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ABSTRACT

Before disposing of transuranic radioactive waste in the Waste Isolation
Pilot Plant (WIPP), the United States Department of Energy (DOE) must
evaluate compliance with applicable long-term regulations of the United
States Environmental Protection Agency (EPA). Sandia National Laboratories
is conducting iterative performance assessments (PAs) of the WIPP for the DOE
to provide interim guidance while preparing for a final compliance
evaluation. This volume of the 1992 PA contains results of uncertainty and
sensitivity analyses with respect to the EPA's Environmental Protection
Standards for Management and Disposal of Spent Nuclear Fuel, High-Level and
Transuranic Radiocactive Wastes (40 CFR 191, Subpart B). Additional
information about the 1992 PA is provided in other volumes. Volume 1
contains an overview of WIPP PA and results of a preliminary comparison with
40 CFR 191, Subpart B. Volume 2 describes the technical basis for the PA,
including descriptions of the linked computational models used in the Monte
Carlo analyses. Volume 3 contains values for input parameters used in
consequence and probability modeling. Volume 5 contains uncertainty and
sensitivity analyses of gas and brine migration for undisturbed performance.
Finally, guidance derived from the entire 1992 PA is presented in Volume 6.

Results of the 1992 uncertainty and sensitivity analyses indicate that,
conditional on the modeling assumptions, the choice of parameters selected
for sampling, and the assigned parameter-value distributions, the most
important parameters for which uncertainty has the potential to affect
compliance with 40 CFR 191B are: drilling intensity, intrusion borehole
permeability, halite and anhydrite permeabilities, radionuclide solubilities
and distribution coefficients, fracture spacing in the Culebra Dolomite
Member of the Rustler Formation, porosity of the Culebra, and spatial
variability of Culebra transmissivity. Performance with respect to 40 CFR
191B is insensitive to uncertainty in other parameters; however, additional
data are needed to confirm that reality lies within the assigned
distributions.
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PREFACE

The Preliminary Performance Assessment for the Waste Isolation Pilot
Plant, December 1992 is currently planned to consist of six volumes. The
titles of the volumes are listed below. All analyses reported in the 1992
Preliminary Performance Assessment, including those described in this volume,
are based on computer modeling of disposal-system performance that was
completed in November 1992.

This report is the fourth in a series of annual reports that document
ongoing assessments of the predicted long-term performance of the Waste
Isolation Pilot Plant (WIPP); this documentation will continue during the WIPP
Test Phase. However, the Test Phase schedule and projected budget may change;
if so, the content of the 1992 Preliminary Performance Assessment report and
its production schedule may also change.

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

Volume 2: Technical Basis

Volume 3: Model Parameters

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

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

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

ix
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1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is planned as a research and
development facility to demonstrate the safe disposal of transuranic
(TRU) wastes generated by defense programs of the United States
Department of Energy (DOE). Before disposing of waste in the WIPP, the
DOE must evaluate compliance with applicable long-term regulations of
the United States Environmental Protection Agency (EPA), including 40
CFR 191, Subpart B (Environmental Radiation Protection Standards for the
Management and Disposal of Spent Nuclear Fuel, High-Level and
Transuranic Radioactive Wastes) (EPA, 1985) and 40 CFR 268.6 (Petitions
to Allow Land Disposal of a Waste Prohibited Under Subpart C of Part
268) (EPA, 1986), which is the regulation implementing the Resource
Conservation and Recovery Act (RCRA) that states the conditions for
disposal of specified hazardous wastes. Performance assessment (PA)
will form the basis for evaluations of compliance with these
regulations.

The WIPP Performance Assessment Department of Sandia National
Laboratories (SNL) is performing iterative preliminary PAs to provide
guidance to the WIPP Project while preparing for final compliance
evaluation. This volume is part of a multi-volume report documenting
the third preliminary performance assessment for the WIPP, completed in
December 1992. Preparation for preliminary performance assessments
began with the December 1989 Draft Forecast of the Final Report for the
Comparison to 40 CFR Part 191, Subpart B for the Waste Isolation Pilot
Plant (Bertram-Howery et al., 1989) and Performance Assessment
Methodology Demonstration: Methodology Development for Evaluating
Compliance with EPA 40 CFR 191, Subpart B, for the Waste Isolation Pilot
Plant (Marietta et al., 1989). The 1990 report (Bertram-Howery et al.,
1990) and two supporting volumes (Rechard et al., 1990; Helton et al.,
1991) presented preliminary results of evaluations that addressed only
the long-term performance criteria for disposal specified in the
radioactive-waste disposal standards (40 CFR 191, Subpart B, EPA, 1985).
The 1991 version of the report (WIPP PA Division, 1991a, 1991b, 1991c;
Helton et al., 1992) presented preliminary evaluations for comparison
with the regulatory requirements of 40 CFR 191, Subpart B. Results of
the 1992 performance assessment are not suitable for final compliance
evaluations because portions of the modeling system and data base are
incomplete, and the level of confidence in the defensibility of the
performance estimates has not been established. Results are, however,
suitable for providing interim guidance to the WIPP Project as it moves
toward final compliance evaluations.

1-1
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Chapter 1: Introduction

Previous volumes of the December 1992 Preliminary Performance
Assessment have provided an overview of the performance assessment and
results of a preliminary comparison with Subpart B of 40 CFR 191 (Volume
1), a description of the technical basis for probability and consequence
modeling (Volume 2), and the data base of parameter values wused in
modeling (Volume 3). This volume contains the results of uncertainty
and sensitivity analyses performed with respect to 40 CFR 191B. These
analyses provide gquantitative and qualitative insights on the
relationships between uncertainty in the models and data used in the
performance assessment and the resultant uncertainty in the results of
the performance assessment. Additional uncertainty and sensitivity
analyses of gas and brine migration for undisturbed conditions relevant
to compliance evaluations for 40 CFR 268.6 are contained in Volume 5.
Finally, Volume 6 contains guidance to the WIPP Project based on the

1992 performance assessment.

Uncertainty and sensitivity analysis is an important part of the
WIPP PA and contributes to the overall analysis in the following areas:
(1) assessment of the uncertainty in performance assessment results that
must be used in regulatory compliance evaluations, (2) identification of
modeling areas where reductions in uncertainty can increase confidence
in performance assessment results, and (3) partial verification that the
computational models used in the performance assessment system are
operating properly. Because uncertainty and sensitivity analyses are
inherently conditional on the models, data distributions, and techniques
used to generate them, they cannot provide insight about parameters not
sampled, conceptual and computational models not used in the analysis in
question, or processes that have been oversimplified in the analysis.
As discussed further in Volume 6, qualitative judgment about the
modeling system must be used in combination with the results of analyses
presented in this volume to set priorities for additional data

acquisition and model development.

Organization of this volume is as follows:

« Chapter 2 provides an overview of the structure of the WIPP PA,
including an introduction to the Kaplan and Garrick (198l) ordered-

triple representation for risk. The definition of scenarios,

determination of scenario probabilities, and the calculation of
scenario consequences are described in the context of the ordered-
triple representation for risk. Additional information about the PA
methodology is provided in Chapters 3 and 4 in Volume 2 of this report.
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Chapter 1: Introduction

* Chapter 3 provides information about the imprecisely known variables

selected for sampling in the 1992 PA. Detailed information about
parameter values is provided in Volume 3 of this report.

Chapter 4 contains a discussion of the modeling of undisturbed
performance using a rectangular cross-section representation of the
entire repository. Results are presented in terms of cumulative gas
and brine migration and other two-phase flow performance measures.
Radionuclide transport is not modeled because no brine that has been in
contact with waste reaches the accessible environment during 10,000 yr
of undisturbed performance. Discussions of two-phase flow and creep
closure and detailed information about the BRAGFLO and SANCHO codes
used in the modeling are provided in Chapter 7 and Appendices A and B
in Volume 2 of this report.

Chapter 5 contains a discussion of the modeling of disturbed
performance (i.e., scenarios in which the waste-disposal region is
intruded by an exploratory borehole) using a cylindrical representation
of a single panel. Results in this chapter are presented in terms of
cumulative gas and brine migration and other two-phase flow performance
measures. Uncertainty and sensitivity analyses using radionuclide
releases as the primary performance measure are discussed in Chapter 8.
Modeling for disturbed performance uses the BRAGFLO and SANCHO codes,
and also uses the PANEL code to model radionuclide mobilization in the
waste-emplacement panel. PANEL is described in Chapter 7 and Appendix
A in Volume 2 of this report.

Chapter 6 contains a discussion of the modeling of groundwater flow and
radionuclide transport in the Culebra Dolomite Member of the Rustler
Formation above the repository. Radionuclide transport in the Culebra
occurs only in human intrusion scenarios. Modeling is done using the
SECO flow and transport codes, as described in Chapter 7 and Appendix C
in Volume 2 of this report.

Chapter 7 contains a discussion of the modeling of the release of
radionuclides directly at the ground surface during the drilling of an
exploratory borehole that intrudes into the waste-disposal region. As
modeled, particulate waste is brought to the surface in the drilling
fluid both as cuttings (material intersected by the drill bit) and
cavings (material eroded from the borehole wall by the circulating
drilling fluid). Cuttings and cavings are collectively referred to as
cuttings in this report. Modeling is done using the CUTTINGS code, as
described by Berglund (1992) and Chapter 7 in Volume 2 of this report.

1-3
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Chapter 1. Introduction

+ Chapter 8 contains uncertainty and sensitivity analysis results for

radionuclide releases both from cuttings and groundwater transport.
Alternative conceptual models are examined for transport in the
Culebra, including transport in a single-porosity, fracture-only medium
and transport in a dual-porosity, fracture plus porous-matrix system.
For dual-porosity transport, releases are examined with and without the
physical effect of clay linings in fractures and with and without
chemical retardation by sorption. Cases considered here are a more
complete set of those for which results were presented in Chapter 5 of
Volume 1 of this report for preliminary comparison with the Containment
Requirements of 40 CFR 191B. Dual-porosity transport with both
chemical and physical retardation in matrix and clay linings is the
conceptual model believed by the WIPP PA Department to provide the most
realistic representation for transport in the Culebra. Experimental
and field data are not sufficient at this time to eliminate alternative
conceptual models, and other cases are therefore analyzed here for

comparison.

Chapter 9 summarizes the results of the 1992 wuncertainty and
sensitivity analyses for 40 CFR 191B, and identifies overall importance

of individual parameters.
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2. STRUCTURE OF WIPP PERFORMANCE ASSESSMENT

2.1 Conceptual Model

As proposed by Kaplan and Garrick (1981), the outcome of a performance
assessment can be represented by a set R of ordered triples of the form

R = {(Si, pSi, €8i), i=1, ..., nS}, (2.1-1)

where

Sij = a set of similar occurrences,

pSj = probability that an occurrence in the set Sj will take place,

€Sj = a vector of consequences associated with Sj,

nS = number of sets selected for consideration,
and the sets Sj have no occurrences in common (i.e., the $§i are disjoint
sets). This representation formally decomposes the outcome of a performance

assessment into what can happen (the Sj), how likely things are to happen
(the pSi), and the consequences of what can happen (the ¢Sj). The Si are
typically referred to as "scenarios" in radioactive waste disposal.
Similarly, the pSj are scenario probabilities, and the vector €Sj contains
environmental releases for individual isotopes, the normalized EPA release
for all isotopes, and possibly other information associated with scenario Sj.
The set R in Eq. 2.1-1 is used as the conceptual model for the WIPP

performance assessment.

Although the expression in Eq. 2.1-1 provides a logical conceptual
representation for risk, the set R by itself can be difficult to examine.
For this reason, the risk results in R are often summarized with
complementary cumulative distribution functions (CCDFs). These functions
provide a display of the information contained in the probabilities pSj and
the consequences €Sj. With the assumption that a particular consequence
result ¢S in the vector ¢S has been ordered so that cSi{ < cSj41 for i=1, -
nS-1, the associated CCDF is shown in Figure 2.1-1. A consequence result of
particular interest in performance assessments for radioactive waste disposal
is the EPA normalized release to the accessible environment (EPA, 1985). As
indicated in Figure 2.1-1, the EPA places a bound on the CCDF for normalized
release to the accessible environment.
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Figure 2.1-1. Estimated complementary cumulative distribution function
(CCDF) for consequence result cS (Helton et al., 1991). The
open and solid circles at the discontinuities indicate the
points included on (solid circles) and excluded from (open
circles) the CCDF.
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2.1 Conceptual Model

In practice, the outcome of a performance assessment depends on many
imprecisely known variables. These imprecisely known variables can be
represented by a vector

X = [x1, X2, ..., xpvl, (2.1-2)

where each Xj 1is an imprecisely known input required in the performance
assessment and nV is the total number of such inputs. As a result, the set R
is actually a function of x:

R(x) = {[Si(x), pSj(x), €Sj(x)], i=1, ..., nS(x)}. (2.1-3)

As X changes, so will R(x) and all summary measures that can be derived from
R(x). Thus, rather than a single CCDF for each consequence value contained
in €S, there will be a distribution of CCDFs that results from the possible
values that X can take on.

The uncertainty in X can be characterized by a sequence of probability

distributions
Dy, D2, ..., Dpv, (2.1-4)
where Dj is the distribution for the wvariable Xj contained in x. The

definition of these distributions may also be accompanied by the
specification of correlations and various restrictions that further define
the relations between the Xj - These distributions and other restrictions
probabilistically characterize where the appropriate input to use in a
performance assessment might fall given that the analysis has been structured
so that only one value can be used for each variable.

Once the distributions in Eq. 2.1-4 have been developed, Monte Carlo
techniques can be used to determine the uncertainty in R(X) that results from
the uncertainty in x. First, a sample

Xk = [xkl, Xk2, ..., Xk,nv], k=1, ..., nK, (2.1-5)

is generated according to the specified distributions and restrictions, where
nK is the size of the sample. A performance assessment is then conducted for
each sample element Xy, which yields a sequence of risk results of the form

R(xk) = {[Si(xk), PSi(xk), €Sij(xk)], i=1, ..., nS(xk)) (2.1-6)
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for k=1, ..., nK. Each set R(xg) is the result of one complete performance
assessment conducted with a set of inputs (i.e., Xig) that the review process
producing the distributions in Eq. 2.1-4 concluded was possible. Further,
associated with each risk result R(xg) in Eq. 2.1-6 is a probability or
weight that can be used in making probabilistic statements about the
distribution of R(x). When random or Latin hypercube sampling is used, this
weight is the reciprocal of the sample size (i.e., 1/nK).

In most performance assessments, CCDFs are the results of greatest
interest. For a particular consequence result, a CCDF will be produced for
each set R(Xkx) shown in Eq. 2.1-6. This yields a distribution of CCDFs of
the form shown in Figure 2.1-2.

An important distinction exists between the uncertainty that gives rise
to a single CCDF in Figure 2.1-2 and the uncertainty that gives rise to the
distribution of CCDFs in this figure. A single CCDF arises from the fact
that a number of different occurrences (e.g., borehole intrusions) have a
real possibility of taking place. This type of uncertainty is referred to as
stochastic variation or uncertainty in this report. A distribution of CCDFs
arises from the fact that fixed, but unknown, quantities (e.g., hydrologic
properties) are needed in the estimation of a CCDF. The development of
distributions that characterize what the values for these fixed quantities
might be leads to a distribution of CCDFs. In essence, a performance
assessment can be viewed as a very complex function that estimates a CCDF.
As there is uncertainty in the values of some of the variables operated on by
this function, there will also be uncertainty in the dependent variable
produced by this function, where this dependent variable is a CCDF.

Both Kaplan and Garrick (1981) and a recent report by the International
Atomic Energy Agency (IAEA, 1989) distinguish between these two types of
uncertainty. Specifically, Kaplan and Garrick distinguish between
probabilities derived from frequencies and probabilities that characterize
degrees of belief. Probabilities derived from frequencies correspond to the
probabilities pSj in Eq. 2.1-1, while probabilities that characterize degrees
of belief (i.e., subjective probabilities) correspond to the distributions
indicated in Eq. 2.1-4. The IAEA report distinguishes between what it calls
Type A uncertainty and Type B uncertainty. The IAEA report defines Type A
uncertainty to be stochastic variation; as such, this uncertainty corresponds
to the frequency-based probability of Kaplan and Garrick and the pSj of Eq.
2.1-1. Type B uncertainty is defined to be uncertainty that is due to lack
of knowledge about fixed quantities; thus, this uncertainty corresponds to
the subjective probability of Kaplan and Garrick and the distributions
indicated in Equation 2.1-4. Expressed another way, Type A uncertainty
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Distribution of complementary cumulative distribution functions
(CCDFs) for normalized release to the accessible environment
obtained in the 1991 WIPP performance assessment including both
cuttings removal and groundwater transport with gas generation
in the repository and a dual-porosity transport model in the
Culebra Dolomite (Helton et al., 1992, Figure 2.1-2).
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designates variability in a population; Type B uncertainty designates a lack
of knowledge about this population and how to appropriately calculate
associated results of interest. For the WIPP performance assessment, Type A
uncertainty refers to all possible patterns of disruption that could occur
over a 10,000 yr period, and Type B uncertainty refers to our lack of
knowledge on how to characterize these patterns and calculate their
consequences. This distinction has also been made by other authors,
including Vesely and Rasmuson (1984), Paté-Cornell (1986), Parry (1988),
Helton (1993b), and Helton and Breeding (1993).

As already indicated, the ordered-triple representation shown in
Eq. 2.1-1 is used as the conceptual model for the WIPP performance
assessment. In consistency with this representation, the scenarios Sj,
scenario probabilities pSj and scenario consequences ¢Sj used in the 1991
preliminary WIPP performance assessment are discussed in Sections 2.2, 2.3
and 2.4, respectively. Several specific definitions used for R in the 1992
WIPP performance assessment are then presented in Section 2.5.

The WIPP performance assessment endeavors to maintain a distinction
between stochastic (i.e., Type A) uncertainty and subjective (i.e., Type B)
uncertainty. The effect of stochastic uncertainty is represented by the
probabilities pSj discussed in Section 2.3. The characterization of the
subjective uncertainty in the inputs to the 1992 WIPP performance assessment
is discussed in Chapter 3. The primary focus of this report is the impact of
subjective uncertainties on the outcomes of the 1992 WIPP performance
assessment. These impacts will be investigated in Chapters 4 through 8. A
concluding discussion is given in Chapter 9.

2.2 Definition of Scenarios

Scenarios constitute the first element S; of the ordered triples
contained in the set R shown in Eq. 2.1-1 and are obtained by subdividing the
set

S = (x: x a single 10,000-yr history beginning at decommissioning of the
WIPP}. (2.2-1)

Each 10,000-yr history is complete in the sense that it includes a full
specification, including time of occurrence, for everything of importance to
performance assessment that happens in this time period. 1In the terminology
of Cranwell et al. (1990), each history would contain a characterization for
a specific sequence of "naturally occurring and/or human-induced conditions

2-6
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2.2 Definition of Scenarios

that represent realistic future states of the repository, geologic systems,
and ground-water flow systems that could affect the release and transport of
radionuclides from the repository to humans." In the terminology of
probability theory, the set S is called the sample space, the members of S
are called elementary events, and the individual scenarios Sj are called

events.

The WIPP performance assessment uses a two-stage procedure for scenario
development (Chapter 4 of Volume 2). The purpose of the first stage is to
develop a comprehensive set of scenarios that includes all occurrences that
might reasonably take place at the WIPP. The result of this stage is a set
of scenarios, called summary scenarios, that summarize what might happen at
the WIPP. These summary scenarios provide a basis for discussing the future
behavior of the WIPP and a starting point for the second stage of the
procedure, which is the definition of scenarios at a level of detail that is
appropriate for use with the computational models employed in the WIPP
performance assessment. The scenarios obtained in this second stage of
scenario development are referred to as computational scenarios. The
development of summary scenarios is directed at understanding what might
happen at the WIPP and answering completeness questions. The development of
computational scenarios is directed at organizing the actual calculations
that must be performed to obtain the consequences €Si appearing in Eq. 2.1-1,
and as a result, must provide a structure that both permits the €Sj to be
calculated at a reasonable cost and holds the amount of aggregation error
that enters the analysis to a reasonable level. Here, aggregation error
refers to the inevitable loss of resolution that occurs when an infinite
number of occurrences (i.e., the elements of S) must be divided into a finite
number of sets for analysis (i.e., the subsets Sj of S). The following
discussion describes the computational scenarios used in the 1992 WIPP

performance assessment.

The development of summary scenarios for the 1992 WIPP performance
assessment led to a set S of the form shown in Eq. 2.2-1 in which all
disruptions were due to drilling intrusions (Chapter 4 of Volume 2). As a
result, computational scenarios were defined to provide a systematic coverage
of drilling intrusions. Specifically, computational scenarios were defined
on the basis of (1) number of drilling intrusions, (2) time of the drilling
intrusions, (3) whether or not a single waste panel is penetrated by two or
more boreholes, of which at least one penetrates a pressurized brine pocket
and at least one does not, and (4) activity level of the waste penetrated by
the boreholes.

The construction of computational scenarios started with the division of
the 10,000-yr time period appearing in the EPA regulations into a sequence

2-7
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Chapter 2: Structure of WIPP Performance Assessment

[ti.1, €§], i =1, 2, ..., nT, (2.2-2)

of disjoint time intervals. When the activity levels of the waste are not
considered, these time intervals lead to computational scenarios of the form

S(n) = (x: x an element of S for which exactly n(i) intrusions
occur in time interval [tj.1, ti] for i=1, 2, ...,
nT (i.e., an El or E2-type scenario as described
in Section 4.2.3.2 of Volume 2.)}

(2.2-3)

and

St-(ti-1,ti{) = {x: x an element of S for which two or more boreholes
penetrate the same waste panel during the time
interval [tj.1, ti], with at least one of these
boreholes penetrating a pressurized brine pocket
and at least one not penetrating a pressurized
brine pocket (i.e., an ElE2-type scenario as
described in Section 4.2.3.2 of Volume 2)),(2.2-4)

where
n = [n(l), n(2), ..., n(nT)]. (2.2-5)

As discussed in Section 2.5, the 1992 WIPP performance assessment uses two
different subdivisions of the 10,000-yr time period in the EPA regulations.
In turn, these different subdivisions lead to different definitions for the
set R in Eq. 2.1-1.

When the activity levels of the waste are considered, the preceding time
intervals lead to computational scenarios of the form

S(hn) = {x: X an element of S(n) for which the jth borehole
encounters waste of activity level 2(j) for j=1,

2, ..., nBH, where nBH is the total number of
boreholes associated with a time history in S(n))
(2.2-6)

and

an element of St-(tj.1,ti) for which the jth
borehole encounters waste of activity level 2£2(j)

st-(l;t1-1,t1) =

[
»x
b

for j=1, 2, ..., nBH, where nBH is the total
number of boreholes associated with a time history
in S*-(ti.1.ti)), (2.2-7)
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where

nT
I = [£(1), £2(2), ..., £2(nBH)} and nBH = X n(i). (2.2-8)
i=1

The computational scenarios S(l,n) and S*-(l;tj.1,ti) are used as the basis
for the GCCDFs for normalized release to the accessible environment presented
in the 1992 WIPP performance assessment.

The definitions of S*-(tj.j,tj) and S*-(l;tj.1,ti) appearing in Egs.
2.2-4 and 2.2-7 do not use the vector n designating the time intervals in
which drilling intrusions occur that appears in the definitions of S(nh) and
SLn). However, vectors of this form can be incorporated into the
definitions of S*t-(tj_1,ti) and St-(l;tj.1,ti). Specifically, let

Si+'(n) = {xXx: x an element of S(n) for which 2 or more boreholes
penetrate the same waste panel during the time
interval [tj.1,ti} (i.e., n(i)=2), with at least
one of these boreholes penetrating a pressurized
brine pocket and at least one not penetrating a
pressurized brine pocket}. (2.2-9)

Then,

St-(t, ,,t.) = u S .t (m), 2.2-10
(Cpppfp) = 9 ST ( )
where n€A(i) only if n is a vector of the form defined in Eq. 2.2-5 with
n(i)>=2. The computational scenarios Sij*-(ln) and S*-(l;tj.1,tj) can be
defined analogously for the vector | indicated in Eq. 2.2-8. In Section 2.3,
conservative relations are presented (i.e., Egqs. 2.3-3 and 2.3-4) that bound
the probabilities for S*-(tj.1,ti) and S*-(l;tj.1,tj) and are used in the
construction of CCDFs of the form appearing in Figure 2.1-2. 1In Section 2.4,
St-(ty.1.ti) and St-(l;tj.1,ti), i =1, ..., nT, are assigned the groundwater
releases (i.e., Egqs. 2.4-13 and 2.4-14) associated with

+- +- +- .
Sl (2,0,...,0), 52 0,2,...,0), ..., SnT (0,0,...,2), (2.2-11)

respectively; these releases are used in the construction of CCDFs of the
form appearing in Figure 2.1-2. The subscripts in the preceding notation for
Sl+'(2,0,...,0) through Sp7%t-(0,0,...,2) are redundant and will be omitted in
the remainder of this report.

2-9
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Chapter 2: Structure of WIPP Performance Assessment

Additional information on the construction of computational scenarios for
the 1992 WIPP performance assessment is available elsewhere (Chapter 5 of
Volume 2).

2.3 Determination of Scenario Probabilities

As discussed in Chapter 5 of Volume 2 and Helton (1993a), probabilities
for computational scenarios were determined under the assumption that the
occurrence of boreholes through the repository follows a Poisson process with
a rate term A. The probabilities pS(n) and pS(l,n) for the computational
scenarios S(n) and S(l,n) are given by

nT ti n(i) tnT
pS(n) =4 1 ft A(t)de /n(i)! exp[-ft A(t)dt] (2.3-1)
i=1 i-1 0
and
nBH
pS(l,n) = n pLy,,..| pS(n), (2.3-2)
o P2

where n and | are defined in Egs. 2.2-5 and 2.2-8, respectively, and pLjp is
the probability that a randomly placed borehole through a waste panel will
encounter waste of activity level Z. Examples of probabilities pS(n)
calculated as shown in Eq. 2.3-1 are given in Section 2.5.

The probabilities pS*t-(tj.1,ti) and pSt-(l;tj.1,ti) for the computational
scenarios S*-(tj.1,ti) and S*-(l;ti.1,ti) are given by

nP t. t.

pS*-(tj.1.ti) = = {1 -expl-f.7 a (t)dt]} {1 - exp[-f. ' B (t)dt]}
t, 2 t, 72
2=1 i-1 i-1
(2.3-3)
and

nBH
pS*t-(l;ti.1.t5) = n pL,,. pS*t-(ti-1.t1), (2.3-4)

j=1 £2(3)

2-10
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2.4 Calculation of Scenario Consequences

where
ap(t) = [aBPp]lA(t)/aToOT,
Bp(t) = [aTOTp - aBPp]i(t)/aTOT,
aBPp = area (m2) of pressurized brine pocket under waste panel £,
aTOTp = total area (m2) of waste panel £,
aTOT = total area (m2) of waste panels,
and
nP = number of waste panels.

For the 1992 WIPP performance assessment, each of the areas aTOTy and aBPy is
assumed to be the same for all waste panels. This assumption is conservative
in the sense that it increases the probability of ElE2-type scenarios as
defined in Eq. 2.2-4 as the probability of the necessary pattern of drilling
intrusions is zero for a waste panel that is underlain by no pressurized
brine pocket or entirely underlain by a pressurized brine pocket.

The relations appearing in Eqs. 2.3-1 through 2.3-4 are derived in
Chapter 5 of Volume 2 of this report and also in Helton (1993a) under the
assumption that drilling intrusions follow a Poisson process (i.e., are
random in time and space).

2.4 Calculation of Scenario Consequences

As indicated in Figure 2.4-1, the following nine computer models were
used to estimate scenario consequences in the 1992 WIPP performance
assessment: CUTTINGS, BRAGFLO, PANEL, SEC02D, SECOTP, GRASP-INV, CCDFPERM,
GENII-S and SANCHO. Brief descriptions of these models are given in Table
2.4-1. More detailed descriptions of some of these models and their use in
the 1992 WIPP performance assessment are provided in Chapters 4 through 7 and

in additional references indicated in Table 2.4-1.

There are too many computational scenarios (e.g., S(n) and S(ln)) to
perform a detailed calculation for each scenario with the models summarized
in Table 2.4-1. For example, 3003 scenarios of the form S(n) are required to
reach a cumulative probability of 0.9994 when A = 3.28 x 10-% yr'l and five
time intervals of length 2000 yr are used (Helton et al., 1992, Table 2.3-1).

2-11
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Construction of a CCDF for comparison against the EPA release limits requires
the estimation of cumulative probability through at least the 0.999 level.
Thus, depending on the value for the rate X in the Poisson model for drilling
intrusions, this may require the inclusion of computational scenarios
involving as many as 10 to 12 drilling intrusions, which results in a total
of several thousand computational scenarios. Further, this number does not
include the effects of different activity levels in the waste. To obtain
results for such a large number of computational scenarios, it is necessary
to plan and implement the overall calculations very carefully. The following
describes the approach used in the 1992 WIPP performance assessment (Helton
and Iuzzolino, 1993).

As 1indicated in Eq. 2.2-2, the 10,000-yr time interval that must be
considered in the construction of CCDFs for comparison with the EPA release
limits is divided into disjoint subintervals [tj.y, ty], i =1, 2, ..., nT,
in the definition of computational scenarios. The following results can be
calculated for each time interval:

rCi = EPA normalized release to the surface environment for cuttings
removal due to a single borehole in time interval i with the
assumption that the waste is homogeneous (i.e., waste of

different activity levels is not present), (2.4-1)
rCij = EPA normalized release to the surface environment for cuttings

removal due to a single borehole in time interval i that

penetrates waste of activity level j, (2.4-2)

rGWlj = EPA normalized release to the accessible environment due to

groundwater transport initiated by a single borehole in time
interval i (i.e., an E2-type scenario),

(2.4-3)

EPA normalized release to the accessible environment due to

rGW24
groundwater transport initiated by two boreholes in the same waste
panel in time interval i, of which one penetrates a pressurized
brine pocket and one does not (i.e., an ElE2-type scenario),
(2.4-4)

with the assumption that the intrusions occur at the midpoints of the time
intervals (e.g., at 1000 yr for the time interval [0, 2000 yr}). For the
calculation of rGWlj and rGW2; in the 1992 WIPP performance assessment, the
accessible environment is assumed to begin 2.65 km from the center of the
waste panels (i.e., at the land-withdrawal boundary as shown in Figure 1-2 of
Volume 1 of this report).

2-12
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Figure 2.4-1. Models used in 1992 WIPP performance assessment to calculate
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Table 2.4-1.  Summary of Computer Models Used in the 1992 WIPP Performance Assessment to
Calculate Scenario Consequences

Model

Description

BRAGFLO

CCDFPERM

CUTTINGS

GENII-S

GRASP-INV

PANEL

SECO-FLOW

SECO-TRANSPORT

SANCHO

Describes the multiphase flow of gas and brine through a porous, heterogenous
reservoir. BRAGFLO solves simultaneously the coupled partial differential
equations that describe the mass conservation of gas and brine along with
appropriate constraint equations, initial conditions, and boundary conditions.
Additional information: Chapters 4 and 5.

Constructs probabilities and consequences for various computational scenarios
associated with human intrusion by exploratory drilling. Also constructs CCDFS.
Additional information: Section 1.4.2 of Volume 3 and Helton and luzzolino, 1993.

Calculates the quantity of radioactive material brought to the surface in cuttings and
cavings generated by an exploratory borehole that penetrates a waste panel.
Additional information: Chapter 7.

Estimates potential radiation doses to humans from radionuclides in the
environment. Additional information: Leigh et al., 1993.

Generates transmissivity fields (estimates of transmissivity values) conditioned on
measured transmissivity values and calibrated to steady-state and transient
pressure data at well locations using an adjoint sensitivity and pilot-point technique.
Additional information: LaVenue and RamaRao, 1992.

Calculates rate of discharge and cumulative discharge of radionuclides from a
repository pane! through an intrusion borehole. Discharge is a function of fluid flow
rate, elemental solubility, and radionuclide inventory. Additional information: WIPP
PA Division 1991b, Section 5.3.

Calculates single-phase Darcy flow for groundwater-flow problems in two
dimensions. The formulation is based on a single partial differential equation for
hydraulic head using fully implicit time differencing. Additional information:
Chapter 6.

Simulates fluid flow and transport of radionuclides in fractured porous media.
Additional information: Chapter 6.

Solves quasistatic, large deformation, inelastic response of two-dimensional solids
with finite element techniques. Used in the 1992 performance assessment to
determine porosity of the waste as a function of time and cumulative gas
generation. Additional information: Section 1.4.7 of Volume 3, Stone et al., 1985.
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2.4 Calculation of Scenario Consequences

In general, rCj, rCjj, rGWlj and rGW2j will be vectors containing a large
variety of information; however, for notational simplicity, a vector
representation will not be used. For the 1992 WIPP performance assessment,
the cuttings release to the accessible environment (i.e., rCj and rCjj) is
determined by the CUTTINGS program, and the groundwater release to the
accessible environment (i.e., rGWlj; and rGW2j) is determined through a
sequence of linked calculations involving the BRAGFLO, PANEL, SECO-FLOW and
SECO-TRANSPORT programs.

The cuttings releases

C C .. , rC Ca-
r 1’ r 9 r nT (2.4-5)
correspond to the cuttings releases associated with the computational

scenarios
$(1,0,...,0),58(¢0,1,...,0),..., S(0,0,...,1) (2.4-6)

under the assumption that all waste is of the same average activity level.

Similarly, the groundwater releases

rGWl,, rGWl,, ... , rGWl (2.4-7)

1’ 2’ T
correspond to the groundwater releases associated with the preceding five

scenarios, while

rGW21, rGwW2 , rGW2n (2.4-8)

2’ T
correspond to the groundwater releases associated with the computational

scenarios
s+-(2,0,...,0), s¥-(0,2,...,0), ..., §t-(0,0,...,2). (2.4-9)

In like manner, rC)j corresponds to the cuttings release associated with the
computational scenario S(j; 1,0,...,0); rC2j corresponds to the cuttings
release associated with S(j; 0,1,...,0), and so on.

The releases rCj, rCij, rGW1lj; and rGW2j are used to construct the
releases associated with the many individual computational scenarios that are
used in the construction of a CCDF for comparison with the EPA release
limits. The following assumptions are made:
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Chapter 2: Structure of WIPP Performance Assessment

(1) With the exception of ElE2-type scenarios, no synergistic effects
result from multiple boreholes, and thus, the total release for a
scenario involving multiple intrusions can be obtained by adding the
releases associated with the individual intrusions.

(2) An ElE2-type scenario can take place only when the necessary
boreholes occur within the same time interval [tj.71, ti].

(3) An ElE2-type scenario involving more than two boreholes will have the
same subsurface release as an ElE2-type scenario involving exactly
two boreholes.

The preceding assumptions are used to construct the releases for individual
computational scenarios.

For cuttings removal, Assumption (1) is the only pertinent assumption.
As the only release associated with cuttings removal is the direct removal of
cuttings and spallings to the surface, this assumption seems reasonable; the
relatively small cross-sectional area intersected by a drilling intrusion
makes the interaction of two or more drilling intrusions very unlikely.
Further, should such an intersection occur, the assumption is conservative in
the sense that it would tend to overestimate the total size of the release.
For E2-type scenarios, Assumption (1) is again the only pertinent assumption.
When one, and only one intrusion occurs into each of several waste panels,
this assumption seems to be appropriate as there is little reason to believe
that the release taking place from one waste panel would affect the release
taking place from another waste panel. If anything, the assumption in this
case would be conservative due to the limited amount of brine in the region
surrounding the waste panels that is available for the potential transport of
radionuclides up an intruding borehole; specifically, a single borehole may
experience more brine flow than each of several boreholes. For several
drilling intrusions into the same waste panel, Assumption (1) is probably
conservative due to the limited amount of brine available for radionuclide
transport and the possible inventory limits on the releases of some
radionuclides. Assumptions (2) and (3) relate to ElE2-type scenarios.
Assumption (2) places a limit on how far apart in time two drilling
intrusions can occur and still give rise to an ElE2-type scenario. Such a
limitation seems reasonable due to both the plugging of boreholes by natural
processes and the depletion of the brine in a pressurized brine pocket. If
anything, the relatively long time intervals (e.g., 2000 yrs) used in the
WIPP performance assessment in conjunction with this assumption lead to
overestimates of the probability of ElE2-type scenarios. Further, given this
assumption, the relationships used in the WIPP performance assessment tend to
overestimate the probability of an ElE2-type scenario. Assumption (3) should
have a neutral effect on the analysis as multiple drilling intrusions do not



2.4 Calculation of Scenario Consequences

-

affect the amount of brine available for radionuclide transport up the

2 intruding boreholes and the effect of the increased borehole cross-sectional
3 area is small compared to the uncertainties that result from borehole
4 permeability and elemental solubilities.
5
6 The normalized releases rCj, rCjj and rGWlj can be used to construct the
7 EPA normalized releases for the scenarios S(n) and S(l,n). For S(n), the
8 normalized release to the accessible environment, cS(n), can be approximated
9 by
10
1% nBH
14 cS(n) = J.l=1(rcm(j) + rGWlm(j)), (2.4-10)
3§
18 where m(j) designates the time interval in which the jth borehole occurs.
20 The vector
21
22 m = [(m(1l), m(2), ..., m(nBH)] (2.4-11)
23
24 is uniquely determined once the vector n appearing in the definition of S(n)
25 is specified. The definition of S(n) in Eq. 2.2-3 contains no information
26 on the activity levels encountered by the individual boreholes, and so cS(n)
27 was constructed with the assumption that all waste is of the same average
28 activity. However, the definition of S(I,n) in Eq. 2.2-6 does contain
29 information on activity levels, and the associated normalized release to the
30 accessible environment, cS(l,n), can be approximated by
31
3 nBH

cS(,n) = jil rcm(j),f(j) + rGWlm(j) , (2.4-12)

40 which does incorporate the activity levels encountered by the individual
41 boreholes.

42

43 For St-(tj.1,tj), the normalized release to the accessible environment,
44 cS*t-(tj.1,ti), can be approximated by

45

48
+- - .
33 cS (ti_l,ti) 2 rci + rcwzi, (2.4-13)

g
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Chapter 2: Structure of WIPP Performance Assessment

where it is assumed that all waste is of the same average activity for
cuttings removal. Similarly, the normalized release cSt-(l;tj.1,ti) for
St-(l;ty.1,ti) can be approximated by

2
)= %

cS+'U;%_
j=1

+ rGWZi , (2.4-14)

1" GG

which incorporates the activity level of the waste. The approximations for
cSt-(tj.1,ti) and cS*-(l;ti.1,t1) in Egs. 2.4-13 and 2.4-14 are based on
exactly two intrusions in the time interval [tj-1,ti]. More complicated
expressions could be developed to define releases for multiple ElE2-type
intrusions. However, due to the low probability of such patterns of
intrusion (e.g., the probabilities for 2 and 22 boreholes in Table 2-6 of
WIPP PA Division (1991b) for the time interval [0,2000 yr] with 100 yr of
administrative control are 0.009022 and 0.009315, respectively), the use of
such expressions would have little impact on the CCDFs used for comparison
with the EPA release limits.

The construction process shown in Egqs. 2.4-10 and 2.4-13 to obtain the
normalized releases cS(n)and cS*-(tj-1,tj) for scenarios S(n) and
St-(tj.1,ti) 1is illustrated in Table 3-4 of Volume 3. Further, the
construction process shown in Eqs. 2.4-12 and 2.4-14 to obtain normalized
releases cS(l,n) and cSt-(l;tj.1,t;) for scenarios S(I,n) and S*t-(l;tj.1,ti) is
illustrated in Table 3-5 of Volume 3.

2.5 Performance Assessment Representations Used in 1992

As discussed in conjunction with Eq. 2.1-1, the outcome of a performance
assessment can be represented by a set R of ordered triples. Sections 2.2,
2.3 and 2.4 provide general descriptions of the manner in which the
individual elements of these triples are defined in the 1992 WIPP performance
assessment. Due to computational constraints and the desire to present
results obtained with different modeling assumptions, the set R is actually
defined in two different ways in the 1992 WIPP performance assessment.

The computational cost of performing groundwater transport calculations

precluded the consideration of a large number of intrusion times in the 1992

WIPP performance assessment. Specifically, the decision was made to consider
intrusions at only a single time (i.e., 1000 yr) for the initiation of
groundwater transport. A relatively early intrusion time was selected

because of the reduced releases that occur for later intrusion times due to
both increased radiocactive decay and reduced time for groundwater transport
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2.5 Performance Assessment Representations Used in 1992

to the accessible environment. This decision led to scenarios defined on the
basis of the time intervals [0, 2000 yr] and [2000, 10,000 yr], with the rate
term (i.e., A(t)) in the Poisson model for drilling intrusions assumed to be
zero after 2000 yr. This definition produced a set R] defined by

R1 = {(Si, pSi, ©€8i), i=1,..., nS}, (2.5-1)
where the intervals indicated in Eq. 2.2-2 are
(0, 2000 yr], [2000, 10,000 yr] (2.5-2)
and the vector n appearing in Eq. 2.2-5 is of the form
n = [n(l), n(2)]}. (2.5-3)

The scenarios S(n), S*-(tj.1, ti), S{,n) and S*-(I; ti.1, ti) in Egs. 2.2-3,
2.2-4, 2.2-6 and 2.2-7 are then defined accordingly.

As already indicated, the rate term A(t) in the Poisson model for
drilling intrusions is assumed to be zero for t > 2000 yr. With this
assumption, the expressions in Eqs. 2.3-1 and 2.3-3 for scenario probability

become

0 1 000
(2% a0rae1™ ™ n) expl- 1229 a(orac) if n(2) = 0
pS(n(1),n(2)) =
0 if n(2) = 0 (2.5-4)
and
nP
S (1l-exp[-J Soooaz(t)dt])(l-exp[-f Soooﬂz(c)dc]) ifi=1
+- = =
PSTT(E; p0ty) £=1 (2.5-5)
0 if i =2 ,
respectively. As a reminder, the assumption of 100 yr of administrative

control in which no drilling intrusions can occur is equivalent to assuming
that A(t) = 0 for 0 <= t < 100 yr. Thus, the assumptions of 100 yr of
administrative control and a constant value A for A(t) in the time interval
(100, 2000 yr] leads to the scenario probabilities
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[ (1900 A)“(l}n(l)!]exp[-lgoox] if n(2) =0
pS(n(l),n(2)) = (2.5-6)
0 if n(2) = O

and
nP
. Z {l-exp[-1900 a£]}{1-exp[-1900 B£]} ifi=1
+- = =
pSTI(E; 0 Ey) = A (2.5-7)
0if i =2 ,
where ap and Bp are defined in conjunction with Eq. 2.3-3 with A(t) = X.

Examples of the scenario probabilities pS(n(l),n(2)) defined in Eqs. 2.5-4
and 2.5-6 are given in Tables 2.5-1 and 2.5-2, respectively. Further, the
time-dependent A used in the determination of the probabilities in Table
2.5-1 is based on the time-dependent drilling rate shown in Figure 2.5-1. 1In
particular, the drilling rate in Figure 2.5-1 is expressed in units of
drilling intrusions per square kilometer per 10,000 yr (i.e., 1/(km2 x 104
yr) or (km?2 x 10% yr)'l). As used in this report, A has units of drilling
intrusions per year (i.e., l/yr or yr-l) and is obtained by multiplying the
drilling rate in Figure 2.5-1 by 0.126 km?2 and performing the indicated
division by 10% where 0.126 km2 is the area of emplaced waste used in the
1992 WIPP performance assessment.

The scenario consequences €83 for R] appearing in Eq. 2.5-1 are
constructed as shown in Eqs. 2.4-10 through 2.4-14 for the scenarios Sij that
have nonzero probabilities.

Once R is determined, the information contained in the probabilities
pSi and consequences €Sj can be summarized in CCDFs as shown in Figure 2.1-1.
The set R] and its associated CCDFs are determined with the assumption that
A(t)=0 for t > 2,000 yr. Except for small effects due to the approximations
used for the probabilities of the scenarios S*-(0, 2000) and S*-(2000,
10,000), the same CCDFs result when A(t) is unchanged (i.e., A(t) is not set
to 0 for t > 2000 yr) but the environmental releases rCp, rCyj, rGWy and
rGW25 for intrusions in the time interval (2000, 10,000 yr] are set to O.

The calculation of releases to the accessible environment due to
cuttings removal was significantly less computationally demanding than the
calculation of releases due to groundwater transport. As a result, the
decision was made to consider the effects of cuttings removal at a sequence
of intrusion times rather than only at the single intrusion time considered
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2.5 Performance Assessment Representations Used in 1992

Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

Dependent A Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals

[0, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set

R4 defined in Eq. 2.5-1.

