very closely

(Fig. 7.4.5). As a result, pore volume is influenced by the same variables as repository pressure, with BHPRA4 being

the dominant variable (Fig. 8.4.5). Due to the lower pressures, pore volume under disturbed conditions is lower than

pore volume under undisturbed conditions (Figs. 7.4.4, 8.4.6).

As an example, the interplay between gas generation, repository pressure and repository volume for El and E2

intrusions at 1000 yr and sample elements 14 and 40 of replicate R1 are shown in Fig. 8.4.7. For both sample

elements and both intrusion modes, pressures in the lower (WAS_PRES) and upper (REP_PRES) waste panels are

indistinguishable at the level of resolution used in the plots. Further, pressure increases monotonically until the

borehole plugs fail 200 yr after the drilling intrusion (i.e., at 1200 yr) and then undergoes a decrease. The exact

pattern of this decrease depends on whether an El or E2 intrusion is under consideration and also on particular

parameter values (e.g., BHPRM) used in the individual calculations. After a period of rapid decrease at the

beginning of the calculation due to compaction of the repository, repository volume (PORVOL_~ tends to track

repository pressure closely. In particular, pore volume decreases as the pressure decreases after the borehole plugs

fail at 1200 yr. Gas generation due to microbial degradation of cellulose (CELL_MOL) ceases after a few 100 yr due

to exhaustion of the cellulose inventory. In contrast, gas generation due to corrosion (FE_MOLE) continues over the

entire 10,000 yr period, with gas generation for the E 1 intrusions tending to exceed gas generation for the E2

intrusions due to the greater availability of brine.
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Fig. 8.4.6. Uncertainty and sensitivity analysis results for total pore volume in repository (PORVOL_7’) for El and
E2 intrusions into lower waste panel at 1000 yr.
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8.5 Disturbed Conditions: Saturation for El and E21ntrusions

The occurrence of a drilling intrusion can have a significant effect on the brine saturation in both the upper and

lower waste panels (Figs. 8.5.1, 8.5.2). In particular, the tendency is to increase the saturation due to (1) increased

flow from the marker beds (Fig. 8.2.2), (2) flow down the borehole from overlying formations (Fig. 8.2.6), and

(3) flow up from the brine pocket in the event of an El intrusion (Fig. 8.2.7). Although saturation tends to increase

throughout the repository, the effect is particularly pronounced in the intruded panel (Figs. 8.5.1, 8.5.2), which is the

lower waste panel in the calculations reported in this section. As indicated by the horizontal brine saturation curves

in Figs. 8.5.1 and 8.5.2, the intruded panel often becomes fully brine saturated subject to the limitations imposed by

the residual gas saturation (WGRS5’A7). Due to the brine flow from the brine pocket, the intruded panel is more

likely to become fully brine saturated for an El intrusion than for an E2 intrusion.

As indicated by the PRCCS in Fig. 8.5.1, the uncertainty in the brine saturation in the unintruded (i.e., upper)

waste panels after an E2 intrusion is determined by HALPOR, BHPRM, WGRCOR and WASTWICK, with saturation

tending to increase as HALPOR and BHPRM increase and tending to decrease as WGRCOR and WASTWICK

increase. The positive effects for HALPOR and BHPRM result because increasing each of these variables allows

more brine to enter the waste panels. The negative effects for WGRCOR and WA STWICK result because increasing

each of these variables increases the rate at which brine is consumed by corrosion, which in turn has two effects on

saturation. First, the direct loss of brine reduces saturation. Second, the generation of gas by corrosion increases

repository pressure, which in turn tends to increase repository porosity due to pore space expansion and thus reduce

brine saturation. Together, these two effects result in a reduced amount of ~ne occupying an increased pore

volume. Pore space expansion due to increased pressure is also why WMICDFLG appears as an important variable

prior to the intrusion and then drops to having no effect as the gas generation by microbial degradation is vented

after the drilling intrusion. As a reminder, most microbial gas generation ends by 1000 yr (Figs. 7.3.1, 7.3.2).

As an alternative analysis for brine saturation in the upper waste panels after an E2 intrusion, regression results

for saturation at 10,000 yr are presented in Table 8.5.1. As in the PRCC analysis (Fig. 8.5.1), positive effects are

indicated for BHPRM and HALPOR and negative effects are indicated for WGRCOR and WASTWICK. In addition,

small positive effects are indicated for ANHPRM and HALPRM because increasing each of these variables tends to

increase brine flow out of the anhydrite marker beds (Tables 8.2.1, 8.2.2). Small values for BHPRM and HALPOR

often result in a complete consumption of the brine in the upper waste panels (i.e., a brine saturation of zero); a

similar pattern also occurs for large values of WGRCOR (Fig. 8.5.3). A similar but less pronounced pattern also

occurs for ANHPRM, with smaller values tending to be associated with zero brine saturations. A small negative

effect is indicated for SHRGSSAT (Table 8.5.1), probably due to its role in affecting gas and brine flow across the

part of the computational grid in the repository and DRZ that corresponds to the shaft.
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BRAGFLO (E2 at 1000 yr, Rl)
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Fig. 8.5.1. Uncertainty and sensitivity analysis results for brine saturation in upper (REP_SATB) and lower
(WAS_SATB) waste panels for an E2 intrusion at 1000 yr into lower waste panel (Note: Plots for
PRCCS show all variables that have a PRCC that exceeds 0.5 in absolute value at some point in time,
with the PRCCS for the variables with the five largest, in absolute value, PRCCS being plotted and the

maximum, in absolute value, PRCCS being shown for the remaining variables together with the
intervals over which the PRCCS exceed 0.5 in absolute value; e.g., the maximum of the absolute value
of the PRCC between WAS_SATB and WRGSSAT for the E2 intrusion is 0.552 and this PRCC exceeds
0.5 in absolute value over the time interval [8400, 10,000 yr].)
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Fig. 8.5.2. Uncertainty and sensitivity analysis results for brine saturation in upper (REP_.SATB) and lower
(WAS_SATB) waste panels for an El intrusion at 1000 yr into lower waste panel (See Note, Fig. 8.5.1).
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Table 8.5.1. Stepwise Regression Analyses with Rank-Transformed Data for Brine Saturations in LJmer

Step’

1

2

3

4

5

6

7

8

9

(R.EP_SAT/3)-and Lower ( WAS_ SATB) Waste Panels at 10,000 yr for El and E2 Intrusions
at 1000 yr into Lower Waste Panel

E2: Upper Waste Panel.

Variableh

BHPRM

WGRCOR

HALPOR

ANHPRM

WASTWICK

HALPRM

SHRGSSAT

SRRCC

0.58

-0.44

0.35

0.20

–o. 15

0.14

–0.08

Rzd

0.34

0.52

0.64

0.68

0.70

0.72

0.73

E2: Lower Waste Panel

Variable

BHPRM

WRGSSAT

ANHPRM

HALPOR

SHPRMHAL

WGRCOR

SRRC

0.59

-0.40

0.23

0.13

-0.12

-0.10

R2

0.36

0.52

0.57

0.59

0.60

0.61

E 1: Upper Waste Panel. .

Variable

BHPRM

WGRCOR

HALPOR

BPCOMP

WASTWICK

WMICDFLG

BPVOL

ANHPRM

SHRGSSAT

SRRC

0.52

–0.48

0.28

0,26

-0.16

–0.15

0.11

0.11

–0.10

R2

0.26

0.48

0.56

0,62

0,65

0.67

0.68

0.69

0.70

El: Lower Waste Panel

Variable

WRGSSAT

BHPRM

BPCOMP

WMICDFLG

ANHPRM

SRRC

-0.64

0.41

0,14

-0.12

0.11

a Steps in stepwise regression analysis.

h Variables listed in order of selection in regression arralysis with ANHCOMP and HALCOMP excluded from entry into regression model

R2

0.42

0.58

0.60

0.62

0.63

‘ Standardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model

For brine saturation in the lower (i.e., intruded) waste panel after an E2 intrusion at 1000 yr, the PRCCS in

Fig. 8.5.1 indicate positive effects for BHPRM and HALPOR, negative effects for WGRCOR and WRGSSAT, and

negative, rapidly decreasing effects for WMICDFLG and WASTWICK. The corresponding regression analysis for

brine saturation at 10,000 yr indicates positive effects for BHPRM, ANHPRM and HALPOR, and negative effects for

WRGSSAT, SHPRMHAL and WGRCOR (Table 8.5.1). However, the final regression model has an R2 of only 0.61.

Given the structure of the individual curves in Fig. 8.5.1, it is useful to examine an appropriate set of scatterplots to

determine what is giving rise to the patterns in Fig. 8.5.1 and how these patterns may be affecting the PRCC and

stepwise regression analyses (Fig. 8.5.4).

As the scatterplots in Fig. 8.5.4 show, saturation tends to increase as each of BHPRM, ANHPRM and HALPOR

increases. These effects result because increasing each of these variables increases brine inflow to the intruded

panel. Of these three variables, BHPRM has the largest effect because of its role in both reducing pressure in the

repository, which increases brine flow out of the marker beds, and allowing brine flow down the intruding borehole.

However, due to the large amount of brine inflow, the panel tends to completely fill with brine, with the result that

the primary determinant of brine saturation is the residual gas saturation WRGSSAT. The dominant role played by

WRGSSAT in determining brine saturation can be seen in the straight line of points in the corresponding scatterplot

in Fig. 8.5.4.
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Fig. 8.5.4. ScatterPlots for brine saturation in lower waste panel (WAS_SATB) at 10,000 yr for an E2 intrusion at
1000 yr into lower waste panel versus BHPRM, WRGSSAT, ANHPRM and HALPOR.
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The uncertainty and sensitivity analysis results for brine saturation subsequent to an El intrusion are similar to

the corresponding results for an E2 intrusion (Figs. 8.5.1, 8.5.2, Table 8.5.1). Overall, the brine saturations tend to

be somewhat higher for the El intrusion due to the additional brine inflow from the brine pocket. The role of the

brine pocket for E 1 intrusions can be seen in the regressions in Table 8.5.1 in the appearance of BPCOMP and

BPVOL with positive regression coefficients and the appearance of WMICDFLG with a negative regression

coefficient. As indicated by the small changes in R2 values with the entry of these variables into the regression

models, they are not having large effects on saturation, which is consistent with the similarity of the results for E2

and El intrusions in Figs. 8.5.1 and 8.5.2.

A result closely related to brine saturation is the volume of brine contained in the repository (Figs. 8.5.5, 8.5.6).

As indicated by the PRCCS in Fig. 8.5.5, brine volume in the upper (i.e., unintruded) waste panels subsequent to an

E2 intrusion tends to increase as BHPRM and HALPOR increase and tends to decrease as WGRCOR and

WASTWICK increase. Increasing each of HALPOR and BHPRM tends to increase the amount of brine entering the

upper waste panels, and increasing each of WGRCOR and WASTWICK tends to increase the amount of brine being

consumed by corrosion. These effects are consistent with the regression results and scatterplots for brine volume in

the upper waste panels subsequent to an E2 intrusion (Table 8.5.2, Fig. 8.5.7). In addition to BHPRM, HALPOR,

WGRCOR and WASTWICK, the regression analysis for brine volume at 10,000 yr also indicates small positive

effects for ANHPRM and HALPRM and a small negative effect for WRBRNSA T. The positive effects for ANHPRM

and HALPRM result from their role in influencing the amount of brine that flows from the marker beds to the

repository (Table 8.2.2). The negative effect for WRBRNSAT probably results from its role in influencing brine flow

patterns within the repository. The effects indicated for BHPRM, WGRCOR and HALPOR on brine saturation in the

upper waste panels are consistent with the corresponding scatterplots in Fig. 8.5.7. The scatterplot for BHPRM

shows a well-defined pattern, with a sudden jump in brine volume at 10X = 10-11“6 m2, x = BHPRM. As discussed

in Sect. 8.4, this jump corresponds to the lower waste panel becoming fully brine saturated.

For the lower (i.e., intruded) waste panel after an E2 intrusion at 1000 yr, PRCCS indicate small positive effects

for BHPRM, ANHPRM and HALPOR and a small negative effect for WGRCOR (Fig. 8.5.5). However, the PRCCS

tend to be small (e.g., all PRCCS are less than 0.5 in absolute value by 10,000 yr). The corresponding regression

model in Table 8.5.2 has an R2 value of only 0.44 and thus is also not very successful in accounting for the

uncertainty in brine volume. As examination of Fig. 8.5.7 shows, the poor performance of regression-based results

derives from a complex pattern of behavior involving BHPRM. In particular, three distinct regimes of behavior can

be seen. Above 10X = 10-11”6 m2, x = BHPRM, brine volumes are clustered around 5 x 103 ms; as discussed in

Sect. 8.4 and illustrated in Fig. 8.4.5, these volumes are associated with the repository being at hydrostatic pressure.

Between 10X = 10-12’6 m2 and 10X = 10-11”6 m2, x = BHIJRJf, volumes are clustered around 2.4 x 10s m3; as

shown in Fig. 8.4.5, these volumes are associated with low pressures in the repository. Below 10X = 10–126 m2,
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for an E2 intrusion at 1000 yr into lower waste panel (See Note, Fig.
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Table 8.5.2. Stepwise Regression Analyses with Rank-Transformed Data for Brine Volumes in Utmer

Step’

1

2

3

4

5

6

7

8

9

10

(/3~NVOL_R~and Lower (&?A/VOL_W) Waste Panels at 10,000 yr for El and E2 Intrusions
at 1000 yr into Lower Waste Panel

E2: Upper Waste Panel

Variableh

BHPRM

WGRCOR

HALPOR

ANHPRM

HALPRM

WASTWICK

WRBRNSAT

SRRC’

0.58

–0,38

0.36

0.21

0.17

-0.14

–0.08

R2d

0.33

0.47

0.60

0.64

0.67

0.69

0.70

E2: Lower Waste Panel

Variable

ANHPRM

BHPRM

HALPRM

HALPOR

WGRCOR

WRGSSAT

WRBRNSAT

SRRC

0.38

0.37

0,26

0.23

–0.13

-0.11

–o. I 1

0.15

0.28

0.35

0.40

0.42

0.43

0.44

El: Upper Waste Panel

Variable

BHPRM

WGRCOR

HALPOR

BPCOMP

WMICDFLG

WASTWICK

BPVOL

ANHPRM

SHRGSSAT

HALPRM

SRRC

0.52

–0.44

0.28

0.28

-0.16

-0.14

0.15

0.13

–0:10

0.10

R2

0.27

0.45

0.53

0,60

0.63

0.65

0.67

0.69

0.70

0.70

E 1: Lower Waste Panel

Variable

BPCOMP

HALPRM

ANHPRM

BHPRM

HALPOR

WRGSSAT

BPVOL

WMICDFLG

BPINTPRS

WGRCOR

SRRC

0.28

0.28

0.23

0.21

0.18

–0.15

0.15

–o. 14

0.13

–0.12

—
R2

0.08

0.15

0.20

0.25

0.28

0.30

0.32

0.34

0.36

0.37

a Steps in stepwise regression analysis.

b Vfiables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry into regression model.

CStandarclized rank regression coefficients in final regression model.
d ~umu]ative R2 value ~lth en~ of each variable into regression model

x = BHPRM, these volumes show a wide range of possible values, with this wide range corresponding to the

similarlv wide rarme of values for reuositorv Pressure (Fig. 8.4.5). Thus, there is a close, but complex, link between

repository pressure and volume of brine contained in the intruded waste panel (Fig. 8.5.8). In particular, BHPRM is

the dominant variable in determining both pressure and brine volume in the intruded panel (Figs. 8.4.5, 8.5.7) after

an E2 intrusion.

Brine volume in the upper (i.e., unintruded) waste panels subsequent to an El intrusion behaves in a similar

manner to that observed subsequent to an E2 intrusion (Figs. 8.5.5, 8.5.6). As for the E2 intrusion, (1) brine volume

tends to decrease with time but may show an increase at very late times, (2) positive effects are indicated for BHPRM

and HALPOR, and (3) negative effects are indicated for WGRCOR and WASTWICK (Fig. 8.5.5). The regression

models for brine volume in the upper waste panels after El and E2 intrusions are also similar (Table 8.5.2), although

the model for the El intrusion shows the effects of variables that affect the brine pocket (i.e., positive effects for

BPCOMP and BPVOL). The scatterplots for brine volume in the upper waste panels subsequent to an El intrusion

are similar to the corresponding scatterplots in Fig. 8.5.7 for brine volume subsequent to an E2 intrusion.
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Brine volume in the lower (i.e., intruded) waste panel subsequent to an El intrusion also behaves similarly to

brine volume subsequent to an E2 intrusion (Figs. 8.5.5, 8.5.6). Specifically, brine volume tends to cluster around

values of 5 x 103 m3 and 2.5 x 103 m3 (Fig. 8.5.6); the corresponding values for the E2 intrusion are 5 x 103 m3 and

2.4 x 103 m3 (Fig. 8.5.5). For the El intrusion, the PRCC analysis is poor, with all variables having PRCCS less than

0.3 in absolute value after the drilling intrusion at 1000 yr (Fig. 8.5.7). The regression analysis is also poor, with an

R2 value of only 0.37 (Table 8.5.2). This poor performance occurs because a complex relationship exist between

brine volume and BHPRM. Thus, as for the E2 intrusion, brine volume and repository pressure are being controlled

by BHPRM (Figs. 8.4.5,8.5.8, 8.5.9).

BRAGFLO (El at 1000 yr, RI, R2, R3) BRAGFLO (E2 at 1000 yr, RI, R2, R3)
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Fig. 8.5.8. Scatterplots for repository pressure (WAS_PRES) at 10,000 yr versus brine volume in lower waste
panel (BRNVOL_~ for El and E2 intrusions at 1000 yr into lo-wer waste panel.
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8.6 Disturbed Conditions: Brine and Gas Flow in Borehole for El and E2
Intrusions

The defining characteristics of disturbed conditions result from brine and gas flow in the intruding borehole. A

borehole plug at the Rustler/Salado interface is assumed to be effective for 200 yr after a drilling intrusion through

the repository (Table 4.2.8). After the failure of this plug, repository pressure drops rapidly (Fig. 8.4.1) due to gas

flow up the intruding borehole (Fig. 8.6.1). After an initial rapid venting of gas, the flow rate tends to continue at a

slower rate as additional gas is generated by the corrosion of steel.

Prior to the drilling intrusion, a very small amount of gas moves into the undisturbed halite at the edge of the

DRZ in the computational cell that will become part of the borehole (i.e., Cell 575 in Fig. 4.2.3). The amount of

movement that takes place is dominated by the indicator variable ANHBCVGP, with less gas movement taking place

into Cell 575 when the van Genuchten-Parker model (ANHBCVGP = 1) is used (Fig. 8.6.1). The preceding

statement is made because of the negative PRCC shown for ANHBCVGP (Fig. 8.6.1) between O and 1000 yr.

However, the actual magnitude of this movement is very small and of no consequence to the analysis and is

mentioned only because of the appearance of the PRCC for ANHBCVGP prior to 1000 yr in Fig. 8.6.1.

For the E2 intrusion, the amount of gas vented within a few hundred years of the plug failure is dominated by

WMICDFLG, BHPRM, WGRCOR and WASTWICK, with the amount of gas moving up the borehole tending to

increase as each of these variables increases (Fig. 8.6.1). The positive effects for WMICDFLG, WGRCOR and

WAS7TWCK result from increasing the amount of gas in the repository at the time of the intrusion, and the positive

effect for BHPRM results from reducing the resistance to gas flow in the borehole.

After the first few hundred years, WMICDFLG, BHPRM and WGRCOR continue to show positive effects on the

cumulative gas release for an E2 intrusion (Fig. 8.6.1). For WA41CDFLG, this continuing importance to cumulative

gas release is indicative of the large gas release that takes place immediately after the drilling intrusion (Fig. 8.6.1)

and the importance of WMICDFLG in determining the size of this release. As a reminder, WMICDFLG only affects

microbial gas generation, which is often completed by 1000 yr and almost always completed by 2000 yr (Fig. 7.3.1).

At later times, a positive effect is also indicated for HALPOR due to its role in influencing gas generation due to

corrosion (Fig. 8.6.1, also see Figs. 8.3.1, 8.3.3, 8.3.5, 8.3.16).

The PRCC results for gas flow up the borehole after an El intrusion are similar to those obtained for the E2

intrusion (Fig. 8.6. 1). In particular, positive effects are indicated for WMICDFLG, WGRCOR and BHPRM.

Similar results are also obtained in a stepwise regression analysis for cumulative gas flow up the borehole

subsequent to an E2 intrusion (Table 8.6.1). Specifically, gas flow up the borehole tends to increase as each of

WMICDFLG, BHPRM, HALPOR, WGRCOR, ANHPRM and SHRGSSAT increases. The roles of these variables
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Fig. 8.6.1. Uncertainty and sensitivity analysis results for cumulative gas flow up borehole at top of DRZ
(GSMBHUDn for El and E2 intrusions at 1000 yr into lower waste panel (See Note, Fig. 8.5.1).
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Table 8.6.1. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas

Stepa

1

2

3

4

5

6

7

8

9

(GSMIHUDZ)-and Brine (/3AklHUDRZ) Flow over 10,000 yr up Borehole at Top of DRZ for
El and E2 Intrusions at 1000 yr into Lower Waste Panel

E2: Gas Ftow

Variableh SRRCC

WMICDFLG 0.53

BHPRM 0.44

HALPOR 0.35

WGRCOR 0.33

ANHPRM 0.11

SHRGSSAT 0.08

R2d

0.29

0.49

0.62

0.73

0.74

0.75

El: Gas F1OW

Variable SRRC R2

WMICDFLG

WGRCOR

BHPRM

HALPOR

BPPRM

HALPRM

0.46

0,39

0,37

0.31

-0.11

-0.10

0.22

0.37

0.52

0.61

0.62

0.63

E2: Brine Flow

Variable SRRC

HALPRM –0.48

WMICDFLG 0.35

HALPOR 0.25

ANHBCVGP 0.22

BHPRM 0.13

WGRCOR –0.13

0.25

0.36

0.42

0.46

0.48

0.50

El: Brine Flow

Variable

BPCOMP

WMICDFLG

BHPRM

BPINTPRS

WGRCOR

HALPRM

WASTWICK

ANHBCVGP

HALPOR

SRRC

0.48

–0.42

0.36

0.18

–0, 19

–o. 12

–0.12

0.11

0.10

R2

0.21

0.38

0.51

0.54

0.58

0.59

0.60

0.61

0.62

‘ Steps in stepwise regression analysis.
h variables listed in order of selection in regression analysis with ANHCOMP and HALC(M4P excluded from entry into regression model.

CStandardized rank regression coefficients in final regression model.
d ~umu]atlve R2 value with entry of each variable into regression model.

have been discussed previously. Specifically, increasing WMICDFLG increases microbial gas generation; increasing

BHPRM both reduces resistance to gas flow up the borehole and allows more brine to enter the repository by flow

down the borehole and out of the marker beds; increasing HALPOR and ANHPRM increases brine flow into the

repository by increasing brine flow out of the DRZ and the marker beds, respectively; increasing WGRCOR increases

gas generation; and increasing SHRGSSAT alters brine and gas flow patterns within the repository. For perspective,

the corresponding scatterplots for WMICDFLG, BHPRM, HALPOR and WGRCOR are given in Fig. 8.6.2.

The regression analysis results for cumulative gas flow up the borehole subsequent to an E 1 intrusion are similar

to those obtained for an E2 intrusion (Table 8.6.1), although the final R2 value tends to be somewhat lower (i.e., 0.63

versus 0.75). The same top four variables are picked in both analyses (i.e., WMICDFLG, WGRCOR, BHPRM and

HALPOR). The selection of BPPRM with a negative regression coefficient is counterintuitive but may result from

the rank correlation of –0.75 assigned to BPCOMP and BPPRM, in any event, the effect indicated for BPPRM is

small (i.e., the inclusion of BPPRM in the regression model changes the R2 value from 0.61 to 0.62).

Unlike the extensive gas flows up an intruding borehole (Fig. 8.6.1), most sample elements result in no brine

flow up the intruding borehole (Fig. 8.6.3). Due to flow from the brine pocket (Fig. 8.2.7), the El intrusion usually

results in more brine flow up the borehole than the E2 intrusion when such flow occurs; however, the typical case is

no flow for both E 1 and E2 intrusions. In contrast to the general importance of the El intrusion with respect to brine

flow up the borehole, the largest such flow for replicate RI actually results from brine inflow from the marker beds

(i.e., compare the largest cumulative flow curves for El and E2 intrusions in Fig. 8.6.3).
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Fig. 8.6.2. ScatterPlots for cumulative gas flow up a borehole (GSMBHUDZ) over 10,000 yr subsequent to an E2
intrusion at 1000 yr into the lower waste panel versus WMICDFLG, BHPRM, HALPOR and WGRCOR.
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Fig. 8.6.3. Uncertainty and sensitivity analysis results for cumulative brine flow up borehole at top of DRZ

(BNBHUDRZ) for El and E2 intrusions at 1000 yr into lower waste panel.
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The PRCCS in Fig. 8.6.3 and also the regression analyses in Table 8.6.1 are probably not very good indicators of

variable importance for brine flow up the intruding borehole due to the large number of zero flows. In particular, the

regression analyses for E2 and El intrusions have R* values of only 0.50 and 0.63. Due to the large number of zero

flows, examination of scatterplots provides a more reliable indication of variable importance. For the E2 intrusion,

brine flow up the intruding borehole tends to be associated with large values for BHPRM and ANHPRM and small

values for WGRCOR (Fig. 8.6.4). The positive effect for BHPRM results because increasing BHPRM permits more

brine to enter the repository due to flow both down the borehole and out of the marker beds and also reduces

resistance to flow up the borehole should the intruded waste panel fill with brine. The positive effect for ANHPRM

results because increasing ANHPRM results in more brine flow out of the marker beds. Finally, the negative effect

for WGRCOR results because increasing WGRCOR causes more brine to be removed by corrosion and thus reduces

the amount of brine available for flow up the borehole; also, flow up the borehole of the additional gas produced for

large values of WGRCOR may impede brine flow in the borehole.

For the El intrusion, brine flow up the intruding borehole tends to be associated with large values for BHPRM

and BPCOMP and with small values for WMICDFLG (Fig. 8.6.5). The positive effects for BHPRM result for the

reasons just indicated for the E2 intrusion and also because increasing BHPRM reduces resistance to brine flow in

the borehole between the brine pocket and the repository (Fig. 8.2.12). The positive effect for BPCOMP results

because increasing BPCOMP increases the amount of brine that leaves the brine pocket for each unit drop in

pressure (Fig. 8.2. 12). Finally, the negative effect for WMICDFLG results because large values for WMICDFLG

prevent brine movement from the brine pocket to the repository during the 200 yr period that an open borehole exists

between these two locations (Fig. 8.2.8), which in turn means more brine from other sources is required to fill the

intruded panel before brine flow up the borehole can begin.

There is a complex interplay between repository pressure and borehole permeability (Fig. 8.4.5) that derives

from interdependencies between brine and gas flow into and out of the repository in an intruding borehole. Several

figures show patterns of pressure (Fig. 8.4.1), gas flow (Fig. 8.6.1) and brine flow (Figs. 8.2.6, 8.2.7, 8.6.3)

associated with E 1 and E2 intrusions. However, these figures do not fully indicate the complexity of the interactions

between pressure, gas flow and brine flow. This complexity can be best recognized from examination of plots that

show time-dependent pressures, gas flows and brine flows on a single plot frame for individual sample elements

(Fig. 8.6.6, Table 8.6.2).