Prob with Prob with 44 Prob with Prob with
Scenarioa AA40b A-+(c a5  Scenario? AA0b A-0c

49
0 intrusions 50 4 intrusions
(# Scenarios = 1) 51 (# Scenarios = 5)

5(0,0) 8.703E-01 9.863E-01 52 5(4,0) 1.304E-09 1.478E-09
Prob 0 intrd  8.703E-01 9.863E-01 53 5(3,1) 4.743E-08 0.000E +00
Cum Prob®  8.703E-01 9.863E-01 54 5(2,2) 6.467E-07 0.000E +00

55 5(1,3) 3.919E-06 0.000E + 00
1 intrusions 56 5(0,4) 8.907E-06 0.000E +00
(# Scenarios = 2) 57 Prob 4 intr 1.352E-05 1.478E-09

5(1,0) 1.199E-02 1.358E-02 58  Cum Prob 1.000E +00 1.000E +00

5(0,1) 1.090E-01 0.000E +00 59
Prob 1 intr 1.209E-01 1.358E-02 60 5 intrusions
Cum Prob 9.912E-01 9.999E-01 61 (# Scenarios = 6)

62 5(5,0) 3.593E-12 4.072E-12
2 intrusions 63 5(4,1) 1.633E-10 0.000E +00
(# Scenarios = 3) 64 5(3,2) 2.969E-09 0.000E +00

S(2,0) 8.253E-05 9.353E-05 65 5(2,3) 2.699E-08 0.000E +00

S(1,1) 1.500E-03 0.000E +00 66 S$(1,4) 1.227E-07 0.000E +00

5(0.2) 6.820E-03 0.000E+00 67 5(0,5) 2.230E-07 0.000E +00
Prob 2 intr 8.403E-03 9.353E-05 68 Prob5intr 3.758E-07 4.072E-12
Cum Prob 9.996E-01 1.000E +00 69  Cum Prob 1.000E +00 1.000E + 00

70
3 intrusions 71 6 intrusions
(# Scenarios = 4) 72 (# Scenarios = 7)

5(3,0) 3.789E-07 4.294E-07 73 5(6,0) 8.246E-15 9.346E-15

5(2,1) 1.033E-05 0.000E +00 74 5(5.1) 4.498E-13 0.000E +00

5(1,2) 9.392E-05 0.000E+00 75 5(4,2) 1.022E-11 0.000E+00

$(0,3) 2.846E-04 0.000E +00 76 S(3,3) 1.239E-10 0.000E +00
Prob 3 intr 3.892E-04 4.294E-07 77 5(2,4) 8.447E-10 0.000E +00
Cum Prob 1.000E +00 1.000E +00 78 5(1,5) 3.072E-09 0.000E +00

79 5(0,6) 4.654E-09 0.000E +00
80 Prob 6 intr 8.704E-09 9.346E-15
81 Cum Prob 1.000E +00 1.000E +00
82

a 5(ij) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr],

and [2000, 10,000 yr], respectively.
b Scenario probability calculated with A=0 over the time interval [100, 10,000 yr].
¢ Scenario probability calculated with A=0 over the time interval [100, 2000 yr] and Xx=0 over the time

interval [2000, 10,000 yr].
Probability of indicated number of intrusions.
Cumulative probability for all scenarios.

® Q
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78
80
81
82
83
84
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Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-
Dependent X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals
[0, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set
R4 defined in Eq. 2.5-1. (concluded)
Prob with Prob with a1 Prob with Prob with
Scenarioa AA0b A~+(0¢ 42  Scenariod A#0b A~0¢
a8
7 intrusions 47 9 intrusions
(# Scenarios = 8) 48 (# Scenarios = 10)
5(7,0) 1.622E-17 1.839E-17 49 5(9,0) 4.274E-23 4.844E-23
5(6,1) 1.032E-15 0.000E+00 50 5(8,1) 3.497E-21 0.000E +00
5(5,2) 2.815E-14 0.000E+00 51 5(7,2) 1.271E-19 0.000E +00
5(4,3) 4.266E-13 0.000E +00 52 5(6,3) 2.697E-18 0.000E +00
5(3.4) 3.878E-12 0.000E+00 53 5(5.4) 3.677E-17 0.000E +00
5(2,5) 2.115E-11 0.000E+00  s4 5(4,5) 3.343E-16 0.000E +00
5(1,6) 6.409E-11 0.000E+00  s5 5(3,6) 2.026E-15 0.000E +00
5(0,7) 8.323E-11 0.000E + 00 56 5(2,7) 7.893E-15 0.000E +00
Prob 7 intr 1.728E-10 1.839E-17 57 5(1.8) 1.794E-14 0.000E + 00
CumProb  1.000E+00 1.000E+00 =8 5(0,9) 1.812E-14 0.000E +00
59 Prob 9intr 4.635E-14 4.844E-23
8 intrusions 60 Cum Prob 1.000E + 00 1.000E + 00
(# Scenarios = 9) 61
5(8,0) 2.793E-20 3.165E-20 62 10 intrusions
5(7.1) 2.031E-18 0.000E +00 63 (# Scenarios = 11)
5(6.2) 6.462E-17 0.000E+00 64 5(10,0) 5.886E-26 6.671E-26
5(5,3) 1.175E-15 0.000E +00 65 S(9,1) 5.350E-24 0.000E +00
5(4,4) 1.335E-14 0.000E+00 66 5(8,2) 2.189E-22 0.000E +00
5(3,5) 9.709E-14 0.000E+00 67 5(7.3) 5.306E-21 0.000E +00
5(2,6) 4.413E-13 0.000E +00 68 5(6,4) 8.440E-20 0.000E +00
5(1,7) 1.146E-12 0.000E +00 69 5(5,5) 9.207E-19 0.000E + 00
5(0,8) 1.302E-12 0.000E +00 70 5(4,6) 6.975E-18 0.000E +00
Prob 8intrd  3.002E-12 3.165E-20 7 5(3,7) 3.623E-17 0.000E +00
Cum Prob®  1.000E+00 1.000E +00 72 5(2,8) 1.235E-16 0.000E +00
73 5(1,9) 2.495E-16 0.000E + 00
74 5(0,10) 2.268E-16 0.000E +00
75 Prob10intr 6.441E-16 6.671E-26
76  Cum Prob 1.000E +00 1.000E +00
77

a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr],

and [2000, 10,000 yr], respectively.
b Scenario probability calculated with X=0 over the time interval [100, 10,000 yr].

¢ Scenario probability calculated with A=0 over the time interval [100, 2000 yr] and A =0 over the time
interval [2000, 10,000 yr].
d Probability of indicated number of intrusions.

e Cumulative probability for all scenarios.
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Table 2.5-2.  Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for A = 3.78 x 104

yr-1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr], [2000, 10,000 yr].

The scenarios shown in this table are contained in the set Ry defined in Eq. 2.5-1, and

A = 3.78 x 104 yr-1 is the largest drilling rate considered in the 1992 WIPP PA.

Prob with Prob with 44 Prob with Prob with
Scenarioa AA0b A—{(c a5  Scenarioa AA40b A~(c

49
0 intrusions 50 4 intrusions
(# Scenarios = 1) 51 (# Scenarios = 5)

5(0,0) 2.378E-02 4.879E-01 52 5(4,0) 2.627E-04 5.390E-03
Prob 0intrd 2.378E-02 4.879E-01 53 S(3.1) 4.424E-03 0.000E +00
Cum Prob®  2.378E-02 4.879E-01 54 S5(2,2) 2.794E-02 0.000E +00

55 5(1,3) 7.844E-02 0.000E +00
1 intrusions 56 5(0,4) 8.257E-02 0.000E +00
(# Scenarios = 2) 57 Prob 4 intr 1.936E-01 5.390E-03

5(1,0) 1.707E-02 3.501E-01 58  Cum Prob 6.797E-01 9.991E-01

5(0,1) 7.185E-02 0.000E +00 59

Prob 1 intr 8.892E-02 3.501E-01 60 5 intrusions

Cum Prob 1.127E-01 8.381E-01 61 (# Scenarios = 6)

62 5(5.,0) 3.770E-05 7.735E-04
2 intrusions 63 S(4,1) 7.937E-04 0.000E +00
(# Scenarios = 3) 64 5(3,2) 6.683E-03 0.000E +00

5(2,0) 6.123E-03 1.256E-01 65 5(2,3) 2.814E-02 0.000E +00

S(1,1) 5.156E-02 0.000E +00 66 5(1,4) 5.924E-02 0.000E +00

5(0,2) 1.085E-01 0.000E +00 67 5(0,5) 4.989E-02 0.000E +00
Prob 2intr  1.662E-01 1.256E-01 68  Prob 5 intr 1.448E-01 7.735E-04
Cum Prob 2.789E-01 9.637E-01 69  Cum Prob 8.245E-01 9.999E-01

70
3 intrusions 71 6 intrusions
(# Scenarios = 4) 72 (# Scenarios = 7)

5(3,0) 1.464E-03 3.004E-02 73 5(6,0) 4.508E-06 9.250E-05

S5(2.1) 1.850E-02 0.000E +00 74 5(5,1) 1.139E-04 0.000E +00

5(1,2) 7.789E-02 0.000E +00 75 S(4,2) 1.199E-03 0.000E +00

5(0,3) 1.093E-01 0.000E+00 76 5(3,3) 6.731E-03 0.000E + 00
Prob 3 intr 2.072E-01 3.004E-02 77 S(2,4) 2.126E-02 0.000E +00
Cum Prob 4.861E-01 9.937E-01 78 5(1,5) 3.580E-02 0.000E +00

79 5(0.6) 2.512E-02 0.000E +00
80 Prob6intr 9.022E-02 9.250E-05
81 Cum Prob 9.147E-01 1.000E + 00
82

a  S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr]

and [2000, 10,000 yr], respectively.
b Scenario probability calculated with A =3.78 x 10-4 yr-1 over the time interval [100, 10,000 yr].

¢ Scenario probability calculated with A =3.78 x 104 yr-1 over the time interval [100, 2000 yr] and A=0

over the time interval [2000, 10,000 yr].

® q

Probability of indicated number of intrusions.
Cumulative probability for all scenarios.
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Table 2.5-2.  Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for A=3.78 x 104
yr'1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr], [2000, 10,000 yr].
The scenarios shown in this table are contained in the set R¢ defined in Eq. 2.5-1, and X =
3.78 x 104 yr-1 is the largest drilling rate considered in the 1992 WIPP PA. (concluded)
Prob with Prob with 40 Prob with Prob with
Scenario2 AA#0b A-=0c 41 Scenarioa A#0b A-+(0c
am
7 intrusions 46 9 intrusions
(# Scenarios = 8) a7 (# Scenarios = 10)
5(7,0) 4.621E-07 9.482E-06 48 5(9,0) 3.305E-09 6.780E-08
S(6.1) 1.362E-05 0.000E+00 49 5(8.1) 1.252E-07 0.000E + 00
5(5,2) 1.721E-04 0.000E +00 50 5(7,2) 2.109E-06 0.000E +00
5(4.3) 1.207E-03 0.000E+00 st 5(6.3) 2.072E-05 0.000E + 00
S5(3,4) 5.084E-03 0.000E +00 52 5(5,4) 1.309E-04 0.000E + 00
S(2,5) 1.284E-02 0.000E +00 53 5(4,5) 5.511E-04 0.000E +00
5(1,6) 1.803E-02 0.000E + 00 54 5(3.6) 1.547E-03 0.000E +00
5(0,7) 1.084E-02 0.000E+00 55 5(2.7) 2.791E-03 0.000E + 00
Prob 7 intr 4.819E-02 9.482E-06 56 5(1,8) 2.938E-03 0.000E +00
Cum Prob 9.629E-01 1.000E +00 57 5(0,9) 1.375E-03 0.000E +00
58  Probgintr 9.356E-03 6.780E-08
8 intrusions 59  Cum Prob 9.948E-01 1.000E + 00
(# Scenarios = 9) 60
5(8,0) 4.145E-08 8.504E-07 61 10 intrusions
S(7.1) 1.396E-06 0.000E +00 62 (# Scenarios = 11)
5(6,2) 2.058E-05 0.000E+00 63 5(10,0) 2.371E-10 4.865E-09
5(5.3) 1.733E-04 0.000E+00 64 5(9.1) 9.985E-09 0.000E +00
5(4,4) 9.120E-04 0.000E + 00 65 5(8,2) 1.892E-07 0.000E +00
5(3.5) 3.072E-03 0.000E+00 66 5(7.3) 2.124E-06 0.000E + 00
5(2,6) 6.467E-03 0.000E + 00 67 5(6,4) 1.565E-05 0.000E +00
S(1,7) 7.780E-03 0.000E + 00 68 5(5,5) 7.908E-05 0.000E + 00
5(0,8) 4.095E-03 0.000E +00 69 S(4,6) 2.775E-04 0.000E +00
Prob 8intrd  2.252E-02 8.504E-07 70 5(3,7) 6.676E-04 0.000E +00
CumProb®  9.854E-01 1.000E +00 7 5(2,8) 1.054E-03 0.000E +00
72 5(1,9) 9.863E-04 0.000E + 00
73 5(0,10) 4.153E-04 0.000E + 00
74  Prob10intr  3.498E-03 4.865E-09
75 CumProb 9.983E-01 1.000E +00
76

a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr)

and [2000, 10,000 yr], respectively.
b Scenario probability calculated with A =3.78 x 10-4 yr-1 over the time interval [100, 10,000 yr].

¢ Scenario probability calculated with x=3.78 x 104 yr-1 over the time interval [100, 2000 yr] and =0

over the time interval [2000, 10,000 yr].

d Probability of indicated number of intrusions.

e Cumulative probability for all scenarios.
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Figure 2.5-1. Example time-dependent rate term used in Poisson model for
drilling intrusions in the 1992 WIPP performance assessment
(Volume 3, Appendix D, Figure D-45). The rate A(t) as used in
this chapter has units of yr-l and is obtained by multiplying
the rate indicated in this figure by 0.126 km2 (i.e., the area
of emplaced waste) and performing the indicated division by
10%4; further, A(t) is set to zero for the first 100 yrs when
100 yrs of administrative control is assumed. The rate A(t)
was a sampled variable in the 1992 WIPP performance assessment;
this figure shows the drilling rate with the largest integrated
value (i.e., expected number of drilling intrusions) over
10,000 yr. In this and other similar figures, a hyperbolic
sine transformation is used to generate the scales on the
abscissa and ordinate; this transformation allows the plotting
of zero, which 1is not possible when a logarithmic
transformation is used.
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Chapter 2: Structure of WIPP Performance Assessment

for the initiation of groundwater transport. In particular, a set Ry defined
by

Ry = ((Si, pSi, €8i), i=1l, ... , nS)
(2.5-8)

was used in the 1992 WIPP performance assessment to investigate the effects
of cuttings removal, where the time intervals indicated in Eq. 2.2-2 are

[0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr],
[1500, 4500 yr], [4500, 10,000 yr] (2.5-9)

and the vector n appearing in Eq. 2.2-5 is of the form
n = [n(1), n(2), n(3), n(4), n(5), n(6)] . (2.5-10)

The time intervals in Eq. 2.5-9 were selected to provide increased resolution
at early times when the inventory of radionuclides with relatively short half
lives (e.g., Pu-238 and Am-241) is changing rapidly. With the assumption of
100 yr of administrative control, the first time interval in Eq. 2.5-9 (i.e.,
[0, 150 yr]) effectively becomes [100, 150 yr].

The set Ry is used to show only the effects of cuttings removal. As a
result, the only scenarios used in the definition of Ry are of the form S(n)
and S(l,n) shown in Eqs. 2.2-3 and 2.2-6. The probabilities pS(n) and pS(l,n)
for these scenarios with a time-dependent rate term (i.e., A(t)) in the
Poisson model for drilling intrusions are defined in Egqs. 2.3-1 and 2.3-2,
respectively, with the times tj, i=0, 1, ..., 6, equal to

0, 150, 200, 500, 1500, 4500, 10,000 yr. (2.5-11)

Examples of the probabilities pS(n) calculated with the rate term shown in
Figure 2.5-1 are presented in Table 2.5-3. Further, the resultant
probabilities for a constant-valued A are illustrated in Table 2.5-4.

The scenario consequences €Si for R9 appearing in Eq. 2.5-8 are
constructed as shown in Eqs. 2.4-10 and 2.4-12. As Ry is used to show only
the effects of cuttings removal to the accessible environment, the term
rGWlm(j) corresponding to the groundwater release in Eqs. 2.4-10 and 2.4-12

is assumed to equal zero.
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2.5 Performance Assessment Representations Used in 1992

Table 2.5-3.  Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-
Dependent A Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals
[0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000
yr]. The scenarios shown in this table are contained in the set R, defined in Eq. 2.5-8.
Prob with Prob with 51 Prob with Prob with
Scenarioa 40P A=Qc 52 Scenario2 A40b A=(Qc
58
0 intrusions s7  5(0,0,0,0,2,0) 5.203E-04 9.794E-06
(# Scenarios = 1) 58 sgo,g,g,g,n; ; g.emg-os o.oooE+oo
59  5(0,0,0,0,0, .933E-03 0.000E +00
5000000) 870301 emator o JOOM0RY  IENER QINED
62
1 intrusion 63 3 intrusions
(# Scenarios = 6) 64 (# Scenarios = 56)
5(1,0,0,0,0,0) 1.572E-03 1.782E-03 65  S$(3,0,0,0,0,0) 8.550E-10 9.690E-10
5(0,1,0,0,0,0) 1.572E-03 1.782E-03 66 S(2,1,0,0,0,0) 2.565E-09 2.907E-09
5(0,0,1,0,0,00) 4.601E-04 5.215E-04 67  S$(2,0,1,0,0,0) 7.507E-10 8.509E-10
$(0,0,0,1,0,0) 4.503E-03 5.103E-03 68  S5(2,0,0,1,0,0) 7.347E-09 8.326E-09
5(0,0,0,0,1,0)  3.009E-02 4.395E-03 69  S(2,0,0,0,1,0) 4.910E-08 7.172E-09
5$(0,0,0,0,0,1) 8.273E-02 0.000E +00 70 S(2,0,0,0,0,1) 1.350E-07 0.000E +00
Prob 1 intr 1.209E-01 1.358E-02 71 5(1,2,0,0,0,0) 2.565E-09 2.907E-09
Cum Prob 9.912E-01 9.999E-01 72 5(1,1,1,0,0,0) 1.501E-09 1.702E-09
73 S(1,1,0,1,0,0) 1.469E-08 1.665E-08
2 intrusions 74 S(1,1,0,0,1,0) 9.820E-08 1.434E-08
(# Scenarios = 21) 75  5(1,1,0,0,0,1) 2.700E-07 0.000E +00
5(2,0,0,0,0,0) 1.420E-06 1.609E-06 76  S$(1,0,2,0,0,0) 2.197E-10 2.480E-10
S(1.1.0,0.0.0) 2.840E-06 3 219E-06 77 5(1,0,1,1,0,0) 4.300E-09 4.874E-09
5(1.0.1.0.0,0) 8.312E-07 9.420E-07 78 S(1,0,1,0,1,0) 2.874E-08 4.198E-09
5(1.0.0.1,0.,0) 8.134E-06 9 219E-06 79 5(1,0,1,0,0,1) 7.902E-08 0.000E +00
5(1.0.0,0.0.1) 1.495E-04 0.000E+00 8 5$(1,0,0,1,1,0) 2.813E-07 4.108E-08
5(0.2.0.0.0.0) 1.420E-06 1.609E-06 82 5(1,0,0,1,0,1) 7.733E-07 0.000E +00
5(0,0,2,0,0,0) 1 216E-07 1379E_o7 87 5(0,2,1 ,0,0,0) 7507E'10 8509E-1O
5(0,0,1,0,1.0) 1.591E-05 2 324E-06 89 5(0,2,0,0,1,0) 4.910E-08 7.172E-09
5(0.0.0.1,1.0) 1557E-04 2 274E-05 92 5(0,1,1,1,0,0) 4.300E-09 4.874E-09
5(0,0,0,1,0,1) 4.281E-04 0.000E+00 93 5(0,1,1,0,1,0) 2.874E-08 4.198E-09

94  S5(0,1,1,0,0,1) 7.902E-08 0.000E +00

a 5(i,j,k.l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000
yr], respectively.

b Scenario probability calculated with A»=0 over the time interval [100, 10,000 yr].

¢ Scenario probability calculated with A=0 over the time interval [100, 2000 yr] and A =0 over the time
interval [2000, 10,000 yr].

d Probability of indicated number of intrusions.

e Cumulative probability for all scenarios.
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Chapter 2: Structure of WIPP Performance Assessment

Table 2.5-3.  Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-
Dependent A Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals
[0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000
yr]. The scenarios shown in this table are contained in the set Ry defined in Eq. 2.5-8.
(concluded)
Prob with Prob with 55 Prob with Prob with
Scenariod 40P A-~0¢ 56 Scenarioa AA4Qb A-~Qc
68
$(0,1,0,2,0,0) 2.104E-08 2.385E-08 61 5(0,0,0,0,1,3) 4.310E-06 0.000E +00
5(0,1,0,1,1,0) 2.813E07  4.108E-08 g  5(0,0,0,0,0,4) 2.962E-06  0.000E+00
ggg’:-gﬂégv(‘); e Q00Eia0 s Probaintr 1.352E-05  1.478E-09
5(0’1‘0'0’1’1) 5 168E-06 0.000E+00 6 CumProb 1.000E+00  1.000E+00
S(0.1,000.2)  7.104E06  0.000E+00 65
$(0,0,3,0,0,0) 2.144E-11 2.430E-11 66 5 intrusions
5(0,0,2,1,0,0) 6.293E-10 7.133E-10 67 (# Scenarios = 252)
$(0.0201,0)  4.206E-09  6.143E-10 o5 prop 5 intr 3.758E-07  4.072E-12
g Eg'gf'g’g’(‘); é-}ggg'gg ggggg I)go 6s  Cum Prob 1.000E+00  1.000E +00
wh e U, . - . 70
5(0,0,1,1,1,0) 8.232E-08 1.202E-08 intrusi
5(001101)  2263E-07  0.000E+00 . 4 SG rusions a2
S(0.01.020)  2751E-07  5.178E-09 72  (# Scenarios = 462)
$(0,0,1,0,1,1) 1.513E-06 0.000E+00 73 Prob 6 intr 8.704E-09 9.346E-15
$(0,0,1,0,0,2) 2.079E-06 0.000E+00 74 CumProb 1.000E +00 1.000E +00
5(0,0,0,3,0,0) 2.009E-08  2277E-08 75 o
5(0,0,0,2,1,0) 4.028E-07 5.883E-08 76 7 intrusions
5(0,0,0,2,0,1) 1.107E-06 0.000E+00 77 (# Scenarios = 792)
5(0,0,0,1,2,0) 2692E-06  5.067E-08 73  Prob 7 intr 1.728E-10 1.839E-17
S 20,0,0.1 A .1; 1 .4805-05 0.000E +00 79 CumProb 1.000E+00  1.000E +00
5(0,0,0,1,0,2 2.035E-05 0.000E+00 80
5(0,0,0,0,3.0) 5.998E-06 1.455E-08 81 8 intrusions
5(0,0.0,0,2,1) 4.947E-05  0.000E+00 # Scenarios = 1287
$(000.0.12)  1.360E-04  0.000E+00 _ (# Scenarios = 1287)

N 83 Prob 8 intr 3.002E-12 3.165E-20
$(0.0,00.0,3) 1.246E-04 0.000€ +00 84  Cum Prob 1.000E+00  1.000E+00
P i . 04 4. -07 : :

Cruon? gr.gg: ?.gggg f 00 1.(2)835 f 00 %
86 9 intrusions
4 intrusions 87 (# Scenarios = 2002)
5(4,0,0,0,0 0)( 3.861E-13 4.376E-13 89  Cum Prob 1.000E+00  1.000E+00
S(310000)  1545E-12  1.751E-12 %
B 91 10 intrusions
92 (# Scenarios = 3003)
. . . 93 Prob 10 intr 6.441E-16 6.671E-26
5(1,1,1,1,0,0) 7.769E-12 8.805E-12 94 Cum Prob 1.000E +00 1.000E + 00

a S(ijk,1.m,n) represents the scenario in which i,j,k.I.m, and n drilling intrusions occur in the time
intervals [0, 150 yr], {150, 200 yr], {200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000

yr], respectively.
b Scenario probability calculated with A=0 over the time interval [100, 10,000 yr].

95

¢ Scenario probability calculated with =0 over the time interval [100, 2000 yr] and x=0 over the time

d
e

2-

interval [2000, 10,000 yr].

Probability of indicated number of intrusions.
Cumulative probability for all scenarios.
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2.5 Performance Assessment Representations Used in 1992

Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for A = 3.78 x
104 yr-1, 100 yr Administrative Control, and the Time Intervals [0, 150 yr], [150, 200 yr],
[200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown
in this table are contained in the set R» defined in Eq. 2.5-8, and A = 3.78 x 104 yr'1 is
the largest drilling rate considered in the 1992 WIPP PA.
Prob with Prob with 53 Prob with Prob with
Scenario2 2400 A-0c 54 Scenario2 A#0b A-0c
58
0 intrusions 59  5(0,0,0,0,1,1) 5.597E-02 0.000E +00
(# Scenarios = 1) 60 g(o,o,o,o,o,z) 5.1305-02 0.000?00
61 rob 2 intr 1.662E-01 1.256E-01
000009 ygEe  awmERL LOGRELT D sereo
Cum Prob® 2.378E-02  4.879E01 3
64 3 intrusions
1 intrusion 65 (# Scenarios =
(# Scenarios = 6) 66 S(3,0,0,0,0,0) 2.669E-08 5.475E-07
$(1,0,0,0,0,0) 4.491E-04 9 214E-03 67  S(2,1,0,0,0,0) 8.006E-08 1.643E-06
5(0,1,0,0,0,0) 4.491E-04  9.214E-03 68 5(2,0,1,0,0,0) 4.804E-07  9.856E-06
5(0,0,1,0,0,0) 2695E-03  5.528E-02 69 5(200,1,0,0) 1.601E-06  3.285E-05
5(0,0,0,1,0,0) 8.982E-03  1.843E-01 70 S5(20,00,1,0) 4.804E-06  1.643E-05
5(0,0,0,0,1,0) 2695E-02 9214E02 7' S(2,0,0,0,0,1) 8.807E-06  0.000E+00
5(0,0,0,0,0,1) 4.940E-02  0.000E+00 72 S5(1.2,0,0,0,0) 8.006E-08  1.643E-06
Prob 1 intr 8.892E02  3501E-01 73 S(1,1,1,0,00) 9.608E-07  1.971E-05
Cum Prob 1.127E-01 8.381E-01 74  5(1,1,0,1,0,0) 3.203E-06  6.571E-05
75 5(1,1,0,0,1,0) 9.608E-06  3.285E-05
N 76 5(1,1,0,0,0,1) 1.761E-05  0.000E +00
2 Intrusions 77 S(1.0.200,0)  2882E-06  5913E-05
(# Scenarios = 21) 78 5(1,0,1,1,0,0) 1.922E-05  3.942E-04
5(2,0,0,0,0,0) 4.240E-06  8699E-05 79  5(1,0,1,0,1,0) 5.765E-05  1.971E-04
5(1,1,0,0,0,0) 8.480E-06 1.740E-04 g0  5(1,0,1,0,0,1) 1.057E-04 0.000E +00
5(1,0,1,0,0,0) 5.088E-05 1.044E-03 g1  5(1,0,0,2,0,0) 3.203E-05  6.571E-04
5(1,0,0,1,0,0) 1.696E-04  3480E-03 g  5(1,0,0,1,1,0) 1.922E-04  6.571E-04
5(1,0,0,0,1,0) 5.088E-04 1.740E-03 g3  5(1,0,0,1,0,1) 3.523E-04  0.000E +00
5(1,0,0,0,0,1) 9.328E-04  0.000E+00 g4  5(1,0,0,0,2,0) 2.882E-04 1.643E-04
5(0,2,0,0,0,0) 4.240E-06  8.699E-05 g5  5(1,0,0,0,1,1) 1.057E-03  0.000E+00
5(0.1,1,0,0,0) 5.088E-05 1.044E-03 g5  5(1,0,0,0,0,2) 9.688E-04 0.000E +00
5(0,1,0,1,0,0) 1.696E-04  3.480E-03 g7  5(0,3,0,0,0,0) 2.669E-08  5.475E-07
5(0,1,0,0,1,0) 5.088E-04 1.740E-03 g  5(0,2,1,0,0,0) 4.804E-07  9.856E-06
5(0.1,0,0,0,1) 9.328E-04  0.000E+00 g9  5(0,2,0,1,0,0) 1.601E-06  3.285E-05
5(0.0,2,0,0,0) 1.526E-04  3.132E-03 g0  5(0,2,0,0,1,0) 4.804E-06 1.643E-05
5(0,0.1,1,0,0) 1.018E-03 2088E-02 91  5(0,2,0,0,0,1) 8.807E-06 0.000E +00
5(0,0,1,0,1,0) 3.053E-03 1.044E-02 o>  5(0,1,2,0,0,0) 2.882E-06  5.913E-05
$(0,0,1,0,0,1) 5.597E-03  0.000E+00 o3  5(0,1,1,1,0,0) 1.922E-05  3.942E-04
5(0.0,0,2,0,0) 1.686E-03  3.480E-02 o4  5(0,1,1,0,1,0) 5.765E-05 1.971E-04
5(0,0,0,1,1,0) 1.018E-02  3.480E-02 o5 5(0,1,1,0,0,1) 1.057E-04  0.000E +00
5(0,0,0,1,0,1) 1.866E-02  0.000E+00 g5  5(0,1,0,2,0,0) 3.203E-05  6.571E-04
5(0,0,0,0,2,0) 1.526E-02  8.699E-03

a S(i,jk,).m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and [500, 1500 yr}, [1500, 4500 yr], and [4500, 10,000

yr]. respectively.
b Scenario probabitity calculated with A = 3.78 x 104 yr-1 over the time interval [100, 10,000 yr].

¢ Scenario probability calculated with A = 3.78 x 10°4 yr-1 over the time interval [100, 2000 yr] and A=0

over the time interval [2000, 10,000 yr].

d Prowability of indicated number of intrusions.

e Cumulative probability for all scenarios.
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Chapter 2: Structure of WIPP Performance Assessment

Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for A = 3.78 x
104 yr-1, 100 yr Administrative Control, and the Time Intervals [0, 150 yr}, [150, 200 yr],
[200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown
in this table are contained in the set Ry defined in Eq. 2.5-8, and A = 3.78 x 10-4 yrlis
the largest drilling rate considered in the 1992 WIPP PA. (concluded)
Prob with Prob with 55 Prob with Prob with
Scenarioa A40b A-0c 56 Scenarioa A40b A—0c
]
5(0,1,0,1,1,0) 1.922E-04 6.571E-04 61 5(0,0,0,0,1,3) 4.024E-02 0.000E +00
5(0,1,0,1,0,1) 3.523E-04 0.000E + 00 62 5(0,0,0,0,0,4) 1.845E-02 0.000E +00
5(0,1,0,0,2,0) 2.882E-04 1.643E-04 63 Prob 4 intr 1.936E-01 5.390E-03
5(0,1,0,0,1,1) 1.057E-03 0.000E + 00 64 Cum Prob 6.797E-01 9.991E-01
5(0,1,0,0,0,2) 9.688E-04  0.000E+00 65
5(0,0,3,0,0,0) 5.765E-06 1.183E-04 66 5 intrusions
5(0,0,2,1,0,0) 5.765E-05  1.183E-03 (# Scenarios = 252)
5(0020.1,0)  1720E04 5913804 &5 prop 5 intr 1.448E01  7.735E-04
§(0,02001)  3.170E-04  0.000E+00 o  cym Prop 8.245E-01  9.999E-01
$(0,0,1,2,0,0) 1922604  3.942E-03
5(0,0,1,1,1,0) 1.153E-03 3.942E-03 1 6i :
$(0,01.1.01)  2114E03  0.000E+00 vs ntrusions 462
5(0,0,1.0.2,0) 1.720E-03  9.856E-04 72 ~ (# Scenarios = 462)
$(0,0,1,0,1,1) 6.341E-03 0.000E+00 73 Probé6intr 9.022E-02 9.250E-05
$(0,0,1,0,0,2) 5.813E-03 0.000E+00 74 CumProb 9.147E-01 1.000E +00
5(0,0,0,3,0,0) 2.135E-04  4.380E-03 75 o
5(0,0,0,2,1,0) 1.922E-03 6.571E-03 76 7 Intrusions
5(0,0,0,2,0,1) 3.523E-03 0.000E+00 77 (# Scenarios = 792)
5(0,0,0,1,2,0) 5.765E-03 3.285E-03 78  Prob 7intr 4.819E-02 9.482E-06
5(0,0,0,1,1,1) 2114E02  0.000E+00 79 Cum Prob 9.629E-01 1.000E +00
5(0,0,0,1,0,2) 1.938E-02 0.000E+00 gg
3(0,0,0,0,3,0) 5765E-03 5475E-04 81 8 intrusions
5(0,0,0,0,2,1) 3170E-02 0000E+00 82 (# Scenarios — 1287)
5(0,0,0,0,1,2) 5.813E-02  0.000E +00 .
83 Prob 8intr 2.252E-02 8.504E-07
5(0,0,0,0,0,3) 3.552E-02 0.000E +00
Prob 3 intr 2.072E-01 3.004E-02 g4  Cum Prob 9.854E-01 1.000E +00
Cum Prob 4861E-01  9937E-01 53 N
86 9 intrusions
4 intrusions 87 (# Scenarios = 2002)
(# Scenarios = 126) 88  Probgintr 9.356E-03  6.780E-08
) ] 89 Cum Prob 9.948E-01 1.000E +00
SG10000  S0MEI0  osaEse %
T 91 10 intrusions
92 (# Scenarios = 3003)
. . . 93 Prob 10 intr 3.498E-03 4.865E-09
5(1,1,1,1,0,0) 3.628E-07 7.444E-06 94 Cum Prob 9.983E-01 1.000E +00

95

a 5(i,j,k,l,m,n) represents the scenario in which i,j,k,I,m, and n drilling intrusions occur in the time
intervals [0, 150 yr], [150, 200 yr], {200, 500 yr], and {500, 1500 yr], {1500, 4500 yr], and [4500, 10,000
yr]. respectively.

b Scenario probability calculated with A = 3.78 x 10-4 yr-1 over the time interval [100, 10,000 yr}.

¢ Scenario probability calculated with A = 3.78 x 104 yr-1 over the time interval [100, 2000 yr] and X=0

d
e

2

over the time interval {2000, 10,000 yr].
Probability of indicated number of intrusions.
Cumulative probability for all scenarios.
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2.5 Performance Assessment Representations Used in 1992

The sets R} and Ryp in Eqs. 2.5-1 and 2.5-8 provide two different
summaries of the results of the WIPP performance assessment based on
different partitioning of the sample space S shown in Eq. 2.2-1. These sets
actually depend on both the partitioning of S into the scenarios Sj and the
determination of the scenario probabilities pSj and the scenario consequences
€S;. Thus, a full specification of R] and Ry would also contain subscripts
indicating the manner in which the probabilities pSj and the consequences €Sj
are determined. To avoid the use of unnecessarily cumbersome notation, such
subscripting is not employed in this presentation. However, the manner in
which the pSj and ¢Sj are defined for use with the risk representations Rj
and Ry is indicated in Chapter 8 when analysis results are presented.
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3. UNCERTAIN VARIABLES SELECTED FOR SAMPLING

The 1992 WIPP performance assessment selected 49 imprecisely known

variables for consideration. These variables are listed in Table 3-1 and
correspond to the elements Xj, j=1, 2, ..., nV = 49, of the vector X shown in
Eq. 2.1-2. The distributions indicated in Table 3-1 and shown more

explicitly in Figure 3-1 correspond to the distributions appearing in Eq.
2.1-4 and characterize subjective, or type B, uncertainty. The variables in
Table 3-1 and the rationale for their distributions are discussed extensively
in Volume 3 of this report, which can be consulted for more detailed

information than is presented here.

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables

6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report)
Variable Definition
BCBRSAT Residual brine saturation for Salado Formation (S;) (dimensionless). Used in

BRAGFLO. Range: 0.0 to 0.4. Median 0.2. Distribution: Uniform. Additional
information: Section 2.3.1, Volume 3. Variable 13 in Latin hypercube sample
(LHS).

BCEXP Brooks and Corey pore-size distribution parameter for Salado Formation ()
(dimensionless). Used in BRAGFLO. Range: 0.2 to 10. Median 0.7.
Distribution: Piecewise uniform. Additional information: Same as BCBRSAT.
Variable 11 in LHS.

BCFLG Pointer variable (flag) for selection of characteristic curve for capillary behavior.
Used in BRAGFLO. Range: {0, 1}. Distribution: 33% 0, 67% 1. Value of 0
selects van Genuchten-Parker model; value of 1 selects Brooks-Corey model.
Additional information: Section 2.3.1, Volume 3. Variable 12 in LHS.

BCGSSAT Brooks and Corey residual gas saturation for Salado Formation (Sgr)
(dimensionless). Used in BRAGFLO. Range: 0.0 to 0.4. Median: 0.2.
Distribution: Uniform. Additional information: Same as BCBRSAT. Variable 14 in
LHS.

BHPERM Borehole permeability (k) (m2). Used in BRAGFLO. Range: 1 x 10-14 to 1 x
10-11. Median: 3.16 x 10-12. Distribution: Lognormal. Additional information:
Freeze and Cherry, 1979, Table 2-2 (silty sand); Section 4.2.1 Volume 3. Variable
21 in LHS.

BPPRES Initial pressure (p) of pressurized brine pocket in Castile Formation (Pa). Used in
BRAGFLO. Range: 1.3 x 107 to 2.1 x 107. Median: 1.7 x 107. Distribution:
Piecewise linear. Additional information: Popielak et al., 1983, p. H-52; Lappin et
al., 1989, Table 3-19; Section 4.3.1, Volume 3. Variable 19 in LHS.
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Chapter 3: Uncertain Variables Selected for Sampling

Table 3-1.

Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)

Variable

Definition

BPSTOR

BPAREAFR

BRSAT

CULCLIM

CULFRPOR

CULFRSP

CULCLYF

CULCLYP

Bulk storativity (Sp) of pressurized brine pocket in Castile Formation (m3/Pa).
Used in BRAGFLO. Range: 0.02 to 2. Median: 0.2. Distribution: Lognormal.
Additional information: Section 4.3.1, Volume 3. Variable 20 in LHS.

Fraction of waste panel area underiain by a pressurized brine pocket
(dimensionless). Used in CCDFPERM in calculation of probability of E1E2-type
scenarios. Range: 0.24 to 0.568. Median: 0.40. Distribution: Piecewise Linear.
Additional information: Section 5.1, Volume 3. Variable 24 in LHS.

Initial fluid (brine) saturation of waste (dimensionless). Used in BRAGFLO.
Range: 0to 0.14. Median: 0.07. Distribution: Uniform. Additional information:
Section 3.4.3, Volume 3. Variable 1 in LHS.

Recharge amplitude factor (Ay,) for Culebra (dimensionless). Used in SECO-
FLOW. Range: 1to 1.07. Median: 1.035. Distribution: Uniform. Used in
definition of time dependent boundary heads in Culebra, with the maximum head
increasing from the estimated present-day head in the Culebra in the northern
most element of the regional model domain for CULCLIM = 1 to the elevation of
the Clayton Basin spill point (1007m) for CULCLIM = 1.07. Additional
information: Section 6.4, of this Volume. Variable 32 in LHS is uniformly
distributed on [0,1] and used to select value for CULCLIM by preprocessor to
SECO-FLOW.

Fracture porosity (8) in Culebra (dimensionless). Used in SECO-FLOW and
SECO-TRANSPORT. Range: 1 x 1074 to 1 x 102. Median: 1 x 1073,
Distribution: Lognormal. Additional information: Tables 1-2 and E-6, Lappin et
al., 1989; Section 2.6.2, Volume 3. Variable 33 in LHS.

Fracture spacing (2B) in Culebra (m). Used in SECO-TRANSPORT. Range: 6 x
10-2 to 8. Median: 4 x 10-1. Distribution: Piecewise uniform. Additional
information: Beauheim et al., 1991b. Variable 34 in LHS.

Clay filling fraction (bg/b) in Culebra (dimensionless), where 2b is the fracture
aperture and 2bg is the total thickness of the clay lining in the fracture. Used in
SECO-TRANSPORT. Range: 0 to 0.5. Median: 0. Distribution: bg/b=0 has
probability 0.5 and b /b=0 is uniformly distributed between 0 and 0.5. Additional
information: Section 2.6.1, Volume 3. Variable 35 in LHS.

Porosity of clay lining fractures in Culebra (dimensionless). Used in SECOTP.
Range: 0.05 to 0.5. Median: 0.275. Distribution: Uniform. Additional
information: Section 2.6.2, Volume 3. Variable 36 in LHS.
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Chapter 3: Uncertain Variables Selected for Sampling

Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)

Variable

Definition

CULPOR

CULTRFLD

DBDIAM

FKDAM

FKDNP

FKDPU

FKDRA

FKDTH

Matrix porosity (8 in Culebra (dimensionless). Used in BRAGFLO and SECO-
TRANSPORT. Range: 5.8 x 102 to 2.53 x 10-1. Median: 1.39 x 10-1.
Distribution: Piecewise uniform. Additional information: Table 4.4, Kelley and
Saulnier, 1990; Table E-8, Lappin et al., 1989; Section 2.6.2, Volume 3. Variable
43 in LHS.

Transmissivity field for Culebra. Seventy transmissivity fields consistent with
available field data were constructed and ranked with respect to travel time to the
accessible environment. CULTRFLD is a pointer variable used to select from
these 70 fields, with travel time increasing monotonically with CULTRFLD. Used
in STAFF2D and SECO-TRANSPORT. Range: 0to 1. Median: 0.5. Distribution:
Uniform. Additional information: Section 7.5, Volume 2; Section 2.6.3, Volume 3.
Variable 31 in LHS.

Drill bit diameter (m). Used in CUTTINGS and BRAGFLO. Range: 0.267 to
0.444. Median: 0.355. Distribution: Uniform. Additional information: Section
4.2.2, Volume 3. Variable 22 in LHS.

Fracture distribution coefficient (Kg) for Am in Culebra (m3/ kg). Used in SECO-
TRANSPORT. Range: 1 x 104 to 1 x 103. Median: 9.33 x 101. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
37in LHS.

Fracture distribution coefficient (Kg) for Np in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1x 104 to 1 x 103. Median: 1. Distribution: Piecewise
loguniform. Additional information: Section 2.6.4, Volume 3. Variable 38 in LHS.

Fracture distribution coefficient (Kg) for Pu in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1x 10-4to 1 x 103. Median: 2.04 x 102. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
39in LHS.

Fracture distribution coefficient (Kg) for Ra in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 10-4to 1 x 102. Median: 3.31 x 10-2. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
42 in LHS.

Fracture distribution coefficient (Kg) for Th in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 104 to 1 x 101. Median: 1 x 10-1. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
40 in LHS.
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Table 3-1.

Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)

Variable

Definition

FKDU

GRCORHF

GRCORI

GRMICHF

GRMICI

LAMBDA

MBPERM

MBPOR

Fracture distribution coefficient (Kg) for U in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 104 to 1. Median: 7.94 x 10-3. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
41 in LHS.

Scale factor used in definition of gas generation rate for corrosion of steel under
humid conditions (dimensionless). Actual gas generation rate is
GRCORH=GRCORHF.GRCORI. Used in BRAGFLO. Range: 0to 0.5. Median:
0.1. Distribution: Piecewise uniform. Additional information: Brush, 1991.
Variable 3 in LHS.

Gas generation rate for corrosion of steel under inundated conditions (mol/m?2
surface area steel+s). Used in BRAGFLO. Range: 0to 1.3 x 10-8. Median:
6.3 x 10-9. Distribution: Piecewise uniform. Additional information: Same as
GRCORHF. Variable 2 in LHS.

Scale factor used in definition of gas generation rate due to microbial
degradation of cellulosics under humid conditions (mol/kg cellulosics-s). Actual
gas generation rate is GRMICH=GRMICHF - GRMICI. Used in BRAGFLO.
Range: 0 to 0.2. Median: 0.1. Distribution: Uniform. Additional information:
Same as GRCORHF. Variable 6 in LHS.

Gas generation rate due to microbial degradation of cellulosics under inundated
conditions (mol/kg cellulosicsss). Used in BRAGFLO. Range: 0to 1.6 x 10-8.
Median: 3.2 x 109. Distribution: Piecewise uniform. Additional information:
Same as GRCORHF. Variable 5 in LHS.

Pointer variable used to select rate term (X or A(t), units: yr-1) in Poisson model
for drilling intrusions. Used in CCDFPERM. Range: 0 to 1. Median: 0.5.
Distribution: Uniform. Additional information: Section 5.2, Volume 3. Variable
23 in LHS.

Permeability (k) in intact anhydrite marker beds in Salado Formation (m2). Used
in BRAGFLO. Range: 1x 1021 to 1 x 10-16. Median: 5.0 x 10-20. Distribution:
Piecewise loguniform. Correlation: 0.3 rank correlation with SALPERM.
Additional information: Section 2.4.2, Volume 3. Variable 15 in LHS.

Porosity (¢) in intact anhydrite marker beds in Salado Formation
(dimensionless). Used in BRAGFLO. Range: 1 x 10-3to 3 x 10-2. Median: 1 x
10-2. Distribution: Piecewise uniform. Additional information: Section 2.4.4,
Volume 3. Variable 16 in LHS.
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Chapter 3. Uncertain Variables Selected for Sampling

Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)

Variable Definition

MBPRES Far field pressure (p) in Salado Formation at the MB139 elevation. Used in
BRAGFLO. Range: 1.2 x 107 to 1.3 x 107. Median: 1.25 x 107. Distribution:
Uniform. Additional information: Section 2.4.3, Volume 3. Variable 18 in LHS.

MKDAM Matrix distribution coefficient (Kg) Am in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 104to 1 x 102. Median: 1.86 x 10-1. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
44 in LHS.

MKDNP Matrix distribution coefficient (Kg) for Np in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1x 10-4to 1 x 102. Median: 4.78 x 10-2. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
45 in LHS.

MKDPU Matrix distribution coefficient (Kg) for Pu in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 10-4to 1 x 102. Median: 2.61 x 10-1. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
46 in LHS.

MKDRA Matrix distribution coefficient (Kg) for Ra in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 104 to 1 x 101. Median: 1 x 10-2. Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
49in LHS.

MKDTH Matrix distribution coefficient (Kg) for Th in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 10-4to 1. Median: 1 x 10-2. Distribution: Piecewise
loguniform. Additional information: Section 2.6.4, Volume 3. Variable 47 in LHS.

MKDU Matrix distribution coefficient (Kg) for U in Culebra (m3/kg). Used in SECO-
TRANSPORT. Range: 1 x 10-4 to 1. Median: 2.88 x 10-2, Distribution:
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable
48 in LHS.

SALPERM Permeability (k) in intact halite component of Salado Formation (m2). Used in
BRAGFLO. Range: 1x 1024 to 1 x 10-19. Median: 2 x 10-21. Distribution:
Piecewise loguniform. Correlation: 0.3 rank correlation with MBPERM.
Additional information: Gorham et al., 1992; Howarth et al., 1991; Beauheim et
al., 1991a; Section 2.3.5, Volume 3. Variable 10 in LHS.

SOLAM Solubility of Am in brine (mol/£). Used in PANEL. Range: 5 x 10-14 to 1.4.
Median: 1 x 10-9. Distribution: Piecewise loguniform. Additional information:
Trauth et al., 1991; Section 3.3.5, Volume 3. Variable 25 in LHS.
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Chapter 3: Uncertain Variables Selected for Sampling

Table 3-1.

Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)

Variable

Definition

SOLNP

SOLPU

SOLRA

SOLTH

SOLU

STOICCOR

STOICMIC

TZPORF

VMETAL

Solubility of Np in brine (mol/£). Used in PANEL. Range: 3 x 10-16t0 1.2 x
10-2. Median: 1.0 x 10-7. Distribution: Piecewise loguniform. Additional
information: Same as SOLAM. Variable 26 in LHS.

Solubility of Pu in brine (mol/£). Used in PANEL. Range: 2.5 x 10-17 t0 5.5 x
10-4. Median: 6 x 10-10. Distribution: Piecewise loguniform. Additional
information: Same as SOLAM. Variable 27 in LHS.

Solubility of Ra in brine (mol/£). Used in PANEL. Range: 2 to 18.2. Median:
11. Distribution: Piecewise loguniform. Additional information: Same as
SOLAM. Variable 28 in LHS.

Solubility of Th in brine (mol/£). Used in PANEL. Range: 5.5 x 10-16 to
2.2 x 106. Median: 1 x 10-10. Distribution: Piecewise loguniform. Additional
information: Same as SOLAM. Variable 29 in LHS.

Solubility of U in brine (mol/£). Used in PANEL. Range: 1 x 10-15to 1. Median:
5.4 x 10-4. Distribution: Piecewise loguniform. Additional information: Same as
SOLAM. Variable 30 in LHS.

Stoichiometric coefficient for corrosion of steel (dimensionless). Defines
proportion of two different chemical reactions taking place during the corrosion
process. Used in BRAGFLO. Range: 0 to 1. Median: 0.5. Distribution:
Uniform. Additional information: Brush and Anderson, 1989. Variable 4 in LHS.

Stoichiometric coefficient for microbial degradation of cellulosics (mol gas/mol
CH20). Used in BRAGFLO. Range: 0to 1.67. Median: 0.835. Distribution:
Uniform. Additional information: Brush and Anderson, 1989. Variable 7 in LHS.

Scale factor used in definition of transition zone and disturbed rock zone
porosity (@), with the transition zone and disturbed rock zone porosity defined
by TZPOR = SALPOR + (0.06 - SALPOR)+TZPORF. Used in BRAGFLO. Range:
0 to 1. Median: 0.5. Distribution: Uniform. Additional information: Section
2.4.4, Volume 3. Variable 17 in LHS.

Fraction of total waste volume that is occupied by IDB (Integrated Data Base)
metals and glass waste category (dimensionless). Used in BRAGFLO. Range:
0.276 to 0.476. Median: 0.376. Distribution: Normal. Additional information:
Section 3.4.1, Volume 3. Variable 9 in LHS.
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Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (concluded)

Variable Definition

VWOOD Fraction of total waste volume that is occupied by IDB combustible waste
category (dimensionless). Used in BRAGFLO. Range: 0.284 to 0.484. Median:
0.384. Distribution: Normal. Additional information: Section 3.4.1, Volume 3.
Variable 8 in LHS.

As discussed in conjunction with Eq. 2.1-5, a Latin hypercube sample
(McKay et al., 1979; Iman and Shortencarier, 1984) of size nK = 70 was
generated from the variables listed in Table 3-1. The restricted
pairing technique developed by Iman and Conover (1982) was used to
induce the correlations between variables indicated in Table 3-1 and
also to assure that the correlations between other variables were close
to zero. The values used for each variable in the Latin hypercube
sample are shown in Figure 3-1.

Once the sample indicated in Eq. 2.1-5 was generated from the
variables in Table 3-1, the individual sample elements xi, k=1, ..., 70,
were used in the generation of the risk results shown in Eq. 2.1-6. An
overview of this process is provided in Sections 2.2, 2.3 and 2.4. 1In
addition to many intermediate results, the final outcome of this process
is a distribution of CCDFs of the form shown in Figure 2.1-2.

The analyses leading to the risk results shown in Eq. 2.1-6 were
actually repeated a number of times with different modeling assumptions.
The specific cases considered are listed in Table 3-2 (following Figure
3-1). 0f the cases listed in Table 3-2, number 13, which is a dual-
porosity transport model in the Culebra Dolomite with chemical sorption
in both the dolomite matrix and clay-lined fractures, is believed by the
WIPP performance assessment team to be the most credible and is
presented as the best-estimate analysis in the 1992 WIPP performance
assessment (see Section 2.2.4 of Volume 2 of this report). The other
cases listed in Table 3-2 can be viewed as sensitivity studies that
explore various perturbations on this best-estimate analysis.

In addition to the variation between the cases listed in Table 3-2,
the sampling-based approach to the treatment of subjective uncertainty
also produces uncertainty and sensitivity results for the individual
cases. In Chapter 8, box plots and distributions of CCDFs are used to
display the effect of subjective uncertainty on the cases listed in
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Table 3-2. Further, the impact of individual variables are investigated
with sensitivity analysis techniques based on scatterplots, regression
analysis and partial correlation analysis. Scatterplots are also used
to compare results obtained with the different analysis cases listed in
Table 3-2.

Before concluding this chapter, it is perhaps worth emphasizing that
the WIPP performance assessment uses two different experimental designs
in the treatment of uncertainty. The division of the sample space S in
Eq. 2.2-1 into the scenarios S; indicated in Eq. 2.1-1, and more
explicitly in Tables 2.5-1 through 2.5-4, is an experimental design
based on importance sampling and is used to assure that the exceedance
probabilities associated with the EPA release limits (i.e., 0.1 and
0.001) are approximately estimated (Helton and Iuzzolino, 1993). Such
designs are used in analyses where it is important to include the
effects of low probability, but possibly high consequence, occurrences.
The generation of a Latin hypercube sample of size 70 from the 49
variables in Table 3-1 is a type of random design. Such designs,
especially Latin hypercube sampling, are often used 1in
uncertainty/sensitivity studies because of their efficient
stratification across the range of each variable under consideration.
Thus, the WIPP performance assessment is using an experimental design
based on importance sampling to incorporate the effects of stochastic
uncertainty and an experimental design based on Latin hypercube sampling
to assess the effects of subjective uncertainty. In particular, the use
of a Latin hypercube sample of size 70 to assess the effects of
subjective uncertainty has no effect on the estimation of the 0.1 and
0.001 exceedance probabilities in the individual CCDFs used in
comparison with the EPA release limits.

Additional information on the uncertainty and sensitivity analysis
techniques in use is available elsewhere (Chapter 3 in Volume 2; Helton
et al., 1991).
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Table 3-2.
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Alternative Modeling Assumptions Considered in the 1992 WIPP Performance
Assessment. "CUTTINGS" refers to direct releases at the ground surface during
drilling. “GW TO ACC ENV" refers to releases at the subsurface boundary of the
accessible environment due to groundwater transport in the Culebra Dolomite
Member of the Rustler Formation.
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4. UNDISTURBED PERFORMANCE (REPOSITORY/SHAFT)

4.1 Model Geometry

For undisturbed performance of the repository/shaft system, BRAGFLO
simulates two-phase flowl in a geometry very similar to that used in previous
gas and brine migration analyses (Case 3 in WIPP PA Department, 1992) related
to the Resource Conservation and Recovery Act (RCRA) (EPA, 1986). This model
represents the three-dimensional repository (Figure 4.1-1) using a two-
dimensional rectangular grid oriented vertically north-south through the
disposal system (Figure 4.1-2). This grid preserves the initial excavated
volume of various regions and their original excavated heights,. Major
assumptions made in the construction of this grid include:

« All waste is lumped into one region immediately south of the seals and
backfill region. The volume of the waste-emplacement block equals the
excavated volume of all the panels in the WIPP repository.

« The access and ventilation drifts are lumped into one region of high
permeability immediately south of the shaft system. The volume of
this region equals that of the original excavated volume of all of the
drifts south of the Waste Shaft.

+ The four shafts are consolidated into a single shaft at the location
of the Waste Shaft. The volume and cross-sectional area of the
consolidated shaft equals that of the four shafts. The single modeled
shaft is divided vertically into two segments with a single seal in
between. Thickness of the shaft seal is assumed to vary between 10
and 50 m.

+ The experimental rooms are combined into a region directly north of
the single shaft. The volume of this region equals that of all the
excavated region north of the shafts.

The BRAGFLO computational model is described in detail in Appendix A in
Volume 2 of this report, and in literature cited therein; a discussion of
multiphase flow through porous media, which BRAGFLO models, is provided in
Section 7.2 in Volume 2 of this report.
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Figure 4.1-1. Proposed WIPP repository showing the 10 waste-disposal regions
(panels) (after Waste Management Technology Department, 1987).
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Figure 4.1-2. Plan view of the geometry of the two-dimensional vertical
cross-section model used for modeling undisturbed performance
of the repository/shaft system.
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+ Stratigraphic layers are assumed to be parallel and horizontal; the
repository elevation actually follows the marker beds at the WIPP,
which are slightly undulatory and dip less than 1 degree to the

southeast. The elevation of the repository, excavated at a constant
stratigraphic horizon, drops about 7 m between the Waste Shaft and the
southernmost panel. The model does not include this change in
elevation.

Figure 4.1-2 shows the model grid in the vertical (z), north-south (x)

plane. The region extends vertically 645 m from the top of the Culebra
Dolomite Member of the Rustler Formation to the bottom of the Salado
Formation. The total north-south length is approximately 47 km,

Stratigraphic units included in the model are the Culebra Dolomite, the
intact halite of the Salado Formation, MB138, anhydrites A and B lumped into
a single anhydrite layer, MB139, a disturbed rock zone (DRZ) surrounding the
waste-emplacement and experimental areas, and a transition zone immediately
above the DRZ that provides a potential pathway to MB138.

The width of the elements (the out-of-plane [y] dimension in
Figure 4.1-2) varies significantly in the x direction, from as little as 9.74
m at the location of the shaft to as much as 62 km in the intact Salado
Formation. The y dimension, however, does not vary vertically. For example,
the Ay value for cell 20 (49.53 m), which is comparatively small because of
the small excavated volume, remains the same regardless of the vertical (z)
location specified by the node number. Figures 4.1-3 and 4.1-4 show a scaled
plan view of the grid in the horizontal (x-y) plane containing the
repository.

The out-of-plane grid block y dimension is included in the model only to
allow for variable storage volumes in each block. Flow is not modeled in the
y direction, and occurs only in the x and z directions (in the plane of
Figure 4.1-2).

The y dimension at the ends of the mesh, south of the waste block and
north of the experimental region backfill, increases in a cylindrical manner
away from the model to simulate some of the three-dimensional behavior using
a two-dimensional model. Close to the repository, flow paths will have
complex orientations determined by the variable geometry of the excavations;
fluid flow will be primarily horizontal and mostly through the anhydrite
layers. Farther away from the repository, at a distance perhaps several
times the maximum horizontal dimension of the repository (about 1.7 km), flow
will be nearly radial. All flow is assumed to result from the disturbances
introduced by the repository; 1i.e., there is no regional flow field that
predates excavation of the repository. Flow to and from the repository in
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the surrounding region can be approximated with the two-dimensional model if
the y dimension of the grid blocks increases away from the repository by a
factor of approximately 2sxr, where r is the distance from the center of the
grid (Voss, 1984).

In a strict sense, the 2nr relationship is valid only if it is applied to
the entire mesh. Such a mesh represents a vertical cylinder that allows a
two-dimensional model to simulate radial flow in a three-dimensional
cylinder. In the mesh used for undisturbed performance of the repository/
shaft system, only the north and south ends of the modeled regions are
treated in this fashion, and the results are not expected to be precise in
modeling all flow north and south of the repository/shaft system. However,
as a first approximation, this procedure accounts for the radial increase in
pore volume away from the central region. This radial increase in pore
volume is important because brine and gas will not flow in only two
dimensions (x and z) as they flow from (or towards) the repository. Rather,
at a distance of a few kilometers from the repository (approximately the
disposal-unit boundary), flow will be radial into (or from) an increasingly
larger pore volume.

4.2 Material Properties

Material properties for undisturbed performance of the repository/shaft
system are discussed in detail throughout Volume 3 of this report and are
summarized in Chapter 6 of Volume 3. The following material properties that
apply specifically to undisturbed performance of the repository/shaft system
are discussed below in the indicated sections:

+ permeability (Sections 4.1.2.1 and 4.1.2.4),

» porosity (Section 4.1.2.2),

» specific storage (Section 4.1.2.3),

- brine and gas saturations (Sections 4.1.2.4),

» capillary pressure (Section 4.1.2.4).
Radionuclide transport is not modeled for the undisturbed case because
releases into the Culebra Dolomite Member of the Rustler Formation do not
occur (see Section 4.4), and therefore, parameter values for radionuclide

inventory and solubilities are not input for the undisturbed performance

calculations.
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4.2.1 Permeability
4.2.1.1 PERMEABILITY RANGES

Permeability values used for the undisturbed repository/shaft model are
shown in Figure 4.2-1 and listed below in order of increasing permeability:

+ Halite is assigned a range of permeability values from 1.0 x 10-24 o
1.0 x 10-19 m2.

« The shaft seal is assigned a range from 3.3 x 10-21l to 3.3 x 10-20 2.

» Anhydrite interbeds (MB138, MB139, and anhydrite A and B) and the
transition zone above the DRZ are assigned a range from 1.0 x 10-21 to
1.0 x 10-16 m2,

« The DRZ, the upper and lower shaft, the seals and backfill for the
waste storage rooms, and the backfill for the experimental region are
assigned a value of 1.0 x 10-15 m2,

» The Culebra is assigned a value of 2.1 x 10-14 n2,
« The waste is assigned a value of 1.0 x 10-13 2,

The permeability range for the anhydrite interbeds (1.0 x 10-21 to 1.0 x
10-16 n2) is larger than that estimated for undisturbed anhydrite, but does
not explicitly take into account pressure dependent fracturing of these
interbeds. Interbed fracturing as a result of gas pressurization is not
modeled in the 1992 calculations. Implications of not modeling interbed
fracturing are uncertain. The phenomenon will be modeled in future PAs.

4.2.1.2 CULEBRA PERMEABILITY

Culebra permeability above the repository/shaft system, which is an
important material property primarily for the disturbed calculations, is
explained in Section 5.1.2.2. Culebra permeability above the
repository/shaft system for undisturbed conditions is determined in the same
manner as for disturbed conditions.

4.2.2 Porosity
4.2.2.1 FIXED (TIME-INVARIANT) POROSITY

Assumed porosity values for materials in the undisturbed repository/shaft
simulation that do not change with respect to time are listed below and shown

in Figure 4.2-2:
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4.2 Material Properties

. Halite, the anhydrite interbeds, and the transition zone are
assigned a range of porosity values from 0.001 to 0.03.

. The shaft seal is assigned a value of 0.0l.

. A slightly higher range of porosity values is assigned to the DRZ.
As is explained in Section 2.4.4 of Volume 3 of this report, the DRZ
range is determined by the relationship

$¢disturbed = Pundisturbed + U(0.06-éyndisturbed) (4.2-1)

where U is a number uniformly distributed between 0 and 1, and
#undisturbed 1s the porosity range of the undisturbed halite (0.001
to 0.03). This relationship forces the DRZ porosity, édisturbed, tO
fall within a range bounded by ¢yndisturbed and 0.06, which is the
maximum DRZ porosity considered (see WIPP PA Division 1991c, Section
2.3.7).

. A porosity value of 0.075 is assigned to the entire shaft (except
the shaft seal) and the seals for the waste storage area, and the
backfill for both the waste storage and experimental areas.

. The Culebra is assigned a range from 0.058 to 0.253.

. The waste prior to closure modeling is assigned a value of 0.660.

4.2.2.2 TIME-VARYING POROSITY
Background

In the 1991 and previous BRAGFLO simulations of the repository/shaft
system (WIPP PA Division, 1991b; WIPP PA Department, 1992), porosity in the
waste-emplacement panels was assumed to be constant in time. The effect of
halite creep on waste-panel porosity was not accounted for. The porosities
assigned to the waste panel for each of the 1991 realizations were determined
in an external calculation (WIPP PA Division, 1991c). These porosities were
calculated as the post-compaction pore volume required to store all of the
waste-generated gas at lithostatic pressure in a brine-free repository.
These "lithostatic equilibrium" porosities varied with sampled values for
waste composition, gas-generation rates, and stoichiometry. Although these
externally calculated porosities did not limit panel pressure to lithostatic,
they may have overestimated the void volume available for gas for cases where
the panel does not re-expand significantly beyond the closed state.
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Chapter 4: Undisturbed Performance (Repository/Shaft)

Another shortcoming of the 1991 approach was that the external
calculation of porosities correlated porosity only to the theoretical gas-
generation potential, which is the amount of gas that would be generated if
all ferrous metal and cellulosic material was completely consumed (see
Sections 1.4.1 and 3.3 of Volume 3 of this report for additional information
about the gas-generation model). In some realizations, brine availability
limits the amount of gas generated to less than the theoretical potential and
not all ferrous metal or cellulose is consumed. Modeling studies using the
finite element program SANCHOZ for simulating quasistatic, large-deformation,
inelastic response of two-dimensional solids indicate that low gas-generation

rates result in more rapid closure and lower porosities at full compaction.
1992 Approach for Accounting for Time-Dependent Panel Porosity

The 1992 BRAGFLO calculations include a simple first attempt at
accounting for time-dependent panel porosity. This time dependence is
indirect in the sense that results from this application of SANCHO indicate
that panel porosity varies with the amount of gas generated and the pore
pressure in the waste area, each of which in turn varies with time.

The discussion that follows describes the implementation of the SANCHO
halite deformation results in BRAGFLO for the 1992 PA calculations. The
SANCHO results and data of importance for use in BRAGFLO, discussed in detail
below, are

. moles of gas generated,

. time after sealing of repository,
. panel pressure, and

. panel porosity.

The porosity contours appearing in Figure 7-2 in Volume 2 of this report
result from interpolation of the SANCHO results that describe the dependence
of panel porosity on cumulative moles of gas produced and time after sealing.
The direct (not interpolated) SANCHO porosity results are presented in Figure
4.2-3, "Noise" visible in the solutions are an artifact of the approach used

The SANCHO computational model is described by Stone et al., 1985, and
summarized in Appendix B in Volume 2 of this report; a discussion of room
closure, which SANCHO models, is provided in Section 7.3 in Volume 2 of
this report. SANCHO 1is also discussed in Sections 1.4.1 and 1.4.7 of
Volume 3 of this report.
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Figure 4.2-3., SANCHO results: porosity as a function of time for f=1.0, 0.6,
0.4 and 0.2; piecewise constant gas-generation rates; porosity
based on SANCHO definition of porosity (ratio of void volume to
instantaneous room volume); f is the fraction of the piecewise
constant gas-generation rate and potential, where f=1.0 is
defined as the sum of the corrosion rate (1 mole/drum-yr for
1050 yr) and the biodegradation rate (1 mole/drum-yr for 550
yr) (Brush, 1991; memorandum by Beraun and Davies in Appendix A
of Volume 3 of this report).

to model separation at the surface between the waste/backfill and the
overlying halite as pressure in the room exceeds lithostatic, and are not
attributed to a physical process. This "noise" has been filtered out of the
SANCHO solution prior to its use in BRAGFLO. Smoothed SANCHO results form
the basis of accounting for the effect of halite creep on waste room porosity
and are used within BRAGFLO.

The difference in definition of porosity by SANCHO and BRAGFLO requires
further manipulation of the data presented in Figure 4.2-3. In SANCHO, as
the halite creeps, the numerical mesh deforms; in BRAGFLO, the mesh
dimensions are fixed with time. 1In the SANCHO room model, the porosity (¢’
of Figure 4.2-3) is therefore defined as the ratio of the void volume to the
current total volume of the panel. In BRAGFLO, the porosity (¢, Eq. 4.2-2)
is therefore defined as the ratio of the void volume to the initial volume of
the panel. If the mass and volume of the solids contained within the
deforming panel does not change with time, the two differently defined
porosities can be related by
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A
t)=¢' (t . 4.2-2
¢ (t)=¢' (tr) 1-¢' (o) ( )
A derivation of Eq. 4.2-2 is provided in Appendix B. The porosities as

defined by SANCHO (Figure 4.2-3) are converted to porosity as defined by
BRAGFLO by using Equation 4.2-2 and are presented in Figure 4.2-4,

Conceptual Modeling Differences Between SANCHO Room Model and BRAGFLO Panel/Repository
Model

Because SANCHO and BRAGFLO simulate fundamentally different processes
(large-scale quasistatic deformation of solids versus multi-phase fluid flow
in nondeforming porous media), some differences have arisen in the conceptual
models for the disposal system used in applications of the two codes.
Differences between the SANCHO and BRAGFLO conceptualizations used in the
1992 PA that have important implications for the representation of time-
varying porosity are as follows:
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Figure 4.2-4. SANCHO results: porosity as a function of time for f=1.0, 0.6,
0.4, 0.2 and 0.1; piecewise constant gas-generation rates and
potentials; porosity based on BRAGFLO definition of porosity
(ratio of void volume to initial room volume); f is defined in
Figure 4.2-3.
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4.2 Material Properties

» This application of SANCHO models the behavior of a single room in an
infinite array of rooms, simulating behavior of the middle rooms in a
panel; BRAGFLO models the behavior of the entire repository for
undisturbed conditions and an axisymmetric cylindrical-equivalent
single panel for disturbed conditions.

+ In the SANCHO room model, pressure and gas generation rates within the
waste storage area are spatially uniform; in BRAGFLO, they vary
spatially.

e In the SANCHO room model, the void space is completely occupied by
waste-generated gas; in BRAGFLO, this space is occupied by two fluid
phases, brine and gas.

« In the SANCHO room model, gas was not allowed to flow into or out of
the waste area; in BRAGFLO, gas and brine flow into or out of the
waste area.

« In the SANCHO room model, gas is generated at a constant rate for each
reaction (corrosion and biodegradation) for fixed periods of time; in
BRAGFLO, gas generation is not constant: it varies with degree of
brine saturation in the waste area and continues until all of the

corrodible metal and cellulose or brine are consumed.

+ This application of the SANCHO room model simulates undisturbed
repository performance for 2000 yr; these BRAGFLO simulations describe
both undisturbed and disturbed performance for 10,000 yr,

Modeling Assumptions

The differences discussed above between the conceptual models used in the
applications of the two codes led to difficulties in using the SANCHO
porosity results in BRAGFLO. Specifically, the implementation of time-
varying porosity in BRAGFLO for the 1992 PA required the following

assumptions:

« Halite creep is assumed to affect the porosity of the waste storage
area until the time of maximum repository pressure. Results were
produced for cases in which pressure in the room increases from its
initial level at various rates, dependent on gas-generation rates.
Stress gradients between the host halite and the waste-filled room

were not determined when waste-room pressure fell as gas escaped.

4-15
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4-16

Rather than speculate on the halite response during decreasing waste-
panel pore pressure, porosity in BRAGFLO is held constant at the value
it has when pressure begins to fall. Porosity is maintained at this
value unless and until pressure rises above its previous temporary
maximum. This treatment of porosity may somewhat underestimate the
degree of closure (overestimate porosity) by neglecting continuing
creep closure. However, errors introduced by this treatment are
believed to be small because reexpansion of the room is a relatively
slow process compared to room closure/ consolidation, which is largely
complete before pressures rise sufficiently to cause increases in
porosity. Figure 4.2-4 indicates rather modest rates of increases in
porosity after maximum consolidation, particularly at the lower gas-
generation rates, compared to the dramatic decrease in porosity prior
to maximum closure. As discussed in the following section,
significant increases in waste-area porosity resulting from the
reversal of creep closure require pressures in excess of lithostatic.
As long as repository pore pressure is close to or below lithostatic,
porosity in the waste panel is close to its fully compacted value.
Limiting waste-panel porosity at this value somewhat limits the void
volume available to store inflowing brine and generated gas.

The effect of halite deformation on the porosity of material in a
disposal room is assumed to be representative of the effect on the
porosity of material in an excavated panel or the entire disposal
region. It is recognized that the stress fields surrounding a single
room do differ depending on where in the panel the room is located.
The gross response of the halite resulting from the spatially varying
deviatoric and room stress on porosity is assumed to be independent of
the size or geometry of the WIPP excavation when implemented in
BRAGFLO.

In this application of SANCHO, pore pressure and gas-generation rate
do not vary spatially within the waste-filled room. In BRAGFLO, pore
pressure and gas-generation rate vary spatially throughout the waste-
disposal region. Porosity in the panels is assumed to be spatially
invariant in BRAGFLO despite spatial variations in pressure and gas-
generation rate because the effective (representative) porosity is
correlated to the effective panel pore pressure and gas-generation
rate. This correlation is implemented by volume-averaging BRAGFLO
pore pressures and gas-generation rates within the disposal region and
using the average values to determine the porosity within the waste at
any point in time.

It is assumed that interpolation of the data in Figure 4.2-3 yields
valid porosity results. The porosity surface (Figure 7-1 in Volume 2
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of this report) and the data of Figure 4.2-3 were generated under
specific constant rates of gas generation by corrosion and
biodegradation and resulting pressure histories. It is assumed that
all pressure and gas-generation histories that can be constructed
within the bounds of the SANCHO results will yield valid predictions
of the effect of halite deformation on waste-storage area porosity.

+ Results of the SANCHO simulations indicate that room porosity varies
with the gas-generation rate and the time. This is reasonable,
because in this application of SANCHO, brine is assumed not to be
present and gas cannot escape from the room. However, in BRAGFLO,
where both brine and gas occupy void space and can flow into or out of
the waste-storage area, the specification of time and gas-generation
rate will not in general result in a unique porosity. The difficulty
in using the porosity dependency from the no-flow, single-phase fluid
system of SANCHO in the multiphase system of BRAGFLO is that Figure
4.2-4 fails to account for the change in pressure due to the flow of
brine and gas into or out of the waste room. In addition, because
this application of SANCHO did not include a brine phase, any effect
the presence of brine in the waste area might have had on halite creep
is not captured explicitly. If it is reasonable to assume that the
halite responds in part to the degree of back pressure in the waste-
storage area as well as the waste-storage area pore-pressure history,
then it follows that the porosity associated with the no-flow single-
phase system of SANCHO will differ from the porosity in the flowing
two-phase system of BRAGFLO, at the same time following sealing and
given the same gas-generation rate,

The results from the SANCHO room model strictly apply only to the case
where the pore space in the waste-disposal room is occupied by gas and the
gas remains in this volume. Additional SANCHO simulations are required to
describe more adequately the deformation of the halite when the pore space in
the waste area is occupied by both brine and gas and each phase is capable of
flowing into or out of the waste. An improved way of dealing with these
inconsistencies is planned for future performance assessments. As
implemented for 1992, the use of SANCHO results in BRAGFLO are based on the
following assumptions about the SANCHO modeling.

+ Halite deformation can be correlated in part to pore-pressure history
and is independent of the fluid that occupies the pore space.

+ Halite deformation is independent of the amount of brine present in

the pore space within the room.
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» Porosity is parameterized in terms of the rate of gas generation and
pore pressure, but not in terms of the amount of gas present in the
pore space of the waste panel as calculated by BRAGFLO because gas may
flow out of panel in BRAGFLO but is confined to the room in these
SANCHO simulations.

The wvalidity of these assumptions and their impact on repository
performance are uncertain and still under evaluation. As a result, this
extension of the SANCHO-calculated porosities into BRAGFLO should be viewed
as an initial attempt to describe the effect of halite deformation on waste-
storage area porosity for two-phase flow modeling.

The SANCHO results described in this section represent only a small
portion of the types of calculations that have been addressed with this code.
Although the closure inputs for the BRAGFLO calculations were derived
assuming a single disposal room in an infinite array of rooms, calculations
for a full panel of empty rooms are being completed by the Waste Isolation
Pilot Plant (WIPP) Disposal Room Systems Department at Sandia National
Laboratories (SNL). These calculations will be a first step in examination
of the error introduced by using single room closure to approximate the
response of larger portions of the repository. The results will be used to
examine both porosity variations within a given room and porosity variations
from room to room. Calculations for other two-dimensional representations of
the repository or its components are equally feasible, depending on the
required computer time. Computer time for WIPP closure solutions over
hundreds of years is a pressing constraint on mechanical closure analyses
because of the complex finite-element mesh that must be constructed to

represent disposal room components.

A number of calculations with SANCHO also are being completed by the WIPP
Disposal Room Systems Department at SNL to examine the consequences of a
human intrusion on post-intrusion closure. Other studies will examine
various features of the room model, including the effect of existing cracks
in halite and interbeds on gas pressurization. The effect on closure caused
by different waste forms will be examined. Although the current SANCHO
calculations did not include any fluid flow, calculations are also being
completed coupling the mechanical response of the room with single-phase
brine flow, and this coupling will be further extended to two-phase fluid
flow.

How SANCHO Pore Pressure Data Are Used

In SANCHO a unique pore-pressure history exists for each gas-generation
rate. These pressure histories are presented in Figure 4.2-5. This

4-18
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Figure 4.2-5. SANCHO results: pressure as a function of time for f=1.0, 0.6,
0.4 and 0.2; constant gas-generation rates for corrosion and
biodegradation; f is defined in Figure 4.2-3.

relationship permits the unique determination of porosity given the gas-
generation rate and the pore pressure instead of time, as is shown in Figure
4.2-6. In light of the assumptions mentioned above, the data presented in
Figure 4.2-6 are used directly in BRAGFLO. The discussion that follows
describes how the data in Figure 4.2-6 are used in the 1992 version of
BRAGFLO.

First, the current fraction of gas potential is calculated by summing
across all waste the cumulative moles of gas generated and normalizing this
sum to the moles of gas that would have been generated under the baseline
gas-generation conditions assumed in the SANCHO calculations. These
conditions are

» for corrosion: 1 mole gas/(drumeyr) for 1050 yr, and

+ for biodegradation: 1 mole gas/(drum-yr) for 550 yr.

To avoid extrapolation of data, this fraction is constrained to fall between
a value of 1.0 and 0.1.
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Figure 4.2-6. Modified SANCHO results as used in BRAGFLO: porosity as a
function of pressure for constant gas-generation rates;
porosity based on initial room brine; f is defined in Figure
4.2-3,

Second, the volume-averaged pore pressure in the waste area is calculated
in BRAGFLO by

where the summation is over all waste grid blocks.

Third, the porosity associated with the BRAGFLO-calculated gas-generation
rate fraction (f) and volume-averaged pressure is determined by linear
interpolation of the data displayed in Figure 4.2-6. The gas-generation rate
fraction is calculated by first accumulating the amount of gas generated in
the waste over a given period of time, dividing by the length of time to give
an average rate, and finally normalizing to the rates associated with f=1.0.
These rates are given previously in this section and also in Figures 4.2-3
through 4.2-7. Some restrictions on the selection of the porosity are made
to further avoid extrapolation of the data. These restrictions, depicted on
Figure 4.2-7, are described below:
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POROSITY (¢)

00 0 4 8 12 16 20 24

PRESSURE (MPa)

TRI-6342-2582-0

Figure 4.2-7. Limiting porosity, pressure, and gas generation in BRAGFLO
implementation; f is as defined in Figure 4.2-3. Point A
indicates maximum expanded porosity of waste (0.34), occurring
at a pressure of 21.43 MPa.

+ The maximum expanded porosity of the waste is limited to a value of
0.34, which occurs at a pore pressure of 21.4 MPa, at Point A in
Figure 4.2-7.

« A bounding curve of porosity versus pore pressure, P (Pa), 1is con-
structed by connecting the points of maximum pressure for each of the
gas-generation rate curves. The equation for this bounding curve is

0.2562233
¢max=0.04991601 + ) (4.2-4)

Jzz.z-<§>(1.0x10-6)

where 0.1 < ¢ < 0.34, 0 < P < 22 MPa, and using the positive root.

If the pore pressure during a BRAGFLO simulation exceeds the maximum
pressure associated with the current gas-generation fraction, then the
dependence of porosity on pressure is restricted to this bounding curve.
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The curves are followed along the direction of low to high pressure
only. The porosity results of SANCHO are generated only as waste pore
pressure increases. The response of the halite to decreases in pore
pressure is not simulated. This is not due to a limitation in SANCHO,
but rather to scheduling constraints. Rather than speculate on a
possible hysteresis effect, porosity is assumed to remain constant if
waste pore pressure decreases and does not vary again until pressure
exceeds the level at which it first began to decrease (Figure 4.2-8).
If the direction path in which the data were generated is not
preserved, physically unreal situations can result. For instance,
consider the 10% base gas-generation curve at a pressure of 1 MPa
(f = 0.1 on Figure 4.2-7). If the pressure were to decrease and the
curve were followed, the porosity would actually increase even though
pressure was well below lithostatic. Similarly, if the pressure were
well above lithostatic and began to fall but still remained above
lithostatic, the porosity from Figure 4.2-6 would decrease when in
fact it would be expected still to increase but perhaps at a

decreasing rate.

-

7

O

@

O

a FINAL PRESSURE

PRESSURE PEAK

EMPORARY
PRESSURE
PEAK

PRESSURE

TRI-6342-2151-0

Figure 4.2-8. Hypothetical porosity/pressure path showing porosity treatment
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Time-Step Considerations

Porosity is determined using the values of gas generation and pressure as
outlined above at the beginning of a time step. In BRAGFLO, the initial
values at a time step are converged values at the end of the previous time
step. The porosity so determined is assumed to remain fixed across the
current time step even though pressure and gas generation (via saturation)
change during the intra-time iterations. The porosity is then updated at the
start of the next time step. This explicit treatment of porosity is
necessary because the more desirable implicit dating of porosity currently
produces convergence difficulties for some of the input sets. In implicit
dating, porosity would change with pressure and saturation during the intra-
time-step iterations, and thus would change continuously across the time step
rather than in step changes at the beginning of each time step, as in the
explicit treatment. The more accurate implicit treatment is expected to be
included in the 1993 PA BRAGFLO calculations.

4.2.3 Specific Storage

The mathematical relationship defining specific storage is

s, = rela + ¢8), (4.2-5)

where Sg is specific storage (m-l), ¢ is porosity, B is fluid compressibility
(Pa'l), and a is rock compressibility (Pa'l). It is assumed that a is
related to porosity change according to

o= (4.2-6)
where p is the fluid pressure in Pa.

!

BRAGFLO actually uses a modified rock compressibility, a',

ot = L6 _ 1 (4.2-7)

Therefore, given the values for Sg, p, g, ¢, and B, then a and a’ can be
computed. In the 1992 PA calculations, the following parameter values were

used:
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Ss = 1.0x10-6 m-1 (anhydrite)
S = 1.4x10°6 m-1 (halite)

p = 1230 kg/m3

g = 9.79 m/s?

¢ = [0.001-0.03].

4.2.4 Relative Permeability 3 and Capillary Pressure?

In modeling two-phase phenomena, characteristic curves for surrogate
materials using either the modified Brooks-Corey formulae (Equations 4.2-8 to
4.2-11) (Brooks and Corey, 1964) or the van Genuchten-Parker formulae
(Equations 4.2-12 and 4.2-15) (van Genuchten, 1978; Parker et al., 1987) are
used (see Section 2.3.1 of Volume 3 of this report). The Brooks-Corey
relative permeability model is used for two-thirds of the calculations and
the van Genuchten-Parker model is used for the remaining one-third of the
calculations. An index parameter (0 or 1) is sampled with these
probabilities, so that either one model or the other is used in any one
realization. The rationale for treating model uncertainty (Brooks-Corey vs.
van Genuchten-Parker) in this manner is discussed in the memorandum by Webb
dated April 30, 1992, in Appendix A of Volume 3 of this report.

The modified Brooks-Corey relationships used are as follows:
Capillary pressure, P., is given by

P
t

c =SI7K )
e

P

Threshold capillary pressure, Py, is correlated to permeability (see Section
2.3.1 of Volume 3 of this report). S, is the effective saturation in the
modified Brooks-Corey model:

Relative permeability is a function of saturation of the phase of interest.
It is a value between O and 1 that is multiplied by the absolute
permeability to yield the effective permeability for that phase. Relative
permeabilities are empirical fits of pressure drop and flow data to
extensions of Darcy’s law, and measurements taken at different degrees of
saturation result in differing relative permeabilities (see Section 7.2 of
Volume 2 and Section 2.3.1 of Volume 3 of this report).

Capillary pressure differences arise when immiscible phases exist
simultaneously in a porous network (see Section 7.2 of Volume 2 and Section
2.3.1 of Volume 3 of this report).

4-24

(4.2-8)



NN SN = OXOC TN

ORI RN — — 2 2

&8 E8RLE

w
~

~NOYU B W= OO0~ B QRN = OO XN A

NN NN NN NN N SOOI N YOKDPINIHKNANIRKN N UKD

= OOn

80’00}

4.2 Material Properties

S = , (4.2-9)

where S is the liquid saturation, Sgr and Sy, are the residual gas
saturation and residual liquid (brine) saturation, respectively, and A is the
pore size distribution parameter.

Relative permeability to liquid, ky 1, and to gas, ky g, are given by

_ (24302

kr,l e

(4.2-10)

and

2
kK = [1 - s ] [1 ; s<2+*)/*] . (4.2-11)
r)g e e

The capillary pressure relationship, Equation 4.2-8, is used throughout the
entire saturation region (0. = S} =< 1.) even though, as discussed by Corey
(1986), this relationship may not be appropriate at the higher 1liquid
saturations when Sg > 1.0.

The relationship for the van Genuchten-Parker (van Genuchten, 1978; Parker et
al., 1987) characteristic curves are as follows:

Capillary pressure is

P - p [s l/me ]1 -m (4.2-12)
C (o] e

where m = A/(1+X), and P, is a capillary pressure constant discussed later.

Relative permeability is

2
_ 1/2 1/m|m
kr,l = Se [ 1 - [ 1 - Se ] ] (4.2-13)

and

k
r,g

[1 -'s ]1/2 [ 1 - sl/m]zm , (4.2-14)
e e

where the effective saturation, Sg, is now defined as

e S - S (4.2-15)
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where S1g is the maximum wetting phase saturation; a value of Sjg = 1 is

used.

The same sampled values of relative permeability parameters are used for
halite, anhydrite, the transition zone, and the DRZ. The waste, seals and
backfill, experimental region, and all shaft sections use a fixed set of
values and the Brooks-Corey model only. Residual brine and gas saturations
range from 0.0 to 0.4. The Brooks-Corey pore-size distribution parameter, A,
ranges from 0.2 to 10.0. The van Genuchten-Parker parameter m is calculated
from m=A/(1l+X) and ranges from 0.167 to 0.909. These parameter ranges are
based on parameter values for surrogate materials, as discussed in Section
2.3.1 of Volume 3 of this report. These parameters have not yet been
measured for WIPP materials.

The choice of the characteristic curve model has important implications
on the expected behavior of multiphase flow in porous media. The most
obvious effect stems from differences in the capillary pressure curve at high
values of brine saturation. The Brooks-Corey model assumes an irreducible
gas saturation, Sgy. When the gas saturation is below this residual value,
the capillary pressure is assumed to remain at some fixed, non-zero value,
known as the threshold capillary pressure. According to this model, in order
for gas to penetrate a brine-filled pore, the gas pressure must first exceed
this threshold value. This constraint effectively prohibits gas from flowing
into a liquid-saturated medium until it overcomes this "barrier" to flow.

In the van Genuchten-Parker model, there is no residual gas saturation,
and the capillary pressure is zero when the medium is fully brine saturated.
Thus, there is no resistance to gas flow under fully brine-saturated
conditions, and there is no "barrier" pressure to overcome. One incentive to
using the van Genuchten-Parker model is to account in a simplistic way for
the effects of fingering, which is the unstable displacement interface that
occurs when a lower-viscosity fluid (gas) displaces a higher-viscosity fluid
(brine). While this complex phenomenon cannot currently be modeled
accurately by any method, its gross effects, such as unexpectedly rapid
movement of gas, can be more closely approximated using a characteristic
curve model such as the van Genuchten-Parker model that imposes no barrier to
gas penetration into a brine-saturated medium. Conceptually, the wvan
Genuchten-Parker model allows gas to migrate farther from the source (i.e.,
the waste) at a lower pressure than would occur under otherwise identical
conditions using the Brooks-Corey model.

The characteristic curve model also affects brine flow, especially with

the van Genuchten-Parker model when m is small (see Figure 4.2-9). Capillary
pressures then rise steeply as the gas saturation increases from zero, and
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the relative permeability curves are very steep at high brine saturations.
Sampled values of m that are small effectively prevent brine from flowing
when even a small amount of gas is present. With the Brooks-Corey model,
even the smallest sampled values of A have no inhibitory effect on brine flow
until the gas saturation is below the residual value.

Threshold capillary pressures are determined from the correlation with
permeability in all regions. The van Genuchten-Parker capillary pressure
constant, pg, is calculated by equating the capillary pressure from each of
the two models at an effective saturation of 0.5, and solving the expression
for Po. In the waste, in the DRZ, and in all excavated regions, capillary
pressure is assumed to be zero. Zero capillary pressure for these regions is
necessary because the capillary pressure curves are not defined for
imbibition into a medium that has less than residual brine saturation. Any
regions where the brine saturation starts out or may become less than
residual (e.g., as a result of brine-consuming reactions that occur due to
reactions in the waste region) were modeled with zero capillary pressure.
However, if a maximum capillary pressure is specified and used at brine
saturations less than residual, assuming zero capillary pressure is not
necessary. Though this latter approach was not taken in the 1992 performance
assessment it may be adopted for future calculations so that non-zero
capillary pressure can be used without causing numerical problems when brine

saturations below residual are encountered.

4.3 Initial and Boundary Conditions

A major difference between the 1992 and 1991 PA calculations for
undisturbed conditions is in the treatment of initial conditions. The
primary objective of taking a new approach in modeling initial conditions has
been to establish a more realistic pressure distribution in the formations
surrounding the waste at the time the repository will be sealed. This time
is referred to here as time zero. The 1992 undisturbed calculations achieve
more realistic time-zero conditions by varying the initial conditions in the

repository over a 50-yr period immediately preceding time zero.

Before the 1992 calculations, it was always assumed that excavated
regions were initially at atmospheric pressure with some arbitrary degree of
brine saturation (various combinations of saturations were considered), while
all other regions were fully brine saturated at hydrostatic pressure
(relative to a sampled pressure at the level of MB139). These assumptions
were unrealistic and produced results that may have been unrealistic for the
following reasons:
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e Brine in the DRZ above the waste could immediately drain down into the
waste, presumably having been suspended there while the repository was
excavated and filled. In many cases, brine from the DRZ was
sufficient to corrode all ferrous metal in the waste, without any
brine from the far field reaching the waste.

« The assumed pressure distribution imposed a large pressure gradient
from the Salado halite to the shaft, which at time zero resulted in
improbably large quantities of brine flowing from the halite into the
shaft, despite the low permeability of the halite.

+ The unrealistically high initial pressures surrounding the repository
retarded migration of brine or gas from waste for much longer periods
of time than could reasonably be expected, although the exact effect
is unpredictable.

+ Higher external pressures could raise the pressure in the waste more
quickly, in part because of the higher pressure gradient near the
waste, and in part because a faster influx of brine would cause gas
generation by corrosion to occur more rapidly.

In reality, brine will seep in continually from the surrounding
formations during the disposal phase of the WIPP. Water in the brine will
evaporate into the well-ventilated atmosphere of the excavations or will be
pumped out as standard mining practice if it accumulates anywhere. Thus,
formations surrounding the excavations will be dewatered and depressurized
while the panels are in use. Therefore, the initial conditions used in
BRAGFLO now reflect the impact that the time between excavation and sealing
of the panels will have on fluid saturations and pressures in the surrounding

formations.

In 1992, the time between excavation and decommissioning is modeled
explicitly, as detailed in Table 4.3-1. For the full repository, this phase
is assumed to last 50 yr. The important features of conditions during this

time are as follows:

» Except for the waste, the excavated regions, and the Culebra, the
pressure distribution at 50 yr before time zero is hydrostatic
relative to the pore pressure of MB139, which is sampled from a range
of 12 to 13 MPa.