The complex patterns involving pressure, brine flow and gas flow in Fig. 8.6.6 result because high permeability

boreholes facilitate gas flow out of the repository and brine flow both into and out of the repository, with the lower

(i.e., intruded) waste panel eventually becoming brine saturated and thus reaching hydrostatic pressure (Figs. 8.4.5,

8.5.1, 8.5.2). Low permeability boreholes are less conducive to brine and gas flow, which in turn results in less
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Table 8.6.2. Summary Discussion of Plots in Fig. 8.6.6 for Repository Pressure (WAS_ PRES,
REP_ PRES) and Brine and Gas Flow (BNBHUDRZ, BNBHDNUZ, BNBHLDRZ,
GASBHUDZ) in High Permeability Boreholes Associated with El and E2 Intrusions at 1000
yr into the Lower Waste Panel for Sample Elements 9, 28, 39, 72, 74 and 82 of Replicate
RI

Sample Element 9

El [ntmsim: Brine flow from brine pocket to repository (BNBHLDR~ very rapid during period from 1000 to 1200
yr when open borehole exists between brine pocket and repository, with this flow decreasing between 1200 and 2200

yr and again after 2200 yr due to decreases in borehole permeability (Table 4.2.8). Brine and gas ilows up borehole

(BNBHUDRZ, GASBHUDQ begin when borehole plugs fail at 1200 yr (Table 4.2.8), with brine flow up the
borehole closely following brine flow from the brine pocket. No flow down the borehole from the Culebra and
overlying formations to the repository (BNBHDNUZ) takes place. Pressures in upper and lower panels (REP_PRES,

WAS_PRES) are similar and slowly decrease towards hydrostatic pressure (6.3 x 106) Pa) subsequent to the plug

failures at 1200 yr.

E2 Intrusion: Pressure (REP_PRES, WAS_PRES) drops rapidly when borehole PIUgS fail at 1200 yr due to gas flOW
up borehole (GASBHUDZ). Unlike the El intrusion, substantial brine flow down borehole (BNBHDNUZ) occurs,
with this flow being initially small and then increasing as gas flow up the borehole decreases. At approximately
6600 yr, gas flow up the borehole ceases, the rate of brine flow down the borehole increases sharply, and pressures in
the repository rise to hydrostatic pressure. As hydrostatic pressure is reached, brine flow down the borehole
decreases and gas flow up the borehole resumes. No brine flow up the borehole from the repository (BNBHUDRZ)

takes place.

Sample Element 28

El Intrusion: Brine flow from brine pocket to repository (BNBHLDRZ) is very rapid during period from 1000 to
1200 yr, with reductions in the flow rate at 1200 and 2200 yr and a complete cessation at approximately 5700 yr.
The cessation of brine flow from the brine pocket also corresponds to a cessation of gas flow up the borehole
(GASBHUDZJ and initiation of increases in brine flow down the borehole (BNBHDNUQ and pressure in the
repository (REP_PRES, WAS_PRES). Pressure reaches hydrostatic pressure at approximately 6900 yr, at which
point the brine flow down the borehole decreases, gas flow up the borehole resumes, and a small decrease in
repository pressure begins. A decrease in gas flow up the borehole and an increase in brine flow down the borehole
results in an increase in repository pressure at approximately 8700 yr, with pressure subsequently dropping as gas
flow up the borehole resumes and then beginning to rise again at approximately 9000 yr when gas flow again stops.
Pressure in the lower waste panel (WAS_PRES) but not pressure in the upper waste panels (REP_PRES) shows a
sharp spike between 1000 and 1200 yr due to brine flow up the open borehole connecting the brine pocket and the
repository. No brine up the borehole from the repository (BNBHUDR~ takes place.

E2 Intrusion: Behavior is similar to that observed for the E2 intrusion for sample element 9 with peaks in repository

pressure (REP_PRES, WAS_PRES) at approximately 7200 and 9600 yr in association with changes in the rates at
which gas flows up the borehole (GASBHUDZ) and brine flows down the borehole (BNBHDUZ).

Sample Element 39

El Intrusion: Brine flow from brine pocket to repository (BNBHLDRZ) is very rapid during period from 1000 to
1200 yr, with reductions m the flow rate at 1200 and 2200 yr and a complete cessation at -5100 yr. Gas flow up the
borehole (GASBHUDZ) decreases at approximately the same time as brine flow from the brine pocket ceases, with
this decrease being accompanied by a short period of brine flow down the borehole (BNBHDUZ). Brineflow down
the borehole ceases at -5400 yr and a small brine flow up the borehole (BNBHUDRQ begins at -6300 yr.
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Table 8.6.2. Summary Discussion of Plots in Fig. 8.6.6 for Repository Pressure ( WAS_ PRES,
REP_ PRES) and Brine and Gas Flow (BNBHUDRZ, BNBHDNUZ, BNBHLDRZ,
GASBHUDZ) in High Permeability Boreholes Associated with El and E2 Intrusions at 1000
yr into the Lower Waste Panel for Sample Elements 9, 28, 39, 72, 74 and 82 of Replicate
RI (Continued)

Repository pressure (REP_PRES, WAS_PRES) was approximately at hydrostatic pressure at the time of the drilling
intrusion and shows little variation subsequent to the drilling intrusion, although a small spike in the lower waste

panel pressure (WAS_PRES) occurs at the time of the drilling intrusion and repository pressure changes from
decreasing to increasing at -4800 yr when the rate of gas flow up the borehole decreases.

E2 Intrusion: Gas flow up the borehole (GASBHUDZ) and brine flow down the borehole (BNBHDNUZ) begins
when the borehole plugs fail at 1200 yr. Repository pressure (REP_PRES, WAS_PRES) shows a sudden drop when

the plugs fail at 1200 yr and then increases monotonically through time towards hydrostatic pressure. At -5400 yr,
brine flow down the borehole ceases and brine flow up the borehole (BNBHUDR~ begins. The complexity of the
interactions between brine and gas flow in the borehole is indicated by the prediction of more brine flow up the

borehole for the E2 intrusion (- 1100 ms) and than for the El intrusion (-750 m3).

Sample Element 72

El Intrusion: Repository pressure (REP_PRES, WAS_PRES) is low at time of drilling intrusion (- 1.9 x 106 Pa);

further, only a small pulse of brine takes place from the brine pocket to the repository (BNBHLDRZ) at the time of

the drilling intrusion. After 1200 yr, a substantial brine flow down the borehole (BNBHDNU~ takes place and
suppresses gas flow up the borehole (GASBHUDZ). At -3200 yr, the repository reaches hydrostatic pressure, brine
flow down the borehole ceases, and both gas flow (GASBHUDZ) and brine flow (BNBHUDRZ) up the borehole

begin and then continue at constant rates for the remainder of the calculation.

E2 Intrusion: Except for small brine flow from brine pocket, results for the E2 intrusion are the same as those for the
El intrusion.

Sample Element 74

Sample element 74 is included as an example because of the well-defined patterns involving gas flow up the
borehole (GASBHUD~, brine flow down the borehole (BNBHDNUZ) and repository pressure (REP_PRES,

WA S_PRES) displayed for both E 1 and E2 intrusions.

Sample Element 82

El Intrusion: Brine flow from the brine pocket to the repository (BNBHLDRZ) is very rapid during the period from
1000 to 1200 yr, shows a decreased rate from 1200 to 2200 yr, and then ceases after 2200 yr. Repository pressure

(REP_PRES, WAS_PRES) undergoes a small perturbation between 1000 and 1200 yr and then decreases
monotonically towards hydrostatic pressure after 1200 yr. Flows of brine (BNBHUDRZ) and gas (GASBHUDZ) take
place up the borehole between 1200 and -1900 yr, with the brine flow ceasing at -1900 yr and the gas flow

continuing for the remainder of the calculation. Brine flow down the borehole (BNBHDNUZ) begins at -1900 yr
when brine flow up the borehole ceases and continues for the remainder of the calculation.

E2 Intrusion; Repository pressure (REP_PRES, WAS_PRES) drops rapidly after 1200 yr due to gas flow up the
borehole (GASBHUDZ). At -1500 yr, gas flow up the borehole ceases and is replaced by rapid brine flow down the
borehole (BNBHDNUZ). Hydrostatic pressure is reached at -2900 yr, at which point brine flow down the borehole
decreases and gas flow up the ‘borehole resumes. No brine flow up the borehole (BNBHDNUZ) takes place.
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complex patterns involving pressure, brine flow and gas flow (Fig. 8.6.7). In particular, the complex patterns leading

to convergence to hydrostatic pressure typically occur only for borehole permeabilities above -2 x 10– 12 m2 (i.e.,

BHPRM = –1 1.6 ) (Fig. 8.4.5).

Brine and gas flow in an intruding borehole also has significant effects on gas and brine saturations in the

repository and on the consumption of steel by corrosion (Figs, 8.6.8, 8.6.9, Table 8.6.3). In particular, the gas

outflow and brine inflow associated with a drilling intrusion often results in significant differences in the saturations

and corrosion rates in the lower and upper waste panels and also in the saturations and corrosion rates for E 1 and E2

intrusions.

Brine volume and total pore volume in the repository are also closely tied to repository pressure and to gas and

brine tlow in an intruding borehole (Fig. 8,6.9). For E 1 and E2 intrusions associated with sample element 14,

repository volume (PORVOL_R, PORVOL_W) decreases as repository pressure (REP_PRE.S, WAS–PRE$ decreases

after the bm-ehole plugs fail at 1200 yr. For sample element 40, pressure continues to rise after 1200 yr for the E 1

intrusion and so pore volume aiso rises until pressure begins to decrease at -1600 yr; in contrast, pressure decreases

after 1200 yr for the E2 intrusion and so pore volume also decreases. For the El intrusion associated with sample

element 14, sufficient brine inflow occurs to rapidly saturate the lower waste panel (i.e., pore volume, PORVOL_W,

and brine volume, BRNVOL_W, are the same after -1600 yr) and also to prevent the brine in the upper waste panels

(BRNVOL_R) from being completely depleted by corrosion; in contrast, the E2 intrusion experiences less brine

inflow, with the result that the lower waste panel does not become brine saturated until -8000 yr and the upper waste

panels are depleted of brine by -3200 yr. Similar but less pronounced patterns also occur for sample element 40. In

particular, the iowcr waste panel rapidly saturates after 1200 yr and the brine volume in the upper waste panels

remains high for the El intrusion; the lower waste panel saturates more slowly after the E2 intrusion and the brine

saturation in the upper waste panels remains low, although the brine is not completely depleted as was the case for

the E2 intrusion for sample element 14.
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Table 8.6.3. Summary Discussion of Plots in Fig. 8.6.8 for Repository Pressure (WAS_ PRES,
REP_ PRES), Brine and Gas Flows in Intruding Boreholes (BNBHUDRZ, BNBHDNUZ,
BNBHLDRZ, GASBHUDZ), Gas Saturation ( WAS_ SATG, REP_ SATG), and Fraction of
Steel Remaining (FEREM_ W, FEREM_R) Associated with El and E2 Intrusions at 1000 yr
Into the Lower Waste Panel for Sample Elements 14 and 40 of Replicate R1

Sample Element 14

El Intrusion: Rapid gas flow up borehole (GASBHUDZ) occurs after borehole plugs fail at 1200 yr, with result that
repository pressure (REP_PRES, WAS_PRES) drops rapidly. No brine flow from brine pocket to repository
(BNBHLDRZ) occurs between 1000 and 1200 yr when open borehole exists between brine pocket and repository due

to high repository pressure (-1.4 x 107 Pa). As repository pressure decreases after 1200 yr, brine flows rapidly from

the brine pocket to the repository, with a reduced flow rate after 2200 yr due to decreased borehole permeability

(Table 4.2.8). Due to gas outflow and brine inflow, gas saturation in the lower (i.e., intruded) waste panel

(WAS_,SATG) drops rapidly to residual gas saturation (WRGSSAT = 2.23 x 10-2), with the large amount of brine

present resulting in complete corrosion of the steel in the lower waste panel (FEREM_W7) by -5800 yr. The upper
waste panels receive less brine on a unit volume basis than the lower waste panel, with the result that gas saturation
(REP_SATG) remains high and complete corrosion of the steel inventory (FEREM_R) does not occur.

E2 Intrusion: After borehole plugs fail at 1200 yr, rapid gas flow up the borehole (GASBHUDZ) takes place,
pressure in the repository (REP_PRES, WAS_PRES) drops rapidly, and brine flow down the borehole (BNBHUDRZ)

begins. Gas saturation in lower waste panel (WAS_SATG) decreases more slowly than for the El intrusion due to
the absence of brine inflow from the brine pocket, with both residual gas saturation being reached and complete
consumption of steel (FEREM_W) taking place by -9500 yr. After -3000 yr, gas saturation in the upper waste

panels (REP_SATB) is -1.0, although the continued decrease in the steel inventory (FEREM_R) indicates that some
brine is flowing into the upper waste panels and then being immediately consumed in the corrosion of steel.

Sample Element 40

El Intrusion: Small spike in pressure in lower (i.e., intruded) waste panel (WAS_PRES) occurs between 1000 and

1200 yr, with repository pressure (REP_PRES, WAS_PRES) slowly decreasing after the borehole plugs fail at 1200
yr. Brine flows rapidly from the brine pocket to the repository (BNBHLDRZ) between 1000 and 1200 yr, with
reduced rates of flow between 1200 and 2200 yr and after 2200 yr. Flow of brine from brine pocket to repository
between 1000 and 1200 yr causes gas saturation in lower waste panel (WAS_SATG) to rapidly drop to residual gas

saturation ( WRGSSAT = 1.34 x 10–2). Gas flow out of the repository (GASBHUDZ) begins at -1500 yr and

continues at a constant rate until -5700 yr, at which time the flow rate is reduced due to complete corrosion of the
steel in the lower waste panel (FEREM_W) and a reduction in the rate of corrosion in the upper waste panels

(FEREM_R). Unlike the lower waste panel, gas saturation in the upper waste panels (REP_SATG) does not
approach residual gas saturation and all steel (FEREkf-R) is not consumed b corrosion.

E2 Intrusion: Pressure in repository (REP_PRES, WAs_PI?E.Y)drops more sharply after the borehole seals fail than
is the case for the El intrusion; thus, brine flow from the brine pocket is reducing the rate of pressure decrease in the
repository for the El intrusion. Unlike the E 1 intrusion, gas saturation in the lower waste panel (WAS_SATG) does
not reach residual gas saturation and all steel in the lower waste panel (FEREM_R) is not consumed by corrosion,
although the trend is towards residual gas saturation and consumption of all steel. Further, gas saturation

(REP_SATG) and fraction of steel remaining (FEREM_R) in the upper waste panels are higher for the E2 than the El
intrusion due to the absence of brine flow from the brine pocket (BNBHLDRZ).
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8.7 Disturbed Conditions: Brine and Gas Flow into Marker Beds for El and E2
Intrusions

Very little gas and brine flow takes place into the marker beds subsequent to a drilling intrusion due to the

reduced pressures in the repository (Sect. 8.4). As a single example, the brine and gas flows into and out of the

marker beds for an E 1 intrusion are shown in Fig. 8.7.1. Prior to the failure of the borehole plugs at 1200 yr, gas and

brine flow from the repository into the marker beds. After the plugs fail and the pressure in the repository drops, the

flows reverse, with gas and brine now flowing from the marker beds to the repository. A detailed representation of

the flows into and out of the individual marker beds is given in Fig. 8.7.2, with the brine flows primarily associated

with Marker Bed 139 and the gas flows primarily associated with Marker Bed 138 and Anhydrite A and B.

BRAGFLO (El at 1000 yr, R1, Element 14)
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f {F

. . . . . . . . . . . . . . . . . ..------”F ........................-,

OU)OLOOU)OLQ Olmoqolnoq Olqoul
ool-. ml Nc7m w*mm@@~~ ~~~cyj
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Fig. 8.7.1 Pressure (REP_PRES, WAS_PRES), brine flow from marker beds to repository (BRAALIC), brine flow
from repository to marker beds (BRAALOC), gas flow from marker beds to repository (GSAALL14), and
gas flow from repository to marker beds (GSAALOM) for an E 1 intrusion at 1000 yr into the lower
waste panel and sample element 14 of replicate RI; the corresponding E2 intrusion produces similar
results.
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8.8 Disturbed Conditions: Behavior of Brine Pocket for El Intrusions

As discussed in Sect. 8.2, brine flow from a region of pressurized brine (i.e., a brine pocket) is an important

potential source of brine totherepository for El intrusions. The behavior ofabrine pocket subsequent to a drilling

intrusion is now considered in more detail.

Thepressure behavior of the brine pocket isquite dynamic subsequent toadrilling intrusion (Fig. 8.8.1). For

200 yr after the intrusion, an open borehole (i.e., permeability of 10-9 m2) is assumed to exist between the brine

pocket and the repository and an impermeable plug is assumed to exist at the Rustler/Salado interface (Table 4.2.8).

This results inrapid changes ofpressure in both the brine pocket andtherepository (Figs. 8.4.l,8.8.l). During this

period, thepressure intherepository typically increases (Fig. 8.4.3) andthepressure inthebrine pocket decreases

(Figs. 8.8.1,8.8.2). These changes inpressure tend to reaccompanied byasurge of brine from the brine pocket to

the repository (Fig. 8.2.7), with these surges resulting in a corresponding decrease in the volume of brine contained

in the brine pocket (Fig. 8.8.1). Typically, most of the brine flow out of the brine pocket takes place during these

initial surges (Figs. 8.2.7, 8.8.1). However, brine flow from the brine pocket to the repository will not take place

when the pressure inthe repository is sufficiently high relative to the pressure inthe brine pocket (Fig. 8.2.8). This

behavior can be seen in the higher repository pressure curves in Fig. 8.4.3, which are essentially unaffected by the

penetration of the brine pocket. This stoppage of flow due to high repository pressures is why the largest brine

pocket volumes in Fig. 8.8.1 show little change after penetration by a drilling intrusion.

After 200 yr, the plug at the Rustler/Salado interface is assumed to fail and the entire borehole is assigned a

permeability of lW, x = BHPRM. At this point, gas can escape from the repository to overlying formations, which

causes a rapid drop in repository pressure (Figs. 8.4.1, 8.4.3). From this point on, there is no longer an open

borehole between the repository and the brine pocket (Table 4.2.8). Rather, this portion of the borehole is assumed

to have a permeability of 1W, x = BHPRM, for the next 1000 yr. This change in permeability produces a complex

pattern of pressure behavior in the brine pocket, with pressure sometimes continuing to decrease as more brine flows

out of the brine pocket and at other times increasing towards hydrostatic pressure due to the filling of the repository

with brine and the resultant formation of a continuous brine-filled connection with overlying formations. Some

sample elements that experienced no brine outflow from the brine pocket during the first 200 yr after the intrusion

due to high pressures in the repository now show such outflow as a result of reduced repository pressure (Fig. 8.8.1).

After 1000 yr (i.e., 1200 yr after the drilling intrusion), the permeability in the borehole between the repository

and the brine pocket is reduced from lW, x = BHPRA4, to 1(F, x = BHPRM –1 (i.e., permeability is reduced by an

order of magnitude), which tends to reduce brine flow from the brine pocket to the repository (Table 4.2.8). This

effect can be seen in the decreased slope of some of the brine pocket volume curves at 2200 yr (Fig. 8.8.1).

However, many sample elements show little, if any, change in brine pocket volume after the initial brine outflow

immediately after the drilling intrusion.
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BRAGFLO (El at 1000 yr, Rl)
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Fig. 8.8.2. Pressure in brine pocket (B_P_PRES) for an E 1 intrusion at 1000 yr into lower waste panel

(enlargement of pressure results in Fig. 8.8.1 from 800 to 2400 yr).

Before the intrusion at 1000 yr, brine pressure is completely dominated by BPINTPRS, which has a PRCC of 1

(Fig. 8.8. 1). Immediately after the intrusion, positive effects are indicated for WA41CDFLG and WGRCOR. Both of

these variables tend to increase repository pressure at 1000 yr (Fig. 8.4.1, Table 8.4.1) and thus reduce brine flow

from, and thus pressure change in, the brine pocket. After 1000 yr, the initial pressure BPZNTPRS has little effect on

brine pocket pressure; thus, the brine pocket tends to rapidly “forget” its initial pressure conditions. The importance

of WA41CDFLG and WGRCOR also rapidly decreases after failure of the plug at the Rustler/Salado interface allows

gas to flow out of the repository. The variable with the largest PRCC at later times is BHPRA4. The negative effect

indicated for BHPRM indicates that brine pocket pressure tends to decrease as BHPRM increases. However, the

effect is rather weak as the PRCC is mostly less than 0.5 in absolute value. As will be discussed later, the underlying

relationship between BHPRM and brine pocket pressure is too complex to be adequately captured by a PRCC.

The stepwise regression analysis in Table 8.8.1 for pressure at 10,000 yr provides an alternate analysis of the

variables affecting brine pocket pressure subsequent to a drilling intrusion. The first variable selected in the

regression analysis is BPCOMP, with pressure tending to increase as BPCOMP increases. This positive relationship

between BPCOMP and pressure results because increasing BPCOMP increases the amount of brine that will leave

the brine pocket for a unit drop in pressure. As a result, larger values for BPCOMP produce a given quantity of

brine with a smaller drop in brine pocket pressure than smaller values for BPCOMP. Although BPCOMP by itself

produces a regression model with an R* value of only 0.20, the positive relationship between BPCOMP and pressure
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Table 8.8.1. Stepwise Regression Analyses with Rank-Transformed Data for Pressure (B_ P_ PRES) and
Brine Volume (BRA/VOL_B) Associated with a Pressurized Brine Pocket at 10,000 yr for an
El Intrusion at 1000 yr into Lower Waste Panel

I Pressure
1

Stepa Variableb

1 BP COA4P

2 WA41CDFLG

3 BHPRA4

4 BPVOL

5 HALPRM

L

SRRCC R2d

0.43 0.20
0.31 0.30

–0.27 0.37

0.24 0.42

0.15 0.44

1

Volume

Variable SRRC R2

BPVOL 0.92 0.82
BPCOMP –0.29 0.90
WMICDFLG 0.11 0.91

BHPRM –0.07 0.92
BPINTPRS –0.06 0.92

WASTWICK 0.05 0.92
ANHPRM 0.04 0.93

‘ Steps in stepwise regression analysis.

‘ Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMf excluded from entry into

regression model.
c Standardized rank regression coefficients in final regression model.
d ~umulative Rz “aIue with entry Of each variable into regression model.

can be clearly seen in the corresponding scatterplot (Fig. 8.8.3). However, this effect is not large enough to meet the

screening criteria to appear in Fig. 8.8.1 (i.e., a PRCC with an absolute value of at least 0.5 at some point in time).

After BPCOMP, the regression analysis selects WMICDFLG with a negative regression coefficient. As previously

discussed, this effect results from the role of WMICDFLG in suppressing flow from the brine pocket in the first 200

yr after the drilling intrusion. The negative effect associated with WMICDFLG can be seen in the corresponding

scatterplot (Fig. 8.8.3). The next variable selected in the regression analysis is BHPRM, with the pressure tending to

decrease as BHPRM increases. This is consistent with the general pattern shown by the scatterplot in Fig. 8.8.3.

However, the overall pattern is more complex than simply some noise around an overall linear trend. In particular,

the largest values of BHPRM have brine pocket pressures in the vicinity of 1 x 107 Pa, which corresponds to

hydrostatic pressure. Analogous behavior was observed for repository pressure, with this pressure tending to

hydrostatic pressure for the largest values of BHPRM due to the establishment of a continuous brine connection with

overlying formations (Fig. 8.4.5). This complex pattern of behavior is why BHPRM appears in Fig. 8.8.1 with a

negative but rather small PRCC. The last two variables selected in the regression analysis are BPVOL and

HALPRM, with pressure tending to increase as each of these variables increases. The positive effect for BPVOL

results because larger brine pockets will tend to repressurize more slowly than smaller brine pockets and can be

barely discerned in the corresponding scatterplot (Fig. 8.8.3). The reason for the positive effect associated with

HALPRM is not apparent and cannot be discerned in the corresponding scatterplot (not shown).

Overall, neither the PRCC analysis in Fig. 8.8.1 nor the stepwise regression analysis in Table 8.8.1 for brine

pocket pressure is particularly good. The underlying reason is that the relationships between pressure and the

sampled variables are too complex to be captured by the linear models that underlie these techniques. In particular, a

complex, nonmonotonic relationship exists between pressure and BHPRM (Fig. 8.8.3). Similar relationships were

encountered in the analysis of repository pressure subsequent to El and E2 intrusions (Fig. 8.4.5).
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The dominant variable with respect to brine volume in the brine pocket is BPVOL (Fig. 8.8.1), which is

consistent with the rather small changes in brine pocket volume subsequent to a drilling intrusion. Specifically, the

changes in volume due to brine outflow are typically smaller than the differences in initial volumes defined by

BPVOL. A positive effect is indicated for WMICDFLG, which results from its previously discussed role in

suppressing outflow from the brine pocket in the first 200 yr after the drilling intrusion. A negative effect is also

indicated for BPCOMP and results because increasing BPCOMP increases the amount of brine that flows out of the

brine pocket for a given drop in pressure. The regression analysis for brine volume is quite successful (Table 8.8.1).

The initial volume BPVOL produces a regression model with an R2 value of 0.82, which is consistent with its large

PRCC (Fig. 8.8.1). Next, BPCOMP is selected with a negative regression coefficient, which is again consistent with

the PRCC analysis (Fig. 8.8.1). Together BPVOL and BPCOMP produce a regression model with an R2 value of

0.90 and thus can account for most of the uncertainty in volume. After BPVOL and BPCOMP, the regression

analysis selects WMICDFLG, WASTWICK and ANHPRM with positive regression coefficients and BHPRM and

BPINTPRS with negative regression coefficients. The positive effects for WMICDFLG, WASTWICK and ANHPRM

result from increasing pressure in the repository in the first 200 yr after the drilling intrusion and thus reducing brine

flow from the brine pocket to the repository. The negative effects for BHPRM and BPINTPRS result from reducing

resistance to flow in the borehole and increasing the pressure gradient between the brine pocket and the repository,

respectively. However, the effects of WMICDFLG, BHPRM, BPINTPRS, WASTWICK and ANHPRM are small and

only increase the R2 value for the regression model from 0.90 to 0.93. For perspective, the scatterplots for BPVOL

and BPCOMP are given in Fig. 8.8.4.
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8.9 Disturbed Conditions: Brine Flow in Repository and DRZ for El and E2
Intrusions

Under undisturbed conditions, most brine flow in the repository is from the north (i.e., updip) end to the south

(i.e., downdip) end (Fig. 8.9.1). Most of this flow takes place through the panel seal and in the DRZ below the

panel, with little flow taking place through the DRZ above the panel seal (Fig. 8.9.1). Very little flow takes place

from the south end of the repository to the north end (Fig. 8.9.2).

For E 1 and E2 intrusions into the lower waste panel, the predominant flow is still from the north to the south,

with little flow taking place through the DRZ above the panel seal (Fig. 8.9.1). A sudden surge of flow from north to

south takes place through the panel seal and in the DRZ below the panel seal immediately after the failure of the

plugs in the borehole at 1200 yr (Fig. 8.9.2). This surge is more pronounced for the E2 than the El intrusion because

brine flowing up from the brine pocket for the El intrusion (Fig. 8.2.7) tends to reduce brine movement into the

lower waste panel from the north end of the repository relative to the movement that takes place in the presence of an

E2 intrusion.

The E 1 and E2 intrusions result in more brine flows from south to north than is the case for undisturbed

conditions (Fig. 8.9.2). For E2 intrusions, these flows do not begin until after the plugs in the borehole fail at 1200

yr, which implies that much of the brine flowing from the lower waste panel to other areas in the repository and the

DRZ has entered the repository by flowing down the intruding borehole (Fig. 8.2.6). For El intrusions, these flows

often begin when the drilling intrusion occurs at 1000 yr, which implies that the sudden pulse of brine from the lower

waste panel to other areas in the repository and the DRZ has entered the repository by flowing up from the brine

pocket (Fig. 8.2.7).

The El and E2 intrusions often result in brine flow from the south to the north in the DRZ above the panel seal

(Fig. 8.9.2). For the El intrusion, this brine often originates from the brine pocket as indicated by the surge in such

flows at 1000 yr. For the E2 intrusion, this brine has flowed down the borehole and has probably been diverted

through the DRZ without ever having been in contact with waste.

Sudden increases sometimes occur for cumulative brine flow from the vicinity of the lower waste panel to the

rest of the repository, with these increases being particularly noticeable for the E2 intrusion at around 2000 and 6000

yr (Fig. 8.9.2). These increases are occurring when the lower waste panel becomes brine saturated due to brine flow

down the borehole and undergoes an associated rapid increase in pressure (Sect. 8.4). This increased pressure then

results in a pressure gradient that increases the rate at which brine flows away from the vicinity of the lower waste

panel.
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8.10 Disturbed Conditions: E2E1 Intrusions

Thus far, this chapter has focused on El and E2 intrusions. Calculations were also performed for E2E1

intrusions, with the E2 intrusion occurring at 800 yrandthe El intrusion occurring at 2000 yr (Table 8.10.1). This

calculation was performed with the same computational grid used for El and E2 intrusions (Figs. 4.2.1 - 4.2.3),

which required useofthe same computational cells to represent both drilling intrusions (i.e., region 1 in Fig. 4.2.1).

This dual usage was accomplished through the definition of appropriate time-dependent borehole permeabilities

(Table 8.10.1).

Table 8.10.1. Permeabilities Used with BRAGFLO Calculations for E2E1 Intrusions with the E2 Intrusion
Occurring at 800 yr and the El Intrusion Occurring at 2000 yr

Time Assigned Permeabilities

800-1000 yr Concrete plugs assumed to be emplaced at the Santa Rosa Fm (i.e., a surface plug with
a length of 15.76 m; corresponds to Cells 905, 937 in Fig. 4.2.3) and the Unnamed
Mbr of the Rustler Fm (i.e., a plug at top of Salado Fm with a length of 36 m;
corresponds to Cell 681 in Fig. 4.2.3). Concrete plugs assumed to have a permeability

of k = 5 x 10–17 m2; remainder of borehole (i.e., to bottom of DRZ) assumed to have a

permeability of 1 x 10-9 m2.

1000-2000 yr

2000-2200 yr

Concrete plugs are assumed to fail after 200 yr (U.S. DOE 1995b) and entire borehole
is assigned a permeability typical of silty sand, i.e., k = 1W m2, x = BHPRM, where
BHPRM is an uncertain input to the analysis (see Sect. 5.2).

Permeability above repository left at k = 1W, x = BHPRM, and corresponds to
permeability in borehole associated with original E2 intrusion. Permeability below

repository set to 1 x 10–9 m2 and corresponds to permeability in borehole associated

with E 1 intrusion at 2000 yr. Concrete plugs emplaced at the Santa Rosa Fm and the
Unnamed Mbr of the Rustler Fm are assumed to prevent flow above the repository in
the borehole associated with the E 1 intrusion.

2200-3200 yr Permeability above repository set to k = 2. I@, x = BHPRM, to incorporate effects of

both boreholes after failure of concrete p~ugs at 2200 yr in borehole associated with El
intrusion. Permeability below repository set to k = 1W, x = BHPRM, to incorporate
effects of El intrusion.

>3200 yr Permeability reduced by one order of magnitude in Salado Fm beneath repository due
to creep closure of borehole (Thompson et al. 1996) (i.e., k = 1W/10, x = BHPRM, in
Cells 1010, 985, 12, 45, 78 of Fig. 4.2.3). No changes are made within and above the
lower DRZ.
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Overall, the results obtained for the E2E 1 intrusion are similar to the results obtained for El and E2 intrusions.

For example, total brine flow into the repository for the E2E1 intrusion (Fig. 8.10.1) shows a pattern that is a

composite of the patterns shown for E 1 and E2 intrusions (Fig. 8.2.5). Specifically, the E2 intrusion results in

substantial brine flows down the intruding borehole for a few sample elements, which can be seen in the increased

flows between 1000 and 2000 yr in Fig. 8.10.1 for those sample elements; a similar pattern can be seen in Fig. 8.2.5

for the E2 intrusion. Then, a sharp jump in cumulative inflow for the E2E1 intrusion occurs at 2000 yr due to flow

from the brine pocket; again, the same pattern can be seen in Fig. 8.2.5 for the El intrusion. Overall, the surge in

inflow at the time of the El intrusion for an E2E 1 event is somewhat larger than the surge for an isolated El (Figs.

8.2.5, 8.2.7, 8.10. 1). This behavior occurs because the initial E2 intrusion reduces pressure in the repository and

thus results in less resistance to flow from the brine pocket to the repository during the 200 yr period that an open

borehole (i.e., permeability of 1 x 10-9 m2) connects the repository and the brine pocket. Most brine flow from the

brine pocket to the repository takes place during this 200 yr interval (Figs. 8.2.5, 8.2.7, 8.10.1). Brine flow down the

intruding borehole and into the repository is similar for E 1, E2 and E2E1 intrusions (Figs. 8.2.6, 8.10.1).

Total gas generation is similar for E 1, E2 and E2E1 intrusions (Figs. 8.3.5, 8.10.2). The microbial gas

generation is essentially the same for all cases, with most of the cellulose inventory being consumed in the first 1000

yr (Figs. 7.3.1, 7.3.2). The E2E1 intrusion produces somewhat more gas due to corrosion (Figs. 8.3.5, 8.10.2) owing

to the slightly greater inflows of brine from the brine pocket as discussed in the preceding paragraph.

Due to its influence on spallings and direct brine releases, repository pressure is one of the most important

results calculated by BRAGFLO. As might be anticipated, repository pressure for E2E 1 intrusions displays a pattern

similar to that already observed for E 1 and E2 intrusions (Figs. 8.4.1, 8. 10.3). Specifically, pressure drops rapidly at

the time of failure for the borehole plugs associated with the initial E2 intrusion (i.e., at 1000 yr); then, a sudden rise

in pressure occurs at the time of the subsequent El intrusion (i.e., at 2000 yr). After the El intrusion, repository

pressure is controlled almost entirely by borehole permeability (i.e., k = I&, x = BHPRM) (Fig. 8.4.5).

Due to its influence on direct brine releases, repository brine saturation is another important result calculated by

BRAGFLO. Again, the brine saturation results for E2EI intrusions are similar to those observed for El and E2

intrusions (Figs. 8.5.1, 8.5.2, 8.10.4). In particular, brine saturation starts rising after the E2 intrusion and then

shows a sharp jump after the E 1 intrusion (Fig. 8.10.4). This behavior is particularly pronounced in the lower (i.e.,

intruded) waste panel, which often reaches full brine saturation as indicated by the horizontal brine saturation curves.

In contrast, the upper (i.e., unintruded) waste panels typically remain substantially below full brine saturation.

Brine volume in the repository is a potentially important variable because it influences the amount of

radionuclides that can be dissolved in brine. Again, E 1, E2 and E2EI intrusions display similar brine volume

patterns (Figs. 8.5.5, 8.5.6, 8.10.5). The brine volume tends to increase after an intrusion, with this effect being
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BRAGFLO (E2E1 with E2 at 800 yr, El at 2000 YL RI)
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Fig. 8.10.1.
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Cumulative brine flow into repository (BRNREPTC), cumulative brine flow down intruding boreholes
(BNBHDNUZ), and cumulative brine flow into bottom of DRZ from brine pocket (BNBHLDRZ) for an
E2E1 intrusion into lower waste panel with the E2 intrusion at 800 yr and the El intrusion at 2000 yr.
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BRAGFLO (E2EI with E2 at 800 yr, El at 2000 yL RI)
Total Cumulative Gas Generated (GAS MOLE)
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Fig. 8.10.2. Cumulative gas generation due to corrosion and microbial degradation (GAS_MOLE) for an E2E1
intrusion into lower waste panel with the E2 intrusion at 800 yr and the E 1 intrusion at 2000 yr.
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Fig. 8.10.3. Repository pressure (WAS_PRES) for an E2E 1 intrusion into lower waste panel with the E2 intrusion at

800 yr and the El intrusion at 2000 yr.
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Fig. 8.10.4. Brine saturation in upper (REP_SATB) and lower (WAS_SATB) waste panels for an E2E1 intrusion into
lower waste panel with the E2 intrusion at 800 yr and the E 1 intrusion at 2000 yr.
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Fig. 8.10.5. Brine volume in upper (BRNVOL_R) and lower (BRNVOL_W) waste panels for an E2E 1 intrusion into
lower waste panel with the E2 intrusion at 800 yr and the E 1 intrusion at 2000 yr.
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more pronounced in the lower (i.e., intruded) waste panel than in the upper (i.e., unintruded) waste panels and also

more pronounced subsequent to an El intrusion. The brine volumes subsequent toanisolated El intrusion (Fig.

8.5.6) arevery similar tothose subsequent toan El intrusion associated with an E2El intrusion (Fig. 8.10.5). The

brine volumes in the intruded waste panel are almost entirely controlled by borehole permeability (i.e., k = 1(F, x =

BHPRM) (Figs. 8.5.7, 8.5.9) and are very closed linked to repository pressure (Fig. 8.5.8), which is also controlled

by BHPRM (Fig. 8.4.5).

Brine flow up an intruding borehole is the primary mechanism by which radionuclides can be released from the

repository to the Culebra Dolomite. These releases are similar for an isolated El intrusion and an El intrusion

subsequent to an E2 intrusion in the same waste panel (Figs. 8.6.3, 8. 10.6), although the degree of similarity will be

at least partially influenced by the timing of the individual intrusions. However, the preceding E2 intrusion does not

radically change the character of the brine flows associated with a subsequent El intrusion. In particular, most of the

modeled E2E1 intrusions result in no meaningful brine flows from the repository to the Culebra, as is also the case

for El intrusions (Figs. 8.6.3, 8. 10.6). Several of the larger brine releases are actually coming from brine outflow

from the anhydrite marker beds (Fig. 8.6.3).

The behavior of the brine pocket for an El intrusion and an E2E 1 intrusion are similar, although there are some

observable differences (Figs. 8.8.1, 8.10.7). For the E2E1 intrusion, the repository is at lower pressure at the time of

the El intrusion than is the case for an isolated El intrusion, with the result that there is less resistance to brine flow

from the brine pocket to the repository. This lessened resistance results in more rapid and greater decreases in brine

pocket pressure for the E2E1 intrusion than is the case for an isolated El intrusion (Figs. 8.8.1, 8.10.7). Also, the

lessened resistance results in greater decreases in brine pocket volume for E2EI intrusions than for isolated El

intrusions (Figs. 8.8.1, 8. 10.7). In particular, some sample elements that show little or no decrease in brine pocket

volume for an isolated El intrusion show a substantial decrease for an E2E1 intrusion (Figs. 8.8.1, 8.10.7).
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BRAGFLO (E2E1 with E2 at 800 yr, El at 2000 yc RI)
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Fig. 8.10.6. Cumulative brine flow up borehole at top of DRZ (BNBHUDRZ) for an
waste panel with the E2 intrusion at 800 yr and the E 1 intrusion at 2000 yr.
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Fig. 8.10.7. Pressure (B_P_PRES) and brine volume (BRNVOL_B) in brine pocket for an E2E 1 intrusion into lower

waste panel with the E2 intrusion at 800 yr and the E 1 intrusion at 2000 yr.
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8.11 Disturbed Conditions: Multiple El Intrusions

An additional set of calculations was also performed to gain insights into the behavior of the repository

subsequent to multiple El intrusions. In these calculations, El intrusions occur into the lower waste panel (i.e.,

region 23 in Fig. 4.2.1) at 1000, 2200, 3400, 4600 and 5800 yr. These multiple intrusions are represented with

region 1 in Fig. 4.2.1, with the initial intrusion at 1000 yr modeled identically to the El intrusion at 1000 yr in Table

6.9.1 out to 2200 yr (i.e., the El intrusion presented in this chapter). Then, modifications are made to the properties

of region I to incorporate the effects of the second intrusion. In particular, the permeability of the borehole from the

repository to the brine pocket is reset to 1 x 10–9 m2 and all other properties of the borehole are left unchanged. At

2400 yr, the properties of region 1 are again reset to incorporate the failure of the plugs above the repository and the

decrease in borehole permeability below the repository. In particular, the borehole associated with the drilling

intrusion at 2200 is assigned a permeability of k2, where k2 is randomly sampled from a loguniform distribution from

1 x 10-14 to 1 x 10-11 m2. Then, the permeability k~ of the borehole within and above the repository is assigned a

value of

kA=k1+k2 (8.11.1)

where kl = lW, x = BHPRM, and the permeability k~ of the borehole below the repository is assigned a value of

k~ = (kl/lO) + k2. (8.11.2)

These permeabilities are used for region 1 (Fig. 4.2.1) until the third intrusion occurs at 3400 yr, when the process

repeats itself with new permeabilities being assigned as described in Table 8.11.1.

Overall, the results obtained for multiple E 1 intrusions are similar to those obtained for a single El intrusion. In

particular, there is a surge of brine into the repository when the first E 1 intrusion occurs, followed by smaller surges

for each additional El intrusion (Figs. 8.2.5, 8.2.6, 8.2.7, 8.11 .1). Due to decreasing pressure and brine volume in

the brine pocket, the flows of brine from the brine pocket to the repository tend to decrease with each successive El

intrusion (Fig. 8.11. 1). However, the brine surge associated with the second E 1 intrusion is sometimes larger than

the brine surge associated with the first E 1 intrusion due to reduced pressures in the repository subsequent to the

failure of the borehole plugs associated with the first E 1 intrusion. Most of the brine flows from the brine pocket to

the repository take place during the 200 yr period in which a borehole with a permeability of 1 x 10–9 m2 is assumed

to exist between the brine pocket and the repository (Fig. 8. 11.1).

Repository pressure drops rapidly after the first E 1 intrusion (Figs. 8.4.1, 8.11 .2). Subsequent intrusions may

cause an increase in pressure during the 200 yr period in which a borehole with a permeability of 1 x 10–9 m2 exists
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Table 8.11.1. Definition of Permeabilities for Use with Multiple El Intrusions

Time Assigned Permeabilities

1000- 1200yr First intrusion occurs at 1000 yr. Concrete plugs assumed to be emplaced at the Santa
Rosa Fm (i.e., a surface plug with a length of 15.76 m; corresponds to Cells 905, 937
in Fig. 4.2.3) and the Unnamed Mbr of the Rustler Fm (i.e., a plug at top of Salado Fm
with a length of 36 m; corresponds to Cell 681 in Fig. 4.2.3). Concrete plugs assumed

to have a permeability of k = 5 x 10-*7 m2; remainder of borehole assumed to have a

permeability of 1 x 10-9 m2.

1200-2200 yr

2200-2400 yr

2400-3400 yr

3400-3600 yr

3600-4600 yr

4600-4800 yr

4800-5800 yr

5800-6000 yr

Concrete plugs assumed to fail at 1200 yr (U.S. DOE 1995b) and entire borehole is
assigned a permeability typical of silty sand, i.e., kl = lW m2, x = BHPRM, where
BHPRM is an uncertain input to the analysis (see Sect. 5.2).

Second intrusion occurs at 2200 yr with same assumed plug configuration as first
intrusion. Implemented in analysis by leaving permeability of borehole in and above
repository unchanged (i.e., at kl = lW mz, x = BHPRM) and redefining permeability of
borehole below the repository (i.e., in Cells 1010, 985, 12, 45, 78, 439, 453 in Fig.

4.2.3) to be k = 1 x 10-9 m2.

Concrete plugs associated with second intrusion fail at 2400 yr. Borehole associated
with second intrusion assumed to have a permeability k2, where k2 is randomly

sampled from the range [ I x 10–14, 1 x 10–11 m2] with a loguniform distribution.

Borehole within and above repository is assigned a permeability of kA = kl + k2, and
borehole below repository is assigned a permeability of kB = kl/l O + k2.

Third intrusion occurs at 3400 yr. with same assumed plug configuration as first
intrusion. Implemented in analysis by leaving permeability of borehole in and above
repository unchanged (i.e., at kA = kl + k2) and redefining permeability of borehole
below the repository to be k~ = 10-9 m2.

Concrete plugs associated with third intrusion fail at 3600 yr. Borehole associated with
second intrusion assumed to have a permeability kq, where kq is randomly sampled

from the range [ 1 x 10-14, 1 x 10-11 m2] with a loguniform distribution. Borehole
within and above repository is assigned a permeability of k,,t = kl + k2 + k~, and
borehole below repository is assigned a permeability of kB = (k] + k2)/10 + k3.

Fourth intrusion occurs at 4600 yr. Assignment of borehole permeabilities between
4600 and 4800 yr analogous to assignment between 3400 and 3600 yr for third

intrusion (i.e., kA = kl + k2 + k3 and kB = 1 x 10–9 m2).

Concrete plugs associated with fourth intrusion fail at 4800 yr. Assignment of
borehole permeabilities between 4800 and 5800 yr analogous to assignment between
3600 and 4600 yr for third intrusion (i.e., kA = k, + kz + kq + k4 and k~ = (k, + k2 +
k3)/10 + kq).

Fifth intrusion occurs at 5800 yr. Assignment of borehole permeabilities between 5800
and 6000 yr analogous to assignment between 3400 and 3600 yr for third intrusion

(i.e., kA =kl +k2+k3+k4andkB= 1 x 10-9 m2).
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Table 8.11.1. Definition of Permeabilities for Use with Multiple El Intrusions (Continued)

Time Assigned Permeabilities

6000-10,00 yr Concrete plugs associated with fifth intrusion fail at 6000 yr. Assignment of borehole
permeabilities between 6000 and 10,000 yr analogous to assignment between 3600 and
4600 yr for third intrusion (i.e., k* = k] + k2 + k~ + kd + k5 and k~ = (k] + k2 + kq +

k4)/10 + kj).

between the brine pocket and the repository. However, the size of these pressure increases tends to decrease with

successive E 1 intrusions, with repository pressure approaching an asymptote that corresponds to hydrostatic pressure

(Fig. 8.11 .2). The pressure curves that show a sudden monotonic increase to a pressure of approximately 6 x 106 Pa

correspond to the pressure increase that occurs when the repository fills with brine due to brine flow down the

intruding boreholes (Sect. 8.4).

The multiple El intrusions cause the intruded waste panel to become fully brine saturated for almost all sample

elements (Fig. 8.11 .3). In contrast, more sample elements remain below full brine saturation for El and E2E1

intrusions (Figs. 8.5.2, 8. 10.4), although even in these cases the majority of sample elements result in full brine

saturation in the intruded panel. The brine saturation in the unintruded (i.e., upper) waste panels for multiple El

intrusions tends to remain substantially below full brine saturation (Fig. 8.11 .3); similar saturations in the unintruded

waste panels occur for E 1 and E2E1 intrusions (Figs. 8.5.2, 8.10.4), although the saturations for the multiple El

intrusions tend to be somewhat higher.

Brine volumes in the repository behave similarly for El, E2E1 and multiple El intrusions (Figs. 8.5.6, 8.10.5,

8.11 .4), with the volumes associated with multiple E 1 intrusions tending to be somewhat higher than those associated

with E 1 and E2EI intrusions. The intruded panel typically establishes a brine-filled connection through the intruding

boreholes with the Culebra Dolomite and becomes fully brine saturated. As a result, brine volume is a function of

pore volume, which in turn is a function of repository pressure (Fig. 8.5.8). The unintruded waste panels typically

remain below full brine saturation (Figs. 8.5.2, 8.10.4, 8.11 .3) and thus show more uncertainty in the volume of brine

that they contain (Figs. 8.5.6, 8.10.5, 8.1 1.4).

Brine flow up the intruding boreholes is similar for El, E2E1 and multiple El intrusions (Figs. 8.6.3, 8.10.6,

8.11 .5), with a slight tendency for the flows associated with multiple E 1 intrusions to be larger than the flows

associated with E2E1 intrusions and for the flows associated with E2E1 intrusions to be larger than the flows

associated with El intrusions. For the 100 sample elements in replicate RI, only one results in a substantial

difference in cumulative flow for multiple El and E2E1 intrusions (Figs. 8.10.6, 8.11.5). The most significant aspect
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BRAGFLO (El’s at 1000,2200,3400,4600, 5800 YL RI)
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Cumulative brine flow into repository (BRNREPTC), cumulative brine flow down intruding boreholes
(BNBHDNUZ), and cumulative brine flow into bottom of DRZ from brine pocket (BNBHLDRZ) for
multiple El intrusions into lower waste panel at 1000, 2200, 3400, 4600 and 5800 yr.
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BRAGFLO (El’s at 1000,2200,3400,4600, 5800 yr; RI)
Vol-Averaged Pressure in Lower Waste Panel (WAS_PRES)
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Fig. 8.11.2. Repository pressure (WAS_PRES) for multiple El intrusions into lower waste panel at 1000, 2200,
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9. Direct Release to Accessible Environment: Cuttings, Cavings and Spallings

9.1 Cuttings and Cavings: Uncertainty and Sensitivity Analysis

Drilling intrusions through the waste panels can penetrate CH- or RH-TRU waste (Sect. 4.5). Specifically, the

probabilities that a single intrusion through a waste panel will encounter CH- or RH-TRU waste are 0.876 and 0.124,

respectively (Sect. 3.7). As the penetration of CH-TRU waste is more likely than the penetration of RH-TRU waste

and the average concentrations of CH-TRU waste are similar to those for RH-TRU waste (Fig. 9.1.1), the cuttings

and cavings release is dominated by CH-TRU waste.

The volume of material removed by a drilling intrusion through RH-TRU waste is fixed at 0.039 mq (i.e., the

drill bit diameter is fixed at 0.31115 m, which yields an intersection area of 0.076 m2, and the effective height of

RH-TRU waste is assumed to be 0.509 m) (Sect. 4.5.2). However, uncertainty in inputs used in the 1996 WIPP PA

results in the volume of material removed by cuttings and cavings due to a drilling intrusion through CH-TRU waste

ranging from approximately 0.4 m3 to 3 ms (Fig. 9. 1.2). The volumes in Fig. 9.1.2 and also the volume indicated

above for RH-TRU waste are the original (i.e., uncompacted) volumes of the removed waste. The use of

uncompacted volumes simplifies the calculation of the radionuclide concentrations used in the determination of

cuttings releases and permits a combining of removal volumes for intrusions at different times. The uncertainty in

the volume of CH-TRU waste removed as cuttings and cavings is determined by the variable WTA UFAIL (Fig.

9.1.3).

, ~-1
Concentration of CH-TRU and RH-TRU Waste

I

E--........
k’ --l

CH-TRU waste
within waste drums

CH-TRU waste
~.~.~.< within waste panels —

I

““”-”-- %-.
-...!- --- - -, . . . . ..Y. =.5

RH-TRU waste /“”:”~”’:

,.-3 ~

102
,03 ,04

Time (yr)

TRI-6342-4765-0

Fig. 9.1.1. Concentration (EPA units/m3) of CH- and RH-TRU waste.
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Fig. 9.1.2. Distribution of original (i.e., uncompacted) volume removed due to cuttings and cavings by a single

drilling intrusion through CH-TRU waste.
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9.2 Cuttings and Cavings: CCDFS

Complementary cumulative distribution functions (CCDFS) are constructed conditionally on individual LHS

elements by randomly sampling futures X~lof the form shown in Eq. (2.2.2) (Sect. 6.6). For each sampled future, a

normalized release is then estimated for the particular release mode under consideration, which is cuttings and

cavings removal in this section. Once the normalized releases are available, construction of the corresponding

CCDF is straightforward (Sect. 6.7).

The cuttings and cavings release for a given drilling intrusion is the product of the volume of waste removed

(m3) and the radionuclide concentration (EPA units/m3) in the removed waste. For RH-TRU waste, the indicated

concentration corresponds to the concentrations plotted in Fig. 9.1.1 (see CR~k) in Table 9.2.1). For CH-TRU

waste, the situation is more complex due to the presence of 569 waste streams (i.e., distinct types of waste), with

each of the waste drums placed in the IY3pOSltOry containing WaSte frOm Only one waste stream (see CcJf(j, ~k), PC#j)

in Table 9.2.1). As a result, a single drilling intrusion through CH-TRU waste can intersect several different waste

streams. Given that waste drums containing CH-TRU waste are stacked three high in the repository, the

Table 9.2.1. Results Available for Use in CCDF Construction for Cuttings and Cavings Removal

c~H(j’, ~~)

pm(i)

Ac~

‘CH

‘CH

cRH(7~)

AR~

‘RH

FRH

concentration (EPA units/m3) in CH-TRU waste stream j, j = 1, 2, . . . . 569, at time ~k, where ~k, k

= 1, 2, 3, 4, 5, 6, 7, 8, 9, corresponds to 100, 125, 175, 350, 1000, 3000, 5000, 7500 and
10,000 yr, respectively. Value: See Table 3.7.1, Fig. 3.7.1. Source: U.S. DOE 1995a, Sanchez et
al. 1997.

probability that a randomly sampled drum of CH-TRU waste will come from waste stream j, j = 1,

2 , . . . . 569. Value: See Table 3.7.1, Fig. 3.7.1. Source: U.S. DOE 1995a, Sanchez et al. 1997.

area (m*) through CH-TRU waste removed due to cuttings and cavings associated with a single
drilling intrusion. Source: CU’ITfNGS_S.

height (m) of waste panels used for disposal of CH-TRU waste. Value: 3.96 m. Source: WIPP
design.

fraction of volume removed by drilling intrusion through CH-TRU waste that is actually waste.

Value: 0.386 = (volume of CH-TRU waste) / (volume of waste panels) = (1.685 x 105 m3 /

4.36 x 105 m3). Source: WIPP design, U.S. DOE 1995a.

concentration (EPA units/m3) in RH-TRU waste at time ~k, with ~k corresponding to the same

times used with CCH (j, ~k) for CH-TRU waste. Value: See Fig. 9.1.1. Source: U.S. DOE 1995a,
Sanchez et al. 1997.

same as ACH but for RH-TRU waste. Value: 0.076 m2 = z (drillbit diamater/2)2 = n (0.311 15/2)2.
Rationale: Little erosion around the drillbit takes place for intrusions through RH-TRU waste.

same as HCH but for RH-TRU waste. Value: 0.509 m. Source: Tierney 1996b.

Same as FCH but for RH-TRU waste. Value: 1. Rationale: Consistent with emplacement
procedure for RH-TRU waste and definition of HRH
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concentration of CH-TRU waste associated with a specific intrusion is taken to be the average of the concentrations

associated with three randomly selected waste streams (Sect. 3.7), which results in considerable variability in the size

of the cuttings and cavings releases for individual intrusions (Fig. 9.2.1).