+ Pressure at 50 yr before time zero in the waste and excavated regions

is atmospheric, and the waste pressure is reset to this value at the

end of the 50-yr period.
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Table 4.3-1. Startup Procedure for Undisturbed Calculations

l Don't allow brine inflow from 1)

the Culebra during
initialization
Il.  Simulate the panels, seals, 1)
backfill, shaft, and 2)
experimental region as empty, 3)
newly excavated, gas-filled 4)
cavities 5)
. Simulate DRZ as initially 1)
pressurized, but partially
fractured 2)
3)
4)
5)

IV. Let the system equilibrate for 1)
50 yr, the approximate time 2)
span between excavation and  3)
sealing of the repository

4)

V. Instantly add the waste at 50 yr 1)

2)

3)

4)
5)

6)
VI. Adjust parameters for the DRZ 1)
and excavated regions

2)

3)

4)

5)

6)

VHI. Resume calculation at 50 yr; 1)
this is the time normally called 2)

t=0 3)

VIIl. Continue out to 10,050 yr,
i.e., 10,000 yr past the time
normally called t=0

Set Culebra permeability to zero

Set initial porosity to 1.0

Set initial brine saturation to 0.0

Set initial pressure to 1 atm

Set residual brine and gas saturation to 0.0

Set permeability to 1.0x10-10 m2

Set initial pressure to hydrostatic relative to sampled

value of MB139 pore pressure

Set permeability to 1.0x10-17 m2

Set initial porosity to volume average of sampled value of
intact far field anhydrite and intact halite porosities (since DRZ)
has both)

Set initial brine saturationto 1.0

Set capillary pressure to 0.0 (so gas and brine pressures are
same)

‘Brine pressure in the excavation will increase slightly (~0.5%)
Brine will drain down from DRZ, approaching residual saturation
DRZ pressure will drop precipitously, approaching equal waste
pressure

Let no creep closure occur

Reset waste pressure to 1 atm

Set brine saturation of waste to sampled “initial" brine
saturation

Set waste residual brine and gas saturations to their sampled
values

Set waste permeability to 1.0x10-13 m2

Set waste porosity to "initial" value calculated from sampled
values of volume fractions of metal and combustibles

Set reactant concentrations to “initial" values

Change porosity to final sampled values (except for creep
closure and rock compressibility, simulating time-dependent
porosity is beyond current modeling capability)

Adjust brine saturation so brine content of DRZ is unchanged;
add gas to fill added pore volume

Reset DRZ and excavated region pressure to 1 atm

Reset brine saturation in excavated regions

Set DRZ permeability to 1.0x10-15 m2 to account for fracturing
Set Culebra permeability to 2.1x10-14 m2

Begin creep closure of repository

Allow gas generation to begin in waste

Pressures outside waste, DRZ, and excavated regions start from
50-yr values (t = 0)
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4.3 Initial and Boundary Conditions

» Pressure in the Culebra at 50 yr before time zero is 1.053 MPa, and
the far-field pressure is held at that value over the 10,050-yr
calculation. (The Culebra has a fixed-pressure boundary condition,
whereas the rest of the mesh uses a no-flow boundary condition.)

e The starting brine saturation is 1.0 everywhere except in the waste
and other excavated regions, where the brine saturation starts at 0.0.

+ At the end of the 50-yr period, the waste is assigned its sampled
value of initial brine saturation, which ranges from 0.0 to 0.14.

The initial condition calculations themselves begin with initial
conditions similar to those used in 1991; perhaps the greatest difference is
simply in interpretation. What was called time zero in 1991 is now called
-50 yr; this is the time of initial excavation. The performance calculations
begin at time zero (50 yr after the initial condition calculation as
started); this corresponds to the time of sealing of the repository.

During the initial conditions calculation, the permeability of the
excavated regions is assumed to be very high (1 x 10-10 p2), to simulate
cavities. At the end of the 50-yr period, any brine that has flowed into the
excavated regions is ignored, since it will have evaporated or will have been

pumped out of the repository. The sampled initial brine saturation in the
waste is introduced. Pressures in all the excavated regions are reset to
atmospheric. Pressures there are generally barely above atmospheric (by a

few hundred pascals) after the 50-yr emplacement period; they are reset to
atmospheric to reestablish realistic conditions at time zero, since at the
time of sealing, the excavated regions should be at atmospheric pressure.
Except in the DRZ, pressures in all the surrounding formations, including the
transition zone and the intact ahydrite interbeds, remain as they are at the
end of the 50-yr period.

In the DRZ, at least the residual saturation of brine, and possibly more,
will remain, the rest having drained into the excavated region that will
later be filled with waste. At time zero, the brine remaining in the DRZ is
left there; however, the porosity is assumed to change from the initial
intact halite value to the final sampled DRZ porosity. This porosity change
increases the void volume. In order to conserve the volume of brine in the
DRZ, the additional wvoid volume is assumed to be filled with gas. The
pressures in the DRZ will typically be slightly above atmospheric at time
zero. If the pressures were left at those values when additional gas is
introduced at time zero, it could result in a gas-drive condition that would
cause brine to be expelled suddenly from the DRZ into the waste at time zero.
To prevent this unrealistic behavior, the pressure in the DRZ is also reset

to atmospheric at time zero.
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The previously excavated regions will contain no brine except for the
initial brine brought in with the waste. The surrounding formations will be
depressurized and dewatered to the extent expected after being exposed to
ventilated air at atmospheric pressure for 50 yr. All surrounding formations
are fully saturated with brine at time -50 yr. Generally, at time zero, they
will still be fully brine-saturated (except for the DRZ). Except for the
DRZ, brine saturation in surrounding formations is not modified to reflect a
change in porosity at time zero.

The calculations proceed from this calculated initial condition for the
10,000-yr performance period. The most important effect of these more
realistic initial condition is that less brine will flow into the excavated
regions (including the waste), since the initial "surge" of brine that occurs
upon excavation has been eliminated, and the pressure gradients in the
immediate vicinity of excavations have been greatly reduced.

4.4 Results and Discussion (Undisturbed Performance)

General observations are described in this section that pertain to all
of the calculations. Detailed statistical analyses that specific results
relate to specific parameter values will be discussed in a later section.

The plots presented in this section show results as a function of time
for all 70 realizations (vectors) on a single plot. These results enable
trends to be easily observed if present. Although the plots are sometimes
cluttered, they are useful for illuminating general behavior and allowing
comparisons to be made among all of the realizations.

4.4.1 Repository Behavior

Pressures in the repository (Figure 4.4-1) invariably rise from the
initial value of one atmosphere, primarily because of gas generation. The
rise is not always monotonic. In many of the vectors, the pressure in the
waste peaks relatively early, in 1000 to 2000 yr, then levels off at a
slightly lower value. This leveling off may be the result of gas breaking
through a lower-permeability barrier, such as the shaft seal, or it may occur
simply as gas generation ceases. Either the reactants are fully consumed or
no more brine can make its way into the waste to allow gas generation to
continue. The peak pressure among all vectors was about 22 MPa. In the
vectors in which the pressure peaked early, the peak was almost always
greater than the far-field pore pressure, so even if gas did not break
through any kind of barrier, the pressure would always tend to decrease. In a
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Figure 4.4-1. Volume average gas pressure in waste.

few vectors, the pressure rose continually over the 10,000-yr performance
period, in some cases to pressures in excess of lithostatic (14.8 MPa),
without ever peaking. This behavior is expected when the gas-generation rate
is low, but the initial brine content of the waste is high enough to sustain
reactions continuously without additional brine influx from outside the
repository. At 10,000 yr, the range of pressures in the waste is very large,
from 4 MPa to 19 MPa. For those realizations in which final pressures are at
the lower end of the range, little gas has been generated and all of the
surrounding formations have extremely low permeability, thereby preventing
brine inflow from equalizing pressure with the far field. For those
realizations in which pressures are at the upper end of the range, gas
generation has been vigorous, resulting in pressures well above lithostatic.

Because of the implementation of the porosity surface (see Section 7.3
in Volume 2, of this report), pore volume (Figure 4.4-2) or porosity in the
waste behaves similarly among all realizations. In all cases, the porosity
drops from the initial value of 66% during the first few hundred years, as
the repository creeps shut. The porosity reaches a minimum between 12% and
21%, depending on the rate at which the pressure in the repository increases,
primarily as a result of gas generation. In the extreme case, in which the
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Figure 4.4-2. Pore volume in waste.

pressure rises rapidly to about 21 MPa, the repository reopens to a porosity
of 34%, which is the maximum porosity resulting from reopening that is
allowed in the current implementation of the porosity surface. Most vectors
show much less expansion, generally to porosities of 15% to 21%. In the
other extreme, pressures in the repository remain so low that almost no
inflation occurs, and the porosity at 10,000 yr is still only 12.6%. Note
that in the current model, porosity cannot decrease when pressure decreases.
This explains why, after the initial expansion that typically occurs between
500 and 1500 yr, there is no decrease in pore volume, despite the fact that
in many realizations pressures in the repository decrease after that. See
Section 4.4.3 for further discussions of the effects of creep closure.

Although the average brine saturation in the waste varies greatly from
vector to vector (Figure 4.4-3), the variations with time show nearly the
same trends in all of the realizations. There is an initial period when the
brine saturation increases rapidly, peaking in 500 to 1500 yr. This rise in

brine saturation is a direct result of the rapid drop in porosity. As the
pore volume decreases, gas, but not brine, is compressed, and as a result the
brine saturation increases. During this same period, brine volume (or mass)
generally decreases, as a result of consumption by corrosion (See
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WASTE AVERAGE BRINE SATURATION (-)
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Figure 4.4-3. Waste average brine saturation.

Figure 4.4-4). Brine saturation increases initially in large part because
porosity reduction resulting from creep closure occurs at a faster rate than
brine consumption by corrosion. Once creep closure effectively ceases, in
most cases within 500 yr, brine saturation is no longer influenced by
porosity changes, although brine inflow causes brine saturation to continue
to rise for as much as 1000 more years. Thereafter, the brine saturation
generally decreases--rapidly at first, at a slower rate later--as brine is
consumed by corrosion. Corrosion consumes as much as 29,000 m3 of brine, as

shown in Figure 4.4-5. Some brine may flow out of the waste; the maximum
among the 70 realizations was 11,000 m3 (Figure 4.4-6), but in 87% of the
vectors, less than 2000 m3 flows from the waste. Only in one vector is less

than 2000 m3 of brine consumed (Figure 4.4-5). Thus, in a general sense, most
of the brine that disappears from the waste is consumed by reaction, rather
than by outflow.

The rate and amount of gas generation varies greatly, as shown in Figure
4.4-7. Among the 70 realizations, the quantity of gas generated varies over
more than an order magnitude, from 2 x 106 m3 to 32 x 106 m3 of hydrogen, at
reference conditions (30°C, 1.01325 x 105 Pa). In almost all cases, gas
generation ceases in less than 10,000 yr. (The curves in Figure 4.4-7 become
flat at that point.) Apparently, gas generation as modeled ceases because
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brine is no longer available for corrosion or biodegradation in those cells
where iron and cellulosics remain. As shown in Figure 4.4-8, iron is still
present in the waste in 53 of the 70 realizations after 10,000 yr, yet the
rate of gas generation by corrosion (Figure 4.4-9) has decreased greatly from
the rate at earlier times. Similarly, cellulose is still available in 17
realizations after 10,000 yr (see Figure 4.4-10) even though the
biodegradation gas-generation rate has dropped nearly to zero for all

realizations, as shown in Figure 4.4-11.

4.4.2 Conditions Outside of the Waste

As discussed in Volume 2, Section 4.2.3.1, the dominant pathways for
contaminated brine flow from the waste to the accessible environment are: (1)
along MB139 to the shaft and up the shaft to the Culebra; (2) through
degraded drift and shaft seals to the shaft and up the shaft to the Culebra;
and (3) along MB139 laterally outward toward the accessible environment. In
addition, the anhydrite layers above the repository could provide a pathway

for brine flow in the same manner as MB139.

Because BRAGFLO models only flow and does not simulate transport, it is
difficult to state with certainty where contaminated brine has flowed.
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Figure 4.4-9. Rate of gas generation by corrosion.
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Figure 4.4-11. Rate of gas generation from biodegradation.

However, Figures 4.4-12 to 4.4-17 strongly suggest that no contaminated brine
has flowed up the shaft. Figures 4.4-18 to 4.4-20 suggest that no
contaminated brine has reached the accessible environment by way of lateral
outward flow through the anhydrite layers or marker beds.

For contaminated brine to flow up the shaft, it must first flow either
through the drift seals and backfill and into the shaft, or through the DRZ
above and below the waste (see Figure 4.1-2). As Figure 4.4-12 shows,
although some brine (less than 300 m3) has flowed from the waste into the
seals and backfill (in only four realizations), none has flowed from the
seals and backfill into the shaft (Figure 4.4-13). In fact, as shown in
Figure 4.4-13, for the assumptions used inthe 1992 PA, there was flow between
these two regions in only two realizations, and it was from the shaft, rather
than into the shaft. In more than 60 realizations, there was no flow between

these two regions.

These results do not preclude the flow of contaminated brine from the
waste through the DRZ and into the shaft. However, Figure 4.4-14 shows only
a momentary (from the perspective of the 10,000-yr regulatory period) flow of
brine from the DRZ into the shaft and in only two of the realizations. Brine
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Figure 4.4-12. Cumulative brine flow from waste to seals.
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Figure 4.4-15. Cumulative brine flow from transition zone into shaft.
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Figure 4.4-18. Cumulative brine flow from intact halite into the shaft.

10 T T Y T T T T T T

o

CUMUL UPWARD BRINE
FLOW THROUGH SHAFT SEAL (m®)

_40 1 'l J | 1 L il Il Il
o 1 2 3 4 5 6 7 8 9 10

TIME (103 yr)

TRI-6342-2512-0

Figure 4.4-19. Cumulative brine flow upward through the shaft seal.
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Figure 4.4-20. Cumulative brine flow south out of anhydrite layers A and B.

flow from the transition zone and MB138 into the shaft does occur in a few
realizations (Figures 4.4-15 and 4.4-16), but it is unlikely that that brine
has come from the waste, since these beds are several meters above the waste,
and the waste is never fully saturated with brine (Figure 4.4-3). Figure
4.4-17 shows that there is a large net flow of brine from the Culebra into
the shaft in all but one realization, and in that one realization, the brine
flow comes from the halite, and not from the shaft seal (Figure 4.4-18).
Finally, Figure 4.4-19 shows upward flow of brine through the shaft seal. 1In
only one realization was there any pitive upward flow, and it amounted to
only 0.26 m3 of brine. 1In all other cases, there was either no flow through
the seal, or there was flow downward. Thus, it appears highly unlikely that
any brine originating in the waste could have flowed up and out of the shaft
and into the Culebra.

In Figures 4.4-12 to 4.4-16, two realizations display behavior that is
markedly different from all the rest. In these two realizations, the
anhydrite permeability, a sampled parameter, is higher than in all the
others, having values of 9.5 x 10-17 m2 and 4.1 x 10-17 m2. Apparently, this
permeability is just high enough to allow sufficient influx of brine from the
far field to flood the portion of the shaft below the shaft seal. Brine
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flows into the shaft from MB138 and the transition zone and from the shaft
into the seals, backfill region, and the DRZ. This occurs only in these two
realizations. It does not occur in the realization having the next highest
anhydrite permeability, 1.0 x 10-17 m2, even though none of the other sampled
parameters in this realization differs radically from the other two
realizations. Evidently, the model is quite sensitive to anhydrite
permeability when the permeability is greater than 1.0 x 10-17 m2,

It is more difficult to establish that contaminated brine has not flowed
laterally out the anhydrite layers beyond the WIPP boundaries without more
detailed examination of the results, but an indirect argument can be made.
First, note that since the likelihood of contaminated brine flowing into the
shaft is negligible, it is even less likely that it could have flowed beyond
the shaft to the north. (As Figure 4.1-2 shows, the shaft intersects all of
the anhydrite layers, which are the only significant lateral flow paths.) As
for the southern direction, Figure 4.4-20 shows that there was no brine flow
south laterally out the anhydrite A and B layer. While there was some flow
to the south out MB138 in some realizations (Figure 4.4-21), it is unlikely
that this brine came from the waste. In order for contaminated brine to flow
out the top of the waste, the repository must be saturated with brine, with
the remaining gas at the residual gas saturation of 0.07. As Figure 4.4-3
showed, brine saturation never exceeded 60%, and was generally less than 40%.
Therefore, contaminated brine flow out the top of the repository and
laterally out MB138 is highly unlikely. In most realizations, there was a
large flow of brine toward the repository through MB138. The only remaining
possibility for lateral migration of contaminated brine is south out MB139.
Among the nine realizations having a positive southward brine flow (Figure
4.4-22), the maximum cumulative southward flow was less than 1800 m3.
Assuming radial plug flow and a minimum porosity of 0.001, the farthest this
amount of brine could have flowed south out MB139 is 626 m. In Figure
4.4-22, some of the curves (especially the bottom two) increase after passing
through a minimum typically within the first 1000 yr. This indicates that
even though the cumulative net brine flow is inward (toward the waste), there
can still be a large outward flow of contaminated brine. In the worst case —
the bottom curve - 6600 m3 of brine flows out of the waste into MB139.
However, in this particular realization, the porosity of MB139 is 0.0041 and
the maximum gas saturation of MB139 is only 0.065, so the 6600 m3 still flows
out no farther than 626 m. (The distance of 626 m is the distance to the far
end of the farthest grid block into which contaminated brine could have
flowed.) In fact, this quantity of brine would not have flowed past the WIPP
site boundary even with the minimum MB139 porosity of 0.00l and an improbable
gas saturation throughout MB139 of 50%. Thus, it is unlikely that any
contaminated brine could have flowed laterally beyond the WIPP site
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Figure 4.4-21. Cumulative brine flow south out of MB138.
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boundaries (approximately 2400 m beyond the repository) in the undisturbed
scenario.

4.4.3 Creep Closure Effects

The same set of 70 calculations that was described above was repeated
with the only change being that creep closure of the waste was not allowed to
take place dynamically. 1Instead, the porosity of the waste was held constant
at a partially closed state (except for very small pressure-dependent
compressibility effects). These calculations were done to determine what
effect creep closure dynamics, as currently implemented, have on the results.
These calculations will be referred to as "fixed-porosity" calculations to
indicate that dynamic closure was not modeled, even though the repository is
actually assumed to have crept to a final-state porosity.

The overall effect of modeling creep closure dynamically was minor.
Pressures in the waste are generally higher without dynamic closure, but only
because the fixed value of porosity is lower than the porosity calculated
dynamically. Higher pressures result in gas flowing farther out the
anhydrite layers. However, potentially contaminated brine still does not
reach the disposal-unit boundary when a fixed porosity is used.

With creep closure modeled dynamically, the panel porosity was initially
66% and dropped as creep progressed, leveling off at 12% to 21%. In the
fixed-porosity calculations, the waste panel porosity was initially 19%,
which is the median final-state porosity of the waste. (See Table 3.4-1 in
Volume 3 of this report.) The porosity was allowed to vary only as a result
of the non-zero compressibility of the waste; because the value used for
compressibility of the waste is very small (1.6 x 10-9 Pa-ly, the porosity
increased only 1.1 percentage points even under the maximum pressures (Figure
4.4-23). This analysis helps to illustrate the significance of creep closure
in assessing the performance of the WIPP. Although only the early time
dynamics are accounted for in the current implementation, that is the period
during which the greatest changes occur and during which transient effects of
closure should have the greatest impact on the performance of the WIPP.

Pressure profiles from the fixed-porosity runs (Figure 4.4-24) are very
similar to the calculations that include closure. The most apparent
differences are in the peak pressures, which now are as high as 34 MPa,
compared with 22 MPa with creep closure. Pressures are generally higher when
the creep closure process is not modeled. This occurs because, as mentioned
above, the porosity used in the fixed-porosity calculations is lower
initially but the brine volume is the same, so with less pore volume in which
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to store the gas, pressures increase much more rapidly and go much higher,
even though the amount of gas generated is roughly the same. Note that the
pressure profiles and the pore volume profiles are identical in shape. The
porosity is calculated as an exponential function of pressure, but because
the compressibility is so low the function is essentially linear in pressure.

Most of the results from the BRAGFLO fixed-porosity calculations are
nearly identical to the results that included creep closure dynamics.
Compared with the 10,000-yr regulatory period, creep closure transients are
brief; a nearly constant final closed state is reached in only a few hundred
yr (as currently modeled). Most flow phenomena in the vicinity of the
repository take place at very low rates because of the low permeabilities of
the surrounding strata. Only the chemical reactions (corrosion and
biodegradation) occur rapidly. The initial brine volume was the same (for a
given realization) in both calculations, and the low inflow and outflow rates
changed that volume little over the first few hundred years, so the extent of
the reactions was largely unaffected by the different porosities in the two
sets of calculations. Thus, profiles of the remaining iron and cellulose
content of the waste (Figures 4.4-25 and 4.4-26), and the total cumulative
gas generated (Figure 4.4-27), look very similar in both the closure and
fixed-porosity calculations (Figures 4.4-8, 4.4-10, and 4.4-7, respectively).
After a few hundred years, conditions in the fixed-porosity calculations are
very close to those in the closure runs, because by then porosities in the
creep closure calculations have reached stable values that range from about
13% to 25%, similar to those in the fixed-porosity calculations (19%). The
exceptions are those few realizations in which the pressure rose rapidly and
sufficiently high in the closure calculations to result in significant
reinflation. In these, the stable final-state porosities are much higher
(26% to 34%) than the porosities used in the fixed-porosity calculations, so
pressures and other responses differed more substantially in the two sets of
calculations.

Where the two calculations differed most was in the pressure-sensitive
fluid-flow behavior, including gas flow out the Culebra, MB138, and the
anhydrite A and B layer, and brine flow out MB139. Differences resulted from
the lower average porosity in the fixed-porosity calculations, which produced
higher pressures in the waste. The higher pressures forced gas farther out
the gas flow paths, and pushed brine farther out MB139. However, the maximum
volume of brine that flowed laterally out MB139 (3540 m3) was still not
enough to reach the accessible environment boundary, even if the porosity of
MB139 had been 0.001 (the low end of the sampled range) in the realization
producing the highest brine flow.
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Figure 4.4-25. Iron content remaining in the waste without creep closure.
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Figure 4.4-26. Cellulosic content remaining in the waste without creep
closure.
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Figure 4.4-27. Total cumulative gas generated from corrosion and
biodegradation, without creep closure.

4.4.4 Comparisons with 1991 Results

The 1992 undisturbed performance calculations can be compared with two
earlier sets of calculations (WIPP PA Department, 1992), the first done on a
single panel scale (similar to the 1992 disturbed performance calculations),
and the second done on a full repository scale (similar to the 1992
undisturbed performance calculations).

The implementation of creep closure in the 1992 performance assessment
resulted in significant differences in repository behavior, particularly in
the pressure histories. Whereas peak pressures in the 1992 calculations are
around 22 MPa, in the previous analyses they peaked at 17 MPa in the panel-
scale calculations and 16 MPa in the full-repository (undisturbed)
calculations. This resulted from the lower porosities obtained from creep
closure. With creep closure, final waste porosities ranged from 13% to 34%,
In the previous analyses without creep, closure porosities ranged from 33% to
60%. VWaste pore volumes were nearly constant through time in all previous
calculations, the only variation resulting from compressibility of the waste.

4-52



O ® N O O s WD =

-
o

4.4 Results and Discussion (Undisturbed Scenario)

There was, however, no net effect on performance. Neither in previous
analyses nor in the 1992 PA was there any release of contaminated brine to
the accessible environment in the undisturbed scenario. This result could
change when pressure-dependent fracturing of anhydrite interbeds is
implemented in the model in 1993, because pressures exceeding lithostatic
could cause greater migration through fractured marker beds. However,
because of the high degree of nonlinearity in the model, it is impossible to
predict with any certainty what effect fracturing will have until the
calculations are performed.
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5. DISTURBED PERFORMANCE

5.1 Repository/Shaft

5.1.1 Model Geometry

The model geometry for disturbed performance (i.e., scenarios in which
the waste-disposal region is intruded by an exploratory borehole) of the
repository/shaft system modeled by BRAGFLOl differs from that used for
undisturbed performance (Section 4.1), and is based on a radial-panel
approximation scaled to match the initial excavated volume of a single
equivalent panel. The model uses axisymmetric geometry with the intruding
borehole as the axis of symmetry (Figure 5.1-1) to represent one of the ten
waste-disposal panels (labeled 1 through 10 in Figure 4.1-1) and the
surrounding stratigraphy (also shown in Figure 4.1-1). Differences between
this model geometry and the rectangular geometry used to simulate undisturbed
performance reflect the different purposes of the two sets of analyses, and
result in performance estimates from the two geometries that are not in all
regards directly comparable.

Several assumptions are implicit in the axisymmetric model:

e As Figure 4.1-1 shows, the intruding borehole is located along the
axis of symmetry of the cylindrically shaped equivalent panel. Strata
directly above and below the panel are also represented by cylindrical
elements. Strata adjacent to the panel are ring-shaped cylindrical
elements surrounding the panel cylinder.

« The volume of the equivalent panel equals approximately one-tenth of
the total storage volume of the repository. This smaller volume is
based on the assumption that the panel seals will prevent fluid flow
between each of the ten panels; therefore only one of the repository’s
ten panels is compromised by a borehole intrusion. The volume of this
equivalent panel is assumed to equal the volume of one of the eight
full-size waste-emplacement panels. The impact of allowing no flow
between panels following human intrusion will be examined in future
PAs.

42 1. The BRAGFLO computational model is described in Appendix A of Volume 2 of

43
44
45

this report and in the literature cited therein. A discussion of multiphase
flow through porous media, which BRAGFLO models, is provided in Section 7.2
in Volume 2 of this report.
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Figure 5.1-1. Schematic representation of the axisymmetric cylindrical model
used for calculating disturbed performance of the
repository/shaft system.
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5.1 Repository/Shaft

* Because flow of radionuclides up the exploratory borehole is the
dominant radionuclide transport mechanism, radionuclide transport
through the panel seals towards the existing shafts can be ignored.
Therefore, the drift and shaft systems are omitted entirely from the
model, and the mesh resolution is coarse in the strata surrounding the
repository.

Figure 5.1-2 shows a vertical slice of the axisymmetric model. The
region extends vertically 695 m from the top of the Culebra Dolomite Member
of the Rustler Formation down to a hypothetical brine reservoir in the
Castile Formation underlying the repository. The total radius 1is
approximately 26 km. Stratigraphic units included in the model are the
Culebra Dolomite, the intact halite of the Salado Formation, MB138,
anhydrites A and B lumped into a single anhydrite layer, MB139, a disturbed

rock zone (DRZ) surrounding the waste-storage area, and a transition zone
above the DRZ overlying the waste-storage area.

5.1.2 Material Properties

Material properties for disturbed performance of the repository/shaft
system are discussed in detail in Volume 3 of this report. The following
material properties, which apply specifically to disturbed performance of the
repository/shaft system, are discussed below in the following order:

*+ permeability,

*+ porosity,

» specific storage,

+ relative permeability,

* brine and gas saturations,

» capillary pressure,

*» Castile Formation brine reservoir pressure and storativity,

*+ radionuclide inventory, and

»+ radionuclide solubility.

All of the above material properties except radionuclide inventory and
radionuclide solubility are used by BRAGFLO. These two material properties
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Figure 5.1-2 Geometry of the cylindrical equivalent panel model used for

calculating disturbed performance of the repository/shaft
system.
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5.1 Repository/Shaft

are input to the PANEL computational model, which is used to model
radionuclide dissolution and mixing with brine flow up the intrusion
borehole. PANEL 1is discussed further in Section 7.4 in Volume 2 of this
report.

5.1.2.1 PERMEABILITY
Permeability Ranges

Assumed permeability values for the disturbed repository/shaft, shown in
Figure 5.1-3, are listed below in order of increasing permeability

- Halite is assigned a range of permeability values from 1.0 x 10-24 to
1.0 x 10-19 m2.

e The anhydrite interbeds (MB138, MB139, and anhydrite A and B) and the
transition zone above the DRZ overlying the waste-disposal panel are
assigned a range from 1.0 x 10-21 to 1.0 x 10-16 m2.

e« 1.0 x 10-15 m2 is assigned to the DRZ.

e 2.1 x 10-14 m2 is assigned to the Culebra.

« 1.0 x 10-13 n? is assigned to the waste.

« 1.0 x 10-11 m2 is assigned to the Castile brine reservoir.

The Castile Formation (except for the brine reservoir) is assigned a
permeability of zero. This is necessary to prevent the pressure in the brine
reservoir from decaying before an intrusion occurs.

As discussed in Section 4.2.1, the permeability range for the anhydrite
interbeds (1.0 x 10-21 to 1.0 x 10-16 m2) is extended to reflect some
increase in permeability associated with fracturing. The interbed fracturing
process, however, is not modeled in the 1992 calculations.

Culebra Permeability

For each of the 70 transmissivity fields used in the 1992 PA analysis, an
area-weighted hydraulic conductivity was computed for the repository/shaft
calculations. The conductivity was estimated for a circular region 5 km in
radius centered at the intrusion borehole location.2

.For undisturbed calculations, this region is a 5-km-radius region centered

about the waste storage area.
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Figure 5.1-3. Permeability values for the disturbed repository/shaft system.
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5.1 Repository/Shaft

BRAGFLO uses intrinsic permeability (a property of the medium alone;
usually referred to in this report simply as permeability) rather than
hydraulic conductivity (which includes properties of the fluid) for the
Culebra Dolomite above the repository. The relationship is given by

kK = — (5.1-1)

where k is intrinsic permeability (m2), K is hydraulic conductivity (m/s), p
is fluid viscosity (Pass), p is fluid mass density (kg/m3), and g is the
gravitational constant (m/sz). The median value of hydraulic conductivity
was used and fluid properties for Culebra brine were obtained from the
property data base. The following values were used:

K = 2.24 x 107 m/s,
p = 0.001 Pa-s,
p = 1090 kg/m3, and
g = 9.79 m/s2.

resulting in an intrinsic permeability, k, of 2.1 x 10-14 p2,
5.1.2.2 POROSITY
Fixed (Time-Invariant) Porosity

Assumed porosity values for the disturbed repository/shaft that do not
change in time, shown in Figure 5.1-4, are listed below:

+ Halite, the anhydrite interbeds, and the transition zone are assigned
a range of porosity values from 0.001 to 0.03.

+ A slightly larger range of porosity values is assigned to the DRZ. As
is explained in Section 2.4.4 of Volume 3 of this report, the DRZ

range is determined by Equation 4.2-1 (Section 4.2.2.1)

+ The waste prior to closure modeling is assigned a value of 0.660.
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Figure 5.1-4. Porosity values for the disturbed repository/shaft system.
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5.1 Repository/Shaft

Variable (Time-Varying) Porosity

The 1992 calculations for the first time take into account time-varying
changes in panel porosity caused by creep closure of the panel. Input is
from the computer code SANCHO. The reader is referred to Section 4.2.2.2 for
a complete discussion of how the SANCHO porosity results are incorporated
into BRAGFLO. Observations applying specifically to the disturbed
repository/shaft environment appear as footnotes to the text in Section
4.2.2.

5.1.2.3 SPECIFIC STORAGE

Specific storage values for the disturbed repository/shaft system are
calculated based on the relations presented by Equations 4.2-5, 4.2-6, and
4.2-7 (Section 4.2.3).

5.1.2.4 RELATIVE PERMEABILITY3 AND CAPILLARY PRESSURE4

In modeling two-phase phenomena, characteristic curves using either the
Brooks-Corey formulae (Brooks and Corey, 1964) or the van Genuchten-Parker
formulae (van Genuchten, 1978; Parker et al., 1987) are used (see Section
2.3.1 of Volume 3 of this report). The Brooks-Corey relative permeability
model is used for two-thirds of the calculations and the van Genuchten-Parker
model is used for the remaining one-third of the calculations. An index
parameter (0 or 1) is sampled with these probabilities, so that either one
model or the other is used in any one calculation.

Relative permeability parameters are varied and are the same for all
materials except the waste and DRZ, which use a fixed set of values and the

Brooks-Corey model. Residual brine and gas saturations range from 0.0 to

.Relative permeability is a function of the saturation. It is a value between

0 and 1 that is multiplied by the absolute permeability to yield the
effective permeability. Relative permeabilities are empirical fits of
pressure drop and flow data to extensions of Darcy’s law, and measurements
taken at different degrees of saturation result in differing relative
permeabilities (see Chapter 7 of Volume 2 and Section 2.3.1 of Volume 3 of
this report).

.Capillary pressure differences arise when the gas and brine phases flow

simultaneously through a porous network (see Chapter 7 of Volume 2 and
Section 2.3.1 of Volume 3 of this report).
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Chapter 5: Disturbed Performance

0.4. The Brooks-Corey parameter, X, ranges from 0.2 to 10.0. The van
Genuchten-Parker parameter m is calculated from m=X/1+A. The choice of the
characteristic curve model has important implications for the expected
behavior of multiphase flow in porous media (see discussion in Section
4.2.4).

Threshold capillary pressures are determined from the correlation with
permeability in all regions, as described in Section 2.3.1 of Volume 3 of
this report. The van Genuchten-Parker capillary pressure constant, Py, is
calculated by equating the capillary pressure from each of the two models at
an effective saturation of 0.5, and solving the expression for P,. In the
waste, in the DRZ, and in all excavated regions, the capillary pressure is
assumed to be =zero. In the 1992 performance assessment, zero capillary
pressure for these regions is assumed because the capillary pressure curves
are not defined for imbibition into a medium that has less than residual

brine saturation. Any regions where the brine saturation starts out or may
become less than residual (e.g., as a result of brine-consuming reactions)
were modeled with zero capillary pressure. However, assuming zero capillary

pressure may not be necessary in future calculations (see Section 4.2.4).

5.1.2.5 CASTILE BRINE RESERVOIR PRESSURE AND STORATIVITY

In disturbed performance of the repository/shaft system, an exploratory
borehole can penetrate a pressurized brine pocket in the Castile Formation
underlying the repository (see Section 4.3.3.2 in Volume 2 of this report).
In order to calculate the effects of Castile brine flow through the waste
following intrusion, brine pressure and storativity are required inputs.
Initial pressure is assumed to range between 12.6 and 21.0 MPa; storativity
is assumed to range between 0.2 and 2.0 m3/Pa.

5.1.2.6 RADIONUCLIDE INVENTORY

Radionuclide inventory ranges for remote-handled (RH) and contact-handled
(CH) waste vary by radioisotope. A complete list of ranges by isotope is
provided in Table 3.3-1 of Volume 3 of this report.

5.1.2.7 RADIONUCLIDE SOLUBILITY

Radionuclide solubility varies by element. The lowest value is -16.5
log(molar) for plutonium and the highest value is 1.26 log(molar) for radium.
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5.1 Repository/Shaft

Complete information on radionuclide solubilities is provided in Section
3.3.5 of Volume 3 of this report.

5.1.3 Initial and Boundary Conditions

As with the calculations for undisturbed conditions, a major difference
between the 1992 and 1991 PA calculations for disturbed conditions of the
repository/shaft system is in the treatment of initial conditions (Section
4.3). The primary objective of taking a new approach in modeling the initial
conditions has been to establish a more realistic pressure distribution in
the formations surrounding the waste at the time the repository will be
sealed. This time is referred to here as time zero. The 1992 calculations
achieve more realistic time-zero initial conditions by varying the initial
conditions in the repository over a 20-yr period immediately preceding time

Zero.

As explained in Section 4.3, it was previously assumed that excavated
regions were initially at atmospheric pressure with some arbitrary degree of
brine-saturation, while all other regions were fully brine-saturated at
hydrostatic pressure. 1In reality, brine will seep in continually from the
surrounding formations during the operational phase of the WIPP. Water in
the brine will evaporate into the well-ventilated atmosphere of the
excavations, or will be pumped out as a standard mining practice if it
accumulates anywhere. Thus, formations surrounding the excavations will be
partially dewatered and depressurized during the operation.

The operational phase for disturbed conditions is now modeled more
explicitly, as detailed in Table 5.1-1. The important features of conditions
during the operational phase are as follows:

» Because the disturbed-performance calculations are performed on a
panel scale (Section 5.1.1), the operational phase is assumed to last
20 yr rather than the 50-yr period used for the repository-scale
undisturbed calculations (Section 4.3). The 20-yr time period was
chosen to incorporate some of the effects of other panels. While a
single panel will not be likely to be open for 20 yr (except for the
North and South Equivalent Panels), adjacent panels will be undergoing
excavation or completing operations while each panel is being filled,
and the formations surrounding a panel will be disturbed during
operation.

» Except for the waste, the excavated regions, and the Culebra, the
pressure distribution at 20 yr before time zero is hydrostatic
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Chapter 5: Disturbed Performance

Table 5.1-1. Startup Procedure for Disturbed Calculations

Vi

Vil

Simulate the panel as an empty,
newly excavated, gas-filled cavity

Simulate DRZ as initially
pressurized, but partially fractured

Let the system equilibrate for 20
yr, the approximate time span
between excavation and sealing of
the repository

Instantly add the waste at 20 yr

Adjust parameters for the DRZ
and Culebra

Resume calculation at 20 yr,
this is the time normally called
t=0

Continue out to 10,020 yr,
i.e., 10,000 yr past the time
normally called t=0

1)
2)
3)
4)
5)

1)

2)
3)

4)
5)

1)
2)
3)
4)

1)
2)

3)

4)
5)

6)
1)

2)

3)
4)

1)
2)
3)

Set initial waste porosity to 1.0

Set initial waste brine saturation to 0.0

Set initial waste pressure to 1 atm

Set initial waste residual brine and gas saturation to 0.0
Set initial permeability to 1.0x10-10 m2

Set initial pressure to hydrostatic relative to sampled value of
MB139 pore pressure

Set initial permeability to 1.0x10-17 m2

Set initial porosity to volume average of sampled value of
intact far field anhydrite and intact halite porosities (since
DRZ has both)

Set initial brine saturation to 1.0

Set capillary pressure to 0.0 (so gas and brine pressures are
same)

Waste pressure will increase slightly (~-0.5%)

Brine will drain down from DRZ, leaving residual saturation
DRZ pressure will drop precipitously, to equal waste pressure
Let no creep closure occur

Reset waste pressure to 1 atm

Set brine saturation of waste to sampled "initial" brine
saturation

Set waste residual brine and gas saturations to their sampled
values

Set waste permeability to 1.0x10-13 m2

Set waste porosity to “initial" value calculated from sampled
values of volume fractions of metal and combustibles

Set reactant concentrations to "initial" values

Change porosity to final sampled values (except for the creep
closure and rock compressibility, simulating time-dependent
porosity is beyond current modeling capability)

Adjust brine saturation so brine content of DRZ is unchanged;
add gas to fill added pore volume

Reset DRZ pressure to 1 atm

Set DRZ permeability to 1.0 x 10-15 m2 to account for
fracturing

Begin creep closure
Allow gas generation to begin
Pressures outside waste and DRZ start from 20- yr values
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relative to the pore pressure of MB139, for which a sampled range of
12 to 13 MPa is used.

+ Pressure at 20 yr before time zero in the waste and excavated regions
is atmospheric, and the waste pressure is reset to this value at the
end of the 20-yr period.

« Pressure in the Culebra at 20 yr before time zero is 1.053 MPa, and
the far-field pressure is held at that value over the 10,020-yr
calculation. (The Culebra has a fixed-pressure boundary condition,
whereas the rest of the mesh uses a no-flow boundary condition.)

+ The starting brine saturation will be 1.0 everywhere except in the
waste panel (there are no other excavated regions in disturbed
scenarios except maybe the borehole, but it doesn’t exist until 1000
yr have elapsed), where the brine saturation starts at 0.0.

+ At the end of the 20-yr operational period, the waste is emplaced
instantaneously and assigned its sampled value of initial brine
saturation, which will range from 0.0 to 0.14.

The initial-condition calculations themselves begin with initial
conditions similar to those used in 1991; perhaps the greatest difference is
simply in interpretation. What was called time zero last year is now called
-20 yr; this is the time of initial excavation. The performance calculations
begin at time zero (20 yr after the initial-condition calculation has
started); this corresponds to the time of sealing of the repository.

For the initial-conditions calculation, the permeability of the excavated
regions is assumed to be very high (1 x 10-10 n2) to simulate cavities. At
the end of the 20-yr operational period, any brine that has flowed into the
excavated regions is ignored, since it will have evaporated or will have been
pumped out of the repository. The sampled initial liquid saturation in the
waste is introduced. Pressures in all the excavated regions are reset to
atmospheric. Pressures there will generally be barely above atmospheric (by
a few hundred pascals); they are reset to atmospheric to reestablish
realistic conditions at time zero, since at the time of sealing, the
excavated regions should really be at atmospheric pressure. With the
exception of the DRZ pressures in all the surrounding formations, including
the transition zone and the anhydrite interbeds, remain as they are at the
end of the 20 yr.

In the DRZ, at least the residual saturation of brine, and possibly more,
will remain, the rest having drained into the excavated region that will
later be filled with waste. At time zero, porosity is assumed to change from
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the initial intact halite value to the final sampled DRZ porosity. This
porosity change increases the void volume. In order to conserve the volume
of brine in the DRZ, the additional void volume is assumed to be filled with
gas. The pressures in the DRZ will typically be slightly above atmospheric
at time zero. If the pressures were left at those values when additional gas
is introduced at time zero, it could result in a gas-drive condition that
would cause brine to be expelled suddenly from the DRZ into the waste at time
zero. To prevent this unrealistic behavior, the pressure in the DRZ is also

reset to atmospheric at time zero.

The previously excavated regions will contain no brine except for the
initial liquid brought in with the waste. The surrounding formations will be
depressurized and dewatered to the extent expected after being exposed to
ventilated air at atmospheric pressure for 20 yr. All surrounding formations
are fully saturated with brine at time -20 yr. Generally, at time zero, they
will still be fully brine-saturated (except for the DRZ). Except for the
DRZ, the brine saturation in surrounding formations is not modified due to a

change in porosity at time zero.

The calculations proceed from this calculated initial condition for the
10,000-yr performance period. The most important effect of these more
realistic initial conditions is that less brine will flow into the excavated
regions (including the waste), since the initial "surge" of brine that occurs
upon excavation has been eliminated, and the pressure gradients in the
immediate vicinity of excavations have been greatly reduced.

5.2 Results and Discussion (Disturbed Performance)

As with the results of the undisturbed performance calculations, some
general descriptions of the results for disturbed performance calculations
are provided here. Plots showing the time dependence of various results
include all 70 realizations (vectors), which allows trends to be observed and
gross behavior comparisons to be made among all the vectors. Scenarios
analyzed (E2 and ElE2) are defined in Section 2.2 of this volume and
described in more detail in Section 4.2.3.2 of Volume 2 of this report.

5.2.1 E2 Scenario
5.2.1.1 WASTE PANEL BEHAVIOR

The time dependence of pressures in the waste panel is shown in Figure

5.2-1 for all 70 realizations. In only two of the vectors does the peak
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Figure 5.2-1. E2 scenario, intrusion at 1000 yr: volume average gas pressure
in waste.

pressure exceed lithostatic (~14.8 MPa), probably as a result of rapid gas-
generation rates and high initial brine content in the waste.

At the time of human intrusion, 1000 yr, the waste panel pressure in all
of the vectors drops precipitously (except for two cases in which the
pressure was so low that intrusion had no immediate effect). After
intrusion, two general types of behavior can be seen. The more common
response is for the pressure to continue to decrease after the intrusion.
The other response is for the pressure to rise again relatively rapidly
following a period of low or slowly decreasing pressure. The time lag
between intrusion and repressurization lasts from 500 to over 8000 yr.
During this time, gas that has filled the panel is driven up the intrusion
borehole as brine flows into the waste through the anhydrite 1layers
(principally MB139). Once the panel is filled with brine (except for
residual gas and, in some cases, large trapped bubbles), brine begins to flow
up the borehole, eventually filling the borehole to the Culebra. Once the
borehole is filled with brine, the pressure in the waste reaches hydrostatic
relative to the Culebra pressure, and then levels off. Pressure fluctuations
can be seen in the pressure profiles in Figure 5.2-1 with a rapid buildup in
pressure as the borehole fills with brine followed by the pressure leveling
off at hydrostatic, approximately 7 MPa. There are two realizations in which
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the pressure levels off at much higher values. It is not clear why in these
two realizations, the pressures level off at such high values. The only
parameter that distinguishes these two from the other 68 is that they have
the highest sampled anhydrite permeabilities, which would have provided good
communication to the higher far-field pressures. In these two vectors, there
are no other extreme values among all other parameters that were sampled.
However, vectors having similarly high anhydrite permeabilities did not
result in final pressures intermediate between the two high ones (>11.1 MPa)
and all the rest (<7.8 MPa). This may be a case where the model is extremely
sensitive to certain combinations of sampled parameters, and the sampling was
not sufficiently detailed in the range of parameters over which the mcdel is
most sensitive.

Panel porosities follow the same trends as seen in the undisturbed
performance calculations. From the initial waste porosity of 66%, the
porosity drops rapidly, bottoming out at 12% to 21% in 300 to 1000 yr. All
vectors behave quite similarly, since the creep closure process, as currently
modeled, does not allow much deviation from a median closure rate. Only
vector 59 shows a different response; in this case, very high pressures were
obtained as a result of high gas-generation rates before the human intrusion
occurred, and the panel inflated to the maximum allowed porosity, 34%. None
of the other vectors indicated sufficient pressure before the intrusion to
cause inflation. As Figure 4.2-7 shows, the pressure in the waste must reach
at least 6 MPa at low gas-generation rates and as high as 18 MPa at high gas-
generation rates before expansion of the panel is noticeable. After
intrusion occurs, creep closure is no longer allowed; only compressibility of
the waste affects the porosity, and that effect can barely be detected in the
plots of waste pore volume (Figure 5.2-2). Thus, the porosity is nearly
constant after intrusion.

5.2.1.2 BOREHOLE INTRUSION EFFECTS

In 14 of the 70 realizations, brine from the waste flowed up the
borehole into the Culebra. The maximum cumulative brine flow from the waste
was 16,300 m3. As Figure 5.2-3 shows, a group of five vectors has
substantial flows up the borehole over the 10,000-yr performance period
(ranging from 7200 m3 to 16,300 m3); another group of nine vectors had much
lower flows (from 800 m3 to 2600 m3). Judging from the pressure profiles
(Figure 5.2-1) there were two more vectors in which brine flow occurred into
the borehole, but which had no release to the Culebra within 10,000 yr. 1In
all of the other vectors, the panel did not fill with brine, and therefore
there was no release up the borehole. In most of these cases, the
permeability of the surrounding formations was simply too low to allow enough
brine to flow in to fill the panel.
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Chapter 5. Disturbed Performance

5.2.1.3 FLOW IN ANHYDRITE LAYERS

It is hypothetically possible for contaminated brine to flow out one of
the anhydrite layers to beyond the WIPP boundaries. This possibility cannot
be ruled out completely based upon these BRAGFLO simulations alone, since
specific particles within the brine have not been tracked. However, it can
be shown to be highly unlikely given the assumptions of these calculations
using information on the amount of brine flow from the panel. Figures 5.2-4
and 5.2-5 show cumulative brine flow from and toward the panel, respectively,
in MB138. The greatest outflow was only 120 m3, which is not enough to fill
the pore space in MB138 between the panel and the WIPP boundary. The
quantity of brine that flowed toward the panel in MB138 varied from zero to
8000 m3. Given the low probability of contaminated brine even reaching
MB138, which lies nearly 12 m above the panel, it appears to be unlikely that
contaminated brine can flow out as far as the WIPP boundary. Similarly,
Figure 5.2-6 shows that almost no brine flows out the anhydrite A and B
layer, while as much as 12,000 m3 may flow in (Figure 5.2-7). The most

likely conduit for contaminated brine flow from the waste is MB139. Figure
5.2-8 shows that in one case 2500 m3 of brine flowed out MB139 from the waste
panel. Without tracking particles, it cannot be stated with complete

certainty that contaminated brine has not flowed out MB139 to the WIPP
boundary. However, if the porosity is as low as can be expected, 0.001, this
brine would travel only 935 m radially from the panel, well short of the WIPP
boundaries. Note that MB139 is the major conduit for brine inflow; as much
as 38,000 m3 of brine flowed into the waste via MB139 in these calculations
(Figure 5.2-9). Based on these calculations, the only probable release
conduit from the waste 1is up the borehole. Some contaminated brine may
migrate outward along the marker beds, but not enough to constitute a release
to the accessible environment. This assumes that the anhydrite layers do not
fracture as the pressure in the waste increases and radial flow occurs along
a uniform front. The effects of fracturing will be accounted for in the 1993
PA calculations.

5.2.1.4 EFFECTS OF CREEP CLOSURE

The same set of 70 realizations described above was repeated with the
only change being that creep closure of the waste was not allowed to take
place. The objective was to determine what effect creep closure, as
currently implemented, has on the results. With creep closure, the panel
porosity was initially 66% and dropped to 12% to 21%. In the calculations
without dynamic creep closure, the waste-panel porosity was initially 19%,
which is the median final-state porosity of the waste. (See Table 3.4-1 in
Volume 3 of this report.) The porosity was allowed to vary only as a result
of the non-zero compressibility of the waste; because the value used for
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Chapter 5: Disturbed Performance

compressibility of the waste is very small (1.6 x 10-9 Pa-l), the porosity
varied less than 1.2% even under high pressures (Figure 5.2-10). These
simulations are therefore referred to as the "fixed-porosity" case. This
analysis illustrates the significance of creep closure, to the limit of
current modeling assumptions, in assessing the performance of the WIPP.
Although only the early time dynamics are accounted for in the current
implementation, it is during that time period when the greatest changes
occur, so it should be the period during which closure should have a major
impact on the performance of the WIPP.

Overall, dynamically modeling creep closure results in only minor
differences compared with using a fixed porosity. Transient behavior prior
to the intrusion, such as pressure in the repository, may be very different.
However, after 10,000 yr, total gas production is nearly identical, and the
release of contaminated brine to the Culebra averages about 1% less with
dynamic creep closure. Comparisons of results are complicated because the
two sets of calculations must start with different initial conditions. The
closure calculations start with 66% porosity and a sampled initial brine
saturation in the waste, which translates into a certain initial brine
volume. Because the rate and volume of gas production is strongly dependent
on the initial brine volume, the fixed-porosity calculations were initialized
with this same brine volume, rather than the same brine saturation. However,
because the pore volume in the fixed-porosity calculations is initially much
lower, the pressure in the waste rises more rapidly and much higher, even to
unrealistic values. The alternative would be to start with the same initial
brine saturation, but then the initial brine volume would be less, so
pressures would rise much more slowly, and much less gas would be produced.

As expected, pressure profiles from the fixed-porosity runs (Figure
5.2-11) show some major differences prior to human intrusion. The most
obvious differences are in the peak pressures, which now are as high as 38
MPa, compared with 22 MPa with creep closure. Pressures are generally higher
without dynamic closure until the intrusion occurs. This results, as
mentioned above, because the porosity used in the fixed-porosity calculations
is lower initially while the brine volume is the same. With less pore volume
in which to store the gas, pressures increase more rapidly and go higher,
even though the amount generated is roughly the same.

Following intrusion, the waste pressures are very similar in both the
dynamic closure and fixed-porosity results, since by then the porosities are
of similar magnitude, much of the brine that is initially present has been
consumed, and the gas has been vented to the same low-pressure sink (the
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Chapter 5. Disturbed Performance

Culebra). Comparison of plots of the remaining iron and cellulose content
for the fixed-porosity runs with those for the runs that include dynamic
creep closure reveals a greater extent of reaction early on in the fixed
porosity set that seemed to affect about a third of the realizations (Figure
5.2-12). However, except for lowering those particular curves, the general
shape of most of the plots is quite similar. This further illustrates that
the behavior in the two sets of runs differs little after intrusion.

Plots of the total cumulative gas generated show some distinct
differences (Figure 5.2-13), especially in the rate of gas generation (i.e.,
the slopes of the curves). However, after 10,000 yr, the amount of gas that
has been produced is approximately the same in both the dynamic closure and
fixed-porosity calculations. The fixed-porosity calculations started with
higher brine saturation. Since the gas generation rate is dependent on the
brine saturation, the rate is higher initially in the fixed-porosity runs.
The initial reactant concentrations are the same in both calculations, as is
the initial brine volume in the waste. Thus, the total gas produced is
nearly the same with and without dynamic closure.

The maximum amount of brine that flowed up the borehole is slightly less
with dynamic closure (Figure 5.2-14). The largest cumulative brine flow up
the borehole in the calculations with closure was 16,300 m3; in the fixed-
porosity calculations, it was 17,800 m3. Among the nonzero flows, the
average cumulative flow was 5490 m3 in the dynamic closure calculations and
4850 m3 in the fixed-porosity runs. 1In the dynamic closure calculations, 14
of the 70 vectors showed some positive flow of brine to the Culebra; in the
fixed-porosity calculations, 16 vectors had some positive cumulative flow,
although two of those amounted to less than 20 m3. Among the other 14 fixed-
porosity nonzero-flow vectors, the average cumulative flow was 5540 m3,
slightly more than the closure average. The net effect of including dynamic
creep closure as it 1is currently implemented, therefore, is to decrease
slightly the estimated release of contaminated brine to the Culebra, although
the difference is very small, averaging less than 1%.

5.2.1.5 COMPARISONS WITH THE 1991 PA RESULTS

It is useful to compare the 1992 disturbed performance calculations with
those from the 1991 performance assessment. Significant changes since 1991
include some parameter value changes (in most cases, only the range of
sampled values changed; there was still some overlap in the parameter
ranges), and the inclusion of creep closure in 1992. 1In the 1991 performance
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Chapter 5: Disturbed Performance

assessment, in the E2 scenario with an intrusion at 1000 years, there were 17
instances of brine release up the borehole among the 60 vectors, or 28%. 1In
the 1992 performance assessment, 14 of 70 vectors resulted in borehole
releases, or 20%. The more detailed analyses described later in this report
indicate what parameter changes or conceptual model changes produced this
small difference in the number of releases. In 1991, the maximum release in
an E2 scenario was about 45,000 m3; in 1992 it is 16,300 m3. Both volumes
are small relative to brine releases from the E1E2 scenario (Section 5.2.2).

The maximum pressure observed in the 1992 performance assessment, 22
MPa, is higher than that obtained in 1991, when the maximum was less than 17
MPa. However, peak pressures in excess of lithostatic were seen in only two
vectors in 1992; except for those two, the highest pressures seen were about
13 MPa. And except for the two vectors in which the pressure remained at 11
to 12 MPa for most of the 10,000 yr, the pressures in the waste settled into
a range from 1 to 7 MPa. 1In the 1991 performance assessment, more than 10%
of the vectors maintained pressures higher than 7 MPa. Under "normal"
circumstances, if the borehole fills with brine, the waste pressure should
level off at around 7 MPa, which is hydrostatic relative to the Culebra,
where the pressure is modeled as constant at 1.05 MPa. When pressures remain
in excess of 7 MPa, the waste is either over-pressured with gas, or it is in
excellent communication with the far field, where fluid pressures may exceed
hydrostatic.

5.2.2 E1E2 Scenario

5.2.2.1 WASTE PANEL BEHAVIOR

The time dependence of pressures in the waste panel is shown in Figure
5.2-15. Up to the time of intrusion, 1000 yr, the behavior is identical to
that in the E2 scenario. 1In only two vectors does the pressure rise above
lithostatic. 1In most cases, the pressure rises steadily, at widely varying
rates, until the intrusion occurs. From that point on, the behavior differs
greatly from the E2 scenario. In the majority of wvectors, the pressure
undergoes some rapid transients immediately following the intrusion. In some
cases, there is a sudden depressurization when the intrusion borehole
connects the pressurized panel with the lower-pressure Culebra. In other
instances, the pressure in the waste is still low at the time of intrusion,
and it increases suddenly when the borehole connects the panel with the
pressurized Castile brine reservoir. In most of the rumns, a relatively
steady pressure is attained fairly quickly at a value intermediate between
the pressure in the Castile and in the Culebra. These pressures range from
about 7.5 MPa to 13.7 MPa. In about one-third of the vectors,

5-28



5.2 Results and Discussion

]
]
1
1
]
1

N
(=]

-
(3]

-
(=]

S
===

AN

S
—
Ny

P
T
WA

[3,]
NS

.
NN

T e

=~

VOLUME AVG PORE PRES IN WASTE (106 Pa)

0 1 2 3 4 5 6 7 8 9 10
TIME (103 yr)

TRI-6342-2519-0

Figure 5.2-15. ElE2 scenario, intrusion at 1000 yr: panel pressure.

there is a time lag between the intrusion and attainment of this steady
pressure. During this period, panel pressure is not yet strongly influenced
by the Castile pressure because of low borehole permeability, small borehole
diameter, or sufficient gas generation in the waste to retard flow of brine
up the borehole. Whatever the cause, it takes anywhere from a few hundred to
several thousand years for good communication to be established between the
Castile and the Culebra, which will occur once the borehole becomes
completely filled with brine from the Castile to the Culebra. A few vectors
show erratic pressure behavior over the full 10,000 yr. This behavior
results from borehole permeabilities that are too low to keep the waste panel
filled with Castile brine. Pressures in the waste in these realizations
fluctuate as some brine starts to flow up the borehole from the waste, but
then is displaced as gas generation consumes brine and newly generated gas
refills the borehole. Given sufficient time (perhaps tens of thousands to
hundreds of thousands of years), these pressures would eventually level out
at hydrostatic pressure relative to the Culebra, after all gas generation
ceases and brine from the far field refills the panel.

Because creep closure is not modeled after the intrusion occurs, the
waste porosities in the E1E2 scenario are nearly identical to those in the E2
scenario. The only differences result from different pressure histories

after the intrusion, which affects porosity because the waste is still
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assumed to be compressible. However, the effects on porosity are

insignificant.

5.2.2.2 BOREHOLE INTRUSION EFFECTS

In all but two realizations, brine flows up the intrusion borehole from
the waste (Figure 5.2-16). Cumulative nonzero brine flows at 10,000 yr
range from 156 to 9.8 x 103 m3. There is a strong correlation between
borehole permeability and cumulative brine flow up the borehole. The three
vectors with the highest brine flows also have the highest sampled borehole
permeabilities. It is assumed that all of this brine is contaminated with
radionuclides from the waste. As currently modeled, most of this brine would
flow directly from the Castile to the Culebra with little mixing with the
waste unless mixing was assumed. However, the E1E2 scenario involves lateral
flow through the waste, rather than simply vertical flow through the waste,
so all of the brine flowing up the borehole is assumed to flow through the
waste. (Calculation of radionuclide releases, using PANEL [see Table 2.4-1],
involves elemental solubility and radionuclide inventory, in addition to
brine flow rate.)

The amount of brine that flows through the waste is large compared to
the E2 scenario; the maximum cumulative flow is a factor of 60 higher. This
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Figure 5.2-16. ElE2 scenario, intrusion at 1000 yr: cumulative brine flow

up the borehole.
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5.2 Resuits and Discussion

has a major effect on corrosion and biodegradation. The ready availability
of brine results in all of the iron content in the waste being consumed in
all but five realizations, and all of the cellulose being consumed in all but
two realizations (Figures 5.2-17 and 5.2-18). Compare this with the E2
scenario, in which the only brine available had to flow in from the far field
through the relatively impermeable (compared to the intrusion borehole)
anhydrite layers. In the E2 scenario, iron remained in the waste after
10,000 yr in 55 of the vectors (Figure 5.2-17) and cellulose was unreacted in
30 vectors (Figure 5.2-18).

The effect of this greater consumption of degradable materials in the
waste is to generate more gas. Whereas the maximum cumulative gas generated
in the ElE2 scenario is nearly identical to that in the E2 scenario (3.60 x
106 m3 Hy at reference conditions vs. 3.64 x 106 m3), the average cumulative
gas generated was 2.6 x 100 m3, compared with 2.0 x 106 m3 in the E2
scenario. Most vectors in the E1E2 scenario resulted in 1.4 x 106 m3 to 3.3
x 106 m3 Ho (Figure 5.2-19), compared to a lower and broader range of 0.6 x
106 m3 to 3.1 x 106 m3 for the E2 scenario (Figure 5.2-19b). However,
because of the much higher brine flow rates in the E1E2 scenario, the higher
gas-generation rates and volumes affected the release of brine up the
borehole less than in the E2 scenario, in which the presence of gas tended
more to interfere with the flow of brine.

5.2.2.3 BRINE FLOW IN ANHYDRITE LAYERS

The behavior of the anhydrite layers in the ElE2 scenario is essentially
identical to the E2 scenario. Only in four vectors was there any net outward
flow of brine from the waste panel, and the maximum amounted to only 68 m3,
In all other vectors, the net cumulative flows were inward (Figures 5.2-20),
and ranged up to 36,000 m3. The bulk of the flow (typically 65%), came in
from MB139; about 20% came in through anhydrite A and B, and the remainder
(about 15%) came through MB138. In considering possible lateral flow of
contaminated brine to the accessible environment, it may be more useful to
look at absolute outward flows, rather than net flows, since brine that has
flowed outward may leave adsorbed contaminants even after the flow has been
reversed. In this case, there were four vectors in which there was no
outward flow at all. The maximum cumulative outward flow in any of the
anhydrite layers was 2500 m3 in MB139 (Figure 5.2-21). Even at the minimum
porosity of 0.001, under the present modeling assumptions this brine could
have traveled out MB139 no more than 500 m. So, as with the E2 scenario, it
is improbable that contaminated brine can reach the accessible environment
(2500 m from the panel) by means of lateral flow through the anhydrite
layers, assuming again that these layers do not fracture as the pressure in
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Figure 5.2-17.

Figure 5.2-18.
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generated by corrosion and microbial biodegradation.

the waste increases. (However, note that the pressure in the waste exceeded
lithostatic in only two of the vectors, so it is difficult to determine how
much impact fracturing may have on radionuclide releases resulting from the
E1E2 scenario. Fracturing of anhydrite layers will be included in next year's
PA calculations.)

5.2.2.4 EFFECTS OF CREEP CLOSURE

The comments made above on the results of the E2 scenario calculations
apply to ElE2 scenario almost without change. In the fixed-porosity
calculations, the pressures reach similarly unrealistically high values, up
to 38 MPa (Figure 5.2-22). The reasons are the same: The initial pore
volume has been decreased as the initial porosity was reduced from 66% in the
closure calculations to 19% in the fixed porosity calculations, while initial
brine volume, rather than brine saturation, was conserved. Gas was produced
at roughly the same rate, but with less storage volume in the panel, the
pressure rose more rapidly. As a result of this pressure increase, the
porosity increased, but only slightly (to a maximum of 20.2% at the maximum
peak pressure). Unlike the E2 scenario, however, most of the reactants (iron
and cellulose) are consumed within 10,000 yr in the ElE2 scenario, regardless
of how the waste porosity is modeled, so the cumulative pgas volume
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Chapter 5: Disturbed Performance

generated differs wvery little in the fixed-porosity calculations from the
calculations with dynamic creep closure.

The fixed-porosity calculations resulted in cumulative brine flows up
the borehole that were nearly identical to those from the closure
calculations (Figures 5.2-16 and 5.2-23). Whereas the maximum cumulative
flow in the closure calculations was 9.79 x 10° m3, it was 9.77 x 102 m3 in
the fixed porosity calculations. The average flow in the closure
calculations was 9.71 x 10% m3 and 9.70 x 10% m3 in the fixed porosity
calculations. 1In both sets of runs there were only two vectors that produced
zero brine flow to the Culebra. Despite some major effects on transient
behavior (such as waste pressures), the current dynamic creep closure model
has no net effect on the performance assessment compared with the fixed-
porosity model.

5.2.2.5 COMPARISON WITH THE 1991 PA RESULTS

The maximum cumulative release of contaminated brine to the Culebra is
higher than in the 1991 performance assessment: 1.24 x 106 m3, compared with
6.75 x 10° m3 in the 1991 performance assessment. This can be attributed
almost entirely to the borehole permeabilities used in those particular
vectors. As long as pressure in the Castile is high enough to drive brine
all the way to the Culebra, and borehole permeability is high, then
cumulative flows to the Culebra are proportional to borehole permeability.
This observation reflects the dominant role that borehole permeability plays
in controlling flows in an ElE2 intrusion. Confirmation of that observation
is provided by the following results: The ratio of the maximum flow in the
1992 performance assessment to the maximum flow in the 1991 performance
assessment is 1.84; the ratio of the borehole permeability in the 1992 vector
with maximum flow (1.0 x 10-11 m2) to the borehole permeability in the 1991
vector with maximum flow (5.5 x 10-12 m2) is 1.82. Under these conditions
(high borehole permeability and sufficiently high Castile pressure), none of
the other sampled parameters has much impact on releases to the Culebra.
However, when the borehole permeability is not high, other parameters come
into play. This is apparent when one considers that the average cumulative
flow to the Culebra calculated in the 1992 performance assessment is 126,000
m3, whereas the average obtained last year was 70,400 m3, even though the
ranges of borehole permeabilities and diameters and Castile pressures that
were sampled were the same in 1992 as in 1991.

In the 1992 performance assessment, only two of the 70 realizations
resulted in zero flow to the Culebra. 1In the 1991 performance assessment,
there were also only two realizations (out of 60) with zero flow. In both
the 1991 and 1992 calculations, ElE2 intrusions almost always result in
releases to the Culebra.
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6. DISTURBED PERFORMANCE:
CULEBRA GROUNDWATER FLOW AND TRANSPORT

This chapter describes the implementation of the 1992 PA model for
groundwater flow and radionuclide transport in the Culebra Dolomite Member
of the Rustler Formation. The computer codes used are SECO-FLOW for
groundwater flow and SECO-TRANSPORT for radionuclide transport. Both codes
are described in Chapter 7 and Appendix C of Volume 2 of this report. Flow
is calculated in seventy different transmissivity fields that are described
in Chapter 7 and Appendix D of Volume 2 of this report and by LaVenue and
RamaRao (1992).

6.1 Conceptual Model

The conceptual model for flow in the Culebra Dolomite Member of the
Rustler Formation is essentially unchanged from that used in the 1990 and
1991 PA (Bertram-Howery et al., 1990; WIPP PA Division, 1991b, Section
6.1). As discussed in Chapter 7 of Volume 2 of this report, conceptual
models for transport have been modified to allow a more complete
representation of the possible affect of clay linings in fractures on both
physical and chemical retardation. Geologic and hydrologic information
supporting the flow and transport models are described in Chapter 2 of
Volume 2 of this report. Major aspects of the models are as follows.

+ Single-porosity Darcian flow. Results of hydrologic tests on wells
completed in the Culebra are consistent with the response of a
heterogeneous medium obeying Darcy's law (Jones et al., 1992). Results
of some well tests indicate dual-porosity response during the early
part of the tests (Beauheim, 1987; Jones et al., 1992). This is
interpreted to be caused by disequilibrium between pressure in
coextensive fracture and matrix porosity sets. Because the time of
pressure equilibration between the porosity sets is much smaller than
the time scale of processes considered in the human-intrusion scenario,
the Culebra is modeled as a heterogeneous single-porosity medium for
the purpose of fluid-flow calculations. (Dual-porosity effects on
transport are considered, however, as discussed below.)

+ Two-dimensional flow. Most hydrologic test wells in the Culebra are
completed across the entire vertical extent of the unit. Parameters
derived from tests on these wells are therefore composite or average
values over the vertical extent of the member. Although flow is known
to be localized to particular elevations within the Culebra at several
wells (Mercer and Orr, 1979), there is insufficient information to
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Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport

6-2

characterize vertical variability of hydrologic properties within the
Culebra. A vertically integrated two-dimensional model has therefore
been adopted.

No flow through upper and lower boundaries. Potentiometric differences
between the Culebra and other members of the Rustler Formation suggest
that vertical flow between the members is extremely slow over the WIPP
and in much of the surrounding study area (Beauheim, 1987; Brinster,
1991). The present conceptual model includes impermeable upper and
lower boundaries on the Culebra. The validity of the assumption that
leakage between the Culebra and the over- and underlying units can be
neglected is uncertain, and the importance of possible vertical flux
will be examined when information is available from regional three-
dimensional hydrologic modeling being conducted by the SNL Fluid Flow
and Transport Department.

Flow in Nash Draw parallel to the axis of the draw. Nash Draw is
believed to be a major sub-surface drain for the Rustler Formation west
of the WIPP (Davies, 1989; Brinster, 1991). Groundwater flow in the
draw is therefore assumed to parallel the topographic axis of the draw.

Pressure equilibrium and flow prior to WIPP construction. Time
constants of pressure changes due to compression of the fluid and
matrix are small compared to time constants of fluid density changes,
transmissivity changes, or other transient processes affecting
pressure. For any subdomain of the Culebra, and in the absence of
fluid sources or sinks within the subdomain, the Culebra pressure is
assumed to be currently in equilibrium with pressures around the
boundary of the subdomain.

Future flow-field transients induced by external changes. The future
state of the Culebra flow field is assumed to differ from the present
state through regional climate change. Climate change is assumed to
affect recharge and discharge rates external to the model domain, and
therefore to influence flow within the model domain through a change in
boundary pressures (memorandum by Swift in WIPP PA Division, 1991c;
WIPP PA Division, 1991b; Swift, 1993).

Transport decoupled from flow. In the human intrusion scenario, one or
more boreholes create a long-term connection between the repository and
the Culebra. Hydrologic properties of the borehole limit potential
fluid discharge to the Culebra to approximately 80 m3/yr. This rate of
fluid injection is assumed to have no impact on the prevailing Culebra
flow field (Reeves et al., 1991). Fluid injected from the repository



© O N O U s WD =

- e
N - O

13

Conceptual Model

is also assumed to have no effect on Culebra fluid density. Estimation
of the Culebra flow field and estimation of radionuclide transport
through this flow field are, therefore, considered as separate
problems.

Dual-porosity transport. Matrix and fracture porosities that are
coextensive and communicating can result in local disequilibrium
between radionuclide concentrations between the fracture and matrix
(Jones et al., 1992). The time constant associated with this
disequilibrium is determined by the rate of exchange of radionuclides
between the porosity sets and the radionuclide storage capacity of the
fracture and matrix. Because this equilibration time may be
significant in comparison to the time scale of source-term
concentration change, a dual-porosity transport model has been adopted.
The 1992 conceptual model for dual-porosity transport differs from that
used in 1991 in that porosity of the clay linings within fracture is
modeled explicitly, and diffusion may occur in both the clay linings
and the dolomite matrix (see Section 7.6 of Volume 2 of this report).
Alternative conceptual models are examined with and without clay
linings and dolomite matrix porosity (see Section 5.1 of Volume 1 of
this report and Chapter 8 of this volume). Available information is
insufficient to confirm or refute these alternative conceptual models
at this time. Proposed tracer tests may provide additional information
to support a choice of transport model (Beauheim and Davies, 1992).

Linear equilibrium sorption of radionuclides. In addition to
hydrodynamic processes, radionuclide concentrations in Culebra
groundwater are assumed to be affected by geochemical interactions with
the host rock. Reversible sorption is assumed to be the only mechanism
on interaction of the radionuclides with the rock (Trauth et al.,
1992). Sorption is further assumed to follow a linear Freundlich
isotherm, with different coefficients describing sorption on the
dolomite matrix and the clay linings in fractures. Chemical
retardation of radionuclides by sorption is believed realistic, but, by
agreement between the DOE and the State of New Mexico, cannot be
considered in a final compliance evaluation unless supported by
experimental data (US DOE and the State of New Mexico, 1981, as
modified). Experimental programs are in progress or planned to reduce
these uncertainties, including laboratory-scale radioactive tracer
tests in core samples (US DOE, 1992, and references cited therein) and
nonradioactive tracer tests between well locations in the Culebra
(Beauheim and Davies, 1992).

6-3
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6.2 Model Geometry
6.2.1 Regional Domain

The regional domain (Figure 6.2-1) is 25 x 30 km, with the long axis
oriented 38 degrees east of north. The grid (Figure 6.2-2) consists of 50 x
57 x 1 (x,y,z) blocks and has varying spacing in the x-y plane, reflecting
the spatial distribution of transmissivity data from wells. Grid spacing
is finer in the central portion of the model in the vicinity of H-3, H-11,
WIPP-13, and the shafts. Grid-block dimensions range from 50 m near the
center of the site to approximately 2800 m at the model boundary. The
vertical dimension of the grid is 7.7 m, and is the mean thickness of the
Culebra Dolomite Member of the Rustler Formation in the WIPP area (LaVenue
et al., 1988).

The rotated orientation of the grid and the location of a model boundary
along the axis of Nash Draw were chosen to take advantage of the draw as a
natural no-flow symmetry boundary. Locations and orientations of the
regional model boundaries are the same as those used in the 1991 PA (WIPP PA
Division, 1991b).

6.2.2 Local Domain

The 5.75 x 6.625 km local domain (Figure 6.2-1) is oriented with its long
dimension north-south, and the grid (Figure 6.2-2) consists of 46 x 53 x 1
(x,y,z) blocks, each of which is 125 x 125 m. The vertical thickness of the
blocks is 7.7 m, and is the same as the thickness of the regional grid. The
intrusion borehole is assumed to intersect the Culebra directly over the
center of the disposal region (see the following Section 6.2.3 for a
discussion of the location of this point). The local grid is positioned to
place the intrusion borehole at a grid-block center. Fluid flow and mass
transport in the local domain are solved using regional head solutions as

input boundary conditions.
6.2.3 Location of the Intrusion Borehole

The location of the intrusion borehole in the local domain is held
constant in all 70 realizations at a point directly above the center of the
waste-disposal region. Specifically, the intersection of the intrusion
borehole and the Culebra is located above the center of the central pillar
separating the southern and northern equivalent panels (panels 9 and 10 on
Figure 4.1-1). See Figure 3.1.2 in Volume 3 of this volume for a scale

drawing providing coordinates for this point.
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Figure 6.2-1. Regional and local domains for groundwater flow and transport
calculations.
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transport calculations.
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Model Geometry

The choice of a fixed location for the intrusion borehole is an
assumption made for convenience in defining computational scenarios and
determining scenario probabilities (WIPP PA Division, 1991b, Chapter 2).
Spatial variability of future drilling events is assumed to be uniform, and
the straight-line distance between the center of the waste-disposal region
and the subsurface boundary of the accessible environment is therefore the
mean distance between an intrusion and a regulatory release point. As
discussed in the following paragraphs, this distance 1is approximately 2.4
km. Based on the planned dimensions of the waste-disposal region (Figure
3.1.2 in Volume 3 of this report), the actual straight-line distance from a
randomly-located intrusion borehole to the accessible environment boundary
may be as much as approximately 315 m more or less than this mean distance.
As shown in Section 6.8.3 of this report, modeled flow does not occur along
straight lines, and transport distances are therefore somewhat greater than
the minimum distance.

The shortest horizontal distance from waste to the accessible environment
is a straight line south from any of the southern panels to the WIPP land-
withdrawal boundary at the southern edge of either sections 32 or 33, T22S,
R31E (Figure 6.2-3). Based on the surveyed location of the southern end of
the South Drift (WEC, 1988) and the north-south dimensions of sections 29
and 32, T22S, R31lE, as scaled from the Los Medanos 7.5 minute topographic
quadrangle (USGS, 1985a), this distance is estimated to be 2414 m (7916 ft).

Possible sources of error in this estimate are as follows:

» Gonzales (1989) noted that the WIPP survey coordinates for the
northeast corner of section 29, T22S, R31E give a location about 12 m
south of that indicated by the USGS coordinates for the same point.
Gonzales (1989) concluded that the WIPP survey was more reliable, and
the distance reported here is based on WIPP survey coordinates.

+ Accuracy in scaling from the topographic map is estimated to be * 10 m.

« No estimate is made here of the accuracy of either the WIPP survey or
the topographic map.

+ No estimate is made of the precision with which future excavations will
match present design.

+« Possible horizontal emplacement of remote-handled transuranic (RH-TRU
waste) in the southern walls of the southern panels is not included in
this estimate.
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Boundary and Initial Conditions

6.3. Material Properties

The most important hydrologic property used in modeling the flow and
transport pathways is the transmissivity of the Culebra. In the 1992 PA, 70
groundwater transmissivity fields (presented in Appendix C of Volume 3 of
this report) were generated using a multiple-realization technique to
account for spatial variability of the transmissivity field within the
Culebra (LaVenue and RamaRao, 1992; see also Section 6.8 of this volume and
Section 7.5 of Volume 2 of this report). Each of the 70 realizations in the
1992 PA used a different transmissivity field and a corresponding different
flow solution. All other hydrologic parameters were held constant, at
values described in Volume 3 of this report. The only sampled parameter
affecting flow within the transmissivity fields was the climate factor,
discussed in the following section. Sampled parameters affecting
radionuclide transport are described in Chapter 3 of this volume, and
include distribution coefficients for each radionuclide, fracture porosity
and spacing, matrix porosity, the fraction of fracture openings lined with
clay, and the porosity of the clay linings.

6.4 Boundary and Initial Conditions

Three different types of boundary conditions were used for the regional
domain: no-flow, time-dependent head, and fixed head. Locations in which
these boundary conditions were applied are shown in Figure 6.4-1. As
previously noted (Section 6.2.1), a no-flow boundary was used along a
portion of the northwest side of the domain, coinciding with the axis of
Nash Draw beginning 4.0 km NE of the origin of the domain at its western

corner and continuing to 18.595 km NE. No-flow boundaries were also
assigned to the NE portion of the domain, from 30 km NE, 17.3 km SE to
27.240 km NE, 25 km SE. These northeastern no-flow boundary segments

correspond to a region of low permeability in the Culebra (see Chapter 2 of
Volume 2 of this report).

Time-dependent heads were used to simulate possible effects of
climatically varying recharge (see Sections 6.4.1 and 6.4.2, following), and
were assigned to a 21.505 km "recharge strip" surrounding the northern apex
of the regional domain. Specifically, time-dependent heads were used along
the northwestern boundary between 18.595 km NE, O km SE and 30 km NE, O km
SE, and along the northeastern boundary from 30 km NE, O km SE to 30 km NE,
10 km SE. Heads within this strip were prescribed as a function of a
sinusoidal climate function applied to the initial calibrated heads derived
from the steady-state solution for each transmissivity field (see Sections
6.4.1 and 6.4.2).
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Boundary and Initial Conditions

All other boundary conditions were fixed (time-invariant) heads based on
the steady-state solution for each transmissivity field (see Section 6.8.2),
and therefore were different for each realization.

As with the fixed boundary heads, initial heads within the regional
domain were determined from the steady-state solution for each
transmissivity field. No vertical flow (i.e., leakage) was allowed within
the model domain. Possible effects of leakage into or out of the Culebra
will be examined in future PAs when a three-dimensional model for regional
groundwater flow is available.

As previously noted, boundary and initial conditions for the local domain
were determined by the solution of flow in the regional domain. Because the
the local grid elements do not exactly overlay the regional grid elements,
SECO-FLOW interpolates boundary conditions for the local grid.

6.4.1 Climatic Variability

As discussed in more detail in Swift (1993) and Section 2.2.3.2 of Volume
2 of this report, climate in southeastern New Mexico is likely to be wetter
than that of the present at some times during the next 10,000 yr. The
timing of future climatic changes 1is unknown, but the wettest plausible
climate during the next 10,000 yr is expected to be no wetter than that of
the late Pleistocene (20,000 yr ago), which was approximately twice as wet
as that of the present (Swift, 1993),

The effect of climatic changes on regional boundary conditions cannot be
modeled directly because of uncertainty in the location of present and
future recharge and uncertainty in the hydrologic properties affecting the
flow path from the recharge area to the regional domain boundary. Climatic
effects are instead approximated indirectly using information about
hydrologic conditions during past climatic conditions. Geologic evidence
(Bachman, 1985, p. 20-21) indicates that at some time or times during the
Pleistocene the water table was sufficiently high to sustain springs along
the east margin of Nash Draw and a lake in Clayton Basin north of Nash Draw
(see Figure 6.2-1). Rustler Formation outcrops in Clayton Basin have been
identified as a possible recharge area for groundwater in the Culebra at the
WIPP (Mercer, 1983), and the 1992 PA therefore uses the highest possible
lake elevation in Clayton Basin as a maximum boundary head condition that

could result from climatic change. The present elevation of the Clayton
Basin spill point (1007 m, in section 11, T20S,R29E [USGS, 1885b]) is
assumed to be the maximum possible lake elevation. This elevation is used

as the maximum head elevation at the northern apex of the regional model
domain, reached during future wet climates. Heads elsewhere along the
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"recharge strip" are scaled upward during wet climates proportional to the

amount head at the apex is raised.

The choice of the elevation of the Clayton Basin spill point as the
maximum head value represents a change from the 1991 PA, in which maximum
heads were allowed to rise to the ground surface (1030 m), scaled according
to the same climate function. The change was made to improve consistency

with the confined-aquifer conceptual model.

Scaling of heads along the recharge strip is based on the calibrated
initial heads for each transmissivity field, a "climate factor" (CULCLIM in
Chapter 3 of this volume) derived from a sampled index parameter, and the
following sinusoidal function (Swift, 1991, memorandum in Appendix A of WIPP
PA Division, 1991c).

hf(t) 3A + 1 A -1

1 .1
hp = 4 - 5 (cos Bt + 5 cos ot - sin 7 dt) (6.4-1)

defines time-dependent heads in the Culebra, where

he(e) head (m) in Culebra at time t (s),
hp = estimate of present-day boundary head in Culebra (e.g., 880 m),

A = recharge amplitude factor (dimensionless) for Culebra (i.e.,
CULCLIM),

8 = frequency (Hz) for Pleistocene glaciations: 1.7 x 10-12 Hz (5.4 x
10-3 yr'l),

® = frequency (Hz) for second-order climatic fluctuations: 1.0 x 10-10
Hz (3.2 x 10-3 yr-1y,

and

t = time (s), with t=0 corresponding to decommissioning of the WIPP.

This function is not used to predict future climates, but rather is
designed to provide a simple way to examine the influence of possible
climatic changes during the next 10,000 yr. The periodicity of the function
is based on approximately 30,000 yr of paleoclimatic data from southeastern
New Mexico and the surrounding region and the global record of Pleistocene
glaciations (Swift, 1993). The glacial frequency term 6 produces a maximum
value of the function hg(t) at 60,000 yr, and has little effect during the
regulatory period. Most of the introduced variability results from second-
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Figure 6.4-2. 10,000-yr history of climate function, evaluated at 1000-yr time
steps for the maximum value of CULCLIM.
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order fluctuations controlled by the higher-frequency term &. This
variability corresponds to the frequency of nonglacial climatic fluctuations
observed in both late Pleistocene and Holocene paleoclimatic data. The
chosen value for ¢ results in a sinusoidal curve with three peaks in 10,000
years. Figure 6.4-2 illustrates the function as applied in the 1992 SECO-
FLOW calculations, with values calculated only at the 1000 yr time steps.

6.4.2 Time-Dependant Boundary Heads

The recharge amplitude factor CULCLIM used in Equation 6.4-1 is a
dimensionless scaling factor that varies uniformly between 1.07 and 1.00,
and is derived from a sampled climate index variable that varies uniformly
between 0 and 1 (see Section 4.4 of Volume 3 of this report). At 1500 yr
(not simulated by the 1000 yr time steps), a maximum value of 1.07 for
CULCLIM results in the maximum head in the grid block at the northern apex
of the regional domain to rise from its initial elevation of 942.5 m
(LaVenue and RamaRao, 1992) to the elevation of the spill point of Clayton
Basin, 1007 m., Heads in other grid blocks within the "recharge strip" are
scaled using the same value for CULCLIM, and may therefore reach a maximum
elevation somewhat higher or lower than the head in the northernmost block,
depending on their initial elevations. At its minimum value (1.00), CULCLIM
results in no change in boundary heads throughout the 10,000 years.
Intermediate values of CULCLIM result in intermediate increases in boundary
heads. For all values of CULCLIM greater than 1.00, the maximum head
elevation occurs at the final, 10,000 yr climatic peak. Heads in earlier
peaks are slightly less, because of the effect of the glacial term in the
climate function.

6.5 Effect of Climatic Change on Groundwater Flow

The effects of climatically varying heads along the "recharge strip" is
different in each of the 70 realizations, because each realization uses a
different transmissivity field (Section 6.8). Changes in groundwater flow
are discussed here for two realizations that contained the largest sampled
value for the climate index factor and an intermediate value. The largest
sampled value for the climate index factor, 0.9966, occurred in realization
11 and resulted in a value for CULCLIM of 1.068. The calculated head field
for this realization is displayed for time zero (initial conditions)
(Figure 6.5-la) and for 10,000 yr (Figure 6.5-1b). Vector representations
of the specific discharge (i.e., volume of fluid moving through a unit area
in a unit time) are shown for the corresponding velocity fields in Figures
6.5-1c and 6.5-1d. Similar plots are shown in Figure 6.5-2 for realization
20, which contained a sampled value for the climate index factor of 0.4519,
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Figure 6.5-1. Head (Figures 6.5-la,b) and specific discharge (Figures

6.5-1c,d) plots for the SECO-FLOW regional domain for
realization 11 at time zero and 10,000 yr. This realization
contains the largest value for CULCLIM.
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Head (Figures 6.5-la,b) and specific discharge (Figures
6.5-1c,d) plots for the SECO-FLOW regional domain for
realization 11 at time zero and 10,000 yr. This realization
contains the largest value for CULCLIM. (continued)



Figure 6.5-2.

Effect of Climatic Change on Groundwater Flow
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Head (Figures 6.5-2a,b) and specific discharge (Figures
6.5-2c,d) plots for the SECO-FLOW regional domain for
realization 20 at time zero and 10,000 yr. This realization
contains an intermediate value for CULCLIM.
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Figure 6.5-2. Head (Figures 6.5-2a,b) and specific discharge (Figures
6.5-2c,d) plots for the SECO-FLOW regional domain for
realization 20 at time zero and 10,000 yr. This realization
contains an intermediate value for CULCLIM. (continued)
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Flow and Transport Model Coupling

resulting in a value for CULCLIM of 1.031. Examination of these figures
shows that the largest increases in head occur in the northern and
northwestern portion of the regional domain, and that most of the increase
in groundwater flow occurs in and near Nash Draw. Some increase in
groundwater flow is observed within the land-withdrawal boundary. CULCLIM
does not, however, appear as an important parameter in stepwise linear
regression analyses (see Chapter 8), and subsurface releases of
radionuclides are mnot sensitive to climatic variation of heads along the
modeled "recharge strip."

6.6 Flow and Transport Model Coupling

Radionuclide transport was modeled on the same computational grid used
for the local flow calculations. Flow fields generated from the first time
step by SECO-FLOW were used as the initial and boundary conditions by SECO-
TRANSPORT. The transient SECO-FLOW flow fields from subsequent time steps,
starting at 1000 yr, were used for solute transport modeling. Radionuclide
release from the repository to the Culebra was from a single, time-dependent
source term located above the center of the waste-disposal region. Density
and volume of liquid injected into the Culebra was assumed to be negligible
relative to the total flow within the aquifer. Source-term flux was
therefore disregarded, and did not affect flux in the flow fields. Volume
and density affects of injecting brine into the Culebra will be examined in
future PAs.

SECO-FLOW solves the time-dependent partial differential equation for
hydraulic head for a heterogeneous, isotropic aquifer, and provides the
specific discharge (volume of fluid moving through a unit area in a unit
time) for each grid element. Heterogeneity 1is introduced through each
spatially-varying transmissivity field. SECO-TRANSPORT models radionuclide
transport in a fractured medium under a variety of assumptions (see Section
7.6 of Volume 2 of this report). The fluid is transported in fracture
porosity only, and not in the matrix porosity of the dolomite or clay
fracture linings. Matrix porosity affects diffusion into and storage in the
matrix. Therefore, dividing the specific discharge by fracture porosity to
obtain pore-water velocity within the fractures can result in relatively
fast travel times to the accessible environment boundary if other processes
(e.g., matrix diffusion and sorption) are not effective in retarding
radionuclide transport. However, if matrix diffusion and/or sorption are
effective in retarding radionuclide transport, travel times may be orders of

magnitude longer.
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6.7 Coupling the Repository/Shaft and Culebra Models

Radionuclide releases into the Culebra were modeled for E2- and ElE2-type
intrusions (see Section 4.4.2.4 of Volume 2 of this report). Solute
concentration and rate of discharge was dependent on parametrically
described geochemical and physical processes and interactions. The code
PANEL (see Section 7.4 of Volume 2 of this report) calculated the solute
concentration and pulse length. Sampled parameters affecting these
processes were used in both PANEL and BRAGFLO, and each realization
therefore had a specific suite of source files which consisted of a source
term having varying pulse lengths and concentrations for each radionuclide.
The source files, from PANEL and located on a separate CAMDAT data base,
were imported and attached to the local velocity flow fields by the SECO-
TRANSPORT preprocessor for the transport calculations.

6.8 Transmissivity Fields

The synthetic transmissivity fields generated by LaVenue and RamaRao
(1992) represent an improvement over the fields used in 1991 (WIPP PA
Division, 1991b), in that they more accurately characterize the uncertainty
due to spatial variability in aquifer properties, and, therefore, result in
better characterization of uncertainty in groundwater flow. A discussion of
the 1992 transmissivity field results, extracted from LaVenue and RamaRao
(1992), follows.

6.8.1 Ensemble Mean Transmissivities

Each of the 70 fields were calibrated to steady-state and transient head
data using conditionally simulated (CS) fields (presented in Appendix C of
Volume 3 of this report) composed of an underlying kriged field to which
different conditional random error fields were added. Thus, each of the
calibrated CS transmissivity fields has a different spatial distribution of
transmissivities. For example, in some cases there is a broad zone of
higher transmissivity that extends from the DOE-1 borehole west to H-14 (see
Figure 6.2-1 for borehole locations). In other cases, the high-
transmissivity zone has a narrow, tortuous and in some instances,

discontinuous nature.

An ensemble mean calculation was performed across the realizations to

determine the average transmissivity value at each grid block. The

resulting ensemble transmissivity field (Figure 6.8-1) has features which
are very similar to the 1990 kriged transmissivity field that was used as

6-20



6.8 Transmissivity Fields

A
24,000 —
WIPP Site Boundary
18,000 —
E
3
c
3
2]
(@)
12,000 —{
6000 ﬂ
0 T T l T
0 5000 10,000 15,000 20,000

Distance (m)
Values in Iong(m?/s)

B -0 6.010-5.0
[(7777] -5.010-4.0 4010-30 [ ] -30t0-20
] 2000 [ 10

-7.0t0-6.0

TRI-6342-3334-0

Figure 6.8-1. Ensemble transmissivity field resulting from a mean calculation
performed across the realizations.

6-21



© ® N O 0 s W -

uwmnnmnnmgmm_.d.‘_._‘_._._._._.
- O R N O O & W - O W 0 N O 0 & W N = O

8 & RESN

2888 9

Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport

the basis for generating the transmissivity fields for the 1991 PA
calculations. Outside the land-withdrawal area, the re-entry of high
transmissivities from the Nash Draw area occurs south of the WIPP near the
H-7 borehole in both the 1990 results and in the ensemble mean field. The
high-transmissivity zone within the land-withdrawal boundary, as represented
in the ensemble mean field (Figure 6.8-2), extends northward from the P-17
borehole where it narrowly lies between the P-17 and H-17 boreholes. Once
crossing the southern land-withdrawal boundary, the high-transmissivity zone
widens significantly extending westward to the H-3 borehole. The eastern
extent terminates approximately 100 m east of the H-11 and DOE-1 boreholes.
The nature of the high-transmissivity zone as determined in the 1990 sctudy
(Figure 6.8-3) 1is quite similar to the ensemble mean field with a narrow
width toward the southern land-withdrawal boundary, which widens in both the
east and west directions as it extends northward toward the H-15 borehole.