For a given future

environment is given by

where

Xrt of the form shown in Eq. (2.2.2), the cuttings and cavings release to the accessible

(9.2.1)

if al - no waste

I I I I <

xx

xxx x x

xxx

x

1 I I I 4

= /-lcH HC~ FCH

[

~ Ccff[j(i, r),ti]/3

}

if ai - CH-TRU waste

r=l

= AIW HRH FRH CRH (ti) if ai - RH-TRU waste

j(i, r) = an integer randomly selected from 1, 2, . . . . 569 for r = 1, 2, 3 in consistency with the probabilities

Pc#j), j= 1,2, . ...569,

CUTTINGS_S: Cuttings and Cavings

100
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175
c

$ 350
0.-
2 1000
F—

= 3000

?
~ 5000

7500

10000
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TRI-6342-4788-1

Fig. 9.2.1. Distribution of normalized release to accessible environment

CH-TRU waste due to variation in intersected waste streams.
from Fig. 9.1.2 (i.e., 0.508 ins), 38.6% of removed volume
sample of size 10,000 at each time.

for cuttings and cavings removal from
Results calculated with median volume

assumed to be CH-TRU waste, and a
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and all remaining symbols are defined in Table 9.2.1. The above summation from r = 1 to r = 3 corresponds to the

determination of an average concentration over three randomly selected waste streams. Further, the appearance of ti

in CcH~(i, r), til and CR~r~) implies linear interpolation between the actual time values in Table 9.2.1 at which CCH

and C~H are available.

For each LHS element, nS = 10,000 futures are randomly selected (Sect. 6.6) and the corresponding cuttings and

cavings releases are determined as shown in Eq. (9.2.1). The resultant CCDFS (Sect. 6.7) for cuttings and cavings

releases to the accessible environment are then constructed (Fig. 9.2.2). In Fig. 9.2.2 and other similar figures in this

presentation, the left frame shows the distribution of CCDFS obtained with the first of the three replicated LHSS (i.e.,

replicate R 1; see Sect. 6.5), and the right frame shows the mean and percentile curves that result from pooling all

three replicates (i.e., replicates R1, R2 and R3) to obtain a sample of size 300. All the CCDFS fall below the

boundary line specified in 191. 13(a). Further, the distribution of CCDFS is relatively tight, and the estimates for the

mean and percentile curves are quite stable (Fig. 9.2.3; see Sect. 6.4). Indeed, the three estimates for the mean and

percentile curves are essentially indistinguishable at the plotting resolution of Fig. 9.2.3.

In Fig. 9.2.2 and other similar figures in this presentation, CCDFS end at the largest observed consequence

value. From there, they drop vertically to zero; this drop is not shown to avoid a solid mass of vertical lines beneath

the lowest observed exceedance probabilities (see Sect. 6.7, Fig. 6.7.6). Once a CCDF reaches zero on the

probability axis (i.e., the ordinate), it continues right along the consequence axis (i.e., the abscissa). As a result, the

mean CCDF has nonzero exceedance probabilities that fall below the nonzero exceedance probabilities of the

individual CCDFS that were averaged in its construction. Similar plotting conventions hold for the quantile curves.

As volume of removed waste (i.e., ACH HCH as used in conjunction with Eq. (9.2.1)) is the only quantity used in

the determination of cuttings and cavings releases that is affected by variables in the LHS, the uncertainty in the

CCDFS shown in Fig. 9.2.2 is due entirely to WTA UFAIL (Fig. 9.1.3). This assertion can be checked by reducing

each CCDF for cuttings and cavings removal to an expected value and then regressing this expected value on the

sampled variables. The outcome of this calculation is the rank-regression model

jc = 300.8 – 0.9989 WTA UFAIL (9.2.2)

with an R2 value of 0.9979, where ~c designates the expected value associated with a CCDF for cuttings and

cavings removal. Thus, WTA UFAIL is indeed the only variable that affects the CCDFS for cuttings and cavings

removal. The corresponding scatterplot appears in Fig. 9.2,4.

The CCDFS in Fig. 9.2.2 are for normalized release, which is not a very intuitive quantity. To help provide

perspective, CCDFS for volume of material brought to the surface (i.e., the quantity obtained from Eq. (9,2.1) when

FCH, CCH, FRH and CRH are equal to 1) can also be constructed (Fig. 9.2.5). The release of more than 10 m~ of

material over 10,000 yr is unlikely.
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Fig. 9.2.4. Scatterplot for expected cuttings and cavings release for individual CCDFS versus WTA UFAZL.
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9.3 Spallings: Uncertainty and Sensitivity Analysis

Drilling intrusions through CH-TRU waste can also produce spallings releases, which are releases of solid

material due to rapid gas movement toward a borehole at the time of intrusion (Sect. 4.6). Due to the low

permeability of the region surrounding each RH-TRU waste canister, intrusions into RH-TRU waste are assumed not

to produce spallings releases.

The spallings model predicts a release of solid material. For computational convenience and also for

comparability with cuttings results, the released volume of material is reported as volume of original, uncompacted

material emplaced in the repository. For a given drilling intrusion, this volume is multiplied by the average

concentration (EPA units/m3) of CH-TRU waste in the waste panels (Fig. 9.1.1) at the time of the intrusion to

produce the spallings release.

The size of the spallings release is sensitive to the pressure in the repository at the time of the associated drilling

intrusion. In turn, pressure is dependent on both the time of a drilling intrusion and whether or not that drilling

intrusion has been preceded by earlier intrusions. Due to the 10 dip of the repository, it is also possible that

conditions influencing spallings may differ between upper panels (i.e., panels 1, 2, 3, 6, 7, 8, 9 in Fig. 3.2.1) and

lower panels (i.e., panels 4,5, 10 in Fig. 3.2.1).

For initial intrusions into the repository, spallings calculations were performed for intrusions at 100, 350, 1000,

3000, 5000 and 10,000 yr and also for intrusions into upper (U) and lower (L) waste panels (Fig. 9.3.1). Early

intrusions often produced no releases, with the number of nonzero releases increasing with time due to increasing

pressure in the repository (Fig. 9.3.2; also see Fig. 7.4.1). The spallings model incorporates the assumption that no

spa!lings release will take place when the repository pressure is less than 8 MPa, which results in the switch from

zero to nonzero spallings releases in Fig. 9.3.2. This switch results because a column of salt-saturated drilling fluid

that extends from the land surface to the repository would exert a pressure of approximately 8 MPa (Stoelzel and

O’Brien 1996); thus, 8 MPa is the minimum pressure that must be exceeded before repository fluids will displace the

drilling fluid. The volume of the spallings release is between approximately 0.5 and 4 m3 and the corresponding

normalized release is between approximately 3 x 10–3 and 2 x 10–2 EPA release units. The releases from intrusions

into an upper or lower panel at the same time are essentially identical (Fig. 9.3.1), with this equality resulting

because pressure was essentially equal throughout the repository (Fig. 8.4.2) and the effects of brine saturation were

not incorporated into the spallings model.
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Fig. 9.3.1. Distribution of original (i.e., uncompacted) volume removed and normalized release due to spallings
for a single drilling intrusion into a previously unintruded repository that encounters CH-TRU waste.

Although pressure determines whether or not a nonzero spallings release takes place, it has little effect on the

actual size of the release (Fig. 9.3.2). Rather, given that a nonzero release takes place, the variable WPRTDIAM

determines the actual size of this release (Fig. 9.3.3). Specifically, the size of the release increases as WPRTDIAA4

decreases.

At a value of WPRTDIAM * 2.5 x 10-3 m3 there is a noticeable change in behavior, with the volume of released

material suddenly changing from approximately 2.5 m3 to a range of values bounded below by approximately 3.2 m3

(Figs. !).3.3, 9.3.4). Further, below WPRTDIAM = 2.5 x 10-3 m3, there is a stronger relationship between pressure

and volume of released material than exists at higher values of WPRTDZAM (Fig. 9.3.2). This discontinuity is due to

an abrupt change in the coefficient of drag for particles at a Reynolds number (Re) of 2 x 105. Above Re = 2 x 105,

the boundary layer on the forward surface of smooth spheres changes from Iaminar to turbulent flow and tends to

move the boundary layer point of separation downstream. This causes the size of the wake to decrease and reduces

pressure drag, which results in the observed discontinuity and larger releases for small values of WPRTDIAA4 (Fox

and McDonald, 1973, pp. 404-408).
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CH-TRU waste in a lower waste panel versus pressure (WAS_PRES) and diameter of particles available
for removal by spallings ( WPRTDIAM).
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9.4 Spallings: CCDFS

As for cuttings, each LHS element leads to a CCDF for spallings releases that is obtained by randomly sampling

futures (of the form in Eq. (2.2.2) and then constructing the corresponding spallings release for each future. This

construction is based on the volumes of material (m3) released by spallings under different conditions and the

radionuclide concentration (EPA units/m3) in that material (Table 9.4. 1).

For each sampled intrusion time, radionuclide concentration can be obtained by interpolating on Cc~’qJ.

Further, for an initial intrusion, the volume of released material can be obtained by interpolating on VSEO,.JQ and

VSEO,J’CJ. Obtaining results for second and subsequent intrusions is more difficult for two reasons. First, results

are available for initial intrusions at only 350 and 1000 yr. Second, results are available for second intrusions but not

for subsequent intrusions.

The availability of results for initial intrusions at only 350 and 1000 yr is handled by extending these results to

initial intrusions at other times on the basis of the assumption that elapsed time from the first to the second intrusion

(i.e., A~jk) is the primary determinant of the spallings release for the second intrusion. Specifically, the following

assignments are made:

VSE1,~(L Az2k) = VSE1,~(q, Az2k ) (9.4.2)

for 72= 1000 S ~ <10,000 yr. Similar assignments are also made for VSE1,D, VSE2,Sand VSE2@. The lack of results

for more than two intrusions is handled by assuming that spallings releases for third and subsequent intrusions can be

estimated by ignoring intermediate intrusions and treating the initial intrusion and the particular subsequent intrusion

under consideration as if they were the only two intrusions in existence (Table 9.4.1).
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Table 9.4.1. Results Available for Use in CCDF Construction for Spallings Releases

c~lf(q) —

vsEo,~Tk) =

v~Eo,L(Q) =

VSE1 ,s(~j, A~jk) =

VSEI ,~(~j, A~jk) =

vsE’2,s(~j, A~jk) =

vsE2,D(~j> A~jk) =

concentration (EPA units/m3) in CH-TRU waste at time ‘tk, where ~k, k = 1, 2, . . . . 9,

corresponds to 100, 125, 175, 350, 1000, 3000, 5000, 7500 and 10,000 yr, respectively.
See curve “CH-TRU waste within waste panels” in Fig. 9.1.1. Source: U.S. DOE 1995a,
Sanchez et al. 1997.

volume (m3) of original (i.e., uncompacted) material released by a drilling intrusion into a

previously unintruded repository at time ‘tk that encounters CH-TRU waste in an upper

waste panel, where ~k, k = 1, 2, . . . . 6 corresponds to 100, 350, 1000, 3000, 5000 and

10,000 yr, respectively. See Fig. 9.3.1. Source: CUTTINGS_S.

same as VSEo,~~k) but fOr intrusion into a lower waSte panel. See Fig. 9.3.1.

volume (m3) of original (i.e., uncompacted) material released by second drilling intrusion

at time ?i + A’C/,kinto the same waste panel penetrated by an initial E 1 intrusion at time ?j,

where (1) ~i, j = 1, 2, corresponds to 350 and 1000 yr; (2) Z1 + A’tlk, k = 1, 2, . . . . 7,

corresponds to 350, 550, 750, 2000, 4000, 10,000, and 10,250 yr (i.e., A’clk = O, 200, 400,

1650, 3650, 9650, 9900 yr), results for k = 2, 3, . . . . 6 are summwized in Fig.9.3.6,

VSE1,s(~l, A~l,) = VSE1,s(~l, A~12) (i.e., VSE1,s (350, O) = VSE1,s (350, 200)), and

VSE1,s(~l, A~16) = VSEl,s(~l, A~17) (i.e., VSE1,s (350, 9650) = VSE1,s (350, 9900)), and (3)

7z+A72k, k=l,2, ..., 6, corresponds to 1000, 1200, 1400, 3000, 5000 and 10,000 yr (i.e.,

&~k = O, 200, 400, 1000, 4000, 9000 yr), results for k = 2, 3, . . .. 6 are summarized in

Fig. 9.3.6, and VSE1,s(~2, A721) = VSE],s(~z, A~22) (i.e., VSE1,s (1000, O) = VSE1,s (1000,

200)). Source: CUTTINGS_S. The assignments VSE1,s (350, O)= VSE1,s (350, 200) and

VSE1s (1000, O) = vSE1,s (1000, 200) are made to bracket the time period between the

occurrence of the first drilling intrusion and the failure of the plug at the Rustler/Salado

interface; the assignment VSE1 s (350, 9650) = VSE1 s (350, 9900) is made to facilitate the

use of VSE1,s(71, A~lk) for initial intrusions before ~1 = 350 yr.

same as VSE1,s(Tj, A’Tjk) but for intrusion into different waste panel. See Fig. 9.3.6.

same as VSE1,~(~j, ATjk) but for initial E2 intrusion. See Fig. 9.3.7.

same as VSE1,D(Tj, A’tjk) but for initial E2 intrusion. See Fig. 9.3.7.
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For each LHS element, nS = 10,000 futures are randomly selected and the corresponding spallings releases are

determined as shown in Table 9.4.2. As an aside, the same 10,000 futures are used for all CCDF constructions for a

given LHS element, which ultimately permits the combining of all release modes (i.e., cuttings and cavings,

spallings, direct brine release, groundwater transport) into a single CCDF. The resultant CCDFS for spallings

release:s to the accessible environment are then constructed (Fig. 9.4.1). All the CCDFS fall below the boundary line

specified in 191.13(a). Overall, the CCDFS tend to be farther from the boundary line and also more scattered than

the CCDFS for cuttings and cavings (Fig. 9.2.2), with 18 out of 100 CCDFS being degenerate (i.e., having no

nonzero releases) for the first replicate. However, the distribution is still quite stable across the three replicates

(Fig. 9.4.2).

The division of the CCDFS in Fig. 9.2.2 into four distinct groups depends on when an initial intrusion into the

repository will produce nonzero releases. With the drilling rate into the excavated regions of the repository given by

k =6.14x 10+ yr-l during the 600 yr of passive institutional controls (i.e., (2.94 x 10-5 yr-l) (0.209); see Sects.

3.2, 3.4) and by k = 6.14 x 10-4 yr-] after passive institutional controls are assumed to have ended (i.e.,

(2.94 x 10-3 yr-l) (0.209); see Sects. 3.2, 3.3), the probabilities of no drilling intrusions by 1000, 3000 and 5000 yrs

are given by 0.83, 0.24 and 0.071, respectively, These probabilities approximately correspond to where the three

lower groups of CCDFS emerge from the ordinate, with these groups resulting from sample elements in which

repository pressure has not reached 8 MPa by 1000, 3000 and 5000 yr, respectively. The upper most group of

CCDFS emerges at approximately 1, which implies that initial intrusions at all times for the corresponding LHS

elements are producing nonzero releases. Probabilities above are actually overestimates because spallings only gives

releases for intrusions into CH-TRU waste. The CCDFS tend to emerge at lower probabilities because there is no

guarantee that the specified time will actually have nonzero releases associated with it.

The primary determinant of the uncertainty in the CCDFS in Fig. 9.4.1 is the pressure conditions in repository

(Fig. 9.3.2), with no spallings releases taking place at pressures less than 8 MPa. Given that the pressure is above

8 MPa, the uncertainty in the spallings release is determined by WPRTDIAM (Fig. 9.3.3).

To provide additional perspective, CCDFS for volume of material released by spallings (i.e., the quantity

obtained from Table 9.4.2 when CCH is set to 1) can also be constructed (Fig. 9.4.3). Similarly to cuttings, the

release of more than 10 m3 of material over 10,000 yr is unlikely.

As was done for the cuttings CCDFS, a sensitivity analysis can be performed on the expected spallings releases

associated with each CCDF (Table 9.4.3). The regressions for volume and normalized release are almost identical.

The most important variable is WMICDFLG, with expected releases tending to increase with increasing values of

WMICDFLG due to the important influence of this variable on the pressure in the repository at the time of the first

drilling intrusion (Fig. 7.4.1, Table 7.4.1). Positive effects are also indicated for HALPOR, WGRCOR, HALPRM,
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Table 9.4.2. Determination of Spallings Release~~P(x$J for an Arbitrary Future x$, of Form in Eq. (2.2.2)

Notation:

nHi =

nD =

~=

——

—.

number of intrusions prior to intrusion i that penetrate pressurized brine and use plugging pattern 2
(i.e., two discrete plugs)

number of intrusions required to deplete brine pocket (see BPVOL in Table 5.2.1 for definition of nD)

O if intrusion i into (1) nonexcavated area or (2) excavated area and plugging pattern 1 used (i.e.,

continuous plug)

1 if intrusion i into excavated area, penetrates pressurized brine, plugging pattern 2 used, and nlli < nD

2 if intrusion i into excavated area and either (1) penetrates pressurized brine, plugging pattern 2 used,
and nHi > nD, (2) does not penetrate pressurized brine and plugging pattern 2 used, or (3) plugging
pattern 3 used (i.e., three discrete plugs)

Release rSPi for intrusion into nonexcavated area at time ti:rSPi = O.

Release rSPi for intrusion into pressurized repository at time ti (i.e., i = 1 or bj = O forj = 1, 2, . . .. i–l):

rSPi = O if intrusion penetrates RH-TRU waste

= cc~(ti)a ‘s~o,J(ti) if li in upper waste panel

– cc~(tJ) ‘SEO,~(ti)— if li in lower waste panel.

Release rSPi for intrusion into a depressurized repository at time ti with no El intrusion in first i – 1 intrusions (i.e.,

~~=OfOr k=l,2, . . ..~-l. ;j=2, ~~#lfOr k=~+l, ~+2, . . .. i-l).

rSP1 = O if intrusion penetrates RH-TRU waste

t .)b= Cc~ti) VS~,~(tj, ‘i – J if ~, 1~in same waste panel

= cc~ti) ‘s~z,~(~, ‘i – $) if $, li in different waste panels,

Release rSPi for intrusion into a depressurized repository at time ti with first E 1 intrusion at time ~ < ti (i.e., ~k # 1

fOrk=l, 2,...,l, bj=l) :):

rSPi = O if intrusion penetrates RH-TRU waste

= CCH(t~) ‘SE I,5’(J, ‘i – ~) if ~, 1~in same waste panel

= cc~~~) vsJ71,D(tj, ~i – ~) if $, li in different waste panels.

Spallings release~~p(X,$f):

“ Here and elsewhere, appearance of an undefined time implies linear interpolation between defined times in Table9.4.1.
h Hereand elsewhere, appearance of two undefined times implies two-dimensional linear interpolation between defined times in Table 9.4.1.
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replicates R 1, R2 and R3 (right frame).
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to spallings: CCDFS for replicate R 1 (left frame), and mean and percentile curves obtained by pooling
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Table 9.4.3. Stepwise Regression Analyses with Rank-Transformed Data for Expected Volume and
Expected Normalized Release Associated with Individual CCDFS for Spallings

Stepa

1
2

3
4

5

6
7
8

Expected Volume

Variableb

WMICDFLG

HALPOR

WGRCOR

BHPRM

WPRTDIAM

HALPRM
WASTWICK
ANHPRM

SRRCC

0.70
0.26

0.25

–0.21

–0.19

0.14
0.11
0.10

a Steps in stepwise regression analysis.

R2

0.51
0.58
0.64

0.68

0.72

0.74
0.75
0.76

Expected Normalized Release

Variable

WMICDFLG

HALPOR

WGRCOR

BHPRM

WPRTDIAA4

HALPRM
WASTWICK
ANHPRM

SRRC

0.72
0.26

0.24

-0.20

-0.19

0.13
0.11
0.10

R2

0.53
0.60
0.66
0.70

0.73

0.75
0.76
0.77

h Variables listed in order of selection in regression analysis with ANHCOMP and HALCOIWP excluded from entry

into regression model,

C Standardized rank regression coefficients in final regression model.

d Cumulative R* value with entry of each variable into regression model,
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WASTWICK and ANHPRM, with these effects resulting because increasing each of these variables also tends to

increase pressure in the repository at the time of the first drilling intrusion (Fig. 7.4.1, Table 7.4.1). Negative effects

are indicated for BHPRM and WPRTDIAM. Increasing BHPRM tends to reduce the pressure in the repository below

the 8 MPa threshold required for a spallings release (Fig. 8.4.5) and thus to reduce or eliminate spallings releases due

to intrusions subsequent to the initial intrusion into the repository. Increasing WPRTDIAM tends to decrease the size

of the spallings release for a single intrusion (Fig. 9.3.3) and thus to reduce the expected releases.

The examination of scatterplots provides additional perspective on the factors that affect the expected spallings

release:s (Fig. 9.4.4). The tendency of the spallings release to increase with increasing microbial gas generation is

readily seen in the corresponding scatterplot. Also, the zero spallings releases tend to be associated with the smaller

values for HALPOR. In contrast, the largest spallings releases tend to be associated with the smaller values for

BHPRM and WPRTDIAM.

Another way to perform a sensitivity analysis on a distribution of CCDFS is by calculating PRCCS between the

exceedance probabilities associated with individual consequence values on the abscissa and the sampled variables.

The resulting PRCCS can then be plotted above the consequence values at which they were calculated. The

outcomles of an analysis of this type for the CCDFS for spallings volume (Fig. 9.4.3) and normalized release

(Fig. 9.4. 1) appear in Fig. 9.4.5. The exceedance probabilities for a given volume or normalized release tends to

increase as each of WMICDFLG, HALPOR and WGRCOR increases. These positive effects result because

increasing each of these variables tends to increase the pressure in the repository at the time of the first drilling

intrusicm. The negative effect for WPRTDZAM results because increasing particle diameter tends to decrease the size

of the spallings releases associated with individual drilling intrusions (Fig. 9.3.4). The negative effect for BHPRM

results because increasing BHPRM tends to decrease the pressure in the repository after an initial drilling intrusion

(Fig. 8.4.5) and thus reduce the likelihood that second and subsequent drilling intrusions will produce spallings

releases (Fig. 9.3.2).

The spallings releases for individual futures were constructed with the assumption that each intrusion could

result in a spallings release (Table 9.4.2). However, releases after the first intrusion only occur if the pressure in the

repository remains above 8 MPa. The pressure in the repository subsequent to an intrusion is very dependent on the

borehole permeability (Fig. 8.4.5). In the present analysis, there is no variation in the permeability in a borehole

above the repository for plugging patterns 2 and 3; specifically, all boreholes for a given LHS element are assumed

to have the same permeability. As the repository rapidly drops below 8 MPa unless a borehole has a very low

permeability, it is probably unreasonable to assume that the pressure in the repository after multiple intrusions has

the same value as after a single intrusion. Rather, once a higher permeability borehole occurs, the pressure would

drop below 8 MPa and no additional spallings releases would take place. Inclusion of this depressurization

mechanism in the analysis would substantially reduce the spallings releases (Fig. 9.4.6).
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with individual CCDFS for spallings versus
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10. Direct Release to Accessible Environment: Direct Brine Release

10.1 lDirect Brine Release: Uncertainty and Sensitivity Analysis

Drilling intrusions through CH-TRU waste canproduce direct brine releases, which are releases of brine, and

hence dissolved radionuclides, due to rapid fluid movement toward a borehole at the time of intrusion (Sect. 4.7).

Due to the low permeability of the region surrounding each RH-TRU waste canister, intrusions into RH-TRU waste

are assumed not to produce direct brine releases.

The direct brine release model predicts time-dependent releases of brine and gas (Figs. 7 and 11, Stoelzel and

O’Brien 1996). For a given drilling intrusion, the volume of released brine (m3) is multiplied by the concentration

(EPA units/m3) of dissolved radionuclides in CH-TRU waste (Sect. 10.2) at the time of the intrusion to produce the

direct brine release. Prior to an El intrusion, solubilities associated with brines derived from the Salado Formation

are usecl; after an El intrusion, solubilities associated with brines derived from the Castile Formation are used.

The amount of brine associated with a direct brine release is sensitive to both the pressure and brine saturation in

the vicinity of the drilling intrusion. In turn, pressure and saturation are dependent on both the time of a drilling

intrusion and whether or not the drilling intrusion has been preceded by earlier intrusions. Due to the 10 dip of the

repository, it is also possible that conditions influencing direct brine release may differ between upper panels (i.e.,

panels 1,2, 3, 6,7, 8,9 in Fig. 3.2.1) and lower panels (i.e., panels 4,5, 10 in Fig. 3.2.1).

The preceding considerations involving the time and location of drilling intrusions also affect spallings releases.

Therefore, direct brine release calculations were performed for the same times as spallings calculations. Specifically,

direct brine release calculations were performed for initial intrusions at 100, 350, 1000, 3000, 5000 and 10,000 yr

and also for intrusions into upper (U) and lower (L) waste panels (Fig. 10.1.1 ). Most LHS elements produce no

releases. Further, most of the nonzero releases occurred for intrusions into the lower waste panel.

Examination of the results for intrusion into the lower waste panel shows that nonzero brine releases tend to be

associated with larger values for brine saturation and intermediate values for pressure (Fig. 10. 1.2). The largest gas

pressures tend to be associated with low brine saturations (Fig. 10.1.3) due to the consumption of brine in the

corrosicm of steel and hence result in no direct brine releases. As pressure is almost constant throughout the

repository (Fig. 8.4.2), the greater number of zero releases for intrusions into the upper waste panels is due to lower

brine saturation (Fig. 7.5. 1). When a nonzero brine release does occur, the size of the corresponding normalized

release {tends to increase as the dissolved radionuclide concentration in the brine increases (Fig. 10. 1.4).

An alternate way to view the results in Figs. 10.1.2 and 10.1.3 is to use three dimensional plots. Then, the

interplay between brine release, saturation and pressure can be seen in a single plot (Fig. 10.1.5).
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Fig. 10.1.4. ScatterPlot for normalized release from repository due to direct brine release resulting from a single

drilling intrusion at 10,000 yr into a previously unintruded repository that passes through CH-TRU
waste in a lower waste panel versus radionuclide concentration at 10,000 yr.

Direct brine release calculations were also performed for intrusions subsequent to an initial intrusion for the

same intrusion combinations as used for spallings (Figs. 10.1.6, 10.1.7). As for initial intrusions, most LHS elements

result in no brine release for second intrusions. Due to the effects of the brine pocket, intrusions subsequent to an El

intrusion tend to have more nonzero releases than intrusions subsequent to an E2 intrusion. Further, intrusions into

the same waste panel tend to result in larger releases than intrusions into different waste panels. As pressure is

almost constant throughout the repository (Fig. 8.4.2), the greater number of zero releases from intrusions into

different waste panels is due to lower brine saturation. However, it should be recognized that, in the computational

implementation of the analysis, what is described as two intrusions into the same panel is actually two intrusions into

the same lower panel, and what is described as two intrusions into different panels actually consists of an initial

intrusion into a lower waste panel and a subsequent intrusion into an upper waste panel (Fig. 4.7.1).

Borehole permeability (i.e., k = 1W, x = BHPRM), brine saturation and repository pressure interact to determine

the volume of brine released by a second drilling intrusion (Fig. 10.1.8). Specifically, direct brine releases for

second intrusions tend to be associated with higher brine saturations, higher pressures, and lower borehole

perrneabilities. Further, the higher pressures tend to be associated with the lower borehole permeabilities (Fig.

8.4.5). High brine saturations are often associated with high values for borehole permeability (Fig. 8.5.3, 8.5.4).

However, this combination of high saturation and high borehole permeability does not result in a spallings release for

a second or subsequent intrusion because the repository pressure is too low (Fig. 8.4.5).
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10.2 Volubility: Uncertainty and Sensitivity Analysis

Given that a nonzero brine release takes place, radionuclide volubility is a major determinant of the size of a

direct brine release (Fig. 10. 1.4). The solubilities used in determining a direct brine release (see ST in Table 4.3.1)

depend on whether the conditions in the repository are dominated by brine from the Salado Formation (left frame,

Fig. 10.2. 1) or brine from the Castile formation (right frame, Fig. 10.2.1). For the 1996 WIPP PA, releases from a

previously unintruded repository and also releases not preceded by an El intrusion use the Salado-dominated

solubilities; releases after an El intrusion use the Castile-dominated solubilities. Thus, the normalized releases in

Figs. 10.1.1 and 10.1.7 were calculated with the appropriate time-dependent solubilities from the left frame of Fig.

10.2. 1; similarly, the normalized releases in Fig. 10.1.6 were calculated with the appropriate time-dependent

solubilities from the right frame of Fig. 10.2.1.

Each curve in Fig. 10.2.1 results from one LHS element and derives from the values of several uncertain

variables as indicated in Table 4.3.1. The noticeable downward shift of the volubility curves in Fig. 10.2.1 results

when the number of EPA units in solution changes from being dominated by Am-241 to being dominated by Pu-239.

A similar but less conspicuous shift also takes place at earlier times in the left frame of Fig. 10.2.1 when the number

of EPA units in solution changes from being dominated by Pu-238 to being dominated by Am-241.

For the 1996 WIPP PA, MgO is assumed to be added to the waste panels as a backfill to remove C02 generated

by microbial action and thereby to reduce solubilities by increasing the pH in the waste panels. In the absence of

MgO, radionuclide solubilities tend to be higher (Fig. 10.2.2). The real difference between the solubilities in Figs.

10.2.1 and 10.2.2 is not the presence or absence of MgO in the repository but rather the presence or absence of C02

produced by microbial degradation of cellulosics (Stockman et al. 1996).

The maximum solubilities in the absence of MgO are increased relative to the maximum solubilities in the

presence of MgO. However, the minimum solubilities with and without MgO are similar. This pattern occurs

because a degree of belief probability of 0.5 was assigned to the occurrence of the microbial degradation of cellulose

in the 1996 WIPP PA (see WMICDFLG in Table 5.2.1). As a result, the presence or absence of MgO has no effect

on the solubilities associated with half of the LHS elements because no microbial degradation of cellulose is

assumed to be equivalent to the absence of C02, which results in half the volubility curves in Fig. 10.2.2 being

identical to curves for the corresponding LHS elements in Fig. 10.2.1. Specifically, if microbial degradation of

cellulose does not take for a given LHS element, then the presence or absence of MgO does not affect the

solubilities for that element. The presence or absence of microbial degradation is the cause of the two groups of

volubility curves in the right frame of Fig. 10.2.2.
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10.3 Direct Brine Release: CCDFS

As for cuttings and spallings, each LHS element leads to a CCDF for direct brine releases that is obtained by

randomly sampling futures of the form in Eq. (2.2.2) and then constructing the corresponding direct brine release for

each future. This construction is based on the volumes of brine (m3) brought to the surface by direct brine release

under different conditions and the radionuclide concentration (EPA units/m3) in that brine (Table 10.3. 1). The

structure of the results in Table 10.3.1 for brine releases from direct brine release is the same as the structure of the

results in Table 9.4.1 for solid material releases from spallings.

For each sampled intrusion time, radionuclide concentration can be obtained by interpolating on CEO(’CJ and

CEl(~J as appropriate (Table 10.3.1). Specifically, CEO(IJ is used before any Castile brine has entered the

repository due to an El intrusion, and CE1(~k) is used after an El intrusion has allowed Castile brine to enter the

repository. Further, for an initial intrusion, the volume of released brine can be obtained by interpolating on

VBE0,~7k) and VBEO,L(TJ.

As for spallings, obtaining results for second and subsequent intrusions is more difficult for two reasons. First,

results are available for initial intrusions at only 350 and 1000 yr. Second, results are available for second intrusions

but not for subsequent intrusions. The availability of results for initial intrusions at only 350 and 1000 yr is handled

by extending these results to initial intrusions at other times on the basis of the assumption that elapsed time from the

first to the second intrusion (i.e., A~jk) is the primary determinant of the direct brine release for the second intrusion.

Specifically, the following assignments are made:

for 100<~ <zl = 350 yr, and

(10.3.2)

for q = 1000< ~ <10,000 yr. Similar assignments are also made for VBE1,D, VBm,~ and VBH,D. The lack of

results for more than two intrusions is handled by assuming that direct brine releases for third and subsequent

intrusions can be estimated by ignoring intermediate intrusions and treating the initial intrusion and the particular

subsequent intrusion under consideration as if they were the only two intrusions in existence (Table 10.3.2).

For each LHS element, nS = 10,000 futures are randomly selected and the corresponding direct brine releases

are determined as shown in Table 10.3.2. The resultant CCDFS for direct brine releases to the accessible

environment are then constructed (Fig. 10.3. 1). All the CCDFS fall below the boundary line specified in 191.13(a).

Overall, the CCDFS tend to be farther from the boundary line and also more scattered than the CCDFS for cuttings

and spallings (Figs. 9.2.2, 9.4.1, with 51 out of 100 CCDFS for replicate RI involving no releases that exceed 10-5

EPA units). However, the distribution is still stable across the three replicates (Fig. 10.3.2).
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Table 10.3.1. Results Available for Use in CCDF Construction for Direct Brine Releases

concentration (EPA units/m3) in brine in the repository under undisturbed conditions at

time ~k, where ~k, k = 1, 2, . . . . 9, corresponds to 100, 125, 175, 350, 1000, 3000, 5000,
7500 and 10,000 yr. Based on solubilities (WSOL.4M3S, WSOLPU3S, WSOLPU4S,
WSOLU4S, WSOLU6S, WSOLTH4S) and chemical conditions (WOXSTAT) for repository
dominated by Salado brine; see Table 4.3.1 and left frame, Fig. 10.2.1. Source: PANEL

concentration (EPA units/m3) in brine in the repository subsequent to an El intrusion at
time ~k, where ~k, k = 1, 2, . . . . 9, corresponds to 100, 125, 175, 350, 1000, 3000, 5000,

7500 and 10,000 yr. Based on solubilities (WSOLAM3C, WSOLPU3C, WSOLPU4C,
WSOLU6C) and chemical conditions (WPHUMOX3, WOXSTAT) for repository dominated
by Castile brine; see Table 4.3.1 and right frame, Fig. 4.3.1. Source: PANEL

volume (m3) of brine released by a drilling intrusion into a previously unintruded

repository at time ~k that encounters CH-TRU waste in an upper waste panel, where ~k, k =

1,2, ..., 6, corresponds to 100, 350, 1000, 3000, 5000 and 10,000 yr, respectively. See

Fig. 10.1.1. Source: BRAGFLO_DBR.

Same as VBEO,~’rk) but for intrusion into a lower waste panel. See Fig. 10.1.1.

volume (m3) of brine released by second drilling intrusion at time ~j + ATjk into the same

waste panel penetrated by an initial El intrusion at time ~j, where (1) tj> ~ = 1, 2,

corresponds to 350 and 1000 yr, (2) rl + A~lk, k = 1, 2, . . . . 7, corresponds to 350, 550,

750, 2000, 4000, 10,000 and 10,250 yr (i.e., A~lk = O, 200,400, 1650, 3650, 9650, 9900

yr), results fork= 2, 3, ....6 are summarized in Fig. 10.1.6, VBE1,s(~l, AZ11) = VBE1,s(tl,

A~12) (i.e., VBE1,S (350,0) = VB,E1,~(350, 200)), and VBE1,s(~l, A’T16) = VBE1,s(~l, A~17)

(i.e., VBE1,~ (350, 9650) = VBE1,s (350, 9900), and (3) ~2 + A~zk, k = 1, 2, . . . . 6,

corresponds to 1000, 1200, 1400, 3000, 5000 and 10,000 yr (i.e., A~2k = O, 200, 400,

1000, 4000, 9000 yr), results for k = 2, 3, .... 6 are summarized in Fig. 10.1.6, and

VBE1,S(TI, %) = VBE1,S(T1, ATUJ (i.% VBE1,S (1000, 0) = VBE1,S ( 1000, 200)). Source:

BRAGFLO_DBR. The assignments VBE1,s (350, O) = VBE1,s (350, 200) and VBE1,S

(1000, O) = VBE1,s (1000, 200) are made to bracket the time period between the

occurrence of the first drilling intrusion and the failure of the plug at the Rustler/Salado

interface; the assignment VBE1,~ (350, 9650) = VBE1,s (350, 9900) is made to facilitate the

use of VBE1,s(~l, A’rlJ for initial intrusions before ‘cl = 350 yr.

same as v~/71,s(~j, A’Cjk) but for intrusion into different waste panel. See Fig. 10.1.6.

same as vBEl,s(Tj, A’Cjk) but for initial E2 intrusion. See Fig. 10.1.7.

same as VBE1,D(7j, A’Tjk) but for initial E2 intrusion. See Fig. 10.1.7.
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Table 10.3.2. Determination of Direct Brine Release~DJx,,J for an Arbitrary Future X,[ of Form in Eq. (2.2.2)

Release rDBi for intrusion into nonexcavated area at time titt_DBi= O

Release rDBi for intrusion into pressurized repository at time ti (i.e., i = 1 or ~j = O’ forj = 1,2, . . . . i–l):

rDBi = O if intrusion penetrates RH-TRU waste

= c~o(ti)b VB~o,~ti) if li in upper waste panel

= c~o(ti) VB~O,~(ti) if li in upper waste panel.

Release rDBi for intrusion into a depressurized repository at time tiwith no E 1 intrusion in first i – 1 intrusions (i.e.,

$~ =OfOrk= 1,2, . . ..l. ~j=2,;~;~ #l fork= ~+1, ~+2, ...,1):):

rDBi = O if intrusion penetrates RH-TRU waste

= CEo(ti) VBE2,S(\, ti – $)’ if ~, li in same waste panel

= c~o(ti) VBn,D(\, ti – ~) if $, li in different waste panels.

Release rDBi for intrusion into a depressurized repository at time tiwith first El intrusion at time ~ < ti (i.e., ~k # 1

fork=l,2 ,.., ~-l, ‘j ‘1):

i_DBi = O if intrusion penetrates RH-TRU waste

= CEI (ti) VBE1,,s(\, ti – ~) if $, li in same waste panel

= CEI (ti) VBEI,D(~, ti – ~) if ~, li in different waste panels.

Spallings release~B~(x.$,):

‘ See Table 9.4.2 for definition of ;j = O, 1, 2.

h Here and elsewhere, appearance of an undefined time implies linear interpolation between defined times in Table 103.1.

C Here and elsewhere, appearance of two undefined times implies two-dimensional linear interpolation between defined times in Table 10,3.1.
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Fig. 10.3.1. Distribution of CCDFS for normalized release to accessible environment over 10,000 yr due to direct
brine release: CCDFS for replicate RI (left frame), and mean and percentile curves obtained by pooling

replicates RI, R2 and R3 (right frame).
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environment over 10,000 yr due to direct brine release: mean and percentile curves for individual

replicates (left frame) and confidence intervals (CIS) on mean curve obtained from the three replicates
(right frame).
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The primary determinants of the uncertainty in the CCDFS in Fig. 10.3.1 are the pressure and brine saturation

conditions in the repository, with no direct brine releases taking place for low brine saturation (Figs. 10.1.2, 10.1.5,

10, 1.8) and also no releases taking place for low pressures (Figs. 10.1.2, 10.1.5, 10.1.8). For undisturbed conditions,

pressure is primarily influenced by factors related to gas generation (i.e., WMICDFLG, WGRCOR, WASTWICK,

HALPOR and ANHPRM as indicated in Fig. 7.4.1 and Table 7.4.1); similarly, brine saturation is also primarily

influenced by factors related to brine inflow and gas generation (i.e., HALPOR, WMICDFLG, WGRCOR,

WASTWICK, and ANHPRM as indicated in Fig. 7.5.1 and Table 7.5.1). Subsequent to a drilling intrusion, pressure

and saturation are determined primarily by borehole permeability (Figs. 8.4.5, 8.5.3, 8.5.4).

To provide additional perspective, CCDFS for volume of brine released by direct brine release (i.e., the quantity

obtained from Table 10.3.2 when CEO and CE1 are set to 1) can also be constructed (Fig. 10.3.3). Similarly to

cuttings and spallings (Figs. 9.2.5, 9.4.3), the release of more than 10 m3 of material (i.e., brine) over 10,000 yr is

unlikely.

As was done for the cuttings and spallings CCDFS, a sensitivity analysis can be performed on the expected direct

brine releases associated with each CCDF (Table 10.3.3). The dominant variables are WRBRNSAT and HALPOR,

with the size of the release tending to decrease as WRBRNSAT increases and to increase as HALPOR increases. The

negative effect for WRBRNSA T results from reducing the amount of brine that can take part in a direct brine release,

and the positive effect for HALPOR results from increasing the amount of brine in the repository and thus also

increasing the pressure in the repository under undisturbed conditions. Small positive effects are also indicated for

ANHPRM, BPCOMP, HALPRM, BPINTPRS and BPVOL. However, the final regression models have R2 values of

only 0.49 and 0.50. Thus, these models are not very effective in accounting for the uncertainty in the analysis

outcomes. This lack of resolution is due to the large number of sample elements that have no direct brine release.

For example, the effects of WRBRNSA T and HALPOR can be readily seen in the scatterplots in Fig. 10.3.4; however,

these effects tend to be obscured by the large number of zero releases. As a reminder, direct brine releases can only

take place when the repository is at a pressure that exceeds 8 MPa.

The regressions in Table 10.3.3 included the solubilities of the individual elements as candidate independent

variables (see Tables 4.3.1, 10.3.4). However, none of these solubilities were selected in the regression analysis.

Basically, the uncertainty in whether or not a direct brine release takes place is swamping out the uncertainty induced

by the solubilities when a release does take place. Also, borehole permeability (i.e., k = 1(Y, x = BHPRM) appears to

have little effect on the expected release for direct brine release (Fig. 10.3.5); again, this is probably due to the

dominant role played by the uncertainty in whether or not a direct brine release occurs at all.
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Distribution of CCDFS for volume of brine removed to accessible environment over 10,000 yr due to
direct brine release: CCDFS for replicate RI (left frame), and mean and percentile curves obtained by

pooling replicates R 1, R2 and R3 (right frame).

Table 10.3.3. Stepwise Regression Analyses with Rank-Transformed Data for Expected Volume and
Expected Normalized Release Associated with Individual CCDFS for Direct Brine Release

Stepa

1

2

3
4
5
6
7

Expected Volume

Variableb

WRBRNSAT

HALPOR

ANHPRM

BPCOMP

HALPRM
BPINTPRS
BPVOL

SRRCC

-0.44

0.35

0.28
0.22
0.15
0.14
0.11

R2d

0.19

0.32
0.39
0.44
0.46
0.48
0.49

Expected Normalized Release

Variable

WRBRNSAT

HALPOR

ANHPRM

BPCOMP

BPINTPRS
HALPRM

SRRC

–0.46

0.37
0.27
0.20
0.14
0.14

R2

0.21

0.35
0.42
0.46
0.48
0.50

‘ Steps in stepwiseregressionanafysis.
b var.iab]~s]lst~dIn Or&rof selectionin regressionanalysiswithANHCOMP and HALCOIWP exchrded from entrY

into regression model.

c Standardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model
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Fig. 10.3.4. Scatterplots for expected normalized releases associated with individual CCDFS for direct brine release
versus WRBRNSAT and HALPOR.

Table 10.3.4 Solubilities Used in Sensitivity Studies Associated with Releases from the Repository (see
Table 4.3.1 for definitions of individual solubilities)

Variable Definition

SOLAMC

SOLPUC

SOLTHC

SOLUC

SOLAMS

SOLPUS

SOLTHS

SOL US

Volubility (mol/1 ) of americium in Castile brine.

Volubility (mol/1 ) of plutonium in Castile brine.

Volubility (mol/1 ) of thorium in Castile brine.

Volubility (mol/1 ) of uranium in Castile brine.

Volubility (mol/1 ) of americium in Salado brine.

Volubility (mol/1 ) of plutonium in Salado brine.

Volubility (mol/1 ) of thorium in Salado brine.

Volubility (mol/1 ) of uranium in Sal ado brine.
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The direct brine releases for individual futures were constructed with the assumption that each intrusion could

result in a direct brine release (Table 10.3.2). However, releases after the first intrusion only occur if the pressure in

the repository remains above 8 MPa (Fig. 10. 1.8). The pressure in the repository subsequent to an intrusion is very

dependent on the borehole permeability (Fig. 8.4.5). In turn, this means that the occurrence of direct brine releases

subsequent to an initial intrusion is also very dependent on borehole permeability (Fig. 10. 1.8). In the present

analysis, there is no variation in the permeability in a borehole above the repository for plugging patterns 2 and 3;

specifically, all boreholes for a given LHS element are assumed to have the same permeability. As the repository

rapidly drops below 8 MPa unless a borehole has a very low permeability, it is probably unreasonable to assume that

the pressure in the repository after multiple intrusions has the same value as after a single intrusion. Rather, once a

higher permeability borehole occurs, the pressure would drop below 8 MPa and no additional direct brine releases

would take place. Inclusion of this depressurization mechanism in the analysis would reduce the direct brine releases

(Fig. 10.3 .6). However, the differences between the CCDFS with no cutoff (Fig. 10.3.1) and the CCDFS with a two

drilling intrusion cutoff (Fig. 10.3 .6) are not large, which is consistent with the limited effect indicated for BHPRM

in Fig. 10.3.5.
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Fig. 10.3.5. Scatterplot for expected normalized releases associated with individual CCDFS for direct brine release
versus BHPRM.
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Distributions of CCDFS for normalized release to accessible environment and volume of brine removed
to accessible environment over 10,000 yr due to direct brine release with the assumption that direct
brine releases will only take place for the first two drilling intrusions into the repository: CCDFS for
replicate RI (left frames), and mean and percentile curves obtained by pooling replicates R1, R2 and
R3 (right frames).
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11. Release from Repository

11.1 Release to Culebra: Uncertainty and Sensitivity Analysis

Radionuclide releases to the Culebra Dolomite were calculated with the NUTS and PANEL programs (Sects.

4.3, 4.4). In turn, these programs used brine flow patterns calculated by BRAGFLO as input (Sects. 4.2, 6.9; Chapts.

7, 8).

Six sets of BRAGFLO calculations were used to support the estimation of radionuclide releases to the Culebra:

EO (i.e., undisturbed conditions), El intrusion at 350 yr, E 1 intrusion at 1000 yr, E2 intrusion at 350 yr, E2 intrusion

at 1000 yr, and E2E1 intrusion with the E2 intrusion at 800 yr and the El intrusion at 2000 yr (Table 11.1.1). In

turn, the preceding BRAGFLO calculations were used to supply brine flows for use in calculations with NUTS or

PANEL (Table 11.1.1 ). In particular, the BRAGFLO results for EO conditions were used as input to calculations

with NUTS for radionuclide transport under undisturbed conditions. Further, the BRAGFLO results for E 1 and E2

intrusions at 350 yr were used as input to NUTS calculations for intrusions at 100 yr and also at 350 yr. For the 100

yr intrusion, the flow pattern used in NUTS subsequent to the intrusion is assumed to be the same as the flow pattern

predicted by BRAGFLO subsequent to an intrusion at 350 yr. Similarly, the BRAGFLO results for El and E2

intrusions at 1000 yr were used as input to NUTS calculations for intrusions at 1000, 3000, 5000, 7000 and 9000 yr,

with the calculations for transport subsequent to intrusions at 3000, 5000, 7000 and 9000 yr performed with the flow

patterns obtained from 1000 yr on in the BRAGFLO calculations. As described in Table 6.9.1, each potential NUTS

calculation was preceded by a preliminary screening calculation to determine if a full NUTS calculation was

required, with full NUTS calculations only being performed for sample elements that had the potential to result in

radionuclide releases to the Culebra or the accessible environment. Finally, the BRAGFLO results for the E2E1

intrusion were used as input to PANEL for calculations in which the second (i.e., El) intrusion was assumed to be in

place at 100, 350, 1000, 2000, 4000, 6000 and 9000 yr. Again, the assumption is made that the flow patterns after

the intrusions at 100, 350, 1000, 4000, 6000 and 9000 yr are the same as the flow patterns after 2000 yr in the

BRAGFLO calculation for the E2E1 intrusion.

Radionuclide release from the repository to the Culebra depends on both the amount of brine flow and the

amount of radionuclide that can be transported in this flow. Radionuclides are assumed to exist in five states that can

be transported from the repository by flowing groundwater: dissolved, humic colloids, microbial colloids, mineral

fragment colloids, and actinide intrinsic colloids. Typically, the concentration in each of these states is a function of

one or more sampled variables (Table 4.3.1, Fig. 11.1. 1). The “Total” concentrations in Fig. 11.1.1 are the

concentrations used in the NUTS and PANEL calculations to determine releases from the repository to the Culebra.

In the computational implementation of the analysis, the concentrations in Fig. 11.1.1 are only realized in individual
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Table 11.1.1 Calculations Performed with BRAGFLO, NUTS and PANEL to Estimate Radionuclide
Releases to the Culebra Dolomite

BRAGFLO Calculation NUTS/PANEL Calculations

EO NUTS: EO (no release to Culebra)

El at 350 yr NUTS: E 1 at

El at 1000yr NUTS: E 1 at

E2 at 350 yr NUTS: E2 at

E2 at 1000 yr NUTS: E2 at

00, 350 yr

000,3000,5000,7000,9000 yr

00, 350 yr

000, 3000,5000,7000,9000 yr

E2E1 with E2 at 800 yr and El at 2000 yr PANEL: E2E 1 at 100, 350, 1000, 2000,4000,6000,

9000 yr (Note: an E2E1 intrusion is the same as the
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Fig. 11.1.1. Elemental concentrations (EPA units/m3) in Salado and Castile brines (key: Am, Pu, Th, U correspond
to americium, plutonium, thorium, uranium; DIS, HUM, MIC, MIN, INT, TOT correspond to
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computational cells if there is adequate inventory in the cell to produce this concentration; otherwise, the

concentration is set by assuming all of the relevant element is present in the brine contained in that cell. The effect

of inventory depletion due to radioactive decay can be seen in the structure of the total concentration curves in Fig.

10.2.1. Further, the concentrations are a function of whether repository conditions are dominated by Salado or

Castile brine (Table 4.3.1).

Radionuclide releases to the Culebra only occur for sample elements for which BRAGFLO predicts nonzero

brine flows from the repository to the Culebra. For most sample elements, brine flow from the repository is zero or

very small (Fig. 8.6.3) and so little or no radionuclide transport takes place (Fig. 11.1.2). For E 1 and E2E1

intrusions, most of the release takes place over a relatively short period of time and then continues at a reduced rate

or stops entirely. This behavior results from (1) an initial 200 yr period during which an open borehole exists

between the repository and the brine pocket, (2) a subsequent 1000 yr period in which the borehole over its entire

length has permeability k = 1(Y, x = BHPRM, and (3) a reduction of the permeability below the repository to k =

10’710, x = BHPRM, after 1200 yr (Table 4.2.8). For the E2E1 intrusion and a few sample elements, a release

occurs before the El intrusion due to brine flow up the borehole associated with the preceding E2 intrusion. Most

sample elements result in little or no release for E 1 and E2E1 intrusions due to limited brine flow (Fig 8.6.3). Even

fewer sample elements result in releases for E2 intrusions; again, this is due to limited brine flow from the repository

to the Culebra (Fig. 8.6.3). However, given equal-sized brine flows, an E2 intrusion will produce a larger release

than an El or E2E1 intrusion because solubilities in Salado-dominated brines are higher than solubilities in Castile-

dominated brines (Fig. 11. 1.1). This behavior results in the largest release curves in Fig. 11.1.2 for E2 intrusions

exceeding the largest release curves for El and E2E1 intrusions.

Results are presented in Fig. 11.1.2 for only two of the intrusion times used in the NUTS and PANEL

calculations indicated in Table 11.1.1. A summary of the cumulative releases over 10,000 yr for all intrusion times

is given in Fig. 11.1.3. As should be the case, the size of the release decreases with increasing intrusion time due to

increased time for radioactive decay and decreased time for transport from the repository to the Culebra. However,

at all times, most sample elements result in no significant releases to the Culebra.

The total normalized releases in Figs. 11.1.2 and 11.1.3 are based on Am-241, Pu-238, Pu-239, U-234 and

Th-230 (Figs. 11.1.4, 11.1.5, 11.1.6). At early times (i.e., 100 and 350 yr), the release tends to be dominated by

Am-24 1, with an additional contribution from Pu-238 at very early times. With increasing time, Am-241 is lost due

to decay and the release is dominated by Pu-239 due to its long half life and large inventory.

The occurrence of releases for E2 intrusions is dominated by BHPRM (Fig. 11.1.7). For small values of

BHPRM, there is not enough flow down the borehole to fill the intruded waste panel with brine and so a release up

the borehole to the Culebra will not take place (Sect. 8.4). A similar effect also occurs for ANHPRM (Fig. 11.1.7).
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Fig. 11.1.5. Cumulative normalized releases of individual isotopes over 10,000 yr from repository to Culebra
Dolomite for E2 intrusions at 350 and 1000 yr.
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For El intrusions, releases tend to be associated with larger values for BPCOMP (Fig. 11.1.8). This association

occurs because increasing BPCOMP tends to increase the brine flows from the brine pocket to the repository

(Fig. 8.2. 12), thus increasing the likelihood that the intruded waste panel will fill with brine. There is also a

tendency for the size of the release to the Culebra to increase as BHPRM increases (Fig. 11.1.8). This effect results

because increasing BHPRM increases both the amount of brine that flows down the borehole from overlying

formations and the amount of brine that flows up the borehole from the brine pocket. However, due to the effects of

BPCOMP, less influence is exerted by BHPRM in determining whether or not a release occurs than is the case for

the E2 intrusion.

Due to the large number of zero releases, a stepwise regression analysis is not very revealing as a sensitivity

analysis procedure for El and E2 intrusions. However, the greater number of nonzero releases associated with E2E1

intrusions makes stepwise regression analysis a possibility for this intrusion mode (Table 11.1.2). In constructing the

regression models in Table 11.1.2, the candidate independent variables included the original sampled variables and

also the solubilities for individual elements (Table 10.3.4). As a reminder, elemental solubilities change as a

function of brine type (i.e., Salado or Castile) and several sampled variables (Table 4.3.1). By including the actual

solubilities used in the PANEL calculations for E2E1 intrusions rather than only the sampled variables, the effects of

the actual volubility used in the calculation will be shown. In interpreting the analysis results, two properties of the

analysis should be kept in mind. First, calculations for E2E1 intrusions use the solubilities for Castile brine. Second,
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Fig. 11.1.8. Scatterplots for normalized release to Culebra Dolomite over 10,000 yr for an E 1 intrusion at 1000 yr
versus BPCOMP and BHPRM.
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Table 11.1.2 Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Radionuclide
Releases over 10,000 yr from the Repository to the Culebra Dolomite for an E2E1 Intrusion
with the El Intrusion Occurring at 1000 yr

I Am-24 1 I Pu-238 Pu-239 I 34

~21J

T
SRRC ~2

0.57 0.34

0.54 0.63

0.18 0.67

0.16 0.69

0.12 0.70

-0.09 0.71

–0.08 0.72

0.08 0.73

Variable

BHPRM

BPCOMP

SOLPUC

WGRCOR

BPINTPRS

BPVOL

ANHPRM

WMICDFLG

SRRC

0.59

0.52

0.16

-0.16

0.16

0.12

0.09

–o. 10

—
R2

—

0.36

0,63

0.66

0.68

0.70

0.72

0.73

0.74
—

VariablehStepa SRRCC Variable Variable SRRC

1

2

3

4

5

6

7

8

BHPRM

lrPcoA’fP

SOL4MC

llPINTPRS

WGRCOR

BPVOL

ANHPRM

WMICDFLG

0.61 0.37 BHPRM

BPCOMP

SOLPUC

BPINTPRS

BPVOL

WGRCOR

WMICDFLG

ANHPRM

BHPRM

BPCOMP

SOLUC

BPINTPRS

WGRCOR

BPVOL

ANHPRM

WMICDFLG

0,58

0.45

0.36

0.17

-0.12

0.12

0.11

-O.1O

0.35

0.55

0.69

0.71

0.72

0.74

0.75

0.76

0.52 0.64

0.20

0.17

–o. 14

0.68

0.70

0.72

0.12 0.74

0,10

-0.07

0.74

0,75

Th-230

SRRC’

0.60

0.54

–0.16

0,17

0,13

0.10

–0.10

R211

0.36

0.65

0.68

0.70

0.72

0.73

0.74

Variable

BHPRM

BPCOMP

SOr!AMC

BPINTPRS

WGRCOR

BPVOL

ANHPRM

WMICDFLG

Stepa

1

2

3

4

5

6

7

8

Variableh

BHPRM

BPCOMP

WGRCOR

BPINTPRS

BPVOL

ANHPRM

WMICDFLG

SRRC

0.61

0.52

0.19

0.17

-0.14

0.12

0.10

–0.07

R2

0.37

0.64

0.67

0.70

0.72

0,73

0.74

0.75

a Steps in stepwise regression analysis.

h Vfiables ll~ted in order of ~electiOn in regressionanalysiswithANHCOMP arrd HALCOMP excluded from entry intO regressirm model.