6.8.2 Ensemble Steady-State Head Differences

A root-mean squared error (RMSE) between calculated and observed steady-
state heads was calculated in order to summarize the fit of each realization
to the steady-state data. The RMSE values at each of the boreholes that had
steady-state observed head data were then summed within each simulation to
obtain an average RMSE. A histogram of the average RMSE value for each of
the 70 simulations (Figure 6.8-4) depicts a mean RMSE value within the
simulations between 2.0 and 5.0 m. Uncertainty in the steady-state heads is
approximately 1.5 m. The simulation with the worst steady-state head fit is
shown to have an average RMSE value between 6.5 and 7.5 m. This particular
realization illustrates a situation in which the difference field (added to
the kriged field during the CS process) significantly reduced the ability of
the code to calibrate the field to steady-state conditions within 50
calibration steps. This situation occurs when the initial CS field
generated has features that produce significantly high initial-head
differences. The code then has to add more pilot points to modify the CS
field to bring the head field into agreement with the observed data than may
be necessary for an initial CS field which produces initial head differences
that are low. Because a fixed number of pilot points were specified for
calibrating to the steady-state data, some fields had smaller RMSE values
than others.

RMSE values were also calculated to determine average head differences

over the ensemble of realizations at each borehole location. Figure 6.8-5
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Figure 6.8-4. Histogram of the average RMSE value for each of the 70
simulations.
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Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport

contains a contour surface of the RMSE values over the model domain. The
maximum average difference between the calculated and observed data occurs
at the H-7 borehole where the RMSE value is -4.3 m. (Note: The sign of the
RMSE was assigned after evaluating the ensemble differences.) The head
differences in the southern portion of the regional domain and the central
portion of the land-withdrawal area also have negative signs with average
values ranging between -0.7 m and -2.8 m. The regions that have positive
head differences occur in the area immediately adjacent to the H-11 borehole
and in the area between the P-14 and WIPP-26 boreholes. The average head
differences in these regions are less than 2.0 m. The difference at the H-

17 borehole is the highest with a positive value of 3.4 m.

The average head differences illustrated in Figure 6.8-5 indicate that
the boundary conditions specified along the southern and western boundaries
are not consistent with the observed heads. Several iterations were made to
the boundary conditions prior to beginning the calibration exercise. The
iterations were necessary due to the difficulty in matching the H-7, USGS-1,
and H-9 observed heads while properly fitting the heads in the rest of the
model domain. The difficulty arises from the existence of the no-flow
region along the Nash Draw axis and the extremely flat hydraulic gradients
in the southern area. If the specified heads are increased along the
southern boundary to fit H-7 and USGS-1, the southern boundary converts from
a discharge boundary to a recharge boundary. However, the Pecos River, and
the Malaga Bend region in particular, has been determined to behave as a
discharge region for regional flux from the Rustler (Mercer, 1983). While
no absolute conclusions may be made yet concerning the direction of
groundwater flow in the southern portion of the regional domain, the results
determined in this study have indicated that there is an inconsistency
between the observed heads in’ this area if regional groundwater flow is to
the south. This may indicate a groundwater divide occurs between the H-9
borehole and the H-8 borehole south of the model domain.

6.8.3 Ensemble Groundwater Travel Times

The groundwater travel time from a point above the center of the waste-
disposal region (Section 6.2.3) to the land-withdrawal boundary was
calculated for each of the calibrated CS fields. This groundwater travel
time is not the same as the radionuclide transport travel times calculated
by SECO-TRANSPORT, which are used as input to the' CCDF calculations. The
purpose of the groundwater-travel-time calculations described here 1is to
characterize the transmissivity fields, not to predict transport of
radionuclides. These travel times were calculated assuming advection of
groundwater through a single-porosity medium without fracture flow--i.e.,
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Figure 6.8-5.
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Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport

total porosity was equal to a matrix porosity of 0.16. Travel times are
therefore substantially longer than those calculated assuming transport in
fractures, with an average fracture porosity of 0.00l.

Matrix travel-time distributions are displayed as a cumulative
distribution function (CDF) that represents the probability of wvarious
travel times occurring (Figure 6.8-6). This CDF shows, for example, that
90% of the travel times were longer than 12,000 yr, 50% of the travel times
were longer than 18,000 yr, and 10% of the travel times were longer than
27,000 yr. The histogram shown in Figure 6.8-7 also conveys the narrow
distribution of groundwater travel times.

The travel paths that correspond to the travel times contained in the CDF
are illustrated in Figure 6.8-8. Most of the travel paths follow a
southeasterly direction until reaching the DOE-1 vicinity at which point the
paths travel directly south to the land-withdrawal boundary. A few paths
travel directly south from the starting point while several others have an
east-southeasterly direction prior to moving south toward the land-
withdrawal boundary. The travel paths are indicative of the southerly
groundwater-flow direction observed today. Should significant changes occur
in the future in the direction of the hydraulic gradient, travel paths would

also change.

Assuming the numerical model used to simulate a system properly accounts
for the physics and scale of the problem of interest, the uncertainty of
model results should decrease as the data set to which the model is
conditioned increases. Conditioning a transmissivity field used in a model
to observed steady-state pressure data reduces uncertainty in the
transmissivity estimates away from the observed locations. Conditioning to
transient-pressure data further reduces uncertainty in the transmissivity
estimates between pressure-measurement locations due to the increase in
information regarding the transmissivity between these two locations. The
reduction in the uncertainty of the travel time due to the conditioning of
the Culebra model to the transient pressure data base is illustrated in
Figure 6.8-9 where the CDF of travel times determined from the transient-
calibrated model (referred to herein as the TCDF) and the CDF determined
from the steady-state calibrated model (referred to herein as the SCDF) are
shown. The CDF of the steady-state model was calculated by removing all the
pilot points added during transient calibration from the input data sets of
each of the realizations.

As illustrated in Figure 6.8-9, the SCDF has a much broader range of

travel times than the TCDF. The minimum values between the two are

approximately the same; however, the median and maximum travel times are
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Figure 6.8-6. Travel time cumulative distribution function (CDF) determined

from the 70 calibrated fields (assuming matrix porosity of
16%).
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Figure 6.8-9. Cumulative distribution function (CDF) of travel times

determined from the transient-calibrated model (TCDF) and the
CDF determined from the steady-state calibrated model (SCDF).

6-32



W 0O N OO s W N =

(NS S TR \S T\ T > T VR O B (V] —_ s A A e A A
(N\JO)UIAGJN—‘B‘D(D\IO)UIAQN—‘O

6.8 Transmissivity Fields

quite different. As mentioned above, 50% of the travel times in the TCDF
were greater than 18,000 yr and 10% were greater than 27,000 yr. In the
SCDF, 50% of the travel times are greater than 25,000 yr and 10% are greater
than 37,500 yr. The maximum travel times for the steady-state and
transient-calibrated fields are 57,000 yr and 33,000 yr, respectively. The
histogram of travel times using only the steady-state calculated models also
illustrates this point (Figure 6.8-10).

Thus, the calibration to the transient-pressure data has significantly
reduced the magnitude and range of observed travel times. The extension of
the high-transmissivity =zone toward the H-15 borehole and the subsequent
effect the extension has upon the reduction in travel distance from the
starting point (above the center of the waste-disposal region) to a region
of higher transmissivities has reduced the uncertainty in the travel times.
The reduction in uncertainty occurs, as stated above, because of the
modifications to the CS transmissivity fields in the southeastern region of
the land-withdrawal area, which are necessary to match the observed
transient pressures in this region.

For comparison purposes, the travel paths that correspond to the travel
times contained in the SCDF are illustrated in Figure 6.8-11. Like the
travel paths shown in Figure 6.8-8, most of the travel paths follow a
southeasterly direction until reaching the DOE-1 vicinity at which time the
paths travel directly south to the land-withdrawal boundary. A few more
paths traveldirectly south from the starting point while several others have
an east-southeasterly direction prior to moving south toward the 1land-
withdrawal boundary. In general though, the distribution of paths seems
very similar to those illustrated in Figure 6.8-8.
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Figure 6.8-10. Histogram of travel times from ensemble of fields calibrated

only to steady-state head data.

6-34



6.8 Transmissivity Fields

DOE-2

H-5 o
e W-13
Salt Handling
Shatt o W-12
o W.18

o W-16

w *w.22

aste i o W.21
eP.14 ! Shaft &.

Z

[
H-18

[ ]
o H-16ERS eH15
H-2 Exhaust Shaft

® H-14 op.18

®D-268 LP"S

oH4
eCB-1
o P17 *H.17
WIPP-Site
Boundary

4 mi
1

T
2 4 6km

OT-O

TRI-6342-3320-1

Figure 6.8-11. Travel paths associated with ensemble of transmissivity fields
calibrated only to steady-state head data.



O O N O O s W N

- s e
w NN = O

14

7. DISTURBED PERFORMANCE:
DIRECT RELEASES TO THE GROUND SURFACE DURING DRILLING

This chapter describes the implementation of the 1992 PA model CUTTINGS
for calculating the quantity of radionuclides removed directly to the
surface due to an intrusion event. Only exploratory drilling for
hydrocarbons is considered. Present-day rotary drilling methods are assumed
to persist throughout the regulatory period. Cuttings are estimated based
on the drill-bit diameter which is a sampled variable with a CDF constructed
from past drilling history in the Delaware Basin (Section 4.4.2 of Volume 3
of this report). Cavings, comprised of waste material eroded from the
borehole wall by drilling fluid, are also removed to the surface with the
cuttings. The amount of cavings removed depends on the assumption that
erosion occurs when the calculated drilling fluid shear stress exceeds the
effective shear strength of the consolidated waste, as estimated from
analogue data (Table 3.4.1 of Volume 3 of this report). The quantity of
waste material spalled from the borehole wall when the drill bit penetrates
a gas-pressurized waste panel has not been included because this mechanism
is not yet sufficiently understood. Modeling and laboratory work are
presently investigating this phenomenon. When constant As are used, the
assumption that present-day drilling technology and practice persists for
10,000 yr is consistent with the philosophy that the risk to future
generations should be equally weighted with that to the present generation.
The assumptions concerning future levels of technology made by the Futures
Panel (memorandum by Hora in Appendix A of Volume 3 of this report) and used
for constructing time-varying As, however, indicate a lower risk to future
generations that is not wholly consistent with this philosophy. The volume
of waste brought to the ground surface will depend upon the physical
properties of the compacted, decomposed wastes, the drilling procedures
used, and the pore pressures encountered. Because of radioactive decay, the
radiocactivity of the removed waste (in curies) will also depend upon the

time of intrusion.

7.1 Current Drilling Practices

In standard rotary drilling, a cutting bit attached to a series of hollow
drill collars and drill pipes is rotated at a fixed angular velocity and is
directed to cut downward through the underlying strata. To remove the drill
cuttings, a fluid is pumped down the drill pipe, through and around the
drill bit, and up to the surface within the annulus formed by the drillpipe
and the borehole wall (Figure 7.1-1). In addition to the removal of
cuttings, the drilling fluid (mud) serves to cool and clean the bit, reduce
drilling friction, maintain borehole stability, prevent the inflow of
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Mechanisms for Waste Removal

unwanted fluids from permeable formations, and form a thin, low-permeability
barrier on the surface of penetrated formations. When drilling through
salt, a saturated brine is often used as the drilling fluid to prevent
excessive erosion of the borehole wall through dissolution (Berglund, 1990;
Pace, 1990). For a gauge borehole, the volume of cuttings removed and
transported to the surface is equal to the product of the drill-bit area and
the drill depth. Thus, to estimate the total volume of waste removed due to
the cutting action of the drill-bit, it is only necessary to know the
compacted repository height and the drill-bit area. The cuttings volume
calculated in this manner is a lower bound to the total quantity of waste
removed by drilling.

After passing through the drill bit, the drilling fluid flows up the
annulus formed by the borehole wall and the drill collar (or drill pipe).
In the annulus, the motion of the drilling fluid has both a vertical and
rotational component, the latter caused by the rotating drill string.
Depending on fluid properties, annulus geometry, and flow rates, the fluid
flow within the annulus may be smooth and laminar or turbulent.

7.2 Mechanisms for Waste Removal

There are at least two mechanisms that can be identified as contributing
to the removal of waste to the accessible environment over and above that
transported by the direct cutting of a gauge borehole. The first is the
erosion of the borehole wall caused by the action of the upward-flowing
drilling fluid within the annulus. This eroded material is referred to as
cavings. The second arises from the effect on the waste of waste-generated
gas escaping to the lower-pressure borehole. Material released by this
mechanism is referred to as spallings. Both of these phenomena and models
for them are discussed in detail by Berglund (1992). In the case of
erosion, Berglund (1992) has developed a quantitative model that is based on
an effective shear strength for erosion of the compacted, decomposed waste.
In the absence of specific experimental data, waste removal from the
borehole wall into the drilling fluid due to gas flow is much more difficult
to address. For this latter mechanism, Berglund (1992) discusses the general
phenomenology, but no quantitative model is available.

7.2.1 Mechanism I: Erosion within the Borehole Annulus

Although a number of factors exist that may influence borehole erosion,
Berglund (1992) identifies the effects of fluid shear acting on the borehole
wall and the character of the fluid flow (laminar or turbulent) as the most
important. To consider these effects, it is necessary to know the threshold
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fluid shear stress acting on the borehole wall that will initiate erosion.
This "effective" borehole shear strength for erosion must be determined by
experiment and may be different for laminar and turbulent flow. In
Berglund’'s (1992) analysis, it is assumed that borehole erosion is caused
primarily by the magnitude of the fluid shear stress acting on the borehole
wall. Other effects are generally ignored, except insofar as they may
influence the experimentally determined effective shear strength for erosion
of the repository material.

In the annulus formed by the collars or drill pipe and the borehole wall,
the flow of the drilling fluid has both a vertical and rotational component,
Within this helical flow pattern, shear stresses are generated by the
relative motion of adjacent fluid regions and by the action of the fluid on
the borehole wall. It is assumed that if the fluid shear stress at the wall
exceeds the effective shear strength for erosion of the wall material (caked
drilling fluid or compacted repository wastes), erosion of the wall material
will occur, increasing the diameter of the bored hole. The eroded material
will then be passed to the surface in the flowing drilling fluid.

Flow in the annulus between the drill pipe and borehole wall is usually
laminar (Darley and Gray, 1988). Adjacent to the collars (Figure 1-1),
however, the flow may be either laminar or turbulent as a consequence of the
larger collar diameter and resulting higher mud velocities (Berglund, 1990;
Pace, 1990). For laminar flow, the analysis 1lends itself to classical
solution methods. Turbulent flow, where the flow is assumed to be axial
with no rotational component, requires a more approximate approach. For
both cases, erosion is assumed to be axisymmetric. The following discussion
of these two cases is taken from Berglund (1992).

7.2.1.1 LAMINAR FLOW
Below Reynolds numbersl of about 2100 for Newtonian fluids and 2400 for

some non-Newtonian fluids (Walker, 1976), experiments have shown that the

flow of a fluid in a circular pipe or annulus is well behaved and can be

1.

The Reynolds number (Rp) is defined as

pVDe

Re = (7.2-1)

n

where Do is the equivalent hydraulic diameter, 7 is the drill fluid
density, V is the average fluid velocity, and % is the average fluid
viscosity.
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Mechanisms for Waste Removal

described using a well-defined relationship between the velocity field and
the fluid shear stress. This type of flow is called laminar.

Some of the early work on laminar helical flow of a non-Newtonian fluid
in an annulus was performed by Coleman and Noll (1959), and Fredrickson
(1960). The laminar helical flow solution procedure used in the CUTTINGS
code is, for the most part, an adaptation of methods described in a paper by
Savins and Wallick (1966).

One of the principal difficulties in solving for the shear stresses
within a helically flowing drilling fluid is the shear-rate dependence of

the fluid viscosity. This non-Newtonian fluid behavior necessitates
choosing a functional form for the variation of viscosity with shear rate
for the fluid. There are several functional forms for the viscosity of
drilling fluids that can be assumed. For example, in the oil and gas

industry, the Bingham and power law models are often used to approximate the
shear rate dependence of the fluid viscosity. An alternative form is that
chosen by Oldroyd (1958) and used in the analysis by Savins and Wallick
(1966) . Oldroyd assumed that the viscosity varied according to the
functional relation

1+021‘2
n=mn_ |—— , (7.2-2)
l+o0.T
1
where 0] and 09 are constants, n, is the limiting viscosity at zero rate of
shear and I' is the shear rate. The viscous shear stress is described by 7 =

nl.

Using the Oldroyd viscosity, Eq. 7.2-2, the viscous shear stress can be
illustrated graphically as in Figure 7.2-2. This 1is a rate softening
(pseudoplastic) model that has an initial slope of 5y and a limiting slope
of no for large shear rates, where 1, (defined as ng(09/01)) is the limiting
viscosity at infinite rate of shear.

The Oldroyd model cannot account for drilling fluids that exhibit a yield
stress. However, above a shear rate of zero, parameters can be chosen so
that the model can be made to approximate the pseudoplastic rate response of

many drilling fluids (see Figure 7.2-1).

Savins and Wallick (1966), expanding on the work of Coleman and Noll
(1959) and Fredrickson (1960), showed that the solution for laminar helical
flow of a non-Newtonian fluid in an annulus could be written in terms of

three nonlinear integral equations.
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Oldroyd
------ slope = nee

@
2]
2 % ICH * Real Drilling Fluid
=
2 m
>2

w

Fiuid yield stress/ /. slopez=1,
-

Shear Rate I'
TAI-6342-1872-0

Figure 7.2-1. Viscous shear stress for Oldroyd and real drilling fluids.

These three nonlinear integral equations must be solved numerically
(Berglund, 1992). A Fortran computer CUTTINGS code was written to perform
the necessary computations for a solution to the problem of laminar helical
flow in an annulus. This code was partially verified by comparing its
results against those published by Savins and Wallick (1966).

For the specific case of borehole erosion, once a solution to the three
integral equations is found, the shear stress in the fluid at the wall can
be calculated. By changing the outer radius of the hole, the fluid shear
stress can be forced to equal the repository effective shear strength for
erosion. The required outer hole radius is determined by iteration as shown

in Figure 7.2-2.

The effective shear strength for erosion equals the threshold value of
fluid shear stress required to sustain general erosion at the borehole wall.
Partheniades and Paaswell (1970), in discussing investigations on the
erosion of seabed sediments and in channels, have noted that this effective
soil shear strength is not related to the soil shear strength as normally
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Figure 7.2-2. 1Iteration procedure for finding the final hole radius.

determined from conventional soil tests. The effective shear strength for
erosion based on seabed data, as determined by Partheniades and Paaswell
(1970), is on the order of 1 to 5 Pa and is thus smaller by several orders
of magnitude than the macroscopic soil shear strength.

7.2.1.2 TURBULENT FLOW

For Newtonian fluids with Reynolds numbers greater than about 2100, flow
in a circular pipe or annulus starts to become more or less random in
character, which makes orderly mathematical analysis of the flow difficult,
if not impossible. With increasing Reynolds numbers, this random behavior
increases until, at a Reynolds number of about 3000, the flow becomes fully
turbulent. In fully turbulent flow, momentum effects dominate and the fluid
viscosity is no longer important in characterizing pressure losses.

For Newtonian fluids, the value to use for the viscosity is clear because
the viscosity is constant for all rates of shear. Non-Newtonian fluids
exhibit a changing viscosity with shear rate and present a special problem
in calculating Re. For fluids that exhibit a limiting viscosity at high
rates of shear (such as the Bingham model and in our case the Oldroyd
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model), it has been suggested (Broc, 1982) that the limiting viscosity (7 =
Nwo) be used in calculating the Reynolds number.

The Reynolds number for an Oldroyd fluid in an annulus can then be
written as (Broc, 1982)

0.8 Vo
_ 165DVp , (7.2-3)
e —
n
where the hydraulic diameter is expressed as D = 2(r-rj), where r is the

radius of the drill bit and rj is the radius of the drill collar (see Figure
7.1-1).

The most important influence viscosity has on the calculation of pressure
losses in fully turbulent flow of non-Newtonian fluids appears to be in the
calculation of the Reynolds number. A far more important parameter is the
surface roughness past which the fluid must flow. As previously noted, the
Reynolds number, however, does have a role in determining the onset of
turbulence; for Newtonian fluids this critical number R,. is about 2100.
For non-Newtonian, rate-thinning fluids, Re. tends to be greater than 2100
but less than 2400 (Walker, 1976). For our purposes, a value of 2100 will
be used to represent Rg, for the Oldroyd fluid model. Because turbulent
flow is more effective in generating fluid shear stresses at the borehole
wall, this assumption is conservative.

A transition region exists beyond R,. before the development of fully
turbulent flow. In this regime, the flow has the character of both laminar
and turbulent flow. However, because pressure losses increase rapidly in
turbulent flow and affect borehole shear stresses more severely, it will be
assumed that beyond Rg. the flow is fully turbulent.

Turbulent flow is very complex and, thus, to characterize the turbulent
flow regime, the great bulk of analysis has concentrated on empirical
procedures. For axial flow in an annulus, the pressure loss under turbulent
conditions can be approximated by (Broc, 1982)

2fLpV2

AP = 10.8165)D °

(7.2-4)

where f is the coefficient of pressure head loss (Fanning friction factor)
and L is the borehole length.

If the shear stress due to the flowing fluid is assumed to be uniformly

distributed on the inner and outer surfaces of the annulus, it can be easily
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shown using Eq. 7.2-4 that the shear stress is related to the average fluid
velocity through the relation

__fev?
T = 2(0.8165) ° (7.2-5)

The Fanning friction factor is empirically related to the Reynolds number
and relative roughness by the equation (Whittaker, 1985)

1.255
= -410g10[3.;2D + ] , (7.2-6)

ReJ?

If
where ¢/D is the relative roughness. For circular pipes, D in this equation
represents the inside diameter and ¢ is the absolute roughness or the
average depth of pipe wall irregularities. In the absence of a similar
equation for flow in an annulus, it will be assumed that this equation also

applies here, where D is the hydraulic diameter as defined earlier and ¢ is
the absolute roughness of the waste-borehole interface.

Using a relative roughness and a calculated Reynolds number, a Fanning
friction factor can be determined by iteratively solving Eq. 7.2-5. The
value of the shear stress acting on the borehole wall can then be determined
from Eq. 7.2-4. Using an iterative procedure similar to that for the
laminar flow problem (Figure 7.2-2), the fluid shear stress can be forced to
equal the repository shear strength for erosion (7f45i]) to obtain the final
eroded borehole radius.

In the actual solution sequence employed in CUTTINGS, the Reynolds number
is calculated first to determine which solution regime (laminar or
turbulent) should be initiated. For Reynolds numbers initially less than
Ree, the code calculates the flow as laminar. Any increase in diameter of
the borehole calculated during the laminar calculation will cause the
Reynolds number to decrease as a result of a velocity decrease, ensuring
that the calculation remains laminar. If the initial Reynolds number is
greater than Rgr, the turbulent formulation is used to calculate borehole
erosion. When the turbulent calculation is complete, a check is again made
to determine whether the Reynolds number still exceeds Ro.. If it does not,
the laminar calculation is performed starting with a "critical" borehole
radius. The critical borehole radius corresponds to a Reynolds number of
Rec and is given by

_ Q. ]
Rcrit T 12867 Ri’ (7.2-7)
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7.2.1.3 EROSION CALCULATIONS

The equations governing erosion based on laminar and turbulent flow were
combined into a single Fortran computer code called CUTTINGS. Using
appropriately selected input based on the physical properties of the waste
and other drilling parameters, this code calculates the final eroded
diameter of the borehole that passes through the waste. The drilling
parameters chosen must reflect data typical of that valid near the WIPP
repository. Berglund (1992) provides a discussion of suitable parameter
values and model sensitivity to uncertainty in those parameters. Drill bit
diameter (DBDIAM) is the most important parameter, and is the only parameter
used with the CUTTINGS code that is sampled in the 1992 PA. Values for
other model parameters are given in Berglund (1992) and Chapter 4 of Volume
3 of this report.

7.2.2 Mechanism lI: Waste-Gas-Induced Borehole Spall

The storage, compaction, and brine-induced corrosive degradation of
transuranic waste is not directly analogous to any known phenomenon that has
occurred in nature. However, considerable information exists in the
literature on the exploration for and production of fossil fuels and the
problems encountered during these activities. The failure, sloughing, or
spalling of borehole walls is a common occurrence in oil and gas drilling
and can be caused by a number of different mechanisms, including an
encounter with a geopressurized formation. Available literature, summarized
by Berglund (1992), supports the need to study the potential for gas-induced
spall in waste. The problem is complex, involving the flow of gas in a
moving waste matrix, changing stress states, changing porosity and
permeability of the waste, waste failure, and, when the waste interacts with
the drill bit, turbulent mixing of the three phases — solid waste, drilling
fluid, and gas. Berglund (1992) describes simplifying assumptions and
modeling approaches that could be used for the WIPP PA. Spalling has not
been included in the 1992 PA, and implementation of any of the available
models will require additional information about the material properties of

decomposed and compacted wastes. Tests are planned to provide this
information (US DOE, 1990, in revision). Until such information 1is
available, estimates of releases due to spalling are speculative. Berglund

(1992) concludes, however, that "it does not appear unreasonable that
volumes of waste several times greater than the lower bound volume [bit area
times waste thickness] could eventually reach the ground surface" as a
result of spalling. The volumes of waste removed as cavings in the 1991 and
1992 PAs are also several times greater than cuttings volumes. As shown in
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Section 5.1 of Volume 1 and Section 8.5 of this volume, the cuttings
releases (including cavings but not yet including spallings) control the
location of the CCDF (and therefore regulatory compliance) if retardation by
either matrix diffusion or sorption occurs in the Culebra Dolomite Member of
the Rustler Formation.

7.3 Radionuclide Inventory Available for Removal

Figure 7.3-1 shows the EPA-normalized inventory of the repository,
radionuclide by radionuclide, as a function of time (based on the most
recent Integrated Data Base [IDB; US DOE, 1991) as reported in the
memorandum by Peterson in Appendix A of Volume 3). Time-dependent
inventories are shown to 10% yr, which is the end of the regulatory period
specified by 40 CFR 191B. All radionuclides shown in Figure 7.3-1 are
included in the estimation for cuttings release in the 1992 PA.
Radionuclides whose normalized inventories never exceed 10-2 during 104 yr
cannot result in releases greater than 10-2, and are not considered in
analyses of subsurface transport for 40 CFR 191B.

Figure 7.3-la shows that the normalized inventories of Pu-239, Pu-240,
Am-241, U-233, U-234, Np-237, Th-229, Th-230, and Ra-226 all exceed 10-2
during the 10%-yr period. Figure 7.3-1b shows an additional radionuclide
with normalized inventory exceeding 10-2, Pu-238, which is significant only
early in the regulatory period. PA modeling for 1991 examined subsurface
transport to the accessible environment of 7 of these radionuclides (Pu-239,
Pu-240, Am-241, U-233, U-234, Np-237, and Th-230) (WIPP PA Division, 1991c,
Section 6.5.2.10). Subsurface transport of two of the remaining
radionuclides is modeled in 1992, Th-229 and Ra-226. Transport of Pu-238 in
the Culebra will not be modeled because of its short half-life (87.7 yr).
Pb-210, which reaches an EPA-normalized inventory of 10-2 at late times
approaching 105 yr, may be considered for subsurface transport in future
dose calculations as a daughter product created in the Culebra. Groundwater
transport of Pb-210 is not modeled here because of its low inventory at 104
yr and short half-1life (22.3 yr), and consequent low impact on 40 CFR 191B
compliance. Transport of both Pu-238 and Pb-210 in brine brought directly
to the ground surface following intrusion (not yet included in performance
assessments) also has the potential to contribute to doses.

Table 7.3-1 lists the initial inventory of waste used in the 1992
calculations, Table 7.3-2 1lists the decay chains used for transport
calculations in the Culebra Dolomite, and Table 7.3-3 lists the activity

levels considered in the estimation of cuttings releases.
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Figure 7.3-1.
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Decay histories expressed in EPA units (i.e., the normalized
units used in showing compliance with 40 CFR 191) for the
present IDB inventory for a single waste panel. The total
WIPP inventory used in the 1992 PA is ten times the values
shown in this figure. Figure 7.3-la shows radionuclides
included in groundwater transport calculations. Figure
7.3-1b shows radionuclides not included in groundwater
transport because of low inventory or short half-life. All
radionuclides shown are included in estimates of cuttings
releases.
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The cuttings releases used in the 1992 WIPP performance assessment were
calculated with the program CUTTINGS for waste of average activity level.
Then, the releases for activity levels 1 through 5 shown in Table 7.3-3 were
obtained by multiplying the average activity level releases by scale factors
of the form

SFjp = ALjp/ALj, (7.3-1)
where
ALjp = projected radioactivity (Ci/m?) contained in waste of activity
level £ at time i, where 1 ~ 125 yr, 2 ~ 175 yr, 3 ~ 350 yr, 4 ~
1000 yr, 5 ~ 3000 yr, and 6 ~ 7250 yr,

and

AL; = projected radioactivity (Ci/m2) contained in waste of average
activity at time 1.

For example, the scale factor
SFo4 = 184.01/7.9658 = 23.100 (7.3-2)

is used to convert from a release of average activity at 3000 yr to a release
of activity level 4 at 3000 yr.
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Table 7.3-1. Potentially Important Radionuclides Associated with Initial Contact-Handled Waste
Inventory Used in Calculations for Cuttings Removal and Release to Culebra Dolomite
{(from memorandum by Peterson in Appendix A of Volume 3)

Radionuclide ty/2(yr) Curies
Pu-238 8.77x101 3.06x106
Pu-239 2.41x104 3.35x105
Pu-240 6.53x103 1.00x109
Pu-242 3.76x105 2.35x101
U-233 1.59x105 1.53x103
U-234 2.44x109 0
U-236 2.34x107 0
Am-241 4.32x102 7.14x105
Np-237 2.14x106 2.08x101
Th-229 7.43x103 0
Th-230 7.70x104 0
Ra-226 1.60x103 0
Table 7.3-2. Simplified Radionuclide Decay Chains Used for Transport Calculations in the Culebra

Dolomite (from Figure 3.3.1 of Volume 3 of this report)

(1)  Pu-240
20  Am-241 -+ Np-237 ~ U-233 ~ Th-229
(3)  U-234 - Th-230 - Ra-226

4) Pu-239

7-14
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Table 7.3-3. Projected Activity Levels (Ci/m2) in the WIPP Due to Waste that is Currently Stored
and May Be Shipped to the WIPP (based on Memorandum by Peterson in Appendix A
of Volume 3 of this report)
Activity Proba- Time (yr)
Level Typea bilityb 0 125 175 350 1000 3000 7250
1 CHc 0.3968 2.7578 0.7994 0.6468 0.3884 0.2078 0.1387 0.1156
2 CH 0.3572 27.578 7.9941 6.4683 3.8844 2.0782 1.3867 1.1559
3 CH 0.1259 - 275.78 79.941 64.683 38.844 20.782 13.867 11.559
4 CH 0.0060 2757.8 799.41 646.83 388.44 207.82 138.67 115.59
5 RHd 0.1141 124.70 7.7110 3.3430 1.1180 0.8210 0.7080 0.6280
Average for CH Waste: 70.145 20.333 16.452 9.8800 5.2860 3.5270 2.9400

CH designates contact-handled waste; RH designates remotely-handied waste
Probability that a randomly placed borehole through the waste panels will intersect waste of activity

level 2, £=1,2,3,4,5.

¢ CH activity levels based on 111,520 m2 total surface area
RH activity levels based on 14,360 m? total surface area
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8. UNCERTAINTY AND SENSITIVITY ANALYSIS RESULTS

8.1 Scenario Probability

‘As indicated in Section 2.3, drilling intrusions into the repository are
assumed to follow a Poisson process in the 1992 WIPP performance assessment.
Both stationary (i.e., constant A) and nonstationary (i.e., time-dependent X)
processes are considered. The rate term in these processes is treated as
being uncertain; the sampled variable LAMBDA in Table 3-1 is used to identify
the A used for each sample element. For the stationary case, the actual A
used in the analysis is assumed to be uniformly distributed on the interval
[0, 3.78 x 10-%4 yr-1]. For the nonstationary case, the A(t)'s used in the
analysis were developed in an expert review process (memorandum by Hora,
Appendix A, pp. A-69 to A-99, of Volume 3) and are listed in Appendix D of
Volume 3.

This section contains two illustrations of the uncertainty in scenario
probability. Probabilities for the scenarios

$(0,0), S(1,0), ..., 5(6,0) (8.1-1)

used in conjunction with the risk representation R] defined in Eq. 2.5-1 are
shown in Figure 8.1-1. Figure 8.1-1 shows scenario probabilities determined
with both constant A’s and time-dependent A's. As a reminder, the risk
representation R} uses time intervals of [0, 2000 yr] and [2000, 10,000 yr]
as indicated in Eq. 2.5-2. For both the constant and time-dependent cases,
the individual A’s are assumed to equal 0 yr-l after 2000 yr. The actual
formulas used to calculate the probabilities are given in Eqs. 2.5-4 and
2.5-6. As examination of Figure 8.1-1 shows, scenario probability decreases
rapidly with increasing number of drilling intrusions. Further, the use of
the time-dependent A’s results in considerably lower scenario probabilities
for scenarios involving drilling intrusions than the use of constant A's.

Probabilities for the scenarios

s¢0,0,0,0,0,0),s8(1,0,0,0,0,0),5(0,1,0,0,0,0),...,5(0,0,0,0,0,1) (8.1-2)
used in conjunction with the risk representation Ry defined in Eq. 2.5-8 are
shown in Figure 8.1-2. Figure 8.1-2 shows scenario probabilities determined

with both constant A’s and time-dependent A’s. As a reminder, the risk
representation Ry uses time intervals of [0, 150 yr], (150, 200 yr},
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Figure 8.1-1. Uncertainty in probability of scenarios 5(0,0), S(1,0), .,
5(6,0) used in conjunction with the risk representation Ry
defined in Eq. 2.5-1 with an assumed 100 yr period of
administrative control in which drilling intrusions cannot
occur.
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Figure 8.1-2. Uncertainty in probability of scenarios
s¢(0,0,0,0,0,0),8¢1,0,0,0,0,0),5(0,1,0,0,0,0), ... ,
$(0,0,0,0,0,1) used in conjunction with the risk
representation Ry defined in Eq. 2.5-8 with an assumed 100 yr
period of administrative control in which drilling intrusions
cannot occur.
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(200, 500 yr}, [500, 1500 yrj, [1500, 4500 yr] and [4500, 10,000 yr] as
indicated in Eq. 2.5-9. The formula used to calculate the probabilities is
given in Eq. 2.3-1 and specializes to

nT n
pS(n) - oI {aceg - ti-1)]
i=1

) /nciy b exp [-A(tnT-t0)] (8.1-3)

for the constant A case. The differences in probability between scenarios in
Figure 8.1-2 result from the use of unequal time intervals in scenario

definition.

The probabilities in Figure 8.1-2 are for exactly 1 intrusion over 10,000
yr, with that intrusion occurring in a specified time interval. As indicated
in Tables 2.5-3 and 2.5-4, many different combinations of drilling intrusion
times are used in the definition of the risk representation Ry given in Eq.
2.5-8. Because of the large number of scenarios involved, box plots of the
form shown in Figure 8.1-2 cannot be presented for all scenarios contained in
Ry2. However, due to the effects of radioactive decay, the cuttings releases
for a scenario are often dominated by the time at which the first drilling
intrusion occurs. For this reason, it is useful to examine the probability
of drilling intrusions in specified time intervals regardless of the drilling
intrusions that may occur in subsequent time intervals. Specifically, Figure
8§.1-3 presents probabilities for the scenarios

$(=1,20,20,=20,20,=20), S$(0,21,20,20,=0,=20), S(0,0,21,20,20,20),
$(0,90,0,21,20,20), s(0,0,0,0,21,20), S$(0,0,0,0,0,21), (8.1-4)

where the notation 2n(i) in expressions of the form
S(zn(l), =2n(2), =n(3), =2n(4), =n(5), =n(6)) (8.1-5)

indicates that the number of drilling intrusions in the ith time interval
(i.e., [ti-1, til]) equals or exceeds n(i). For example, the scenario
5(0,21,20,20,20,=20) appearing in Eq. 8.1-4 consists of all time histories
contained in the sample space S defined in Eq. 2.2-1 in which O drilling
intrusions occur in the time interval [0, 150 yr], 1 or more drilling
intrusions occur in the time interval [150, 200 yr], and O or more drilling
intrusions occur in each of the time intervals [200, 500 yr], {500, 1500 yr},
[1500, 4500 yr], and {4500, 10,000 yr]. The defining formulas for the
scenario probabilities in Figure 8.1-3 are given in Table 8.1-1. The box
plots in Figure 8.1-3 are displaying the uncertainty in the probability that
the first drilling intrusion occurs in each of the time intervals used in the
definition of the risk representation R). As shown in Section 8.2, the size
of the cuttings removal release decreases with time.
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Uncertainty in probabilities of scenarios
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$(0,0,0,0,0,21) associated with risk representation Ry defined
in Eq. 2.5-8 with an assumed 100 yr period of administrative
control in which drilling intrusions cannot occur.
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Table 8.1-1.  Probability of Scenarios S(=1,20,>0,>0,20,20), S(0,>1,>0,>0,2>0,20), ..., $(0,0,0,0,0,>1)

Associated with the Risk Representation R Defined in Eq. 2.5-8.
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8.2 Cuttings Removal

8.2 Cuttings Removal

The risk representation Ry defined in Eq. 2.5-8 is used to display the
effects of cuttings removal. The releases associated with single intrusions
into waste of average activity at different times are summarized in Figure
8.2-1. As discussed in Section 7.3, the releases shown in Figure 8.2-1 are
then scaled to determine the releases associated with intrusions into waste
of different activity levels. Further, as discussed in Section 2.4, the
releases in Figure 8.2-1 are also used in the construction of the cuttings
releases assigned to scenarios that involve more than one drilling intrusion.

The cuttings releases shown in Figure 8.2-1 are initially (i.e., at 100
yr) centered around approximately 3.2 x 10-2 EPA release units. The size of
the release then decreases due to radioactive decay, with release being
reduced to values centered around 5.5 x 10-3 EPA release units by 3000 yr.
An additional reduction to about 4 x 10-3 EPA release units occurs by 10,000

yr.

The isotopes associated with the releases at 100 yr and 1000 yr are shown
in Figure 8.2-2. The release at 100 yr is dominated by Pu-238, with
additional contributions from Am-241, Pu-239 and Pu-240. Due to the short
half-life of Pu-238 (i.e., 88 yr), the dominant contributor to the cuttings
release at 1000 yr is Pu-239, with additional contributions from Am-241 and
Pu-240. Due to the 432 yr half-life of Am-241, the cuttings releases at
later times are dominated by Pu-239, with a small contribution from Pu-240,

The only sampled variable that affects cuttings removal is DBDIAM
(drillbit diameter). As shown in Figure 4.3-1 of Helton et al. (1992), an
almost linear relationship exists between DBDIAM and the cuttings release to
the accessible environment. The relationship is actually quadratic.
However, due to the range of values for drillbit diameter under consideration
(i.e., 0.267-0.444 m), the relationship is close to being linear.

For a given set of analysis input, the risk representation Ry defined in
Eq. 2.5-8 leads to a single CCDF for cuttings removal to the accessible
environment. The 1992 WIPP performance assessment considered two imprecisely
known variables that affected the CCDF for cuttings removal: drillbit
diameter (DBDIAM) and the rate term in the Poisson model for drilling
intrusions (LAMBDA). As discussed in Section 2.1, the uncertainty in these
variables leads to a distribution of CCDFs. Actually, two cases were
considered: constant rate terms and time-dependent rate terms. The
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Figure 8.2-1. Total normalized release to the accessible environment due to
cuttings removal from waste of average activity level.
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Chapter 8: Uncertainty and Sensitivity Analysis Results

distributions of CCDFs that result for these two cases are shown in the two
left frames of Figure 8.2-3; summaries based on mean and percentile curves
are shown in the two right frames. Due to the use of a sample of size 70 in
the 1992 WIPP performance assessment, the individual plots in Figure 8.2-3
are based on 70 CCDFs.

As examination of Figure 8.2-3 shows, the CCDFs for cuttings removal fall
substantially below the EPA release limits. Further, the CCDFs constructed
with the time-dependent rate terms obtained through an expert-review process
fall below the CCDFs constructed with constant rate terms. As a reminder,
the constant rate terms were obtained by generating a uniformly-distributed
sample from the interval [0, 3.75x10-4 yr‘l], where 3.75x10-% yr'l
corresponds to the maximum drilling rate of 30 boreholes/km2/10,000 yr
specified by the EPA.

The variability in the CCDFs shown in Figure 8.2-3 is due primarily to
uncertainty in the rate term in the Poisson model for drilling intrusions
(i.e., in the function A(t) appearing in Eq. 2.3-1), with a small additional
contribution from drillbit diameter (DBDIAM). Sensitivity analyses based on
partial correlation analysis or regression analysis produce results similar
to those shown in Figures 4.6-1 and 4.6-2 of Helton et al. (1992). In
particular, there is a strong positive correlation between exceedance
probability and the rate term in the Poisson model for drilling intrusions
(LAMBDA), and a positive but less strong correlation between exceedance
probability and drillbit diameter.

The steps appearing in the individual CCDFs in Figure 8.2-3 result from
the discretization of the waste into five activity levels for the calculation
of cuttings removal. The use of more activity levels would cause these steps
to be eliminated but would not significantly alter the distributions of CCDFs
for cuttings removal. Additional discussion of this pattern is provided in
conjunction with Figure 4.6-3 of Helton et al. (1992).

8.3 Release to Culebra

Due to constraints imposed by computational cost, the 1992 WIPP
performance assessment performed groundwater transport calculations only for
intrusions occurring at 1000 yr. As discussed in Section 2.4 and in more
detail in Chapters 4 and 5, the first step in these calculations is the use
of the BRAGFLO model to determine time-dependent releases into the Culebra
Dolomite. The integrated (i.e., total) values for these releases over 10,000
yr are summarized in Figure 8.3-1 for scenarios S(1,0) and S*¥-(2,0), which

8-10
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8.3 Release to Culebra

are used in conjunction with the risk representation R] defined in Eq. 2.5-1
to develop CCDFs for normalized release to the accessible environment due to
groundwater transport.

Only 14 of the 70 sample elements used in the analysis resulted in
nonzero releases to the Culebra for scenario S(1,0). Thus, the individual
box plots in Figure 8.3-1 for scenario S$(1,0) are based on a maximum of 14
nonzero normalized releases. The total normalized release to the Culebra for
scenario S(1,0) is always less than 1, with the total release being dominated
by U-233, U-234 and Am-241. As shown by the scatterplot in Figure 8.3-2,
zero releases to the Culebra tend to be associated with the smaller values
for Salado halite permeability (SALPERM). This pattern occurs because the
repository fails to fill with brine for small values of SALPERM, with the
result that there is no brine flow, and hence no radionuclide transport, up
an intruding borehole.

In contrast to scenario S(1,0), only two sample elements resulted in no
release to the Culebra for scenario S*¥-(2,0). As examination of Figure 8.3-1
shows, half the sample elements have total normalized releases to the Culebra
that exceed 0.6 EPA release units. Further, 9 sample elements have total
normalized releases that exceed 10. As for scenario S(1,0), the total
release tends to be dominated by Am-241, U-233 and U-234, with Pu-239 also
making a large contribution to the total release for some sample elements.
The larger brine flows associated with scenario St-(2,0) permit radionuclides
with short half-lives to be transported out of the repository before they are
lost due to radioactive decay. Because of this, Am-241 is a larger
contributor to the total release for scenario S+-(2,0) than it is for
scenario S5(1,0).

As shown in Table 8.3-1, stepwise regression analysis can be used to
investigate which of the sampled variables listed in Table 3.1 dominate the
uncertainty in the releases to the Culebra summarized in Figure 8.3-1 for
scenario S*-(2,0). The results contained in Table 8.3-1 and other similar
presentations in this report were calculated with the STEPWISE program (Iman
et al., 1980) with rank-transformed data (Iman and Conover, 1979). The
rationale for using rank-transformed data is that this transform enables the
analysis to 1identify the extent to which variables tend to increase and
decrease together, which is typically the question of interest in a
sensitivity analysis. Further, use of the rank transform avoids some of the
technical problems associated with other transforms (e.g., appropriately
weighting outliers and the treatment of zeros).

For Am-241, the uncertainty in the integrated release to the Culebra is
dominated by BHPERM (borehole permeability) and SOLAM (solubility for Am),
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8.3 Release to Culebra

Table 8.3-1.  Stepwise Regression Analyses with Rank-Transformed Data for integrated Release to the
Culebra Dolomite over 10,000 yr for Scenario S*-(2,0) with Intrusion Occurring 1000 yr
after Repository Closure.

Variable;' R2b Variable R2 Variable R2 Variable R2

StepC Am-241 Np-237 Pu-239 Pu-240

1 BHPERM 0.42(+) SOLNP [0.75(+) |SOLPU (0.86(+) [SOLPU [0.86(+)
2 SOLAM 0.81(+) BHPERM | 0.90(+) |BHPERM [0.94(+) |BHPERM [0.94(+)
3 DBDIAM 0.83(+) DBDIAM [0.95(+) |DBDIAM [0.95(+)

Step Ra-226 Th-229 Th-230 U-233

1 BHPERM 0.21(+) SOLTH |0.77(+) [SOLTH [0.77(+) {(BHPERM [0.41(+)

2 SOLTH 0.33(+) BHPERM | 0.89(+) |BHPERM [0.88(+) [SOLU 0.60(+)
Step U-234 Total

1 BHPERM 0.41(+) BHPERM [0.48(+)

2 SOLU 0.60(+) SOLAM 1 0.60(+)

avariables listed in order of selection in regression analysis

bCumulative R2 value with entry of each variable into regression model, with *+* and "-* indicating
positive and negative regression coefficients, respectively

CSteps in stepwise regression analysis

with the release tending to increase as each of these variables increases.
These positive effects result because increasing BHPERM reduces resistance to
flow up the boreholes and increasing SOLAM increases the amount of Am-241
that can be dissolved in brine. The regression model with BHPERM and SOLAM
can account for 8l% (i.e., RZ = 0.81) of the variability in the Am-241
release to the Culebra. The release patterns that result in the selection of
BHPERM and SOLAM in the regression analysis for Am-241 summarized in Table
8.3-1 are shown in Figure 8.3-3 for both log-transformed and rank-transformed
data. The flattening associated with large values of SOLAM is due to
inventory limits; as shown in Figure 7.3-1, the amount of Am-241 in one waste
panel at 1000 yr 1is approximately 40 EPA release units. The regression
analysis for Am-241 in Table 8.3-1 also indicates a small positive effect for
DBDIAM (drillbit diameter), which results because increasing DBDIAM increases
the diameter of the intruding boreholes and thus produces a larger area
through which brine flow can take place.
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occurring 1000 yr after repository closure.
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8.3 Release to Culebra

The radionuclides Np-237, Pu-239, Pu-240, Th-229 and Th-230 show release
patterns similar to those shown by Am-241, although the solubility limits
(i.e., SOLNP, SOLPU, SOLTH) tend to be more important than borehole
permeability (BHPERM). 1In the analysis for Am-241, solubility and borehole
permeability were of approximately equal importance. This difference 1in
importance for BHPERM results from the relatively short half-life of Am-241
(i.e., 432 yr), which makes reduced flow rates up an intruding borehole more
important for Am-241 than for Np-237, Pu-239, Pu-240, Th-229 and Th-230 due
to loss resulting from radioactive decay. As an example, the scatterplot for
Pu-239 release to the Culebra versus SOLPU in Figure 8.3-4 shows less spread
than the corresponding scatterplot for Am-241 in Figure 8.3-3. Also, the
scatterplot for Pu-239 in Figure 8.3-4 does not suggest the presence of any
effects due to inventory limitations as 1is the case for Am-241 in Figure
8.3-3.

The regression analysis for Ra-226 summarized in Table 8.3-1 is not very
successful, with two variables selected and an RZ value of only 0.33. 1In
particular, the analysis indicates that the release of Ra-226 to the Culebra
tends to increase as BHPERM (borehole permeability) increases and tends to
decrease as SOLTH (solubility of Th) increases. The patterns that give rise
to these selections are shown in the scatterplots in Figure 8.3-5 with both
log-transformed and rank-transformed data. The positive effect indicated for
BHPERM in Table 8.3-1 and Figure 8.3-5 results because increasing BHPERM
increases brine flow out the intruding boreholes, and the negative effect
indicated for SOLTH results because increasing SOLTH increases the amount of
Th-230 removed from the waste panel and thus decreases the amount of Ra-226
that will be produced within the panel by radioactive decay. The solubility
limit for radium (SOLRA) is assigned a high range of values (i.e., 2 to 18.2
mol/L). As a result, all available Ra-226 goes into solution, and thus SOLRA
does not show up as an important variable in the regression analysis for Ra-
226 release to the Culebra. As examination of the box plots for Ra-226 in
Figure 8.3-1 and the range of Ra-226 releases on the coordinates in Figure
8.3-5 shows, the high values for SOLRA result in a smaller range of release
values for Ra-226 than is the case for the other isotopes considered in this
study due to a complete removal of the available Ra-226.

The scatterplots in Figure 8.3-5 suggest that a regression analysis with
log-transformed data may indicate a stronger relationship between Ra-226
release to the Culebra and the variables BHPERM (borehole permeability) and
SOLTH (solubility of Th) than was observed with rank-transformed data. The
two sample elements with zero release to the Culebra were dropped from the
analysis and the remaining 68 sample elements were used in a regression
analysis with log-transformed data. This produced the regression model
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Chapter 8: Uncertainty and Sensitivity Analysis Results

log y = 0.762 + 0.289 log BHPERM - 0.052 log SOLTH, R2 = 0.24 (8.3-1)

where y is the normalized release of Ra-226 to the Culebra. Thus, the use of
log-transformed data does not improve the regression results for Ra-226
(i.e., R2 = 0.33 with rank-transformed data and R2 = 0.24 with log-

transformed data).

The regression analyses for U-233 and U-234 summarized in Table 8.3-1
produce similar results, with release tending to increase as BHPERM (borehole
permeability) and SOLU (solubility for U) increase. However, the regressions
with these two variables have R2 values of only 0.60. Scatterplots for U-233
release to the Culebra versus BHPERM and SOLU are shown in Figure 8.3-6. The
lines of approximately equal releases across the tops of these scatterplots
correspond to the U-233 inventory in a single waste panel (i.e.
approximately 0.4 EPA release units as shown in Figure 7.3-1). A similar
pattern also occurs in the corresponding scatterplots for U-234. Thus, the
larger values for both BHPERM and SOLU result in a complete removal of U-233
and U-234 from the waste panel, which creates a pattern that is not well-
captured by the regression techniques in use. Similar behavior was also
observed for U-233 and U-234 in the 1991 WIPP performance assessment (e.g.,
see Helton et al., 1992, Figures 4.5-2 and 5.1-6).

The last regression analysis summarized in Table 8.3-1 is for the total
normalized release to the Culebra. This analysis indicates that the total
release tends to increase as each of BHPERM (borehole permeability) and SOLAM
(solubility for Am) increases. The regression model with these two variables
has an R2 value of 0.60, which is not particularly good. As shown in Figure
8.3-1, U-233 and U-234 are important contributors to total release. Thus,
the low R2 value in the regression analysis for total release is due in part
to the inventory-related patterns shown in Figure 8.3-6 for U-233 and similar
patterns for U-234.

The radionuclide releases to the Culebra analyzed in Table 8.3-1 result
from brine flow up the two intruding boreholes associated with scenario
St- (2,0). These flows are summarized in Figure 5.2-16. The uncertainty in
the cumulative brine flow to the Culebra shown in Figure 5.2-16 results from
the uncertainty in the following 21 variables contained in Table 3-1:
BHPERM, BPPRES, BPSTOR, BRSAT, BCBRSAT, BCEXP, BCFLG, BCGSSAT, DBDIAM,
GRCORHF, GRCORI, GRMICHF, GRMICI, MBPERM, MBPOR, SALPERM, SALPRES, STOICCOR,
STOICMIC, VMETAL AND VWOOD. The PCCSRC program (Iman et al., 1985) can be
used to determine which of the sampled variables dominates the uncertainty in
the cumulative brine flows shown in Figure 5.2-16. In particular, PCCSRC can
be used to calculate the partial rank correlation coefficients (PRCCs)

between the cumulative brine flow appearing above fixed times on the abcissa
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Chapter 8: Uncertainty and Sensitivity Analysis Results

and the previously indicated variables in Table 3-1. The values for these
PRCCs can be plotted above the corresponding times and then connected to form
continuous curves. As shown in Figure 8.3-7, the most important variables
identified in this analysis are BHPERM (borehole permeability), DBDIAM
(drillbit diameter) and BPPRES (brine pocket pressure), with cumulative brine
flow tending to increase as each of these variables increases. These
positive effects result because increasing BHPERM reduces the resistance to
brine flow in the intruding boreholes, increasing DBDIAM increases the
diameter of the intruding boreholes, and increasing BPPRES increases brine
pressure within the waste panel. A small negative effect is also indicated
for GRCORI (gas-generation rate for corrosion of steel under inundated
conditions) between 1500 and 3000 yr, although GRCORI appears to have little
or no effect on cumulative brine flow at later times. This pattern probably
results from the effect of GRCORI in reducing the amount of brine in the
waste at the assumed intrusion time of 1000 yr, with the result that more
brine is required to enter the repository before flow up the boreholes can
commence than might be the case otherwise. As indicated by PRCCs of
approximately one, BHPERM is the most important variable with respect to the
uncertainty in brine flow.

Stepwise regression analysis can also be used to investigate brine flow
out of a waste panel through the intruding boreholes associated with scenario

$%¥-(2,0). 1In particular, a stepwise regression analysis for cumulative brine
flow over 10,000 yr (i.e., for the cumulative brine flows appearing above
10,000 yr in Figure 5.2-16 is presented in Table 8.3-2. As previously

indicated by the PRCCs in Figure 8.3-7, BHPERM (borehole permeability) is the
dominant variable with an R2 value of 0.94. Further, the addition of DBDIAM
(drillbit diameter), BPPRES (brine pocket pressure) and BPSTOR (brine pocket
storativity) results in a regression model with an R2 value of 0.99. These
results indicate that brine flow is dominated by variables affecting borehole
properties (BHPERM, DBDIAM), with small additional effects coming from
variables that define brine pocket properties (BPPRES, BPSTOR). The
relationship between BHPERM and cumulative brine flow is shown in the
scatterplot in Figure 8.3-8.

For a given set of analysis input, the risk representation R} defined in
Eq. 2.5-1 leads to a single CCDF for release to the Culebra. The 1992 WIPP
performance assessment considered the following 29 imprecisely known
variables defined in Table 3-1 that affect the CCDF for release to the
Culebra: BHPERM, BPPRES, BPSTOR, BPAREAFR, BRSAT, BCBRSAT, BCEXP, BCFLG,
BCGSSAT, DBDIAM, GRCORHF, GRCORI, GRMICHF, GRMICI, LAMBDA, MBPERM, MBPOR,
SALPERM, SALPRES, SOLAM, SOLNP, SOLPU, SOLRA, SOLTH, SOLU, STOICCOR,
STOICMIC, VMETAL and VWOOD. As discussed in Section 2.1, the uncertainty in
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8.3 Release to Culebra

Table 8.3-2  Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Flow of Brine
into a Borehole Over 10,000 yr for Scenario S*-(2,0) with Intrusion at 1,000 years.

Stepsa Variableb R2c
1 BHPERM 0.94 (+)
2 DBDIAM 0.97 (+)
3 BPPRES 0.99 (+)
4 BPSTOR 0.99 (+)

agteps in stepwise regression analysis

bvariables listed in order of selection in regression analysis

CCumulative R2 value with entry of each variable into regression model, with “+" and "-" indicating
positive and negative regression coefficients, respectively

these variables leads to a distribution of CCDFs. As previously noted in the
discussion of cuttings releases, two cases were considered in the analysis
for the rate term (i.e., X) in the Poisson model for drilling intrusions:
constant rate terms and time-dependent rate terms. The distribution of CCDFs
that result for these two cases are shown in the two left frames of Figure
8.3-9; further, summaries based on mean and percentile curves are shown in
the two right frames. Because a sample size of 70 is used in the 1992 WIPP
performance assessment, the individual plots in Figure 8.3-9 are based on 70
CCDFs.

As examination of the upper two frames in Figure 8.3-9 shows, the use of
constant-valued rate terms in the Poisson model for drilling intrusions
results in most CCDFs falling below the EPA release limits. Further, the
mean and percentile curves also fall beneath the EPA release limits, although
both the mean and 90th percentile curves come close to intercepting the
release limit at the (10, 0.001) point. As shown in the two lower frames in
Figure 8.3-9, the use of time-dependent rate terms in the Poisson model for
drilling intrusions produces CCDFs that are shifted down from those obtained
with constant-valued rate terms. In particular, the mean and 9oth percentile
curves obtained with time-dependent rate terms fall approximately two orders
of magnitude below the corresponding curves obtained with constant-valued
rate terms. Due to the skewed nature of the distributions shown in Figure
8.3-9 and other similar figures, it is possible for parts of the mean curve
to be located above the 90th percentile curve. Such behavior occurs when a
distribution has a few very large values and many small values.
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Distribution of CCDFs for normalized release to the Culebra
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representation R] defined in Eq. 2.5-1 with constant (upper
two frames) and time-dependent (lower two frames) rate terms
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under consideration is to the Culebra, the CCDFs shown in this
figure are not the CCDFs used for comparison with the bounds
given in 40 CFR 191, Subpart B.
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8.4 Groundwater Transport to Accessible Environment

As discussed in conjunction with Figure 8.3-7, the PCCSRC program (Iman
et al., 1985) can be used to determine which of the sampled wvariables
dominates the wuncertainty in the CCDFs shown in the upper left frame of
Figure 8.3-9. In particular, PCCSRC can be used to calculate PRCCs between
the exceedance probabilities appearing above fixed release values on the
abcissa and the variables in Table 3.1. The values for these PRCCs can be
plotted above the corresponding release values and then connected to form
continuous curves. As shown in Figure 8.3-10, the three most important
variables identified in this analysis were LAMBDA (rate constant in Poisson
model for drilling intrusions), BHPERM (borehole permeability), and SOLAM
(solubility for Am). No other variables were identified as having a
substantial effect on the indicated distribution of CCDFs. The wvariable
LAMBDA defines the probability of having one or more drilling intrusions and
hence controls the initial horizontal section of the CCDFs. The variables
BHPERM and SOLAM control the size of releases and hence determine how far the
individual CCDFs extend to the right before they drop to the abcissa.

The two lower plots in Figure 8.3-9 were generated with the same releases
to the Culebra as the upper two plots but with time-dependent rather than
constant rate terms in the Poisson model for drilling intrusions. Thus, the
downward shift of the CCDFs associated with the two lower frames is
indicative of the impact of the time-dependent rate terms developed in an
expert review process as part of the WIPP performance assessment (Hora et
al., 1991; memorandum by Hora in Appendix A, pp. A-69 to A-99, in Volume 3 of
this report).

8.4 Groundwater Transport to Accessible Environment

As indicated in Table 8.4-1, seven alternative modeling assumptions for
radionuclide transport in the Culebra were evaluated. Transport results
without chemical retardation are presented in Sections 8.4.1 and 8.4.5 and
transport results with chemical retardation are presented in Sections 8.4.2,
8.4.3 and 8.4.4. The results in Section 8.4.1 are for no chemical
retardation, no clay lining in fractures and no matrix diffusion, with the
result that releases to the Culebra are transported unimpeded to the
accessible environment. This is believed to be the most conservative set of
assumptions for modeling radionuclide transport in the Culebra. Several
variants on the assumption of no chemical retardation are presented in
Section 8.4.5. The most important of these variants assumes diffusion into
the Dolomite matrix and thus illustrates the effect of physical retardation
(i.e., retardation in the Dolomite matrix) in the absence of chemical
retardation. The analyses in Sections 8.4.2, 8.4.3 and 8.4.4 with chemical
retardation illustrate the effects of assuming fracture only (i.e., no matrix
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PARTIAL RANK CORRELATION COEFFICIENT

Figure 8.3-10.
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8.4 Groundwater Transport to Accessible Environment

Table 8.4-1. Alternative Modeling Assumptions for Radionuclide Transport in the Culebra Dolomite.
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- conservative modeling assumptions.
842 | + + - Chemical sorption in fractures only and no movement of dolomite matrix.
C llustrates transport in fractures only,
843 |4+ | - | + | Chemical sorption in dolomite matrix only.
Chemical sorption in fractures and dolomite matrix. Believed to be most
844 | + + + realistic case.
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. + retardation in dolomite matrix.
845 | - + + No chemical sorption with movement to dolomite matrix.
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diffusion) and dual porosity (i.e., diffusion into the dolomite matrix)
transport. The case in Section 8.4.4 with chemical retardation in both the
fractures and the dolomite matrix is believed by the WIPP performance
assessment project to be the most appropriate model for radionuclide
transport in the Culebra.

8.4.1 No Chemical Retardation, No Clay in Fractures, No Matrix Diffusion

This section presents results calculated with the assumptions that all
fluid flow within the Culebra takes place in fractures, no clay is present in
the fractures, and no chemical retardation occurs within the fractures.
Thus, radionuclides released into the Culebra are transported unimpeded to
the accessible environment. As shown by the scatterplot in Figure 8.4-1,
these assumptions result in the releases to the accessible environment being
essentially identical to the releases to the Culebra. Thus, the discussions
in Section 8.3 for release to the Culebra also apply to release to the
accessible environment for no chemical retardation and no matrix diffusion.
In particular, the distribution of CCDFs for release to the accessible
environment due to groundwater transport with no chemical retardation, no
clay and no matrix diffusion are visually indistinguishable from those
appearing in Figure 8.3-9 for release to the Culebra.

8.4.2 Chemical Retardation, Clay-Lined Fractures, No Matrix Diffusion

This section presents results calculated with the assumptions that all
fluid flow within the Culebra takes place in fractures and that these
fractures are lined with clay that can sorb radionuclides. The variable
CULCLYF (clay-filling fraction in Culebra) determines the total thickness of
the clay lining in fractures in the Culebra Dolomite. As indicated in Table
3-1 and Figure 3-1, this variable was assigned a distribution in the 1992
WIPP performance assessment that implies with a certain degree of belief
(i.e., 0.5) that no fractures in the Culebra have a clay lining. As the
purpose of this section is specifically to investigate the effects of clay-
lined fractures, only calculations performed for the 35 sample elements that
have a non-zero value for CULCLYF will be considered. The calculations
performed for the 35 sample elements in which CULCLYF = 0 produce results
identical to the results obtained for these sample elements in the
calculations for Section 8.4.1.

The scatterplot in Figure 8.4-2 provides a comparison of releases to the

accessible environment calculated with and without a clay 1lining in the
fractures. The significance of the presence of a clay lining 1is that
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Figure 8.4-1.

8.4 Groundwater Transport to Accessible Environment
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Figure 8.4-2.
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8.4 Groundwater Transport to Accessible Environment

chemical retardation takes place in the presence of clay-lined fractures but
is assumed not to take place in the absence of a clay lining in the
fractures, As indicated in the preceding paragraph, this scatterplot is
based on the 35 sample elements for which CULCLYF = O. The large number of
points falling below the diagonal line in Figure 8.4-2 indicate that the
presence of a clay lining in fractures has the potential to reduce releases
from those that would be obtained without a clay lining. This reduction is
due to radionuclide sorption.

As shown by the box plots in Figure 8.4-3, the releases to the accessible
environment for this case are dominated by U-234 and U-233, with additional
contributions from Np-237, Th-230 and Th-229. 1In contrast, the corresponding
release to the accessible environment in the absence of clay-lined fractures
is dominated by Am-241, with lesser contributions from Pu-239, U-233 and U-
234 (i.e., see Figure 8.3-1 and discussion in Section 8.4.1).

As indicated by the scatterplot in Figure 8.4-4 for U-233, the entire
uranium release to the Culebra is transported to the accessible environment
over the 10,000-yr period under consideration for most sample elements. A
more extensive reduction between release to the Culebra and release to the
accessible environment is shown by the scatterplot for Np-237. This
difference in behavior results from the fracture distribution coefficients
(FKDU and FKDNP) assigned to uranium and neptunium, which have median values
of 0.001 and 1 m3/kg, respectively. The points in Figure 8.4-4 that indicate
that the Np-237 release to the accessible environment exceeds the Np-237
release to the Culebra result from the decay of Am-241 to Np-237 within the
Culebra. As shown by the scatterplot in Figure 8.4-5, the releases of Np-237
to the accessible environment are zero for values of FKDNP above 0.1 m3/kg.
The higher fracture distribution coefficients assigned to americium and
plutonium result in essentially no Am-241, Pu-239 and Pu-240 being
transported to the accessible environment. Radium and thorium display
patterns intermediate to those displayed by uranium and neptunium.

As shown in Figure 8.4-6, the CCDFs for release to the accessible
environment generated for groundwater transport with chemical retardation,
clay-lined fractures, no matrix diffusion and constant rate terms in the
Poisson model for drilling intrusions fall below the EPA release limits.
Further, these CCDFs are shifted down and to the left when time-dependent
rate terms are used.
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Figure 8.4-3.
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Normalized releases to the accessible environment over 10,000
yr due to groundwater transport with chemical retardation,
clay lining in fractures and no matrix diffusion for scenario
S*t-(2,0) used in conjunction with the risk representation Rj
defined in Eq. 2.5-1 with intrusion occurring 1000 yr after
repository closure.
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conjunction with the risk representation R] defined in Eq.
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Figure 8.4-5.
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Np) for scenario S$t-(2,0) used in conjunction with the risk
representation R] defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Distribution of CCDFs for normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
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diffusion for risk representation R] defined in Eq. 2.5-1 with
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frames) rate terms in the Poisson model for drilling
intrusions.
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Chapter 8: Uncertainty and Sensitivity Analysis Results

8.4.3 Chemical Retardation, No Clay Lining in Fractures, Matrix Diffusion

This section presents results calculated with the assumptions that
diffusion occurs into the dolomite matrix, chemical retardation occurs in the
dolomite matrix, and no clay lining is present in the fractures. Due to the
absence of a clay lining, no chemical retardation occurs in the fractures.
As shown by the scatterplot in Figure 8.4-7 for scenario S*¥-(2,0), these
assumptions result in releases to the accessible environment that are
substantially less than the releases to the Culebra. Specifically, only 21
sample elements result in releases to the accessible environment that exceed
1 x 10-10 EPA release units and the largest release is approximately 0.1 EPA
release wunits. As shown by the box plots in Figure 8.4-8, the nonzero
releases to the accessible environment tend to be dominated by U-233, U-234,
Th-229, Th-230 and Ra-226, although all the releases tend to be small (i.e.,
less than 0.1 EPA release units).

As indicated by the two scatterplots in Figure 8.4-9 for U-233, release
to the accessible environment is controlled primarily by processes associated
with the dolomite matrix. 1In particular, the left scatterplot indicates that
U-233 releases occur only for values of MKDU (matrix distribution coefficient
for U) that are less than approximately 10-3 m3/kg, and the right scatterplot
indicates that releases occur only for wvalues of CULFRSP (Culebra fracture
spacing) that exceed 1 m. Increasing CULFRSP decreases the number of
fractures and thus also decreases the total surface area through which
diffusion can take place from the fractures to the dolomite matrix. As a
result, the nonzero releases associated with the larger values of CULFRSP
result from decreased diffusion into the dolomite matrix. The effect of
distribution coefficients is element specific but increasing surface area for
diffusion affects all elements. As shown in Figure 8.4-10, the occurrence of
nonzero releases to the accessible environment is strongly associated with
the larger values for CULFRSP.

The CCDFs for release to the accessible environment due to groundwater
transport with diffusion into the dolomite matrix, chemical retardation in
the dolomite matrix, and no clay lining in the fractures are presented in
Figure 8.4-11. As examination of this figure shows, the indicated
assumptions lead to CCDFs that are significantly below the EPA release
limits. Indeed, only 8 out a possible 70 CCDFs appear in the upper left
frame when constant rate terms are used, and only 1 out of a possible 70
CCDFs appear in the lower right frame when time-dependent rate terms are
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Figure 8.4-8,

Normalized releases to accessible environment over 10,000 yr
due to groundwater transport with chemical retardation, no
clay lining in fractures and matrix diffusion for scenario
S*-(2,0) used in conjunction with the risk representation Ry
defined in Eq. 2.5-1 with intrusion occurring at 1000 yr after
repository closure.
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Scatterplots for normalized release of U-233 to the accessible
environment over 10,000 yr due to groundwater transport with
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diffusion versus variables MKDU (matrix distribution
coefficient for U) and CULFRSP (Culebra fracture spacing) for
scenario S$*t-(2,0) used in conjunction with the risk
representation R; defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Scatterplot for total normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
chemical retardation, no clay lining in fractures and matrix
diffusion versus CULFRSP (Culebra fracture spacing) for
scenario S*-(2,0) used in conjunction with the risk
representation R] defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Chapter 8: Uncertainty and Sensitivity Analysis Results

used. As a reminder, only 21 sample elements produce releases to the
accessible environment that exceed 1 x 10-10 EPA release units for scenario
5+-(2,0), and only 14 sample elements produce nonzero releases to the Culebra
for scenario S(1,0), with these releases being smaller than the corresponding
releases for scenario St-(2,0).

8.4.4 Chemical Retardation, Clay Lining in Fractures, Matrix Diffusion

This section presents results calculated with the assumptions that
diffusion occurs into the dolomite matrix, clay-lined fractures are present,
and sorption takes place in both the dolomite matrix and the clay lining of
the fractures. As discussed in Section 8.4.2, only half the sample elements
used in the 1992 WIPP performance assessment have clay-lined fractures.
Therefore, the results presented in this section involve only the 35 sample
elements that have clay-lined fractures (i.e., those sample elements for
which CULCLYF=0). At present, the WIPP performance assessment project
believes this is the most appropriate set of assumptions to use for
radionuclide transport in the Culebra.

As a reminder, only 21 out of 70 sample elements result in releases to
the accessible environment that exceed 1 x 10-10 EPA release units for
chemical retardation, no clay lining in fractures and matrix diffusion.
Thus, approximately two-thirds of the sample elements produce no release to
the accessible environment in the absence of clay-lined fractures. As shown
by the scatterplot in Figure 8.4-12, the releases calculated with clay-lined
fractures tend to equal or exceed the releases calculated without clay-lined
fractures. This pattern probably results because the clay lining of the
fractures slows diffusion into the dolomite matrix. However, it should be
recognized that this comparison is based on only 9 nonzero releases to the
accessible environment out of a total of 35 sample elements that have clay-
lined fractures.

As 26 of the 35 sample elements with clay-lined fractures result in no
releases to the accessible environment for scenario St-(2,0), most of the
resultant CCDFs for comparison with the EPA release limits are degenerate.
The few nonzero CCDFs that do result are shown in Figure 8.4-13. As
comparison of Figures 8.4-11 and 8.4-13 shows, the presence of matrix
diffusion in conjunction with chemical retardation results in releases that
fall substantially below the EPA release limits regardless of whether or not
a clay lining is present in the fractures.
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Scatterplot for total normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
chemical retardation, no clay-lined fractures and matrix
diffusion versus total normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
chemical retardation, clay-lined fractures and matrix
diffusion for scenario S*¥-(2,0) used in conjunction with the
risk representation R] defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Distribution of CCDFs for normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
chemical retardation, clay-lined fractures and matrix
diffusion for risk representation R; defined in Eq. 2.5-1 with
constant terms in the Poisson model for drilling intrusions.
The use of time-dependent rate terms in the Poisson model
results in all CCDFs being outside the plotting limits in use.
The plots in this figure are based on 35 sample elements
rather than 70 sample elements as in Figure 8.4-1 and other
similar figures.
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8.4 Groundwater Transport to Accessible Environment

8.4.5 No Chemical Retardation

Calculations without chemical retardation were performed for three
additional sets of assumptions: (1) clay-lined fractures and no matrix
diffusion, (2) no clay lining in fractures and matrix diffusion, and (3)
clay-lined fractures and matrix diffusion. The releases to the accessible
environment for Assumption (1) were essentially identical to the results
obtained for release to the Culebra (Section 8.3) and for release to the
accessible environment with no chemical retardation, no clay lining in
fractures and no matrix diffusion (Section 8.4.1). The releases to the
accessible environment for Assumptions (2) and (3) were similar to each
other. Further, as shown in Figure 8.4-14, the releases for Assumptions (2)
and (3) were larger than the corresponding releases obtained with chemical
retardation and matrix diffusion (Sections 8.4.3 and 8.4.4) and, as shown in
Figure 8.4-15, often smaller than the releases obtained with chemical
retardation and no matrix diffusion (Section 8.4.2).

The releases of the individual radionuclides to the accessible
environment due to groundwater transport with no chemical retardation, no
clay lining in fractures and matrix diffusion are summarized in Figure
8.4-16. As examination of this figure shows, the total release is dominated
by Pu-239, with additional contributions from Am-241 and U-233. The
corresponding results for chemical retardation, no clay-lining in fractures
and matrix diffusion appear in Figure 8.4-8, while the results for chemical
retardation, clay-lined fractures and no matrix diffusion appear in Figure
8.4-3. As comparison with Figures 8.4-3 and 8.4-8 shows, the removal of
chemical retardation increases the importance of Pu-239 in the release to the
accessible environment.

Because of the large number of zero releases, no regression-based
sensitivity analyses were presented for groundwater transport to the
accessible environment with chemical retardation. However, such analyses
have the potential to be more revealing for the transport results in the
absence of chemical retardation due to the occurrence of a larger number of
nonzero releases. The results of such analyses for no chemical retardation,
no clay lining in fractures and matrix diffusion are presented in Table
8.4-1. As examination of Table 8.4-1 shows, the variable with the largest
influence on release to the accessible environment is CULFRSP (Culebra
fracture spacing), with release tending to increase as CULFRSP increases.
This positive effect results because increasing CULFRSP reduces the surface
area over which diffusion into the dolomite matrix can take place. Positive
effects are also indicated for BHPERM (borehole permeability) and the
solubilities of individual elements (i.e., SOLAM, SOLNP, SOLPU, SOLTH, SOLU).
Increasing BHPERM decreases resistance to brine flow up an intruding
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Figure 8.4-14.
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Scatterplot for total normalized release to the accessible
environment over 10,000 yr with and without chemical
retardation for groundwater transport with matrix diffusion
and no clay lining in fractures for scenario $*-(2,0) used in
conjunction with the risk representation R] defined in Eq.
2.5-1 with intrusion occurring 1000 yr after repository
closure.
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Scatterplot for total normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
no chemical retardation, clay-lined fractures and matrix
diffusion versus total normalized release to the accessible
environment over 10,000 yr due to groundwater transport with
chemical retardation, clay-lined fractures and no matrix
diffusion for scenario S*-(2,0) used in conjunction with the
risk representation R] defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Figure 8.4-16. Normalized releases to accessible environment over 10,000 yr
due to groundwater transport with no chemical retardation, no
clay lining in fractures and matrix diffusion for scenario
S+-(2,0) used in conjunction with the risk representation Rj
defined in Eq. 2.5-1 with intrusion occurring at 1000 yr after
repository closure.
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8.4 Groundwater Transport to Accessible Environment

Table 8.4-1.  Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the
Accessible Environment over 10,000 yr due to Groundwater Transport with No Chemical
Retardation, No Clay Lining in Fractures and Matrix Diffusion for Scenario S*-(2,0) with
Intrusion Occurring 1000 yr after Repository Closure.
Variabled I R2b Variable rR2 Variable l R2 Variable I R2
StepC Am-241 Np-237 Pu-239 Pu-240
1 CULFRSP 0.54(+) CULFRSP {0.56(+) |CULFRSP |0.42(+) {CULFRSP |0.42(+)
2 BHPERM 0.64(+) BHPERM |0.64(+) |SOLPU 0.64(+) [SOLPU 0.64(+)
3 SOLAM 0.70(+) SOLNP 0.68(+) |BHPERM [0.71(+) |BHPERM |0.71(+)
4 CULPOR 0.74 (9 CULTRFLD [0.74 (-) |CULTRFLD|0.74 (-)
Step Ra-226 Th-229 Th-230 U-233
1 CULFRSP 0.60(+) CULFRSP {0.53(+) |CULFRSP [0.54(+) |[CULFRSP |0.57(+)
2 BHPERM 0.69(+) BHPERM |0.63(+) |BHPERM |0.64(+) |BHPERM |0.67(+)
3 CULPOR 0.72 () SOLTH 0.68(+) |SOLTH 0.69(+) |SOLU 0.70(+)
4 CULTRFLD| 0.74 ()
Step U-234 Total
1 CULFRSP 0.58(+) CULFRSP |[0.58(+)
2 BHPERM 0.68(+) BHPERM |0.68(+)
3 CULTRFLD|0.72 (-)
4 SOLPU 0.74(+)
aVariables listed in order of selection in regression analysis
bCumulative R2 value with entry of each variable into regression model, with “+" and "-* indicating

positive and negative regression coefficients, respectively

CSteps in stepwise regression analysis
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Chapter 8: Uncertainty and Sensitivity Analysis Results

borehole, and increasing the solubilities increases the amount of dissolved
radionuclides that can be transported by a given volume of brine. Small
negative effects are indicated for CULPOR (matrix porosity in Culebra) and
CULTRFLD (transmissivity field for Culebra). Increasing CULPOR increases the
amount of radionuclide that can be held in the dolomite matrix and thus tends
to decrease release. The variable CULTRFLD is actually the travel time to
the accessible enviromment for the individual transmissivity fields used in
the analysis. Thus, increasing CULTRFLD increases the amount of time
required to transport a radionuclide from its release point into the Culebra
to the accessible environment, which in turn tends to decrease the amount of
a radionuclide that can be transported to the accessible environment over
10,000 yr.

Examination of scatterplots often provides an additional perspective on
regression-based sensitivity analysis results of the form presented in Table
8.4-1. The regression analyses in Table 8.4-1 consistently identify CULFRSP
(Culebra fracture spacing) and BHPERM (borehole permeability) as being
important variables, with CULFRSP being the first variable selected in every
analysis. As an example, scatterplots for CULFRSP and BHPERM for the release
of Am-241 to the accessible environment are presented in Figure 8.4-17.
Consistent with the regression results in Table 8.4-1, a stronger positive
relationship between release to the accessible environment and CULFRSP can be
seen in Figure 8.4-17 than between release to the accessible environment and
BHPERM.

The analyses for Pu-239 and Pu-240 in Table 8.4-1 differ from the
analyses for the other radionuclides in that solubility of plutonium (SOLPU)
is indicated as being more important for release to the accessible
environment than is solubility for the other elements (i.e., SOLAM, SOLNP,
SOLRA, SOLTH, SOLU). To a great extent, this importance results from the
very large range of values (i.e., 2.5 x 10-17 to 5.5 x 10-%4 mol/£) assigned
to SOLPU. As shown in Figure 8.4-18, there is an interplay between the
effects of CULFRSP (Culebra fracture spacing) and SOLPU. In particular, the
value assigned to CULFRSP is a major determinant of whether or not a release
to the accessible enviromment will occur. However, given that there is a
release, the size of this release tends to increase as SOLPU increases.

Distributions of CCDFs for release to the accessible environment
generated for groundwater transport with no chemical retardation, no clay
lining in fractures and matrix diffusion are shown in Figure 8.4-19. The
upper two frames show results for constant rate terms in the Poisson model
for drilling intrusion, and the lower two frames show results for time-
dependent rate terms. As already suggested by the comparison in Figure
8.4-14, the assumptions of no chemical retardation and matrix diffusion lead
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Figure 8.4-17.

Scatterplots for normalized release of Am-241 to the
accessible environment over 10,000 yr due to groundwater
transport with no chemical retardation, no clay lining in
fractures and matrix diffusion versus wvariables CULFRSP
(Culebra fracture spacing) and BHPERM (borehole permeability)
for scenario S$%-(2,0) used in conjunction with the risk
representation R} defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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accessible environment over 10,000 yr due to groundwater
transport with no chemical retardation, no clay lining in
fractures and matrix diffusion versus variables CULFRSP
(Culebra fracture spacing) and SOLPU (solubility of plutonium)
for scenario St-(2,0) used in conjunction with the risk
representation Ry defined in Eq. 2.5-1 with intrusion
occurring 1000 yr after repository closure.
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Chapter 8: Uncertainty and Sensitivity Analysis Results

to CCDFs that are closer to the EPA release limits than the CCDFs in Figure
8.4-11 obtained with chemical retardation and matrix diffusion. Further, as
suggested by the comparison in Figure 8.4-15, the assumptions of no chemical
retardation and matrix diffusion leads to a distribution that is similar to
the one obtained with chemical retardation, clay-lined fractures and no
matrix diffusion, although the assumption of matrix diffusion produces more

small releases.

8.5 Total Release to Accessible Environment

As shown in Eqs. 2.4-10 through 2.4-14, the total release to the
accessible environment is obtained by combining a release due to cuttings
removal and a release due to groundwater transport. Summaries of this total
release, and the cuttings removal and groundwater transport components from
which it is constructed, are given in Figures 8.5-1 and 8.5-2 for scenarios
S(1,0) and S$*-(2,0) used in conjunction with the risk representation R;
defined in Eq. 2.5-1 and the various alternative modeling assumptions
considered in the 1992 WIPP performance assessment.

For scenario S$(1,0), only 14 out of the 70 sample elements result in a
release to the Culebra. Further, most of these releases (i.e., 11 out of 14)

fall between 0.1 and 1 EPA release units. This narrow range of nonzero
releases results from an almost complete removal of U-233 and U-234 from the
waste (i.e., see Figures 8.3-1 and 7-4). As a result, the releases for the

alternative modeling assumptions shown in Figure 8.5-1 for scenario S(1,0)
tend to be dominated by the cuttings release component, although in a few
sample elements the groundwater transport release does exceed the cuttings

release.

For scenario S$*-(2,0), 68 out of the 70 sample elements result in
releases to the Culebra. Further, most (i.e., 58 out of 68) exceed 0.1 EPA
release units. As a result, scenario S*-(2,0) provides a more revealing
comparison of releases than scenario S(1,0). Each of the alternative
modeling assumptions without matrix diffusion produces releases that are
dominated by the groundwater transport component. In contrast, the release
is almost completely dominated by the cuttings component when chemical
retardation and matrix diffusion are assumed. For no chemical retardation
and matrix diffusion, both the groundwater component and the cuttings
component are important contributors to the total release.

Due to the large number of nonzero releases to the Culebra that result
for scenario S*¥-(2,0), Figure 8.5-2 also provides a convenient

/2.
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Figure 8.5-1.
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Summary of total normalized releases to the accessible
environment over 10,000 yr for scenario S$(1,0) used in
conjunction with the risk representation Rj] defined in Eq.
2.5-1 with intrusion occurring 1000 yr after repository
closure. Box plots for results without a clay lining in
fractures in the Culebra Dolomite are generated with 70
observations; box plots for results with a clay lining are
generated with 35 observations (i.e., the observations in
which CULCLYF=0 have been dropped).
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which CULCLYF=0 have been dropped).
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8.5 Total Release to Accessible Environment

comparison of the effects of the alternative modeling assumptions. In
particular, no chemical retardation and no matrix diffusion produce releases
to the accessible environment that are essentially identical to the release
to the Culebra. The assumption of chemical retardation and no matrix
diffusion lowers the releases to the accessible environment somewhat and has
a noticeable effect on reducing the largest releases. Further, the
assumption of chemical retardation and matrix diffusion leads to very small
releases, with most releases being less than 1 x 10-8 EPA release units. The
assumption of matrix diffusion in conjunction with no chemical retardation
produces releases that are generally larger than those obtained with chemical
retardation and matrix diffusion and smaller than those obtained with
chemical retardation and no matrix diffusion, although the largest releases
for matrix diffusion in conjunction with no chemical retardation exceed the
largest releases for chemical retardation and no matrix diffusion.

The CCDFs constructed in the 1992 WIPP performance assessment for
comparison with the EPA release limits are based on releases for each
scenario that include both groundwater transport and cuttings removal
components. As suggested by the results in Figures 8.5-1 and 8.5-2, the
CCDFs for a particular set of modeling assumptions are often dominated by
either the cuttings release or the groundwater release.

Before presenting CCDFs for total releases due to both cuttings removal
and groundwater transport, it is useful to review the cuttings removal
results presented in Section 8.2. In particular, the CCDFs for cuttings
removal presented in Figure 8.2-3 were constructed for the risk
representation Ry defined in Eq. 2.5-8. This representation uses the six
time intervals in Eq. 2.5-9 in the definition of scenarios. Due to
computational constraints, the CCDFs presented in Sections 8.4 and 8.5 for
releases due to groundwater transport are constructed for the risk
representation R] defined in Eq. 2.5-1, which uses the two time intervals in
Eq. 2.5-2. Further, the rate term A in the Poisson model for drilling
intrusion is assumed to equal O yr’1 after 2000 yr in the calculation of
scenario probabilities for R;. 1In contrast, no such constraint is placed on
the A’s in the determination of scenario probabilities for Ry, although some
of the time-dependent A's obtained in the expert review process do go to zero
before 10,000 yr (see Appendix D in Volume 3).

The CCDFs for total release (i.e., cuttings removal and groundwater
transport) presented in this section use the risk representation R] defined
in Eq. 2.5-1. To facilitate comparisons between groundwater releases,
cuttings releases and total releases, CCDFs are presented in Figure 8.5-3 for
the cuttings release to the accessible environment constructed for Rj} with
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Chapter 8: Uncertainty and Sensitivity Analysis Results

the rate term A in the Poisson model for drilling intrusions equal to 0O yr-1l
after 2000 yr. The corresponding results for the risk representation Rjp
defined in Eq. 2.5-8 with no restrictions on A are presented in Figure 8.2-3.
As the more explicit comparison in Figure 8.5-4 shows, use of the risk
representation R] with constant A’'s produces mean and 90th percentile curves
for cuttings removal that are shifted down and to the left by factors of
approximately 3 or less from the corresponding curves obtained with the risk
representation R9; similar shifts also occur for time-dependent X's.

The CCDFs for total release to the accessible environment with no
chemical retardation, no clay lining in fractures and no matrix diffusion are
presented in Figure 8.5-5. For comparison, the associated releases due to
cuttings removal only and groundwater transport only appear in Figures 8.5-3
and 8.3-9, respectively. As a reminder, the CCDFs for release to the Culebra
shown in Figure 8.3-9 are essentially identical to the CCDFs for release to
the accessible environment for groundwater transport with no chemical
retardation, no clay lining in fractures and no matrix diffusion (see Section
8.4.1). As comparison with Figure 8.5-3 shows, the larger releases to the
accessible environment associated with the CCDFs in Figure 8.5-5 are due to
groundwater transport. However, because of the zero releases associated with
scenarios of the form S5(1,0), S(2,0), ... for many sample elements, large
parts of many CCDFs are still dominated by the cuttings release. This effect
can be seen in the similarity of parts of the CCDF plots on the left side of
Figure 8.5-5 to the corresponding plots in Figure 8.5-3. Although the
inclusion of groundwater transport releases does cause a shift to the right
of the cuttings removal only CCDFs in Figure 8.5-3, most CCDFs still fall
below the EPA release limits for constant rate terms in the Poisson model for
drilling intrusion, and all CCDFs fall considerably below the EPA release
limits for time-dependent rate terms.

The removal of the assumption that the rate term in the Poisson model for
drilling intrusions is equal to 0 yr'1 after 2000 yr would cause the CCDFs in
Figure 8.5-5 and other similar figures in this section to be shifted up and
to the right. However, as the comparisons in Figure 8.5-4 show, these shifts
would probably not move the CCDFs up or to the right by more than a factor of
3. The shifts in the CCDFs for groundwater transport are anticipated to be
similar to those for cuttings removal because the scenario probabilities are
undergoing the same change. Thus, although the use of the risk
representation R, defined in Eq. 2.5-1, does produce lower risk results than
the representation R), defined in Eq. 2.5-8, results obtained with R} do
provide insights in comparisons with the EPA release limits.
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Figure 8.5-3.

Distribution of CCDFs for normalized release to the accessible
environment over 10,000 yr for cuttings removal constructed
with the risk representation R] defined in Eq. 2.5-1 with
constant (upper two frames) and time-dependent (lower two
frames) rate terms in the Poisson model for drilling
intrusions.
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Figure 8.5-4. Comparison of mean and 90th percentile curves for cuttings
removal over 10,000 yr obtained for risk representations Rj
(Eq. 2.5-1) and Ry (Eq. 2.5-8) with constant (A) and time-
dependent (A(t)) rate terms in the Poisson model for drilling
intrusion.

The CCDFs for total release to the accessible environment with chemical
retardation, clay-lined fractures and no matrix diffusion are presented in
Figure 8.5-6. As discussed in Section 8.4.2, these CCDFs are based on 35
sample elements. As shown by the box plots in Figures 8.5-1 and 8.5-2, this
analysis alternative produces releases to the accessible environment that are
somewhat smaller than the corresponding releases to the Culebra. Further,
when releases to the Culebra occur, they are often. larger than the
corresponding cuttings release for waste of average activity level. However,
as is the case for all of the alternative analyses, most sample elements
(i.e., 56 out of 70) result in no release to the Culebra for scenarios of the
form S(1,0), S(2,0), ... . The overall result is that the CCDFs in Figure
8.5-6 tend to fall somewhat farther to the right than the CCDFs for cuttings
removal only in Figure 8.5-3 and yet display much of the structure present in
Figure 8.5-3 for CCDFs based on cuttings removal only. The mean and 90th
percentile curves in Figure 8.5-6 constructed with constant values
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time-dependent (lower two frames) rate terms in the Poisson
model for drilling intrusions.
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8.5 Total Release to Accessible Environment

for the rate constant A in the Poisson model for drilling intrusions fall
substantially below the EPA release limits. Further, as 1is the case
throughout this analysis, the use of the time-dependent \’s produces CCDFs
that are farther from the EPA release limits than those obtained with the
constant A's. As comparison with the results in Figure 8.5-5 for groundwater
transport with no chemical retardation, no clay lining in fractures and no
matrix diffusion shows, the addition of chemical retardation causes a
noticeable shift of the CCDFs away from the EPA release limits.

The CCDFs for total release to the accessible environment with chemical
retardation, no clay lining in fractures and matrix diffusion are presented
in Figure 8.5-7. As suggested by the very small releases shown in Figures
8.5-1 and 8.5-2 for this analysis alternative, the CCDFs in Figure 8.5-7 for
total release are essentially identical to the CCDFs in Figure 8.5-3 for
cuttings removal only. Although not shown, the CCDFs for total release to
the accessible environment with chemical retardation, clay-lined fractures
and matrix diffusion are also essentially identical to the CCDFs for cuttings

removal only in Figure 8.5-3.