‘ Standardized mrsk regressicm coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model.

the solubilities in Tables 4.3.1 and 11.1.2 are only realized if there is a sufficient quantity of the element in the waste

panel; otherwise, the amount of material that can go into solution is limited by the amount present. Such inventory

limits occur for both Am-241 and Pu-238.

The regressions in Table 11.1.2 for the individual radionuclides and also for the total release in EPA units are

very similar. In particular, the releases are dominated by BHPRM and BPCOMP, with the size of the release tending

to increase as each of these variables increases. These positive effects result because increasing BHPRM tends to

increase the rate at which the intruded waste panel fills with brine due to flow down the borehole, and increasing

BPCOMP tends to increase the rate at which the intruded waste panel fills with brine due to flow up the borehole

from the brine pocket. Also, increasing BHPRM reduces resistance to flow in the borehole from the brine pocket to

the waste panel and also from the waste panel to the Culebra. The third variable selected in most analyses is the

volubility for the radionuclide under consideration (i.e., SOLAMC, SOLPUC or SOLUC), with release size tending to

increase as volubility increases. However, the effect of volubility is less than that of BHPRM and BPCOMP, which is
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due in part to the significant number of observations that have no brine flow, and hence no radionuclide release, to

the Culebra.

In addition, positive effects are indicated for BPINTPRS, BPVOL and ANHPRM, and negative effects are

indicated for WGRCOR and WMICDFLG (Table 11.1.2). Increasing BPINTPRS and BPVOL increases the amount

of brine that flows from the brine pocket to the repository (Table 8.2.5), and increasing ANHPRM increases the

amount of brine that flows from the anhydrite marker beds to the repository (Tables 8.2.2, 8.2.3). In both cases, the

ultimate effect is to increase the rate at which the intruded waste panel fills with brine. In contrast, increasing

WGRCOR and WMICDFLG decreases the rate at which the waste panel fills with brine. For WGRCOR, this effect

results from an increased loss of brine due to corrosion; it is also possible that the resultant increased gas flow up the

borehole may retard the filling of the waste panel due to brine flow down the borehole. For WMICDFLG, the

negative effect results primarily from reduced brine flow during the initial 200 yr period that an open borehole is

assumed to exist between the brine pocket and the waste panel (Fig. 8.2.8).

For perspective, scatterplots for BHPRM, BPCOMP, and the Am-241 release are given in Fig. 11.1.9. No

releases tend to result for small values of BHPRM and BPCOMP due to a failure to fill the intruded waste panel with

brine. Further, given that a release takes place, the size of this release tends to increase as each of BHPRM and

BPCOMP increases. Similar patterns also occur for the other radionuclides and the total release. The uncertainty

that derives from BHPRM and BPCOMP tends to swamp out the uncertainty associated with solubilities

(Fig. 11. 1.10). In particular, although a positive relationship can be discerned between volubility and the size of the

nonzero releases, there is a large amount of variation around this trend.

. PANEL (E2EI with El at 1000 yr, RI, R2, R3)

,.l

,00

,.-1

,0-2

,0-3

,0-4

,0-5

,0-6

,0-7

t
Time: 10000 yr

.
.

..”
. ...-.”.
. .*

. .m~ ● . .. .
“. ,“ .

““. . .. . .. .
.

. b.” . .’ ..”..;.,””
● .%. .: . . “..

:. -m ... .. t..*
. . . . .. . *.

. . . < : -@::.”+ ~-; . + “
. ,.: .“ .

.. *., .m. --#m#m..
.,: #.-.“. . ● .”

. .
.“*

.“ .

1 .“.
.

——a. . . . .
,@ ,.54 1

,.-13 ,.-12 ,:-11

Fig. 11.1.9.

Borehole Permeability (mz): 10x, x = BHPRM

PANEL (E2E1 with El at 1000 yr, Rl, R2, R3), Oz
P 1 I 1 I I , 3

—.. -. . ... . . .,o_8 . . ..-.-d
I

-11.25 -10.8G1O.35 -9.90 -9.45 -9.00 -8.55

Logarithm Brine Pocket Compressibility (Pa-’): BPCOMP

TRI-6342-4994-0

Scatterplots for normalized release of Am-241 to Culebra Dolomite over 10,000 yr for an E2EI
intrusion with the El intrusion occurring at 1000 yr versus BHPRM and BPCOMP.

11-10



, ~z

,.l

PANEL (E2E1 with El at 1000 yr, RI, R2, R3)

F

I I

. y

Time: 10000 yr .

w:.
~

;:*}- . .m. .-
F

“.% : .m mm,
~

m
mew . q.*

. ..* .
~ ● . .:- ,~. “.-. e.

.?
. ■ :

‘8
“m

~
. ● .

‘“ ‘*k ;“* : ‘: m “

*9

.- .“ 3
.

“ ;“::2: d: “

,..

. . . ■
. .

,0-7 ■

. . . . . ..—. . .. A...
J

, o-a ,0-7 ,0-6 ,0-5

Max Castile Brine Cone Am: SOLAMC (EPA units/m3)

PANEL (E2EI with El at 1000 yr, RI, R2, R3)
,0-2

I 1 1 1
m %!

c

10-3 ?-
Time: 10000 yr .“ .

. . .“ . 2
.

: ,.-4 ~
.

m .
.— . . ..=~m

.
3

i
2 10-5 r i ; ,“:::” .“.”...y_

Ig ,.+

:1

.
gl “:*$ ‘“m

~ 1o–’ y

1
. . ..m. *-S

.

~ “.*
,0-6

g ~1
...m:*10-9

m

> ,.-10

. .

,.-11 r m

=. .. . . . . . . .
,.-12 1,1 UJJA

,0-6 ,0-7 , o+ ,0-5 ,0-4 ,0-3

Fig. 11.1.10.

Max Castile Brine Cone U: SOLUC (EPA units/m3)

PANEL (E2E1 with El at 1000 yr, R1, R2, R3)
,00

I I
. 1

.

■

“m

m
.

●

✎✝ ✎

.
.

.

■

✎

,0-9 . . . Time: 10000 yr
●

,.-10 : ..99- .—-.. .m. m
I

,o-s ,0-7 ,0-6 ,0-5

Max Castile Brine Cone Pu: SOLPUC (EPA units/m3)

PANEL (E2EI with El at 1000 vr, RI, R2, R3)

t

Max Castile Brine Cone Th: SOLTHC (EPA units/m3)

TRI-6342-4995-0

Scatterplots for normalized release of individual radionuclides (i.e., Am-241, Pu-239, U-234, Th-230)
to Culebra Dolomite over 10,000 yr for an E2E 1 intrusion with the El intrusion occurring at 1000 yr
versus the volubility for the individual radionuclides (i.e., SOLAMC, SOLPUC, SOLUC, SOLTHC in
Table 10.3.4).

11-11



11.2 Release to Culebra: CCDFS

The CCDFS for release to the accessible environment are constructed conditionally on individual LHS elements

by randomly sampling futures of the form in Eq. (2.2.2). The outcomes of this procedure for cuttings, spallings and

direct brine release are presented in Sects. 9.2, 9.4 and 10.3. For groundwater releases to the accessible environment

due to transport through the Culebra, a two-step procedure is used. First, time-dependent release rates to the Culebra

are constructed for each isotope and each randomly sampled future (Tables 11.2.1, 11.2.2). Second, these release

rates are then used in conjunction with SECOTP2D results (Sects. 4.8, 4.9) to estimate a normalized release to the

accessible environment for each randomly sampled future (Sect. 13.2). Once these normalized releases are

estimated, construction of the CCDF for transport through the Culebra to the accessible environment is

straightforward.

The actual radionuclide releases into the Culebra calculated with NUTS and PANEL use the “Total”

concentrations in Fig. 11.1.1. The division of the release into dissolved and colloidal components in Table 11.2.2 is

done to facilitate transport calculations in the Culebra and has no effect on the release into the Culebra. The

fractions ~CEO, fCEl and fCE2 in Table 11.2.1 are used to partition the release into the Culebra back into its

dissolved and colloidal components. Humic colloids are assumed to transport exactly the same as dissolved

radionuclides (Papenguth 1996), with the result that fCEO, fCEl and fCE2 are set to O for humic colloids. In the

computational implementation of the analysis for transport in the Culebra described in Sect. 12.2, this results in the

same SECOTP2D results being used for both dissolved radionuclides and humic colloids. Values forfCEl andfCE2

are obtained by forming the ratio of corresponding colloidal and total concentrations in Fig. 11.1.1 (Fig. 11.2.1). As

EO and E2 conditions are both dominated by Salado brine, fCEO is assumed to equal corresponding values for fCE2,

although the definition of fCEO has no impact on the analysis because no releases to the Culebra occur for

undisturbed conditions.

Conditional on a given LHS element and a given future of the form in Eq. (2.2.2), cRT(j, k, 10,000) in

Table 11.2.2 gives the total cumulative release to the Culebra over 10,000 yr of element k of decay chain j. These

individual releases can then be converted into a total normalized release, which is used in the construction of the

corresponding CCDF for normalized release to the Culebra. This construction follows the same procedure and uses

the same randomly-sampled futures as used in Sects. 9.2, 9.4 and 10.3 to construct CCDFS for cuttings, spallings and

direct brine release. Specifically, 10,000 randomly-sampled futures are generated for each LHS element; the

corresponding 10,000 normalized releases to the Culebra are evaluated, and the resultant CCDF is constructed

(Fig. 11.2.2), which results in 100 CCDFS for each of the three replicates.

With one exception, all the CCDFS in the left frame of Fig. 11.2.2 fall beneath the boundary line for release to

the accessible environment. As a reminder, a release to the Culebra at the repository is not a release to the accessible

environment. The boundary line specified in 40 CFR 191.13(a) is referred to to help the reader assess how much
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Table 11.2.1. Results Available for Use in CCDF Construction for Radionuclide Releases into the Culebra
Dolomite

rEO(j, k, q) =

rEl(q, j, k, q) =

rE2(’ci, j, k, q) =

rE21(~i, j, k, ml) =

JCEO(s, j, k) =

cumulative release (kg) of element k of decay chain j (See Eq. (4.3. 18)) from the repository to

the Culebra under undisturbed (i.e., EO) conditions from time O yr (i.e., closure of repository)

through time ml, o.y = 100, 150, 200, . . . . 10,000 yr (i.e., o++] = COl+ 50 yr for 12 1), due to
brine flow. Source: NUTS (See Table 11. 1.1).

cumulative release (kg) of element k of decay chain j (See Eq. (4.3. 18)) from the repository to

the Culebra from time ~i to time q, (01= ~i + 50 yr, ~i + 100 yr, . . . . 10,000 yr, due to brine

flow with an El intrusion occurring at time ~i, ~i = 100, 350, 1000, 3000, 5000, 7000, 9000

yr. Source: NUTS (See Table 11. 1.1).

cumulative release (kg) of element k of decay chain j (See Eq. (4.3.18)) from the repository to

the Culebra from time ~i to time ml, 0)1= ~i + 50 yr, ~i + 100 yr, . . .. 10,000 yr, due to brine

flow with an E2 intrusion occurring at time ~i, ~i = 100, 350, 1000, 3000, 5000, 7000, 9000

yr. Source: NUTS (See Table 11.1.1).

cumulative release (kg) of element k of decay chain j (See Eq. (4.3. 18)) from the repository

to the Culebra from time ~i to time ml, ml= ~i + 50 yr, ~i + 100 yr, . . . . 10,000 yr, due to brine

flow with an E2E1 intrusion occurring at time ~i, ~i = 100, 350, 1000, 4000, 6000, 9000 yr.

Source: PANEL (See Table 11. 1.1).

fraction of element k of decay chain j (See Eq. (4.3.18)) attached to colloid specie s under

undisturbed (i.e., EO) conditions (See Table 4.3.1).

fCEl(s,.j, k), fCE2(s, j, k): same as fCEO(s, j, k) but for conditions subsequent to El and E2 intrusions, respectively.
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Table 11.2.2. Construction of Radionuclide Releases into the Culebra Dolomite for an Arbitrary Future x~t
of Form in Eq. (2.2.2)

Notation:

nc .

np .

n](p) =

‘pi =

nEl(p) =

nE2(p) =

n.E21(p) =

tElpj =

tE2pj =

tE21P1 =

tE2 lPj =

number of colloid species (i.e., nC = 4; see Table 4.3.1)

number of waste panels (i.e., nP = 10; see Fig. 3.2.1)

number of drilling intrusions into waste panel p, p = 1, 2, . . . . nP, with potential for brine flow

from repository to Culebra (i.e., drilling intrusions for which ~i = 1 or 2’ and li is associated with

waste panel p; see Sects. 3.3,3.4)

time (yr) of Z’thdrilling intrusion into waste panel p, i = 1, 2, . . .. rd(p), p = 1, 2, . . . . nP, with

potential for brine flow from repository to Culebra (see Sect. 3.2)

number of El intrusions into waste panel p (i.e., intrusions for which &i = 1; see Sect. 3.5))

number of E2 intrusions into waste panel p (i.e., intrusions for which ~i = 2; see Sect. 3.5))

number of E2E1 intrusions into waste panel p (see tE21pj below)

time (yr) ofjth El intrusion into waste panel p,j = 1,2, . . . . nEl(p)

time (yr) of jth E2 intrusion into waste panel p, j = 1, 2, . . .. nE2(p)

time (yr) of 1‘t E2E1 intrusion into waste panel p (i.e., time when two or more drilling intrusions

have penetrated waste panel p, of which at least one encounters pressurized brine in the Castile

Formation; specifically, ~i = 1 or 2 for each intrusion and ~i = 1 for at least one intrusion)

time (yr) of each El intrusion (i.e., ~i = 1 ) into waste panel p subsequent to

nE21(p) (i.e., tEIPj, j = 2, 3, . . . . nEI(p) if tE21vl < tElP2 and tElpj, j = 3, 4,

= tElP2)

Cumulative release to Culebra:

tE21Pl, j = 2, 3, . . . .

,.. , nEl(p) if tE21P1

cRDP(j, k, t) = cumulative dissolved release (kg) to Culebra through time tof element k of decay chain j from

waste panel p

= O ift<tpl

= [1-ffCEl(sj,k)]rEl(t,,lj~,~)bif tEIP1 = t,,l < t < tP2

~=1



Table 11.2.2. Construction of Radionuclide Releases into the Culebra Dolomite for an Arbitrary Future X$f
of Form in Eq. (2.2.2) (continued)

[

nC

= 1cRDP(j, k, tE21pm) + 1– ~ ~CEl(s, j, k) rE21(tE21pm, j, k, t)

.f=l

if tE21vm < t 5 tE21n,m+1, m = 1, 2, . . . . nE21(p)

cRD(j, k, t) = cumulative dissolved release (kg) from repository to Culebra through time t of element k of
decay chain j

[

nC

—— 11- ~ fCEO(s, j, k) rEO(j, k, t)’ ift<tl

.T=l

nP
—— cRD(j, k, t,)+ ~ cRDp(j, k, t) ift>tl

cRC”(S, j, k, t) =

——

=

——

—

cRC(S, j, k, t) =

=

=

cRT(j, k, t) =

p=l

cumulative release (kg) from waste panel p to Culebra through time tof element k of decay
chain j sorbed to colloid species

o if t<tnl

fCEl(s, j, k) rEl(t,,l, j, k, t) if tElljl = $1 < t 2 tl,z

fCE2(s, j, k) rE2(t,,1, j, k, t) if tE2P1 = tpl < t< tEIP1

cRCP(s, j,k, tE21,),n) + fCEl(s, j, k) rE21(tE21Pm, j, k, t)

if tE21nm < t S tE21n, ~+1, m = 1, 2,..., nE21@)

cumulative release (kg) from repository to Culebra through time t of element k of decay
chain j sorbed to colloid species

fCEO(s, j, k) rEO(j, k, t) ift<rl

cRC(S, j, k,tl) + ~ CRC], (S, j, k, t) ift>tl

]7=1

total cumulative release (kg) to Culebra through time t of element k of decay chain j

= cRD(j, k, t)+ ~ cRC(S, j, k, t)
.$=1

“ See Table 9.4.2 fordefinitionof ii = O,1,2.
b Here ~lld ~l~ewhere, appearance of two undefined ~mes implies two-d) mensiomd linear imerpolatim between defined times in Table 11.1.1.

c Here and elsewhere, appearance of an undefined time implies linear interpolation between defined times in Table 11.1,1.
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Fig. 11.2.1.

Fraction of Total Brine Concentration Fraction of Total Brine Concentration

TRI.6342-5159-O

Fraction of total radionuclide concentration in brine (EPA units/m3) attached to microbial, mineral
fragment and actinide intrinsic colloids (key: Am, Pu, Th, U correspond to americium, plutonium,

thorium, uranium; MICF, MINF, INTF correspond to microbial fraction, mineral fragment fraction,
actinide intrinsic fraction).

Total to Culebra Normalized Releases: RI Total to Culebra Normalized Releases: RI, R2, R3

100 Observations, 10000 Futures/Observation, ~1
300 Observations, 10000 Futures/Obsefvafion,.l

1 1 ~ ,,,-1

_ Overall Mean
— — 90th Pooled Quantile

,00 ,00 — — — 50th Pooled Quantile
(Offscale) 10th Pooled Quantile

——

~ 10-’

A A

; :

5 2 +
* 1 o-* ~ 10
.- .-

E $
g D
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n. ,0-3 n ,0-3
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10-5 1o~ 10-3 ,.-2 ,.-l ,00 ,01 , O* ,03 10-5 10-4 10-3 10-2
,0-1 ,.O ,.l , O* ,03

Normalized Release (EPA units), R Normalized Release (EPA units), R

TRI-6342-4996-0

Fig. 11.2.2. Distribution of CCDFS for normalized release to Culebra Dolomite over 10,000 yr: CCDFS for
replicate R1 (left frame), and mean and percentile curves obtained by pooling replicates R1, R2 and R3
(right frame).
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attenuation might be required during transport in the Culebra to result in compliance. As shown by Fig. 11.2.2, most

sample elements produce releases into the Culebra that would require no attenuation to be in compliance with 40

CFR 191.13(a). A similar pattern is also shown by the other two replicates (Fig. 11 .2.3), with three CCDFS crossing

the boundary line for replicate R2 and no CCDFS crossing for replicate R3 (although 2 CCDFS come close to the

boundary line).

The distributions of CCDFS in Figs. 11.2.2 and 11.2.3 show a distinct structure, with one group (Group 1) of

CCDFS emerging from the ordinate at a probability close to 1, another group (Group 2) emerging at a probability

close to 0.25, and a final group (Group 3) emerging at probabilities close to 0.15. There are only a few Group 1

CCDFS. These CCDFS result from sample elements that have a nonzero E2 release. Their relatively low likelihood

of occurring (i.e., 15 out of 300 sample elements) results because most sample elements result in no brine release,

and hence no radionuclide release, to the Culebra for E2 intrusions. However, due to the high drilling rate, an E2

release to the Culebra is almost certain to take place (i.e., a probability very close to 1) if E2 intrusions result in brine

flow from the repository to the Culebra. The relatively large releases for Group 1 CCDFS derives from two sources.

First, releases for E2 intrusions are calculated with the sohsbilities for Salado dominated brines, which tend to be

higher than the solubilities for Castile dominated brines (Fig. 10.2.1). Second, an additional E2 release is included

for the first intrusion into each waste panel for a given future X,$t (Table 11.2.2). As a result, the release to the

Culebra for a typical future Xyt will be the sum of a number of individual E2 releases. Again, the high drilling rate

results in most futures involving intrusions into a number of different waste panels (Table 3.2.1).

Total to Culebra Normalized Releases: R2
1no Observations. 10000 Futures/Observation

\

10-5 10-4 10-s 10-2
10-1 1 (y 101 ,02 105

Normalized Release (EPA units), R

Total to Culebra Normalized Releases: R3
100 Observations, 10000 Futures/Observation

Iol
I I I I I I I -

I 25 observations offscale
1

100b———7Rm

,o.:o~o,
Normalized Release (EPA units), R

TRI-6342-4998-0

Fig. 11.2.3. Distributions of CCDFS for normalized release to the Culebra Dolomite over 10,000 yr for replicates
R2 (left frame) and R3 (right frame).
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The Group 2 CCDFS result from LHS elements that have El releases to the Culebra but no E2 releases. As the

probability of a given drilling intrusion penetrating pressured brine is 0.08 (actually, an El intrusion only occurs if

the borehole penetrates a nondepleted pressurized brine pocket and plugging pattern 2 is used, which makes the

effective probability of penetrating pressurized brine approximately (0.08)(0.68) = 0.05; see Sects. 3.5, 3.6), these

CCDFS emerge from the ordinate at a lower probability than the Group 1 CCDFS. The Group 2 CCDFS tend to have

smaller releases than the Group 1 CCDFS for two reasons. First, the El releases used in the construction of the

Group 2 CCDFS are calculated with solubilities for Castile dominated brine, which tend to be lower than the

solubilities for Salado dominated brine used in the calculation of E2 releases (Fig. 10.2.1). Second, the likelihood of

futures Xft that have multiple intrusions that give rise to releases to the Culebra is less for the Group 2 CCDFS than

for the Group 1 CCDFS. Each El intrusion associated with a future X.,l gives rise to either an El or an E2E1 release

(Table 11.2.2). However, because the probability of penetrating pressurized brine is 0.08, a given future will not

have very many intrusions that penetrate pressurized brine (Table 3.5. 1). In contrast, the typical future will have

many E2 intrusions that penetrate different waste panels.

The Group 3 CCDFS result from LHS elements that have E2E 1 releases but no El or E2 releases. Because

E2E1 releases require two drilling intrusions into a waste panel with at least one of these intrusions penetrating

pressurized brine, the Group 3 CCDFS emerge from the ordinate at a lower probability than the Group 2 CCDFS. As

for the Group 2 CCDFS, the releases for Group 3 CCDFS are calculated with solubilities for Castile dominated

brines. Due to the requirement for multiple drilling intrusions into a single waste panel to produce an E2E1 release

(Table 11 .2.2), individual futures are less likely to have multiple releases in the construction of Group 3 CCDFS than

in the construction of Group 2 CCDFS.

The Group 3 CCDFS show an interesting structure, with most CCDFS having an abrupt change in slope at

probabilities of approximately 0.04 and 0.02. As examination of Fig. 11.2.4 shows, this behavior is due to Am-241,

with the Am-24 1 CCDFS in Fig. 11.2.4 showing a pattern that exactly matches the indicated changes in slope for the

total release in Figs. 11.2.2 and 11.2.3. These changes in slope are probably resulting from a change in the dissolved

concentration of Am-241 from being volubility limited (i.e., by SOLAMC) to being inventory limited (Fig. 10.2.1).

When concentration is volubility limited, the size of an E2E 1 release changes smoothly as a function of the time of

the intrusion that produces the E2E1 conditions; similarly when concentration is inventory limited, the size of an

E2E 1 release again changes smoothly as a function of the time of the intrusion that produces the E2E 1 conditions. It

is the switch from futures with releases dominated by inventory limited concentrations to futures with releases

dominated by volubility limited concentrations that may be producing the changes in slope. It is also possible that

the pattern may be due in part to futures that have different numbers of E2E1 intrusions.

The 90th and 50th quantile curves for release to the Culebra are quite stable across the three replicates

(Fig. 11 .2.5); the 10fh quantile is degenerate for all three replicates (i.e., replicates R1, R2 and R3 produce 27, 25

and 25 degenerate CCDFS, respectively). In contrast, the location of the mean for releases above 0.1 EPA units
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Fig. 11.2.4. Distributions of CCDFS for replicate R1 for normalized release of individual radionuclides (dissolved
and colloidally-transported) to Culebra Dolomite over 10,000 yr.
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Fig. 11.2.5. Outcome of replicated sampling for distribution of CCDFS for normalized release to the Culebra

Dolomite over 10,000 yr: mean and percentile curves for individual replicates (left frame) and
confidence intervals (CIS) on mean curve obtained from the three replicates (right frame).

shows a considerable amount of variability across the three replicates (Fig. 11.2.5). The mean above about 1.0 EPA

units for each replicate is being determined by a few (i.e., 1, 2 or 3) CCDFS. As a result, the means for the individual

replicates and the mean across all three replicates are being determined by a few outliers and, thus, tend to be

unstable. The nonrepresentativeness of the means for release to the Culebra provides an indication of why means

associated with skewed distributions are not very informative quantities. Typically, selected quantiles provide more

insight into the nature of a distribution, and especially a skewed distribution, than a mean.

As shown by the distributions in Fig. 11.2.4, Am-241 and Pu-239 are the dominant contributors to the CCDFS

for release to the Culebra, with the largest releases coming from Pu-239. Lesser contributions are made by Th-230

and U-234, with the contribution from Th-230 tending to be larger than that from U-234.

As was done for the cuttings, spallings and blowout release CCDFS, a sensitivity analysis can be performed on

the expected release to the Culebra for the CCDFS for the individual isotopes and also for the CCDFS for total

release (Table 11 .2.3). The dominant variables are BHPRM and BPCOA4P, with these variables consistently

selected first and second in the regression analyses in Table 11.2.3. The expected values increase as each of

BHPRM and BPCOMP increases. The positive effect for BHPRM results from facilitating the filling of the

repository due to brine flow down an intruding borehole and reducing resistance to flow both into the repository

from a brine pocket and from the repository to the Culebra. The positive effect for BPCOMP results from increasing
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Table 11.2.3. Stepwise Regression Analyses with Rank-Transformed Data for Expected Normalized

SEeL
1

2

3

4

5

6

7

8

9

IE’lL
1

2

3

4

5

6

7

8

Release Associated with Individual CCDFS for Release to Culebra Dolomite

AI

Variableh

BHPRM

BPCOMP

BPINTPRS

SOL4MC

BPVOL

WGRCOR

ANHPRM

WMICDFLG

!41

I

SRRCC ~zd

0.62 0.38

0.56 0.69

0.17 0,71

0.13 0.73

-0.13 0.74

–o. 12 0.76

0.10 0.77

-0.09 0.78

7

Variableh

BHPRM

BPCOMP

BPINTPRS

WGRCOR

BPVOL

ANHPRM

SOIAMC

WMICDFLG

d

SRRCC

0.62
0.54
0.17

–o.14

0.12
0.11
0.11

–0.10

R2d

0.38
0.67
0.70
0.72
0.73
0.74
0.75
0.76

Pu

Variable

BHPRM

BPCOMP

WGRCOR

SOLPUC

BPINTPRS

BPVOL

WMICDFLG

ANHPRM

WASTWICK

39

SRRC

0.61
0.52

–0.15

0.13
0.15
0.13

–0,11

0.11
–0.07

R2

0.37
0.65
0.67
0.69
0.71
0.72
0.74
0.75
0.75

u.

Variable

BHPRM

BPCOMP

SOLUC

BPINTPRS

WMICDFLG

ANHPRM

BPVOL

WGRCOR

34

SRRC

0.59
0.46
0.31
0.16

–o.12

0.13
0.12

–0,12

~z

0.36
0.57
0.68
0.70

0,72
0.73
0.74
0.76

T]

Variable

BHPRM

BPCOMP

WGRCOR

BPINTPRS

BPVOL

WMICDFLG

ANHPRM

30

SRRC

0.61
0.55

–o.15

0.16
0.13

-0.12

0.11

—
R2

—

0.37
0.68
0,70
0.72
0.74

0.75
0.77

a Stepsin stepwiseregressionanalysis.
b Vwables listedin orderof ~e]ectionin regression analysis with ANHCOMP andHALCOMP excludedfromentry intoregressionmodel.

c Standardizedrankregressioncoefficientsin final regressionmodel.
d CumulativeR2 value withentryof eachvariableintoregressionmodel.

brine flow from a brine pocket to the repository and then from the repository to the Culebra. Typically, small

positive effects are indicated for the solubilities for the individual elements (i.e., SOLAMC, SOLPU, SOLUC). As

most releases occur in association with drilling intrusions involving pressurized brine, it is the solubilities for Castile

dominated brines that are being selected in the regression analyses. In addition, positive effects are also indicated for

BPINTPRS, BPVOL and ANHPRM. Increasing each of these variables tends to increase the amount of brine entering

the repository (Table 8.2.4). Negative effects are indicated for WGRCOR and WMICDFLG. Increasing WGRCOR

tends to decrease the amount of brine in the repository by increasing the amount of brine that is consumed by

corrosion. Increasing WMICDFLG tends to decrease the amount of brine in the repository by preventing brine flow

from the brine pocket to the repository during the 200 yr period subsequent to an El intrusion in which an open

borehole exists between the repository and the brine pocket (Fig. 8.2.8).

For perspective, scatterplots involving BHPRM, BPCOMP and total release to the Culebra are given in

Fig. 11.2.6. In consistency with the regression results (Table 11.2.3), the release tends to increase as BHPRM and

BPCOMP increase. Further, zero releases tend to be associated with small values for these variables, with the

association being more pronounced for small values of BHPRM.
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Scatterplots for expected normalized releases associated with individual CCDFS for total release to the
Culebra Dolomite versus BHPRM and BPCOMP.

11.3 Other Release Pathways

No releases occurred above the Culebra due to brine flow up the shaft or a borehole. No substantive releases to

the marker beds were observed (Fig. 11.3. 1); further, no numerically significant releases to the accessible

environment due to transport through marker beds took place.
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12. Transport in Culebra

12.1 Fluid Flow in Culebra

Fluid flow calculations for the Culebra were performed with the SECOFL2D program (Sect 4.8) for three

different sets of conditions: no mining, partial mining and full mining. These designations refer to the extent that

commercially viable potash reserves in the vicinity of the WIPP are mined (Wallace 1996a). Specifically, no mining

indicates no mining of potash reserves within the region associated with the computational grids used with

SECOFL2D and SECOTP2D. Partial and full mining indicate mining all reserves outside the land withdrawal

boundary (Fig. 4.8. 1) and all reserves both inside and outside the land withdrawal boundary (Fig. 4.8.2),

respectively. Criteria in 40 CFR 194 specify that partial mining shall be assumed to have taken place by time of

closure of the repository (i. e., t = O) and also that full mining will take place at time tmin(Sect. 3.8). Thus, only

calculations for partiai and full mining are relevant with respect to assessing compliance with 40 CFR 191.

However, flow calculations for no mining were also performed to provide perspective on the results obtained for

partial and full mining.

The only sampled variable that affects the no mining calculations with SECOFL2D is CTRAN (Table 5.2.1),

which determines the transmissivity field used for the Culebra. For the partially and fully mined cases, the

calculations involve two sampled variables: CTRAN and CTRANSFA4. The variable CTRANSFM is a multiplier on

the parts of the transmissivity field associated with CTRAN that are assumed to be affected by partial and full mining,

respectively (Figs. 4.8.1, 4.8.2). The use of CTRANSFM in the analysis is specified in 40 CFR 194.

SECOFL2D calculations were first performed on a regional computational grid (Fig. 4.8.4). Interpolation on the

pressures (i.e., heads) obtained from this calculation were then used to set the boundary conditions for calculations

on a local grid (Fig. 4.8.5). The flow field obtained from the calculation on the local grid was then used as input to

SECOTP2D for the radionuclide transport calculations.

As the 1996 WIPP PA used a total of 300 sample elements, and calculations were required for both partially and

fully mined conditions, 600 pairs (i.e., on regional and local grids) of SECOFL2D calculations were required. As a

reminder, only 100 unique transmissivity fields were generated for use in the 1996 WIPP PA. These fields are

indexeci by CTRAN as described in Table 5.2.1. However, 600 unique transmissivity fields result from the

consideration of full and partial mining and the multiplier CTRANSFM. In addition, 100 pairs of calculations were

also performed with the assumption of no mining. Specifically, these calculations were performed with the

transmissivity fields associated with CTRAN without use of the multiplier defined by CTRANSFM. Given that 40

CFR 194 requires that partial mining be assumed to occur before closure of the repository, only the results for partial

and full mining are needed for direct use in CCDF construction.
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The actual result of the SECOFL2D calculation that is passed on to SECOTP2D is a spatially-dependent

velocity vector (i.e., velocity field) v(x,y). A total of 700 such vector functions were generated. Examples of three

of these vector functions are given in Fig. 12.1.1.

The presentation and comparison of 700 vector functions is difficult. One way to make such a presentation and

comparison is to use summary quantities as surrogates for the vector functions. The flow path and travel time of a

nonreactive, nonsorbing particle released into the velocity field defined by V(x,y) are such summary results and can

be calculated by the TRACKER program, which is part of the SECO suite of programs (Roache 1993.).

Each velocity field v(x,y) calculated by SECOFL2D results in a different travel path for a nonreactive,

nonsorbing particle released at the center of the repository (Fig. 12.1.2). The different values for v(x,y) can result in

quite different travel paths. In particular, significant shifting of the travel paths occurs for some sample elements for

fully mined conditions.

The velocity fields v(x,y) can also be compared on the basis of travel times. Specifically, TRACKER was used

to obtain travel times in the Culebra from the center of the repository to the boundary with the accessible

environment (Fig. 12. 1.3). The travel times in Fig. 12.1.3 were calculated with the porosity of the Culebra set to 1;

technically, this means that the travel times were calculated with the Darcy velocity predicted for the Culebra by

SECOFL2D rather than with the pore velocity. This is acceptable because the predicted travel times are only useful

for comparing the relative effects of different values of v(x,y) on travel time and are not intended to be indicative of

actual travel times within the Culebra. In particular, radionuclide transport within the Culebra is believed to be

appropriately represented by a dual porosity model (Sect. 4.9). The travel times presented in Fig. 12.1.3 do not

include the effects of rapid flow through the advective medium (i.e., the fractures), diffusion into the surrounding

matrix, sorption, or dispersion. Thus, no matter what porosity is used, the resulting travel times do not characterize

radionuclide transport in the Culebra. However, the travel times do give an idea as to whether or not the different

ways of defining v(x,y) (i.e., unmined, partially mined, fully mined) speeds up or slows down movement in the

Culebra. Rather surprisingly, the unmined conditions tend to give rise to faster travel times than partially mined or

fully mined conditions. However, depending on the individual observations, the fastest travel time can be associated

with any one of the three conditions. Thus, the assumptions about potash mining and its effects on transmissivity

specified in 40 CFR 194 do affect transport in the Culebra, but perhaps not in the manner originally expected.
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Fig. 12.1.1. Velocity field calculated by SECOFL2D for sample element 40 in
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Fig. 12.1.2. Travel paths for nonreactive, nonsorbing particle released at center of repository for different values of

v(x,y) for unmined, partially mined and fully mined conditions.
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repository for different values of velocity field v(x,y) for unmined, partially mined and fully mined
conditions for 100 sample elements in replicate R1. These travel times should not be interpreted as
being representative of actual radionuclide transport times (see text).

12.2 Transport in Culebra: Computational Strategy

Without careful planning, the computational cost of performing SECOTP2D calculations (Sect. 4.9) for

radionuclide movement in the Culebra would be prohibitive. In concept, a set of calculations is required for each

randomly sampled future. As 300 LHS elements are under consideration (i.e., 3 replicates of 100 elements each) and

10,000 randomly sampled futures are evaluated for each LHS element, a total of 3 x 106 sets of SECOTP2D

calculations result. In addition, 4 radionuclides are considered for transport in the Culebra (i.e., Am-241, Pu-239,

U-234, Th-230), with these radionuclides present in both dissolved and colloidal (i.e., humic, microbial, mineral

fragment, actinide intrinsic) states; Pu-238 was not transported in the Culebra due to its short half-life. This

potentially places an additional multiplier of 15 (i.e., three decay chains and 5 states) on the number of SECOTP2D

calculations. Finally, there is the need to alter the Culebra flow field at time tmin,which adds an additional

complication to the analysis. The performance of 4.5 x 107 SECOTP2D calculations with time-varying source rates

and flow fields was not considered to be an option. Actually, even this number was arrived at by trimming the

number of radionuclides and colloidal states to be considered.
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A more computationally efficient approach was needed than simply performing every possible calculation. This

approach was provided by taking advantage of the linearity of the system of partial differential equations that

underlies SECOTP2D. Because of this linearity, transport calculations can be performed for unit releases to the

Culebra at O yr and then used to construct transport results for arbitrary time-dependent releases into the Culebra. In

concept, 16 SECOTP2D calculations are required for each LHS element (Table 12.2.1). Radionuclide transport

through the Culebra to the accessible environment for each of the 10,000 randomly sampled futures associated with

an LHS element can then be constructed from the results of these 16 calculations (Table 12.2.1). Colloidally

transported radionuclides are assumed to remain associated with their colloid carriers throughout transport in the

Culebra. Because of this, SECOTP2D calculations need only be performed for the colloid carriers as indicated in

Table 1‘2.2.1; then, the effects of radioactive decay and daughter growth can be incorporated into the transport results

by an appropriate application of the Bateman equations (Bateman 1910).

The results uDP, uDF, uCP and uCF in Table 12.2.2 are the outcomes of the SECOTP2D calculations. For

notational convenience, uDP and uDF are defined as being the release through 10,000 yr (i.e., ~nTl+l ) for a unit

release over the time interval [~n, ~n+l ]. Computationally, these results are obtained from the SECOTP2D

calculations for a unit release over time interval [~1, 72] and transport through time 72 + (10,000 – ~m+l).

Experimental results indicate that microbial and mineral fragment colloids will undergo very little transport in the

Culebra due to filtration effects (Lucero et al. 1996, Papenguth 1996). Thus, the release of these colloids and their

associated radionuclides to the accessible environment due to transport through the Culebra was assumed to be O in

the 1996 WIPP PA (i.e., uCP and uCF in Table 12.2.2 were assumed to be O for these colloids). Actinide intrinsic

colloids were found to exist in insignificant quantities and thus were not considered for transport in the Culebra.

Humic colloids were found to transport similarly to dissolved radionuclides (Papenguth 1996). As a result, humic

colloids were not treated explicitly in the calculations (i.e., ~CEO, fCEl and fCE2 in Table 11.2.1 were set to O for

humic colloids).

Due to the preceding simplifications, SECOTP2D results were only needed for dissolved radionuclides (i.e.,

calculations 1-8 in Table 12.2.1). For computational efficiency, these calculations were performed for partially and

fully mined conditions, with all radionuclides (i.e., Am-241, Pu-239, U-234, Th-230) incorporated into each

calculation. Thus, a total of 600 SECOTP2D calculations were actually performed (i.e., 300 for partially mined

conditions and 300 for fully mined conditions). In each calculation, a 1 kg release of each radionuclide (i.e.,

Am-24 1, Pu-239, U-234, Th-230) is assumed to take place between O and 50 yr and then the transport of this release

through 10,000 yr is calculated. For the unit release of U-234, the transport of both U-234 and its daughter Th-230

is modeled. In addition, the transport of a separate unit release of Th-230 is also modeled. This separation is needed

to define uDP and uDF in Table 12.2.2 for U-234 and Th-230.
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Table 12.2.1. Potential SECOTP2D Calculations for a Single LHS Element

SECOTP2D Description

Calculations

1,2 Dissolved Am-24 1 for partially and fully mined conditions

3,4

5,6

7,8

9,10

11,12

13,14

Dissolved Pu-239 for partially and fully mined conditions

Dissolved U-234, Th-230 for partially and fully mined conditions

Dissolved Th-230 for partially and fully mined conditions

Humic colloids for partially and fully mined conditions

Microbial colloids for partially and fully mined conditions

Mineral fragment colloids for partially and fully mined conditions

15,16 Actinide intrinsic colloids for partially and fully mined conditions

Table 12.2.2. Results Available for Use in CCDF Construction for Radionuclide Releases Resulting from
Groundwater Transport through the Culebra Dolomite

~m = times (yr) used to record results of unit release calculations with SECOTP2D for the Culebra, m =

1,2, . . ..nI+l=201with~1~1 =Oyrand A~m=50yr

nTI = number of time intervals [~m, ~m+l], m = 1, Z . . . . nT1, defined by %, m = 1, 2, . . .. nT1+ ~

uDP(j, k, 1,~m)= release (kg) to accessible environment of element 1 of decay chain j resulting from a I kg

dissolved release of element k of decay chain j to the Culebra over time interval [’cm,‘cm+l] and

subsequent transport under partially mined conditions between ~m and 10,000 yr. Source:

SECOTP2D (see Table 6.9.1).

iJDF(j, k, 1,Q= release (kg) to accessible environment of element 1 of decay chain j resulting from a 1 kg

dissolved release of element k of decay chain j to the Culebra over time interval [’tm, ‘cm+l] and

subsequent transport under fully mined conditions between ~m and 10,000 yr. Source:

SECOTP2D (see Table 6.9.1).

uCP(S, ~1) = cumulative release (kg) to accessible environment through time ‘rl of colloid species due to a 1 kg

release of colloid specie s to the Culebra over time interval [~1, ~2] and subsequent transport

under partially mined conditions. Assumed to be O; otherwise, would be calculated with

SECOTP2D.

uCF(S, ~1) = cumulative release (kg) to accessible environment through time Z1of colloid species due to a 1 kg

release of colloid specie s to the Culebra over time interval [~1, ~2] and subsequent transport
under fully mined conditions. Assumed to be O; otherwise, would be calculated with SECOTP2D.

12-8



Once the transport results in Table 12.2.2 are available, the releases to the accessible environment for individual

futures X,t due to transport through the Culebra can be calculated as shown in Table 12.2.3, with this calculation also

requiring the releases into the Culebra defined in Table 11.2.2.

Table 12.2.3. Calculation of Groundwater Transport Release~~~ (X,l) through the Culebra Dolomite for an
Arbitrary Future X$tof form in Eq. (2.2.2)

Notation:

cKM(j, k) =

cMK(j, k) =

cKC(j, k) =

L(j, k) =

nDC =

nM(j) =

rL(j, k) =

t[ =

nc .

conversion factor from kg to moles (mole/kg) for element k of decay chain j

conversion factor from moles to kg (kg/mole) for element k of decay chain j [=1/cKM(j, k)]

conversion factor from kg to Ci (Ci/kg) for element k of decay chainj

decay constant (yr-l ) for element k of decay chain j

number of decay chains

number of members in decay chain j

EPA release limit (Ci) for element k of decay chain j

total inventory (Ci) of cx-emitting radionuclides placed in repository with halflives that exceed

20 yr

number of colloid species

Dissolved release rD(j, k) of element k of decay chain j:

uD(j, k, 1, q) =

—

(iRl)(j, k, Zm, Tm+l) =

=

rD(’j, k) =

release (kg) to accessible environment of element 1of decay chain j resulting from a 1 kg

dissolved release of element k of decay chain j to the Culebra over time interval

[%) %+11

{

uDP(j, k, 1, Tm) If Zm+l < tmin (See Table 12.2.2)

uDF(j, k, 1, Tm) if ~m+l 2 tmin (See Table 12.2.2)

dissolved release (kg) to Culebra of element k of decay chain j over time interval

[% %+]]

cRD(j, k, Tm+l)- cRD(j, k, ~m) (see Table 11.2.2)

release (kg) to accessible environment of element k of decay chain j resulting from
dissolved releases into the Culebra

m=l p=]
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Table 12.2.3. Calculation of Groundwater Transporl Release ~~~ (x$[) through the Culebra Dolomite for an
Arbitrary Future x,, of form in Eq. (2.2.2) (continued)

Colloidal release rC(j, k) of element k of decay chainj:

Uc(s, ‘cl, Q =

=

dRC(s, j, k, T1) =

——

ac(s, j, k, T1, Q =

——

rCI(s, j, k, Q =

——

rC(’j, k) =

release (kg) to accessible environment of colloid specie s over time interval [~m, ~n+l]

resulting from a 1 kg release of colloid specie s to the Culebra over time interval

[q> ‘q+l]

{

UCP(S, Tm+l_~) – Lfcp(s, ‘T~_~) lf ~~+1 < ‘~i~ (See Table 12.2.2)

uCF(S, ~m+l_l) – uCF’(S, ~m_l) if ~n+l 2 tnir~ (See Table 12.2.2)

amount (kg) of element k of decay chain j attached to colloid specie s released to Culebra

over time interval [T~,T~+l]

cRC(S, j, k, Tl+l) – cRC(S, j, k, Tl) (see Table 11.2.2)

amount (kg) of element k of decay chain j attached to colloid specie s over time interval

[~n, Zm+l] due to releases over time interval [~1,~1+,]

k

x
p=l

1.T=p
.Y#q

B exp

1● dRC(s, j, p, Tl) cKM(j, p) cA4K(j, k)

(‘rm + ‘rm+l
-k(j, q) z -‘1 ‘J1+l )1

amount (kg) of element k of decay chain j attached to colloid specie s released to

accessible environment over time interval [~m, ~m+l]

m

Z( aC s, j, k, Tl, Tm) UC(L T,, Q

1=1

release (kg) to accessible environment of element k of decay chain j resulting from
colloidal releases into the Culebra
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Table 12.2.3. Calculation of Groundwater Transport Release~~T (x.J through the Culebra Dolomite for an
Arbitrary Future X$tof form in Eq. (2.2.2) (continued)

= ~ y K,(.S!,!L.J
.!=l m=l

Evaluation of~$fiX,$l):

[rl)(j, k)+ rC(j, k)]CKC(j, k) 10’ Ci
f,,(x,t) = ‘f ‘y){

rL(j, k) H Itlj=] k=l

12.3 Transport in Culebra: Initial Results

Of the 300 LHS elements under consideration, only element 33 of replicate R3 produced nonzero releases to the

accessible environment, with releases only occurring for U-234 (Fig. 12.3. 1). For all other sample elements and all

radionuclides, no release to the accessible environment occurred for either partially or fully mined conditions.

1.0
SECOTP2D (R3, Element 33)

Q I [ I I

1 kg Release U-234
E
al

E 0,8
g
.—
g
w
!? 0.6
a.—
m
W
~
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% 0.2
u
*
m
q
~ 0.0 1

0.0 2,0 4,0 6,0 8,0 10.0

Time (103 yr)

TRI-6342-5164-0

Fig. 12.3.1. Cumulative transport to accessible environment under partially mined and fully mined conditions for

LHS element 33 of replicate R3 for unit release (1 kg) of U-234 to the Culebra over the time interval
[0, 50 yr].
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12.4 Transport in Culebra: CCDFS

In concept, the CCDFS for radionuclide transport through the Culebra to the accessible environment can be

constructed in the same manner as the CCDFS for cuttings (Fig. 9.2.2), spallings (Fig. 9.4.1), direct brine release

(Fig. 10.3. 1), and release to the Culebra (Fig. 11.2.2). The only difference is the use of ~~fl)($t) in Table 12.2.3 for

each sampled future rather than the total normalized release associated with one of the other release modes.

For 299 of the LHS elements, the resulting CCDFS are degenerate (i.e., a probability of O of exceeding a

normalized release of O) because releases to the Culebra, if they occur, do not transport through to the accessible

environment in the 10,000 yr period of interest. For element 33 of replicate R3, releases of U-234 to the Culebra

have the potential to transport to the accessible environment (Fig. 12.3.1). However, no such releases occur, and so

the resultant CCDF is again degenerate. Thus, all 300 CCDFS for transport through the Culebra to the accessible

environment are degenerate.

12.5 Transport in Culebra: Additional Results

Due to the zero releases, the SECOTP2D results described in Sect. 12.3 do not provide suitable input for a

sensitivity analysis. Therefore, to observe the effects of sampled (i.e., uncertain) variables on Culebra transport,

SECOTP2D calculations were performed on a much smaller computational grid (Fig. 12.5.1) than the grid used to

assess transport to the accessible environment (Fig. 4.8.5). In particular, transport was calculated across boundaries

3, 5, 7 and 10 m from the release point into the Culebra (Fig. 12.5.1) for U-234, which was selected for analysis

because it is the least retarded of the radionuclides considered in the 1996 WIPP PA. Further, calculations were

performed for the partially mined transmissivity fields calculated for replicate RI. The associated flow field

calculated by SECOFL2D for each sample element is spatially variable. However, due to the small size of the

computational grid in use (Fig. 12.5.1), a single constant velocity was interpolated from the spatially variable flow

field for each sample element and used to define fluid flow. The calculations were performed for the 100 sample

elements in replicate R 1.

The releases (i.e., kilograms or fraction of initial release) over 10,000 yr across the four boundaries in

Fig. 12.5.1 range from O to close to 1 (Fig. 12.5.2). Even at the small distances under consideration (i.e., 3, 5, 7,

10 m), a significant number of the sample elements result in little transport across the boundaries.

There is significant uncertainty in the cumulative release curves in Fig. 12.5.2. One way to assess the sources of

this uncertainty is by calculating PRCCS between the cumulative releases and the relevant sampled variables

(Table 12.5. 1). Due to their definitions and use within the analysis, significant correlations can potentially exist

between CMTRXPOR, CMRTRDU, CVEL, CVELCF, CVELSC, CULCLIM and WOXSTAT. To eliminate the loss of

information that results from the calculation of partial correlation coefficients in the presence of correlated variables,
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Fig. 12.5.1. Computational grid used in sensitivity analysis of SECOTP2D results.

only CFRCSP, CMRTRDU and CVEL were used in the calculation of PRCCS. As should be the case, release tends

to increase as fluid velocity (CVEL) and fracture spacing (CFRCSP) increase and tends to decrease as matrix

retardation (CMRTRDU) increases (Fig. 12.5.3). The positive effect for CFRCSP results because increasing

CFRCSP decreases the surface area available for diffusion into the matrix and thus reduces radionuclide movement

from the fractures into the surrounding matrix.

The cumulative releases over 10,000 yr in Fig. 12.5.2 can also be summarized with box plots (Fig. 12.5.4). For

most sample elements, these releases are small. The median values for 3 and 5 m are approximately 0.06 and

0.0006, and the median values for 7 and 10 m are less than 1 x 10-5. The means are between 0.1 and 0.4 and are

dominated by the few largest values. The rapid attenuation indicated in Figs. 12.5.2 and 12.5.4 is why there is little

radionuclide transport in the Culebra to the boundary with the accessible environment within the 10,000 yr period

under consideration.
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interval [0, 50 yr].
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Table 12.5.1. Independent Variables Considered for Potential Inclusion in Sensitivity Analysis of U-234
Transport in Culebra Dolomite

Variable Description

CFRCSP Culebra fracture spacing (m). Defined in Table 5.2.1

CFRCPOR Culebra fracture porosity. Defined in Table 5.2.1

CMTRXPOR Culebra matrix porosity. Defined in Table 5.2.1

CMRTRDU Culebra matrix retardation for uranium. Defined by CA4RTRDU = 1 + [2800 kg/m3 (1 –

CMTRXPOR) Kd (WOXSTA~] I CMTRXPOR with Kd (WOXSTAT) = CMKDU4 if
WOXSTAT = O and Kd (WOXSTAT) = CMKDU6 if WOXSTAT = 1.

CVEL Norm of fluid velocity vector calculated by SECOFL2D under partially mined conditions at

release point into Culebra and used in SECOTP2D calculations (M/s).

CVELCF Norm of fluid velocity vector multiplied by climate scale factor (m/s): CVELCF = CVEL

CULCLIM

CVELSC Norm of scaled fluid velocity within fractures (m/s): CVELSC = CVEL CULCLIM I
CFRCPOR

CULCLIM Climate scale factor for Culebra flow field. Defined in Table 5.2.1

WOXSTAT Pointer variable for elemental oxidation states. Defined in Table 5.2.1

As shown by the stepwise regressions in Table 12.5.2, the two dominant variables for U-234 transport over

10,000 yr are CMRTRDU and CVEL, with transport tending to decrease as CMRTRDU increases and tending to

increase as CVEL increases. These same patterns were also observed in the analyses with PRCCS (Fig. 12.5.3).

Lesser effects are indicated for CFRCSP and WOXSTAT. The small positive effect for CFRCSP results from

increasing the surface area available for diffusion into the matrix. The positive effect for WOXSTAT results from its

role in determining the distribution coefficients for use in the definition of CMRTRDU (Table 12.5.1). In particular,

smaller distribution coefficients are associated with WOXSTAT = 1; in turn, this results in smaller values for

CMRTRDU and hence the positive effect for WOXSTAT in Table 12.5.2. The use of WOXSTAT in the definition of

CMRTRDU results in a rank correlation of –0.8661 between WOXSTAT and CMRTRDU, which is the cause of the

instability in the regression coefficients for WOXSTAT and CMRTRDU in Table 12.5.2.

Additional perspective is provided by the scatterplots in Fig. 12.5.5 for U-234 transport across the 3 and 10 m

boundaries in Fig. 12.5.1. The tendency of the release to decrease with increasing values for CMRTRDU is clearly

evident. The division of CMRTRDU into a range of values below 103 and a range of values above 104 is due to

WOXSTAT (see CMRTRDU in Table 12.5.1), with the smaller values corresponding to the use of CMKDU6 to define

CMRTRDU (i.e., WOXSTAT = 1) and the larger values corresponding to the use of CMKDU4 to define CMRTRDU

1
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12.5.3. Partial rank comelation coefficients (PRCCs) forcumulative U-234 releases across boundaries 3,5,7

and 10mfrom release point into Culebra Dolomite for 1 kgrelease over time interval [0,50 yr].
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Fig. 12.5.4. Cumulative transport over 10,000 yr of U-234 across the 3, 5, 7 and 10 m boundaries in Fig. 12.5.1 for

a 1 kg release over the time interval [0, 50 yr].

Table 12.5.2. Stepwise Regression Analyses with Rank-Transformed Data and Independent Variables in
Table 12.5.1 for Cumulative Transport of U-234 over 10,000 vr Across the 3, 5, 7 and 10 m
Boundaries in Fig. 12.5.1 for a 1 kg Release over the Time ln~erval [0,50 yr]

3m 5m 7m 10m

Step’ Variableb SRRCC ~2d Variable SRRC ~2 Variable SRRC ~2
Variable SRRC ~2

1 CMRTRDU –0.44 0.51 CMRTRDU -0.41 0.50 CMRTRDU –0.40 0.48 CMRTRDU –0.4 1 0.41

2 CVEL 0.58 0.86 CVEL 0.59 0.86 CVEL 0.58 0.84 CVEL 0.61 0,80

3 CFRCSP 0,16 0.89 CFRCSP 0.19 0.89 CFRCSP 0.21 0.88 CFRCSP (),213 0.84

4 WOXSTAT 0,31 0.91 WOXSTAT 0.32 0.91 WOXSTAT 0.37 0.90 WOXSTAT 0,29 0.85

“Steps in stepwise regression analysis.

h Variables listed in order of selection in regression analysis.

c Standardized rank regression coefficients in final regression model.
d Cumulative R2 value with entiy of each variable into regression model.
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(i.e., WOXSTAT = O). The larger values for CMRTRDU (i.e., WOXSTAT = O, which implies use of CMKDU4) result

in almost no transport across the 10 m boundary. The positive effect of CVE.L on transport is evident but less strong

than the negative effect of CMRTRDU.
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13. Total Release to Accessible Environment

13.1 Total Release: Individual Futures

Each sampled future of the form indicated in Eq. (2.2.2) requires the determination of a normalized release to

the accessible environment. Determination of this release corresponds to evaluation of the function f in Eq. (4.1.1).

Of the functions appearing in Eq. (4.1.1), only .fC,~DBR and j~p produced nonzero results when evaluated with the

300 LHS elements used in the 1996 WIPP PA. Thus, in this PA, ~can be viewed as a function of the form

{ [ f ( )]JB(%)}f(xsr) = fc(x.w) + .&[x.w fB(%)] + fDBR xst! fsp x.~t, B xst (13.1.1)

for the determination of total release to the accessible environment.

As previously discussed, CCDFS are constructed by randomly sampling individual futures x~t,i, i = 1, 2, . . . .

nS = 10,000 (Sect. 6.7). The total release for each future X$f,i is then given by

f@.Yt,i)= fC@.$r,i)+ fSP[x.sl,ifB ‘rli( . ~ )] + fDBR{x.r~,ifSP[x.rt,if B(x.~t,i)]fB@.rt,i)} (13.1.2)

The specific procedures used to obtain fc, fsp and fDBR in the 1996 WIPP PA are described in Sects. 9.2, 9.4 and

10.3, respectively.

13.2 Total Release: CCDFS

The CCDFS for total release are constructed with the release values indicated in Eq. (13.1.2). The outcome is a

distribution of CCDFS that falls substantially below the limit specified in 40 CFR 191 (Fig. 13.2.1). The dominant

contributor to total release is cuttings removal (i.e., fc) (Fig. 9.2.2); a substantial contribution is also made by

spallings (i.e., fsp) for some LHS elements (Fig. 9.4.1). Direct brine release (i. e., fDB) is a small, and often zero,

contributor to the total release (Fig. 10.3.1). The appearance of the 90th quantile substantially below and to the left

of the boundary line specified in 40 CFR 191 is indicative of a high confidence that the WIPP does indeed meet this

regulation (Fig. 13.2. 1).

The three replicated LHSS provide a check on the stability of the results in Fig. 13.2.1 (Fig. 13.2.2).

Reassuringly, the estimated mean and quantiles are quite stable across the three replicates and a tight confidence

interval is obtained for the mean. Similar stability was also observed for the cuttings (Fig. 9.2.3), spallings

(Fig. 9.4.2) and direct brine release (Fig. 10.3.2) CCDFS.
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and percentile curves obtained by pooling replicates R1, R2 and R3 (right frame).
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Fig. 13.2.3. Distribution of expected values for total normalized release due to (1) cuttings and cavings (CUTREL),
(2) spallings (SPLREL), (3) direct brine release (DBREL), (4) groundwater transport to Culebra

(CULREL), and (5) cuttings and cavings, spallings and direct brine release combined (TOTREL).

The CCDFS for total release can be reduced to expected values (Fig. 13.2.3). Comparison of expected values

for cuttings, spallings, direct brine release and total release shows that the total release is dominated by cuttings. For

a few LHS elements, the release to the Culebra exceeds the total release due to cuttings, spallings and direct brine

release. However, these releases were not transported through the Culebra to the accessible environment.

Stepwise regression analysis can be used to determine the dominant contributors to the expected value for total

release due to cuttings, spallings and direct brine release (Table 13.2.1). The two dominant variables with respect to

uncertainty in the expected total release are WMICDFLG and WTA UFAIL, with the size of the expected release

tending to increase as WMICDFLG increases and tending to decrease as WTA UFAIL increases. The positive effect

for WMICDFLG results from its influence on the size of the spallings release (Table 9.4.3, Fig. 9.4.4), and the

negative effect for WTA UFAIL results from its influence on the size of the cuttings release (Eq. (9.2.2), Fig. 9.2.4).

As a reminder, the total release is completely dominated by spallings and cuttings (Fig. 13.2.3), with WMICDFLG

and WTAUFAIL being the dominant contributors to the uncertainty in these two release modes. The remaining seven

variables in the regression model (i.e., WGRCOR, WPRTDIAM, HALPOR, BHPRM, HALPRM, WASTWICK,

ANHPRM) appear primarily because of their effects on the spallings release. Indeed, these are exactly the same

seven variables selected after WMZCDFLG in the regression analysis for spallings releases (Table 9,4.3). A

discussion of the effects of these variables is provided in conjunction with Table 9.4.3.
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For perspective, scatterplots involving WMICDFLG, WTA UFAIL, WPRTDIAM and BHPRM are presented in

Fig. 13.2.4. The tendency of the expected release to increase with increasing values for WMICDFLG and to

decrease with increasing values for WPRTDIAM can be seen in the corresponding scatterplots. The scatterplot for

WTA UFAIL clearly shows the interplay of the spallings and cuttings components of the total release. The scatterplot

is bounded below by points that correspond to LHS elements in which the cuttings release is much larger than the

spallings release (see Fig. 9.2.4 for the corresponding scatterplot for cuttings releases only); LHS elements in which

spallings is a significant contributor to the total release produce points above this lower curve. The scatterplots for

WPRTDIAM and BHPRM show a tendency for the largest releases to be associated with small values for

WPRTDIAM and BHPRM, with these associations resulting from the effects of WPRTDIAM and BHPRM on the size

of the spallings release (see Sect. 9.4).

As for spallings (Fig. 9.4.5), an alternative investigation of the effects of uncertainty on the CCDFS in

Fig. 13.2.1 is provided by PRCCS (Fig. 13.2.5). Specifically, the probability of exceeding a given release tends to go

up as WM[CDFLG increases and tends to go down as WTA UFAIL increases. The basis of these effects is discussed

in conjunction with Table 13.2.1, with WMICDFLG and WTA UFAIL being the first two variables selected in the

stepwise regression analysis summarized in Table 13.2.1.

Table 13.2.1. SteDwise Recession Analvsis with Rank-Transformed Data for Expected Normalized
Release Associated with Individual CCDFS for Total Release Due to Cuttings and Cavings,
Spallings and Direct Brine Release

2EF!2
1
2

3
4

5

6

7

8

9

Exr)ect{

Variableb

WMICDFLG

WTA UFAIL

WGRCOR

WPRTDIAM

HALPOR

BHPRM

HALPRM

WASTWICK

ANHPRM

Normalized Re

SRRCC

0.60

–0.39

0.21

-0.19

0.17

-0.17

0.16
0.11

0.09

ise
R2d

0.40
0.55

0.59
0.63

0.65
0.68

0.71
0.72

0.73

‘ Steps in stepwise regression analysis.

b Variables listed in order of selection in regression analysis with ANHCOMP

and HALCOMP excluded from entry into regression model.

‘ Standardized rank regression coefficients in final regression model.

d Cumulative R2 value with entry of each variable into regression model.
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Appendix

Distributions Characterizing Subjective Uncertainty Assigned to
Variables in Table 5.2.1
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Symbol in Uncertainty/Sensitivity Analysis: ANHBCEXP
1.0 I I I a

Data Base ID:
S_MBl 39 PORE_DIS

0.8 -

,*
E
~ 0.6 - I!ial.3g~0.4
E

s

0.2 -

0.0 , I ,
0.4 0.5 0.6 0.7 0.8 0.9

1
x : Sampled Value

D : Original Data
i

Variable #25 in LHS]

1.(

0..!

Replicate #1, Student’s Distribution

Symbol in Uncertainty/Sensitivity Analysis: ANHCOMP

I I I

Data Base ID:

S_MB139 COMP_RCK

x:

13:

1

Sampled Value -

Original Data

Illlltlllllllllllllllillltlll!Variable #21 in LHS

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Replicate #l, Student’s Distribution ( ●1O ’10)

Data Base ID:
S_MB139 RELP_MOD

Symbol in Uncertainty/Sensitivity Analysis: ANHBCVGP

I I I I I

“1

.,O ~
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Replicate #l, Discrete Distribution

Symbol in Uncertainty/Sensitivity Analysis: ANHPRM

I I

Data Base ID:

S MB139 PRMX LOG

O,.,=
-21,0 -20.0 -19.0 -18.0 -17.0

Replicate #1, Student’s Distribution

TRl-e342-5393-0
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Symbol inUncertainty/Sensitivity Analysis ANRBRSAT Symbolin Uncertainty/SensitiiAnal@is:ANRGSSAT

.2

.—
ii
; 0.6

E
w
>.—

~

~ 0.4

5

0.2

0.0 L
0.00 0.30 0.60 0.90 1.20 1.50 1.80

1.0

0.8

0.2

x : Sampled Value

❑ : Original Data

Variable #23 in LHS
~

J 1,, ,,,1, !,, ,1,,,,,1,, ,,,1

Replicate #1, Student’s Distribution (”1 O”1 )

Symbol in Uncertainty/Sensitivity Analysis: BHPRM
I

Data Base ID:

BH.SAND PRMX.LOG

Variable #30 in LHS

0.0 ‘
-14.00 -13.50 -13.00 -12.50 -12.00 -11.50 -11.00

Replicate #1, Uniform Distribution

I

DataBaseID:
S_MB139 SAT.RGAS

oo~
“0.00 0.04 0.08 0.12 0.16 0.20

Replicate #1, Student’s Distribution

Symbol in Uncertsinty/Sensitivity Analysis: BPCOMP
1.0 l“’’I’’ ’’1’ ’’’1 ’’”1 ‘ill

Data Base ID:

CASTILER COMP_RCK

0.8 -

,=
z
; 0.6 -

k
a
>.—
~
~ 0.4

6

0.2 -

x :SampledValue

Variable#29inLHS

00. “o 1, !!, 1,, ! ,1,,,,1,,,,1 ,,,,---
-11.5 -11.0 -10.5 -10.0 -9.5 -9.0 -8.5 -8.0

Replicate #1, Triangular Dtatribtiton

TRI-6342-5394-0
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Symbol in Uncertainty/Sensitivity Analysis: BPINTPRS
1 <

Data Base ID
CASTILER PRESSURE

0.0 1 L
1.1 1.2 1.3 1.4 1.5 1.6 1.7

x : SSMpled Value

Variable #27 in LH

Replicate #1, Triangular Diatributiin ( ●107 )

Symbol in Uncertainty/Sensitivity Analysis BPVOL
l.Or,,,,[,,,rl,,,,ll,,,l 11111111, 1,*,,[

0.8

DataBase ID:
CASTILER GRIDFLO

x : Sampled Value

Vahble#31inLHS”

0.0 1, !llll, ! 11111111,,,1 ,,,11,,1,

0 5 10 15 20 25 30 35

Replicate #1, Discrete Distribution

SymbolinUncertainty/SensitivityAnaiysis: BPPRM
1.0 I I

Data Base ID:
CASTILER PRMX.LOG

0.8 -

%~.—
n
~ 0.6 -

L
al
.:
Jg
=J0.4
E
6

x : Sampled Value

Variable#28in LH$

0.0 I I I I

-15.0 -14.0 -13.0 -12.0 -11.0 -10.0 -9.0

Replicate #1, Triangular Distribution

SymbolinUnCertaintY/SensitivilYAnaiYsis: CFRCPOR

DataBaselD
CULEBRAAPOROS

Variable #50 in LHS

1 104 10“2

Replicate #l, Loguniform Distribution

TRI-6342-5395-O
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Symbol in Uncertainty/Sensitivity Analysis: CFRCSP
1.0 r

Data Base ID:

CULEBRA HMBLKLT

0.8 -

g
n
; 0.6 -

&
a)
.:
~
$ 0.4

6

0.2 -

Variable #49 in LHS

0.0
0.0 0.1 0.2 0.3 0.4 0.5

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: CMKDPU3
1.0

Data Base ID:

PU+3 MKD.PU

0.8 -

~
n
; 0.6 -

&
al
,2
~
~ 0.4

z

0.2 -

Variable #54 in LHS

0.0
0.00 0.10 0.20 0.30 0.40 0.50

Replicate #l, Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: CMKDAM3
1.0 -

Data Base ID:
AM+3 MKD.AM

0.8 -

.8
E
Z 0,6 -

!i
!$
.—
~
~ 0.4
E
6

0.2 -

0.0
0.00 0.10 0.20 0.30 0.40 0.50

Replicate #1, Uniform Distribution

.-
ymbolm Uncertainty/Sensitivity Analysis: CMKDPU4

Data Base ID:
PU+4 MKD_PU

x : Sampled Value

Variable #55 in LHS

I

) 4.0 6.0 12.0 16.0 20,0

Ffe@cate#1, Uniform Distribution

TRI-6342-5396-0
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Svmbol in Uncertainty/Sensitivity Analysis: CMKDTH4 Symbol in Uncertainty/Sensitivity Analysis: CMKDU4.

Data Base ID:
TH+4 MKD.TH

x : Sampled Value

Variable #56 in LH5

0.0 “ I I I I ~

0.0 4.0 8.0 12.0 16.0 20.0

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: CMKDU6
r I I I I I M

Data Base ID:

U+6 MKD.U

N x : Sampled Value

. Variable #52 in LHS1
jf, ,,, ,,, ,t, ,,1, ,,, ,,, ,,, ,,, ,l
) 0.5 1.0 1.5 2,0 2.5 3.0

Replicate #1, Uniform Distribution (”1 O‘2 )

I

Data Base ID:
U+4 MKD.U

x :Sampled VaIue

t 8’ Variable #53 in LH!

0.0
0,0 4.0 8.0 12.0 16.0 20.0

I I I I

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: CMTRXPOR
1.0

Data Base ID:
CULEBRA DPOROS

0.8 -

g
n
; 0,6 -

&
~
.—
3
~ 0.4
E
s

0.2 -
x : Sampled Value

Variable#51 inLHS

0.0 Iliillllllllllll,ll,,, $,I,$*,S

0.09 0,12 0.15 0.18 0.21 0.24 0.27

Replicate #1, Piecewise Uniform Distribution

TRI-6342-5397-0
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Symbol in Uncertainty/Sensitivity Analysis: Crnm
1.0

Data Base ID:
GLOBAL TRANSIDX

0.8 -

g
n
; 0.6 -

&
a>
~
~ 0.4

5

0.2 -

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Replicate #1, Uniform Dktribution

Symbol in Uncertainty/Sensitivity Anafysis: CULCLIM
1.0

Data Base ID:

GLOBAL CLIMTIDX

0.8 -

g
n
~ 0.6 -
:

al
.=
~
~ 0.4

5

0.2 -

0.0
0.9 1.2 1.5 1.6 2.1 2.4

Replicate #1, Piecewise Uniform Distribution

Iymbol in Uncertainty/Sensitivity Anatvsis CTRANSFM

I I I

Data Base ID:
CULEBRA MINP FAC “$

/’ x : Sampled Value

Variable #34 in LHS

J I 1 I I0.0
0 200 400 600 800 1000

Replisste #1, Uniform Distribution

Symbol in Uncertainty/Sensithity Analysis: HALCOMP

Data Base ID:

S.HALITE COMP.RCK

x : Sampled Value

Variable #19 in LHS

) 0.40 0.60 1.20 1.60 2.00

Replicate #1, Uniform Distribution (”1 r) ’10)

TRI-6342-539S-0
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Symbol in Uncertainty/Sensitii Analysis: HALPOR symbol in lh’I@rtainty/sensitivity Analyak: HALpRM
1.0 ,;, ,,, !,!, ill, ,! l!,,!!! r,rl!

Data Base ID:
S.HALITE POROSITY

0.8 -

~
n
~ 0.6

k
o
>.—
~
~ 0.4

G

0.2 -

0.0 ‘
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Replicate #l, Piecewise Uniform Distribution “1O’2 )

Symbol in Uncertainty/Sensitivity Analysis: SALPRES
1.0

Data Base ID:
S_HALITE PRESSURE

0.8 -

.2?
:=
n
; 0.6

E
al
.:
*
~ 0.4
E
5

0.2 -
x : Sampled Value

Variable #26 in LHS

0.0 ,
1.10 1.15 1.20 1.25 1.30 1.35 1.40

Replicate #1, Uniform Distribution ( ‘1O 7 )

1.0 , ;,,,,,!,,,,,,,,,,,,,,, ,,, ,,

Data Base ID:
Q UAIITF PRMY I,OG

. .—

I.# x :Sampldvalua

Variable #l 8 in LHS
1

o.o ~’’’’’’’’’’’’’’’”” “’’’’’”l
-24.0 -23.5 -23.0 -22.5 -22.0 -21.5 -21.0

Replicate #1, Uniform 13stributkm

Symbol in Uncartainfy/Sensitivity Analysis: SHBCEXP
1.01 I I I * I

0.2

‘“-1 x :Sampladvalue

Variable #16 in LHS 1o.o~
0.0 2.0 4.0 6.0 6.0 10.0

Recdicate #1. Piacewise Uniform Dktribution
-rR1-ss42-5ses-a
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Symbol in Uncertainty/Sensitivity Analysis: SHPRMASP
1.0

Data Base ID:
ASPHALT PRMX.LOG

0.8 -

.2

.
n
~ 0.6 -

Ii
al
>.—
~
~ 0.4

5

0.2 -
x : Sampled Value

Variable #11 in LHS

0.0
-21.0 -20.5 -20.0 -19.5 -19.0 -18.5 -18.0

Replicate #1, Triangular Distribution

Symbol in Uncertainty/Sensitivity Analysis: SHPRMCON
1.0

Data Base ID:
CONC_Tl PRMX.LOG

0.8 -

.*
E
~ 0.6

ii
al
,:
g
= 0.4
E
G

0.2 -
x : Sampled Value

Variable #1Oin LHS

0.0
-21.0 -20.0 -19,0 -18.0 -17.0

Replicate #1, Triangular Distribution

Symbol in Uncertainty/Sensitivity Analysis: SHPRMCLY

Data Base ID:
CL_L_Tl PRMX_LOG

Variable #9 in LHS

0.0 I
-21.0 -20.0 -19,0 -18.0 -17.0

Replicate #1, Triangular Distribution

Symbol in Uncertainty/Sensitivity Analysis: SHPRMDRZ
r I I 1 1

Data Base ID:

SHFT_DRZ PRMX_LOG

x : Sampled Value

Variable #12 in LH:

1. I I I0.0 I

-17.0 -16,5 -16.0 -15.5 -15,0 -14.5 -14.0

Replicate #1, Triangular Distribution

TRI-6342-5700-0
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Symbol in Uncertainty/Sensitivi~ Analysis: SHPRMHAL Symbol in Unceftainty/Sensitivity Analysis: SHRBRSAT

[

Data Base ID:

SALT.T1 CUMPROB N

x : Sampled Value

Variable #13 in LHS

0.0 I I I I

0.0 0.2 0.4 0.6 0.8 1.0

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitivi~ Ana@is: SHRGSSAT
1.0 I I I

Data Base ID:
SALT_Tl SAT_RGAS

0.2

IF.,
r

x : Sampled Value

Variable #14 in LHS
I

0.0 ~;
I I I I

0.0 0.1 0.2 0.3 0.4

Replicate #1, Uniform Distribution

1.0 ,-,,,lrr,,[l,

Data Base ID:
SALT_Tl SAT.RBRN

/

x : Sampled Value

Variable #15 in LHS
..
1 I I I I I

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Replicate #1, Piecewise Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: WASTWICK

Data Base ID:

WAS.AREA SAT_WICK

x : Sampled Value

Variable#8inLHS

0.2 0.4 0.6 0.8 1.0

Replicate #1, Uniform Distribution

TRI-6342-5701-0
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Symbol in Uncertainty/Sensitivity Analysis: WFBETCEL
1.0 -

DataBaseID
CELLULUS FBETA

0.8 -

g
z
; 0.6

t
a>=*
~ 0.4
E
G

0.2 -

Variable #5 in LHS

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitively Analysis: WGRMICH
1.0 I I I

Data Base ID
WAS AREA GRATMICH .

IF x : Sampled Value

Variable #4 in LHS
1

00 ~

0.0 0.3 0.6 0.9 1.2 1.5

Replicate #1, Uniform Distribution ( ’10’9 )

Symbol in Uncertainty/Sensitivity Analysis: WGRCOR
1.0 l“’’’I’’’’’ 1’’’’’ 1’’’”

Data Base ID
STEEL CORRMC02

0.8 -

g
n
40.6 -

E
@>.—
~
~ 0.4
E
5

0.2 -
X : Sampled Value

Variable #1 in LHS

0.0 1,,1, ,1, ,,(,1}, ,, ,1,,,,,1 ,,, ,,

0.0 0.3 0.6 0.9 1.2 1.5 1.8

Replicate #1, Uniform Distribution ( ●10’14 )

Symbol in Uncertainty/Sensitivity Analysis: WGRMICI
1.0 I I I I I

Data Base ID
WAS AREA GRATMICI

0.8 -

g
n
; 0.6 -

k
al>.—
~
~ 0.4
E
G

0.2 -

1#

x : Sampled Value

Variable #3 in LHS
1

00 ~

0.0 2.0 4.0 6.0 6.0 10.0

Replicate #1, Uniform Distribution ( ●1O4 )

TRI-6342-5702-O
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Symbol in Uncertainty/Sensitivity Analysis: WMICDFLG Symbol in Uncertainty/Sensitivity Analysis: WPRTDIAM

0.0
-0.5 0.0 0.5 1.0 1,5 2.0 2.5

Replicate #1, Discrete Distribution

Symbol in Uncertainty/Sensitivity Analysis: WOXSTAT

Data Base ID:
GLOBAL OXSTAT

Variable #47 in LHS

0.0 ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0

Replicate #1, Uniform Distribution

1.0

0.8

0.2

t ,[

x : Sampled Value

Variable #32 in LHS

0.0 I Ml”,!il I I I u

10-5 104 104 10-2 10-’ 10°

Replicate #1, Loguniform Distribution

Symbol in Uncerlainty/Sensitivity Analysis: WPHUMOX3
1.0 l“’’’I’’’’’ 1’’’’’ 1’’’” 1’ 1

Data Base ID:

PHUMOX3 PHUMCIM

0.8

0.2

,/ x :Sampl ed Value

N Variable #46 in LHS

o.o’’~’’’’’’’’’’’’’’’’’”” “’’’’’’’”
0.0 0,3 0.6 0.9 1.2 1.5 1.8

Replicate #1, Piecewise Uniform Distribution

TRI-6342-5703-0
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Symbol in Uncettainty/Sensitivity Analysis: WRBRNSAT
1

Data Base ID:

WAS_AREA SAT.RBRN

0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Replicate#l, Uniform Distribution

Symtmlin Uncertaintv/Sensitivitv Analysis: WSOLAM3C

1“’’1’’”1’

Data Base ID:

SOLAM3 SOLCIM

~

0,0’ “ 1,, ,,!,,,,

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

x : Sampled Value

Replicate #1, Piecewise Uniform Distribution

1.0
Symbol in Uncertainty/Sensitivity Analysis: WRGSSAT

Data Base ID:

WAS_AREA SAT.RGAS

c
o.o~’”” I I I I

0,00 0.03 0,06 0.09 0.12 0.15

Replicate #1, Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: WSOLAM3S

0.8

1 T

x : Sampled Value

Variable #36 in LH!

1,, !,1,,,,

0.5 1.0 1.5

Replicate #1, Piecewise Uniform Distribution

TRI-6342-5704-0
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Symbol in Uncertainty/Sensitivi

‘“”W

! Analysis: WSOLPU3C

T.

0.0
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1,5

Replicate #1, Piecewise Uniform Distribution

Symbol in Uncertainty/SensitivitY Analysis: WSOLPU4C
1,0 .,-, ,,1, ,,, 1,11, l,, ,,1, l,, l, r,,

Data Base ID:
SOLPU4 SOLCIM ; ~

0.8 -

&.—
E
; 0.6

;
al
.&
~
~ 0.4

z

0.2 -
, x : Sampled Value

\ Variable #41in LHS

0.0
I,l!illlllll,llll,,,l,l ,,

-2.0 -1.5 -1.0 -0.5 0.0 0,5 1.0 1.5

Replicate #1, Piecewise Uniform Distribution

x : Sampled Value

Variable #39 in LH$

J l,, ,! 1,, ,

SymbolinUncertainty/SensitivityAnalysis: WSOLPU3S

‘“”F

0.2

0.0’ ‘ 1,!! !1!!!!

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1,5

Replicate #1, Piecewise Uniform Distribution

x :SampledValue

Variable #38 in LHS

1!, ,,11

Symbol in Uncertainty/Sensitivity Analysis: WSOLPU4S

1“0~

0.8

IData Base ID:
SOLPU4 SOLSIM

,2
E
; 0.6

L
al
.g
~
~ 0.4
E
z

0.2

0.0 J
-2.0 -1,0 0.0

Replicate #1, Piecewise

T.
4

x : Sampled Value

Variable #40 in LHS “

I ,

1,0 2.0

Distribution

TRI-6342-5705-O
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Symbol in Uncertainty/Sensitivity Analysis: WSOLTH4S

“o~

1Data Base ID:
SOLTH4 SOLSIM

0.8 T

;

___
-2,0 -1.0 0.0 1.0 2.0

Replicate #1, Piecewise Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: WSOLU6C
1.0 I I 1

Data Base ID:
SOLU6 SOLCIM j ~

0.8 -

~
D
~ 0.6 -

L
al
.=
~
~ 0,4 -
E
5

0.2 -
x : Sampled Value

Variable #44 in LHS

00 I---
-2.0 -1.0 0.0 1.0 2.0

Replicate #1, Piecewise Uniform Distribution

Symbol in Uncertainty/Sensitivity Analysis: WSOLU4S

“o~

1Data Base ID:
SOLU4 SOLSIM

0.0.J
T

x : Sampled Value

Variable #42 in LH$

I
-2,0 -1.0 0.0 1.0 2.0

Replicate #l, Pieoawise lJnifOrm Distflbution

Symbol in Uncertainty/Sensitivity Analysis: WSOLU6S

‘“o-
0.8

I
*
=n
~ 0.6 -

&

$’
jj
~ 0.4 -

6

0.2 -

0.0 d
-2.0 -1.5 -1.0 -0,5 0.0 0.5 1.0 1.5

I

--lx : Sampled Value

Variable #43 in LHS

Replicate #1, Piecawise Uniform Distribution

TRI-6342-5706-O
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Symbol in Uncertainty/Sensitivity Analysis: WTAUFAIL

Data Base ID:
BOREHOLE TAUFAIL

x : Sampled Value

Variable #33 in LHS

0.0
0.0 2.0 4.0 6,0 8.0 10.0

Replicate #1, Uniform Distribution

TRI-6342-5707-0
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