The CCDFs for total release to the accessible environment with no
chemical retardation, no clay lining in fractures and matrix diffusion are
presented in Figure 8.5-8. As shown in Figures 8.5-1 and 8.5-2, most
releases due to groundwater transport for this analysis alternative are less
than the corresponding releases due to cuttings removal, although there are
some sample elements for which the groundwater release exceeds the cuttings
removal release. The result is that the CCDFs in Figure 8.5-8 for total
release are similar to the CCDFs in Figure 8.5-3 for cuttings removal only,
with a few CCDFs for total release being shifted closer to the EPA release
limits than the corresponding CCDFs for cuttings removal only.

As shown in Figures 8.5-1 and 8.5-2, releases to the accessible
environment due to groundwater transport calculated with and without a clay
lining in fractures in conjunction with no chemical retardation and matrix
diffusion are similar. The box plot in Figure 8.5-2 for groundwater
transport with no chemical retardation, no clay lining in fractures and
matrix diffusion appears to have more extreme values than the corresponding
plot for results obtained with clay-lined fractures. This difference is due
to the use of 35 and 70 sample elements, respectively, to generate the box
plots for the cases with and without clay-lined fractures. As comparison of
the box plots shows, similar mean, median and 75th percentile values are
obtained for releases calculated with and without clay-lined fractures. As a
result, the CCDFs for total release to the accessible environment with no
chemical retardation, clay-lined fractures and matrix diffusion are
essentially the same as the CCDFs in Figure 8.5-8 for total release to the
accessible environment with no chemical retardation, no clay lining in
fractures and matrix diffusion, and thus are not shown.
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9. DISCUSSION

As described in Volumes 1 and 2 of this report, major modeling
improvements have been made since the 1991 preliminary comparison with 40 CFR
191 (WIPP PA Division, 1991a, 1991b, 1991c). These improvements include the
following: coupling creep closure of the repository to gas generation and
two-phase flow; accounting for spatial wvariability in the transmissivity
fields of the Culebra Dolomite Member of the Rustler Formation in a way that
each field reproduces exactly measured transmissivity data at well locations
and is also calibrated to steady-state and transient-pump data; more
accurately simulating radionuclide transport in the Culebra; and accounting
for the effects of passive marker systems through time-varying drilling
intensities within the Poisson model for calculating intrusion probabilities.
As described in Volumes 2 and 3 of this report, other improvements have been
made throughout the modeling system and data base. Improvements remain to be
made in many areas, including the following: modeling of possible pressure-
dependent fracturing of anhydrite interbeds in the Salado Formation; modeling
of three-dimensional groundwater flow in the Rustler Formation including the
effects of subsidence of potash mine excavations; incorporating effects of
plug degradation in intrusion boreholes; understanding and modeling spalling
phenomena; modeling of gas-generation processes; acquiring experimental data
for actinide solubilities and retardations; and determining the most
appropriate conceptual model for radionuclide transport in the Culebra.

Consideration of alternative models for the probability of human
intrusion and radionuclide transport in the Culebra provides insights into
the relative impacts on performance of specific components of the natural and
engineered barrier system and institutional controls at the Waste Isolation
Pilot Plant (WIPP). Resulting CCDFs, grouped into major barrier effects, are
presented in Figure 9-1.

The uppermost CCDF in Figure 9-1, labeled (1) and calculated without any
transport in the Culebra and with constant rate term A, represents an
estimate of the performance of the disposal system with no contribution from
the natural barrier provided by retardation in the Culebra and no
contribution from the potential institutional barrier that could be provided
by passive markers, as required by the Assurance Requirements (§ 191.1l4c).
For the modeling system and data base used in 1992, the mean CCDF for this
case lies below the EPA limits.

The CCDF in Figure 9-1 labeled (2) represents an estimate of the
performance of the disposal system if physical retardation by diffusion into
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the pore volume of the Culebra is included as a part of the natural barrier
system. The area between the first and second CCDFs is a measure of the
potential regulatory impact of including physical retardation. Similarly,
the next CCDF in Figure 9-1, labeled (3), represents an estimate of
performance of the disposal system if both physical and chemical retardation
in the Culebra are included in the natural barrier system. Because the
location of this CCDF is determined entirely by cuttings releases, it
represents the largest possible shift to the left because of including the
barrier effect of non-Salado units.

The CCDF in Figure 9-1 labeled (5) represents an estimate of the
performance of the disposal system only considering subsurface releases to
the accessible environment, i.e., cuttings are not included. These
subsurface releases plus cuttings releases result in the previous CCDF,
labeled (3). Comparison of these two CCDFs shows the importance of cuttings
releases in the CCDF labeled with (3) representing the combined barrier
effect of sorption and physical retardation.

The CCDF in Figure 9-1 labeled (4) shows the effect of including expert
judgment on the efficacy of passive markers in reducing the probability of
human intrusion. This final CCDF (number 4) in Figure 9-1, also determined
entirely by cuttings releases, was calculated using what the WIPP PA
Department believes at this time to be the most realistic conceptual model
for the disposal system, based on models and data available in 1992. As
indicated previously, results are preliminary, and none of the curves shown
in Figure 9-1 are believed sufficiently defensible for use in a final
compliance evaluation.

The CCDFs in Figure 9-1 represent a barrier-effect display of the status
of WIPP PA with respect to the Containment Requirements (§ 191.13). The
barrier effects are represented by "total" (cuttings plus subsurface) CCDFs
for the repository/shaft barrier labeled (l); the zero-sorption, physical
retardation barrier effect of the Culebra labeled (2); the nonzero sorption,
physical retardation barrier effect of the Culebra labeled (3); and the
passive-marker-barrier effect CCDF labeled (4). Other important displays are
CCDFs for cuttings alone [coincident with (3)] and subsurface releases alone
(5). Important parameters for each of these cases will now be discussed
barrier by barrier in the context of a possible approach to defending a

closure decision for compliance.

Cuttings are a part of each CCDF that represents a viable comparison with
the Containment Requirements. As seen in Figure 8.2-2, the important
radionuclides contributing to releases in excess of 10-2 that would have any
chance of contributing to the CCDF near the limit (1,10-1) and (10, 10-3) are
Pu-238, Am-241, and Pu-239. The important parameter that dominates virtually

9-3



© ® N O O s W N

S b b b [ w W W W W W N DD NN N D = = e o
&deswg\lg(ﬂhww—‘gOQNQM&QBAO‘OQ\IQG&UN-‘O

Chapter 9: Discussion

all of the wvariability up to EPA Sums of 10-1 is the drilling intensity.

Clearly, if no intrusion occurs, there are no cuttings releases.

The repository/shaft barrier-effect, mean CCDF (1) lies close to but
below the regulatory criterion of (10, 10-3). From Figure 8.3-1, it is
evident that the important radionuclides (EPA Sums greater than 10'2) are, in
descending order, Am-241, Pu-239, Pu-240, U-233, U-234, Th-229, Th-230, Np-
237, and Ra-226. Comparison with Figure 7.3-1 shows that this list includes
all radionuclides in the inventory that have not decayed below 10-2 by the
1000-yr intrusion time except Pu-238. Regression analyses (Table 8.3-1)
indicated that the important parameters are intrusion borehole permeability,
radionuclide solubilities, and Salado halite and anhydrite permeabilities
(correlated at 0.8). If intrusion occurs, the permeability of the borehole
fill is the most important parameter affecting releases because it is a
direct determinant of the quantity of brine released. The assumptions about
the range and distribution of this parameter are determined by regulatory
guidance. After assumptions about the intrusion event, the next most
important parameters are related to how much brine flows through the waste
and the solubility of radionuclides in that brine. With the present
conceptual model for the Salado and its interbeds, the permeabilities of
these units determine brine inflow and outflow. 1In fact, Figure 8.3-2 shows
a threshold of permeability (10-22 m2) below which brine inflow will not
occur in sufficient amount to result in any release to the Culebra. The
scatterplot emphasizes the importance of this parameter, and is the reason
for placing halite and anhydrite permeabilities equal to solubilities in
importance. If brine flows through the waste and borehole to the Culebra,
then radionuclide solubilities determine the quantity of radionuclides
released. Note that drill-bit diameter is the next most important parameter
in the regression analysis, but only accounts for a very small amount of the

variability in releases.

Table 9-1 shows the important parameters and radionuclides for only the
repository/shaft barrier. These results are based on 68/70 nonzero releases
for ElE2-type scenarios and 14/70 nonzero releases for El- and E2-type
scenarios. The family of CCDFs (Figure 8.3-9) that gave rise to the mean
CCDF as a summary measure contained 6/70 sample elements resulting in CCDFs
above the regulatory limit and resulting in the 90th-percentile curve falling
just below the (10,10‘3) limit. Therefore, defending a compliance decision
would be strongly influenced by the list of parameters in Table 9-1. Note
that of the five parameters listed, only one parameter, solubility, can be
changed by action taken within the repository. Only one parameter
(permeabilities of halite and anhydrite) can be reduced in uncertainty with
continued in-situ investigation. Three parameters are determined by

regulatory guidance. Further, the list of important radionuclides requiring
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Table 9-1. Important Radionuclides and Parameters for the Repository/Shaft Barrier

Radionuclides Parameters

Am-241 Drilling Intensity

Pu-239, Pu-240 Intrusion Borehole Permeability
U-233, U-234 Salado (Marker Bed) Permeabilities
Th-229, Th-230 Radionuclide Solubilities

Np-237, Ra-226 Drili-Bit Diameter

solubility estimates has not changed from last year’s guidance (Memorandum by
Marietta and Nowak in Appendix D of this volume) to the solubility/leachate
experimental program.

The next barrier-effect CCDF, labeled (2), represents only physical
retardation or zero sorption in the Culebra as specified in the Consultation
and Cooperation Agreement (US DOE and State of New Mexico, 1981, as modified)
in the absence of in-situ measurements. Inspection of Figure 8.4-16 shows a
change in important radionuclides from the repository/shaft barrier-effect
CCDF. Am-241 and Pu-238 have dropped in importance because of increased
travel times in the Culebra and their subsequent decay. The same
radionuclides, Pu-239, Pu-240, Am-241, U-233, U-234, Th-229, Th-230, and Np-
237, are released at amounts greater than EPA Sums of 10-2 for a few sample
elements, but with lower values. All sample elements show Ra-226 below 10‘2,
and Pu-239, Pu-240, and Am-24]1 have exchanged positions. Because physical
retardation in the Culebra now represents the last retardation effect in the
system, parameters related to this effect move to the top of the list
resulting from the regression analysis (see Table 9-2). Thus, Culebra
fracture spacing accounts for most of the variability in releases, followed
closely by intrusion borehole permeability. Radionuclide solubility accounts
for less variability. The effect of Culebra transmissivity fields and
Culebra porosity accounts for a small amount of the variability.

The next barrier-effect CCDF, labeled (3), represents the full Culebra
barrier effect with both physical retardation and sorption. Inspection of
Figure 8.4-8 shows another change in important radionuclides from the
previous two barrier-effect CCDFs. Am and Pu do not appear because they have
been sorbed within the land-withdrawal boundary in the Culebra. Only U-233,
U-234, Th-229, and Th-230 are released for a few sample elements at amounts
greater, but only slightly greater, than EPA Sums of 10-2. Parameters
related to sorption comprise the list resulting from the regression analysis.
Thus, Culebra fracture spacing and matrix Kgs are the only parameters

9-5
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Table 9-2. Important Radionuclides and Parameters for the Culebra

Radionuclides Parameters

Pu-239, Pu-240 Culebra Fracture Spacing

Am-241 Intrusion Borehole Permeability

U-233, U-234 Radionuclide Solubilities

Th-229, Th-230 Culebra Transmissivity Fields

Np-237 Culebra Porosity
selected during the regression analysis. Because only a few nonzero releases
occur, very little variability can be accounted for. Further, the list of

important radionuclides requiring retardation estimates has not changed from
the last year's guidance to the tracer-column experimental program
(Memorandum by Marietta and Gelbard in Appendix D of this volume).

Now the problem is how to summarize the results of the above barrier-by-
barrier analyses in a list of important parameters. Compiling such a list is
a subjective process that assumes a strategy for building a defensible PA,
and it must rely on setting priorities to reach a closure decision on
compliance. This list of important parameters by barrier effect is assembled

in the following sense. Conditional on the present analysis, the
repository/shaft CCDF falls below the criteria with a level of confidence of
90%. Therefore, increasing the defensibility of the assumptions that were

involved in constructing the repository/shaft barrier-effect CCDF should get
highest priority for building defensibility of the overall PA. Only some of
these assumptions can actually be impacted by additional investigations
and/or programmatic decisions, whereas the others are impacted by regulatory
guidance.

Next, the Culebra barrier effect provides an additional margin of safety.
This margin of safety is important in providing an additional shift of the
CCDF to the compliance side of the criteria. Because the repository/shaft
case is already essentially in compliance, this additional safety margin of
the Culebra should assume a lower priority in compiling the summary list.
However, no matter how well the Culebra and other non-Salado units are
characterized, the resulting CCDFs will never fall to the fight of the

repository/shaft case or to the left of the cuttings-only case. This
represents a spread in uncertainty over about two orders of magnitude with
respect to normalized release. Of course, reduction of uncertainty within

the repository, such as that associated with actinide solubilities, will
shrink this spread because cuttings will not be affected by such a reduction.
Cuttings-only CCDFs could, in fact, move to the right slightly with the

9-6



© ® N OO s W N =

&-A&-&-&&-(A)(p)QQQQ@@@QBNNNNNNNNN—-———G—-—ﬂ—ﬂ—-—ﬂ—ﬂ
O & W N - O © ® N OO & WN - O ® N OO A W N = O © ® N O O b N = O

Chapter 9: Discussion

inclusion of spalled material from the waste. Thus, for defending a closure
decision, a small spread in uncertainty exists that could be affected by
additional characterization of non-Salado units.

The separate issue of assessing long-term safety of the repository from a
health-effects point of view requires additional consideration. Because the
subsurface-to-stock-well-to-cow-to-human pathway, is the important exposure
pathway (conditional on an assumption that present-day conditions persist),
the shift from zero-sorption to nonzero-sorption cases is important.
Defending this shift between zero-sorption and nonzero-sorption CCDFs is
analogous to defending a shift in overall, long-term safety of the repository
of about four orders of magnitude. Even though the CCDF labeled (3) is the
one that should be compared to the regulatory criteria, the CCDF labeled (5)
can lead to a site-specific measure of long-term safety in terms of human
risk.

Next, the passive-marker barrier effect provides a second additional
margin of safety with respect to both compliance with 40 CFR 191 and site-
specific, long-term safety (health effects), representing a shift of another
two orders of magnitude.

Taking the above barrier-by-barrier reasoning into account, the
regression, partial correlation, and scatterplot sensitivity analysis results
are compiled into the list of important parameters in Table 9-3. Parameters
in the first three categories are those for which reductions in uncertainty
have the potential to affect the location of the mean CCDF near the
compliance criteria. Conditional on the present modeling assumptions and
parameter-value distributions, long-term disposal-system performance with
regard to 40 CFR 191 is not sensitive to uncertainty in parameters included
in the "Less Important" category. Defensibility of a compliance decision
will require, however, that uncertainties assigned to all parameters,
including those identified as less important, adequately capture reality.
Specifically, wherever practical, site-specific information should be
collected to verify with sufficient confidence that reality lies within the
assigned range and distribution for each parameter.

With respect to 40 CFR 191, improvements to be made in either the next or
following PA are expected to have the following effects on these results.
(1) The addition of pressure-dependent fracturing in anhydrite interbeds of
the Salado Formation: No effect on the shape of the CCDF near the criteria
because brine flow into a borehole for high-consequence sample elements will
not be impacted. (2) Modeling of three-dimensional groundwater flow innon-
Salado units: The inclusion of vertical flow and effects on vertical flow
because of climate variability and subsidence events may create changes in

the list of important parameters for the natural-barrier system. However,
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Table 9-3.

Importance of Sampled Parameters with Respect to 40 CFR 191B. Results apply only to
disturbed performance of the repository (human intrusion), and are conditional on modeling
assumptions, the choice of parameters sampled, and the assumed parameter-value
distributions. Comparable resuits for 40 CFR 268.6 (undisturbed performance) can be found
in Volume 5 of this report.

Parameter Name

Parameter Description

Critically Important Parameters (listed in order of importance)

LAMBDA
BHPERM

Drilling intensity
Intrusion borehole permeability

Very Important Parameters (listed in order of importance)

SALPERM
MBPERM
SOLx

CULFRSP
MKDx

Salado halite permeability

Salado anhydrite permeability

Radionuclide solubilities (6, x = AM,NP,PU,
RA,TH,U)

Culebra fracture spacing

Matrix Kgs (6, x = AM,NP,PU,RA,TH,U)

Important Parameters (listed in order of importance)

CULTRFLD
CULPOR

Culebra transmissivity fields
Culebra matrix porosity

Less Important Parameters (listed in alphabetical order)

9-8

BCBRSAT
BCEXP

BCFLG
BCGSSAT

BPPRES
BPSTOR
BPAREAFR
BRSAT
CULCLIM
CULFRPOR
CULCLYF
CULCLYP
FKDx
GRCORHF

Residual brine saturation in Salado Fm.
Brooks-Corey relative permeability model
exponent

Brooks-Corey/van Genuchten-Parker pointer
Brooks-Corey residual gas saturation for Salado
Fm.

Castile brine pressure

Castile brine reservoir storativity

Castile brine reservoir area fraction

Initial brine saturation in waste

Climatic recharge factor

Culebra fracture porosity

Culebra fracture clay filling fraction

Culebra fracture clay filling porosity

Fracture Kgs (6, x = AM,NP,PU,RA, TH,U)
Corrosion gas-generation rate factor, humid
conditions
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Chapter 9: Discussion

Table 9-3. Importance of Sampled Parameters with Respect to 40 CFR 191B. Resuilts apply only to
disturbed performance of the repository (human intrusion), and are conditional on modeling
assumptions, the choice of parameters sampled, and the assumed parameter-value
distributions. Comparable results for 40 CFR 268.6 (undisturbed performance) can be found

in Volume 5 of this report (concluded).

Parameter Name Parameter Description

GRCORI Corrosion gas-generation rate, inundated
conditions

GRMICHF Biodegradation gas-generation rate factor, humid
conditions

GRMICI Biodegradation gas-generation rate, inundated
conditions

MBPOR Salado anhydrite porosity

MBPRES Far-field pressure in Salado Fm.

STOICCOR Corrosion stoichiometric coefficient

STOICMIC Biodegradation stoichiometric coefficient

TZPORF Transition Zone and DRZ porosity factor

VMETAL Volume fraction of metals and glass in waste

VWOOD Volume fraction of combustibles in waste

the resulting CCDFs will always lie between the repository/shaft barrier-
effect CCDF (number 1 in Figure 9-1) and the cuttings-only CCDF (number
3). (3) Modeling of gas-generation processes: This model is primarily a
RCRA issue, and gas-generation model parameters have little importance in
the regression analyses for 40 CFR 191. For the Containment Requirements,
the 1important issue is whether gas is generated or not because gas
generation diminishes brine and radionuclide releases. Once some gas
generation occurs, the uncertainty associated with the gas-generation
model is relatively unimportant compared to other system parameters listed
in Table 9-3. (4) Actinide source-term modeling: Inspection of Table 9-3
shows that radionuclide solubilities are the parameters affecting the
repository/shaft barrier that are ranked in the first two categories, and
that can most readily be impacted by programmatic decisions and an
experimental program. Based on the present wide range of uncertainty in
the PA data base for solubilities, more project effort here has the
potential for improving the compliance picture by shifting the CCDF
labeled (1) to the left in Figure 9-1. (5) Addition of releases because
of spalling of waste material into an intruding borehole: The mechanism
for this phenomenon is poorly understood. Preliminary estimates indicate
that cuttings releases could be increased significantly (Berglund, 1992).
If the experimental program corroborates this estimate, the CCDF labeled

9-9
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Chapter 9: Discussion

(3) will shift to the right slightly. This shift would not significantly
impact the compliance picture, but as these improvements in the PA system
move CCDFs (1) and (3) closer together, the range of uncertainty that can
be impacted by further work in the Culebra and non-Salado units shrinks.
(6) Addition of plug degradation in the intrusion boreholes: Allowing
plugs to degrade to essentially borehole-fill properties should result in
two effects. The probability of ElE2-type flow paths will diminish, and
flow directly to the surface may occur. The latter effect cannot result
in a shift of the CCDF past the repository/shaft barrier-effect CCDF
because calculating EPA Sums at the discharge point in the Culebra is
equivalent with transporting directly to the surface. (7) The use of
time-varying drilling intensities: The above discussion of uncertainty
and sensitivity analyses relied primarily on the use of time-invariant
drilling intensities, within the Poisson model that have been used for
calculating scenario probabilities. The constant rate term is a sampled
parameter that has a different value, constant for 10,000 yr, for each
sample element, whereas the time-dependant rate term is a different
function of time for each sample element. The time-dependant rate term
incorporates the deterrent effect and estimated efficacy of possible
passive marker systems for future societies of different levels of
technology. The passive-marker barrier effect does not depend on the
Culebra (or non-Salado) barrier effect and can be used equally well with
the repository/shaft, barrier-effect CCDF or the cuttings-only CCDF to
provide additional safety margins. In any case, a shift of about two
orders of magnitude is indicated. Again, defense of the PA and compliance
assessment should be based on defending the repository/shaft barrier-
effect CCDF (number 1) and determining the potential contribution of the
natural barrier system (displayed here as the region between CCDFs 1 and
3). In addition, passive marker systems could provide a convincing and
effective margin of safety without requiring extensive reduction of
uncertainty in the natural-barrier system.

9-10
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1 SECO-TRANSPORT Code

1.1 Transport Model

The code predicts solute transport in fractured porous media using the dual-porosity ap-
proach. It allows for radioactive decay and generation of daughter products. In addition,
the matrix block equation can model both the matrix material and the clay lining.

For the fracture-with-matrix block system, transport in the fracture is produced by
the combined effect of convection and hydrodynamic dispersion, while transport in the
matrix block is dominated by molecular diffusion. Two sets of governing equations are
used to describe the concentration in the fracture and matrix block.

The equation for the transport of kth radionuclide component in the fracture (N
species) can be written
k=1,...,N:

60,
ot
—QC, - Tw (1)

V.[DVC,—VC:] = ¢R: + ¢ReACr — dRe_1Ak—1Ck1

where the dependent variables are C, the concentration of the kth radionuclide. For
k = 1, the term involving Cj_; is omitted. Physical parameters include D(x,t), a 2 x 2
hydrodynamic dispersion tensor (velocity-dependent); V(x,t), the Darcy velocity, ¢(x);
the fracture porosity; Rk, the retardation coefficient; Mg, the species decay constant; and
C, the concentration of the kth injected radionuclide. The well injection rate is Q.
Detailed physical descriptions of these terms can be found in [1, 2].

The N fracture equations are linear and sequentially-coupled. A general Robin bound-

ary condition is assumed

aCl + B% =9 (2)
On

on a planar rectangular domain Q. For various choice of «, 3, and <, one may obtain
Dirichlet, Neumann, or Cauchy boundary conditions on different portions of the boundary.

For example, the commonly used flux boundary condition is

VCi — DVC, = V(1) (3)
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where f is a known function.

The flow-field V is assumed to be independent of the solute concentration. In practice,
the flow-field is obtained from the SECO-FLOW code [6].

Since the dual-continuum model [3, 4, 5] includes the exchange of mass between the
matrix block and the fracture, it is necessary to solve a transport equation in the matrix
block. Assuming that there is no fluid flow, the equation for the concentration of the kth

species, is given (for a slab block model) by

8 ,8Ck
&(D Ox

! ! 60/ ! ! 1 7 ! !
)=¢ Rk—af + ¢ By AC — 'Ry A1 Gy (4)

where x is the coordinate originating from the symmetry line of the matrix block, the
prime is denoting matrix block, D’ is the coefficient of the molecular diffusion, and the
remaining symbols have the same meaning as those in the equation for fracture transport
(Eq. 1).

The equations for the fracture and the matrix block are coupled through the mass

transfer term I'; which is given by

2
T = —(

ac,
D'E;klxﬂ) (5)
where b is the fracture aperture.

For a typical matrix slab of thickness &, the initial and boundary conditions are given

by

Ci(x,t = 0) = C (6)
,8C! _
D 3—X(O,t) =0 (7)
! 7 IaCl
Ck(b,t)=0k—CD3X—" (8)

where ( is a parameter characterizing the resistance of the thin skin adjacent to the
fracture. This parameter is defined as ( = b,/D,, where b, and D, are the skin thickness

and the skin diffusion coeflicient, respectively.
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1.2 Numerical Discretization, Algorithm

1.2.1 Fracture Equation

Equation (1) has been transformed into stretched Cartesian coordinates

t

Z

Y

= T’

= y(n)

(9)
(10)

(1)

where metric transformations are §, = Jy,, 0, = Jz¢, and J = {n,. The transformed

equation, with further algebraic manipulations, was put into a strong conservation form

(7, 8]. This is done to ensure mass conservation, which is essential here. The transformed

equation is given by

a, - a -
d’Rk'gZ(Ok) + 6_§(E)

Ny
On

where

Ny b Y
oo

Py =

-+

Ck
7’

€:uék1

nyvék,

$RMCr + dRe_1 M1 Cra

Q+1

§2D11 8C:
J 8¢’
¢ny D12 8Ci

J

on’

frnyDﬂ ?ﬁ

J

a¢’

U;Dzz ?ﬁ
J On’

QCx
J

b

(12)

(13)
(14)

(15)



Appendix A: Verification of the SECO-Transport Code

r = = (21)

Equation (12) is solved using an implicit Approximate Factorization procedure [9]. The
convective terms are modeled by TVD [10] and the remaining terms by central differencing.

A general two-level implicit finite volume scheme, in delta form [9], can be written as

An YAY; At 2n "2 An—1
PR, ACY = T (¢RkACk) + m(fﬁRka)t + T (P(qukACk ) (22)

where

ACP = Cp¥t = Cp
The ACP can be thought of as a correction to advance the solution to a new time-level
(n+1). The time difference equation (22), with appropriate choice of the parameters § and
¢, produces many two- and three-level implicit schemes as shown in Table 1. Applying

equation (22) to equation (12) we have

n ZAY: n [n n n
BROCE = T (OB~ (8P, + (BB + (DFL),
—dRMACT]
0\t . A
+ m[(AEvz e+ (AFT,)
At n n An An An An
+ 1+SO[ E —Fn (Eul)f+(Ev2)f+(Fu1)'7+(Fu2)'7
—~¢RMCE + $Rec Mea Oy + Q™ + 17
SO An—1
t e SO[qﬁf‘MC‘k ) (23)

The cross derivative terms are time-lagged to facilitate the factorization of the right-hand-
side operator. The error introduced by lagging these terms can be corrected through an
intra-time step iteration. This procedure has been employed here.

The convective terms are modeled using the following TVD flux which we have devel-

oped for staggered meshes. The flux is a combination of upwind and centered schemes.

n 1 n n n n n
EJ—gk = 2(1_ )[(C C )u %,k*( j,k_CJ 1k) 'uJ_Ek )
1 A n on n
+§‘I’j—§,k( ikt Cj—l,k)( z)j—%,ku_j—%,k (24)
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Table 1: Partial list of schemes available

6 ¢ Schemes Truncation error
1 0 Euler, implicit O( At)
3 0 Trapezoidal, implicit O( At?)
1 1 3-point-backward, implicit O( At?)

where
in 206 )i(€a)jrk
()4 = (€e)ik + (€)i1k

The function @ is called a limiter function. There are a number of limiter functions

available ranging from very compressive (Roe superbee) to very dissipative (minmod)
(10].
After the explicit portion (RHS) of equation (23) has been evaluated, the solution at

the new time level is obtained through the following sequence

(I +a;L:)AC;x = RHS, (25)
(I-}-ayLyy)Aéj_k = Aéj,k, (26)
Ut = O + ACY, (27)

where I is an identity matrix and L., L,, are the x and y operators, respectively. The
first sweep in either the x or y direction produces intermediate results, denoted by Cj.
The second sweep uses the intermediate results to complete the cycle. The order of the
sweep can be symmetrized by alternating the direction. After both sweeps are complete,
the solution is updated.

The boundary conditions (Dirichlet, Neumann, and Robin) are all implicitly imple-
mented in the 1-D operator in both directions. This ensures the second-order accuracy of
the scheme. The implicit construction of boundary conditions requires an intermediate
boundary condition for the initial sweep. The intermediate boundary condition is subtle,

and is evaluated by applying either the x or y operator, depending on the boundary, to

A-8
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the equation of the ghost cell. The stencils of these operators will be different near the
boundaries.
This algorithm uses a finite-volume mesh where fluxes are evaluated at cell faces and

concentrations at cell centers.

1.2.2 Matrix Block Equation

Using a similar procedure oulined for the fracture equation (1), equation (4) is first mapped

to a computational space

,0C,  OF;

VR = 3¢ — FFMCi+ PR den Gy (28)
where
Ch=— (29)
! ' 60,
F,=D 6:6—; (30)

Then, the above equation is discretized using the general implicit finite volume scheme,

in a delta form given by equation 22.

5 [/FAN
SRACKH = 1f (AF™), - §ROCE
At m 1 Dt Am (35 Am
T;*[(F )e — ¢ RIMCE + ' R M1 C14]
b+ RAGy (31)

where

(Fén)j—é = D;_%(fz)j_g
(DEM; s = Di_s ()31 [ ACT = J; ACT] (33)

(C7" = C) (32)

Equation (31) is solved using a tridiagonal inversion with implicit boundary conditions.

1.2.3 Fracture-Matrix Coupling

The equations for the fracture and the matrix block are coupled through a mass transfer

term T'x. This term is proportional to the gradient of the solute concentration in a matrix

A-9
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block at their interface. A simple approach to couple these equations is to time lag the
I' term or, in other words, treat the coupling term explicitly. Our experience with the
matrix block equation has shown if the molecular diffusion coefficient is high, if there
exists a clay lining, or if there is high resolution at the interface, the solution for the
coupled system would be unstable. To make the coupling more robust, the equations
must be coupled in a fully implicit manner. A procedure outlined in reference [1] was
adapted and modified to work with the approximate factorization and delta formulation
of the transport equation. This new procedure would couple the equations implicitly and
has shown to be quite robust.

Even with implicit coupling, a problem can arise if the characteristic time for the
matrix block, i.e., the time in which the solution in the matrix would approximately reach
steady state, is much smaller than the time step used to advance the fracture solution.
In such a case, the coupling term I' can exhibit an oscillatory behavior in time which is
not physical. To avoid such a behavior the fracture time step must resolve or be smaller

than the characteristic time of the matrix block.

1.3 Improvements / Issues

The present code uses a TVD scheme with three-level time differencing and directional
splitting to improve accuracy and execution time. The code is second-order accurate both
in time and space. Problems with moderately-high Peclet number would greatly benefit
from this scheme by avoiding spurious oscillations commonly associated with the central
differencing schemes. The long time-scales of the problems to which the code is to be
applied dictate the use of fully-implicit algorithms.

The flow field is computed by the SECO-flow code. It is important to note that the
convergence tolerance on the flow must be smaller in magnitude than the source for the
transport calculation. Lack of proper iterative convergence in the flow calculation can
show up as a source term in the transport calculation due to its conservation formulation
and in some cases can lead to instabilities.

In practice the computational boundaries for transport and the flow are not the same.

A-10
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This difference in the location of the far-field boundaries can pose a difficult problem (un-

bounded source) for the transport calculation. The SECO-transport code can eliminate

this difficulty by automatically assigning the boundary conditions using the flow field.
The code is capable of computing the history of integrated discharge around any

number of defined closed boundaries within the computational mesh.

2 Analytic Solutions & Convergence Test

2.1 Fracture Transport

The code, which has been developed based on the scheme described in the algorithm
section (section 1.2), is verified for temporal and spatial accuracy using the following

unsteady equation and its solution, with V = ui.
Ct + uCz = aLusz + aTuny - g((l!,’y, t)v (34)

where
g(z,y,t) = (z — ut)? + ¥, (35)

and 0 < z < 1, 0 <y < 1. The initial condition is given by

1 234 y4
Clz,9,0) = 5~ [; + ;] : (36)
The exact solution to equation (34) is
1 [(z—wut)*  o*
t) = —1.
C(z,y,t) on [ - + o (37)

Since the computational domain is finite, the Dirichlet boundary conditions are time
dependent and may be obtained from the exact solution.

Table 2 presents the computed solution to equation (34) at time=25sec, for four differ-
ent grid sizes and time steps. The magnitude of coefficients are u = 0.1m/s, ar, = 1.0m,
ar = 0.1m. By examining the ratio of Root Mean Square (RMS) of errors, it is evident

that the overall solution is second-order accurate in time and space.
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Table 2: Convergence results, uniform grid
Size Az At RMS  RMS ratio
20x20 .05 .25  T7.697E-3
40x40 .025 125 1.954E-3 3.94
80x80  .0125 .0625 4.921E-4 3.97
160x160 .00625 .03125 1.234E-4 3.99

To illustrate the advantages of this algorithm, we have chosen to solve a two-dimensional
convection-dispersion problem for which we have an exact solution [11). The medium is
assumed to be homogeneous and isotropic with unidirectional steady state flow. The
initial solute concentration is zero. At a certain time, a strip-type source with a finite
length (2a) along the y-axis is introduced. For detailed information regarding this problem
see Reference [11]. In our test problems, the solute concentration at the source remains
constant with time.

The solution is obtained for two cases. A uniform grid 80x80 where 0 < z < 200m,
—100 < y < 100m and Van Leer MUSCL limiter [10) are used for both cases. Case
1: low mesh Peclet number, Pe = 2, u = 1.0m/s, ar = 0.5m, azr = 0.1m, A = 0.0,
and @ = 50. Figures la and 1b present the numerical solution and the absolute error at
time=100sec, respectively. The maximum error is 6.1E-2 and is located in the vicinity
of the discontinuity on the boundary and RMS=6.389E-3. Figures 2a and 2b show the
same calculation using implicit upwind differencing. The latter computations serve as a
representative solution computed by the majority of existing codes. The maximum error
1s .1847 and is located around the front as one would expect and the RMS=5.111E-2.
The maximum error is about three times and the RMS about 8 times larger than TVD
solution. Case 2: moderately high mesh Peclet number, Pe = 10, v = 1.0, oy, = a1 = 0.1,
and a = 50. Figure 3 shows solute concentration computed using TVD at Time=100.
Figure 4 presents the same calculation using upwinding. The difference between the two

solutions is dramatic. As expected, the TVD scheme retained a sharp front as opposed
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to a very diffused front generated by the implicit upwind differencing. Unfortunately,
we encountered numerical difficulties in computing the exact solution at Peclet numbers
higher than 4; hence, we have no comparison to exact solution. However, if Case 1 is any
indication, the error introduced by implicit upwinding should be much higher than was
observed in the previous case.

As we have shown above, the TVD scheme in conjunction with second-order time
discretization is more accurate in tracking sharp changes in solute concentration even for

low-Peclet number cases.

2.2 Dual Porosity Transport

To verify both fracture and the matrix finite volume discretization as a system and the
coupling procedure, we have chosen a dual porosity problem in one dimension with the

analytical solution given by Tang [12]. The fracture equation is

Oc v 8c DOP% D' o'

5t R Row TN sRas e =0 (38)

where 0 < z < co. The initial and boundary conditions are

c(0,t) =0 (39)
c(o0,t) =0 (40)
c(2,0)=0 (41)
The matrix equation is given by
ac' D' H* ,
_(9_t- — —Eié—; 4+ A = (42)

c'(b, z,t) = ¢(z,t) (43)
c'(c0,2,t) =0 (44)
(z,2,0) = (45)

for further explanation of the problem and the definition of parameters and the analytical

solution see reference [12].
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The test problem is set up by defining the required parameters as follows. Fracture
length, zo = 10m, fracture spacing 2.4m. Fracture properties: aperture, b = 107%m,
seepage velocity, V = 0.01m/d, longitudinal dispersivity, ay = 0.50m, molecular diffusion
coefficient, D = 1.382 x 107*m?/d, and fracture porosity, ¢; = 0.42 x 107*. Matriz
properties: matrix porosity, ¢’ = 0.01, and matrix diffusion coefficient, D’ = 1.382 x
10~"m?/d. Radionuclide properties: decay constant, A = 0.154 x 10731/d, and retardation
factor, R = R’ = 1. Initial condition: ¢(z,0) = ¢'(z,2,0) = 0. The boundary conditions

are

(0,8) =1 (46)
gé(:c,o,t) = c(z,t) (47)
c(z,0,t) = c(z,t) (48)
ac’
-6—$(a:,zo,t) =0 (49)

Fracture length 1s discretized using 80 stretched cells and 15 stretched cells was used for
the matrix block. The calculation was stopped at time equal to 100 days to test both
spatial and temporal accuracy of the computed solution. Figures 5 and 6 present the
comparison of the fracture and matrix solution to the analytical solution, respectively.
The computed solution in both regions seems to be quite accurate which also verifies the
accuray of the coupling procedure. Further mesh refinement in both fracture and the
matrix block reproduced the same results.

Unfortunately, proper grid convergence test is not possible since in the above transport
problem the size of the matrix block is infinite whereas in computation we have a finite

matrix block length.

3 Convergence Test on PA Problems

To verify the code on a realistic problem (excluding extreme cases), we will use one of the

1992 PA calculations [14].
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3.1 Fracture Transport

For grid convergence test on fracture transport we have chosen vector 2 (E1E2 scenario).
This vector has moderate parameters, such as, fracture aperture and realistic fracture
travel time with climate from the source to the far field boundary of 72 years

Since we do not have an exact solution for vector 2, to check the convergence of the
solution on different grids we rely on contours of the solution for judging convergence.
We will use three different grid sizes, 46 x 53, 93 x 107, and 187 x 215. For each grid size
three different time steps are used, At = 10,5, and 2.5 years, for time convergence.

Figure 7 shows temporal behavior of the source function over 10,000 years. Figures
8a,8¢c, and 8e present the contours of solute concentrations on the first grid at t=10,000
years for three different time steps, respectively. The time resolution for this mesh is quite
adequate since there is hardly any change between contour plots. Figures 8b,8d, and 8f
present breakthrough curves, with each plot presenting integrated discharges through
three closed boundaries. As is the case for solute concentrations, there are no massive
changes in the solution as the time accuracy of the computation is increased. Figures
9 and 10 show similar plot for grids number 2 and 3. As we refine the grid, the plume
becomes narrower and the concentration front becomes sharper. This is due to improved
effectiveness of the TVD algorithm.

These sequences of grid and time steps clearly show that we have resolved this problem

adequately.

3.2 Dual-Porosity Transport

For a dual-porosity transport calculation vector 52 (E1E2 scenario) is a realistic example,
which has no extremes in its parameters, for grid convergence test. Some of the parameters
are calculation time, 10, 000 years; fracture travel time with climate, 219 years; and matrix
characteristic time, 8076 years.

We will use the same grid sizes as in the fracture transport case, However, vector 52
has different time scales for both fracture and the matrix block, and requires different

time steps, with At = 2,1, and 0.66 years.
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Figure 11 shows temporal behavior of the source function over 10,000 years. Figures
12a,12c, and 12e present the solute concentration on the first grid at t=10,000 years for
different time steps, respectively. Similar to the fracture calculation, the time resolution
is satisfactory. Figures 12b,12d, and 12f present breakthrough curves. Again, there are
no massive changes in the solution as the time accuracy of the computation is increased.
Figures 13 and 14 show a similar plot for grids number 2 and 3. As the grid becomes finer
the concentration front becomes sharper as we have observed in the fracture calculation.
Figure 12c show some discharge on the side boundary where on the finer meshes there
are no discharges. This points out that the first grid is not resolving the solution well.

However, the other grids seem to be adequate.

3.3 Recommendations for Input Parameters

As our grid convergence test on fracture and fracture-matrix calculations have shown, the
coarse grid (46 x 53), which has been used for the 1992 PA caculations, is not adequate
in both cases. This grid was not dense enough to properly resolve the gradients in the
solution. However, the time-step sizes have all resolved the time scales in both cases

adequately.

4 Improvements

A three-dimensional version of the SECO-TRANSPORT code in stretched cartesian co-
ordinates will be available for the next PA cycle. Other improvements will be general
coordinate transformation in both two and three dimensions in conjunction with solution
adaptivity. Also, more benchmark tests; for example, the Sudicky problem [13] for which
an analytical solution exists for a dual-porosity assumption with a specified finite matrix

block length.
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APPENDIX B: ASSUMPTIONS AND DERIVATION OF EQUATION 4.2-2
RELATING SANCHO POROSITY TO BRAGFLO POROSITY
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APPENDIX B: ASSUMPTIONS AND DERIVATION OF EQUATION 4.2-2
RELATING SANCHO POROSITY TO BRAGFLO POROSITY

Inherent in Equation 4.2-2 is that the compressibility of halite is
small compared to the compressibility of the gas that occupies the voids
within the waste panel. Making this assumption permits the conclusion that
the mass and volume occupied by the solid (waste and backfill) within the
moving boundary defining the time variant dimensions of the waste panel
remains constant. The volume of solids within the waste panel, at any
time, is the same as the volume of solids that are present initially in the
waste panel prior to compaction (Equation B-1).

Vg (t=0) = vs(c) (B-1)

where
Vg = volume of solids within the boundaries defining the waste panel.

Figure B-1 depicts the waste panel in two states, the top figure, a,
depicts the waste panel initially, at t=0, while the bottom figure, b,
depicts the waste-panel after some consolidation, at time t. While the
figure implies compaction of the waste panel by movement of the upper
boundary or roof, this is for convenience only; movement of the other
boundaries may also participate in the compaction process.

The porosity, ¢ , of the waste panel is defined, at any time, as the
ratio of the void volume (Vi) to the total volume, V¢, where V¢ is the sum
of the void volume and solid volume, Equations B-2 and B-3, respectively,

! V. (t)
¢ (£) = _v
V(o) (B-2)
t
and
Vt(t) = Vv(t) + Vs(t). (B-3)

Substitution of Equation B-3 into Equation B-2 allows the solid volume to
be expressed in terms of porosity and total panel volume, Equation B-4,

vs = (1 - ¢) vt. (B-4)
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Appendix B: Assumptions and Derivation of Equation 4.2-2
Relating SANCHO Porosity to BRAGFLO Porosity

V, t=0)

TRI-6342-2153-0

a) Waste-panel at initial state.

Vv )

TRI-8342-2154-0

b) Waste-panel at compacted state.

Figure B-1. Waste-Panel at two states of compaction, showing volume of
voids (Vy) and volume of solids (Vg).



GN=OXOO~NOKN & W N

— ek kb

Appendix B: Assumptions and Derivation of Equation 4.2-2
Relating SANCHO Porosity to BRAGFLO Porosity

Applying Equation B-4 at time, t=0, and at an arbitrary time, t, and using
the equality of Equation B-1, after some rearrangement yields Equation B-5,

1 - ¢ (t=0) Vt (e)
' =V (e=0) (B-5)
1 -¢ (t) t
Now, define an alternate porosity, ¢, as the ratio of the void volume at
any given time to the total initial volume of the waste panel prior to
compaction, Equation B-6,
V. (t=0)
t
It is desired to relate ¢ and ¢  in a way that conserves void volume.
This can be done by determining the porosity associated with the waste
panel of initial dimensions and volume that is equivalent to the void
volume of the compacted and collapsed representation of the waste panel.
Combining Equations B-2 and B-6 and solving for ¢(t) yields the desired
result, Equation B-7,
! V (t)
_¢ (t) t

Equation B-8, reproduced as Equation 4.2-2, is obtained by substituting the
left hand side of B-5 for the ratio, V¢(t)/Ve(t=0) in Equation B-7,

1

6(t) = ¢ (t) [M} . (B-8)
1 -6 (t)

Equation B-8 relates ¢ to only ¢’ at a given value of time and is used to
transform the porosities resulting from the Segrangian treatment of the
numerical mesh in SANCHO to the Eulerian treatment in BRAGFLO, while

conserving void volume.
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APPENDIX C: LHS SAMPLES AND CALCULATED NORMALIZED RELEASES

This appendix contains the 70 sample elements for each of the 49 parameters varied and sampled by LHS and
summaries of EPA-normalized radionuclide releases to the 2.9-km, accessible environment boundary south of the WIPP for
the El and E1E2 scenarios with an intrusion at 1000 yr. Releases are given for simulations assuming a dual porosity model

with chemical retardation for transport in the Culebra Dolomite Member of the Rustler Formation.

This appendix also contains the summaries of release to the accessible environment from initially drillingvinto the
repository and bringing up cuttings from one average activity of CH waste and one average activity of RH waste. (The CH
waste activity is subsequently multiplied by a factor to account for the four CH activity levels. This modified activity along
with the probability of actually hitting these various CH activity levels is used when constructing the CCDF). Cuttings were
calculated for six different intrusion times. Releases are the same for the E1, E2 or E1E2 scenarios, and different scenarios

are accounted for by the CCDFPERM program.

The output tables were created by the CCDFCALC computer code from output databases created by SECO-
TRANSPORT and CUTTINGS and are the input to the CCDFPERM program which calculates the final CCDF.

Table C-1 lists the 49 parameters sampled and the distribution type used.

Table C-1. Numerical ID and Distributions of 49 Sampled Parameters In December 1992 WIPP PA
Calculations

Parameter Range Distribution
1 Initial Brine Saturation of Waste (BRSAT) 0. 0.14 Uniform
2 Inundated Corrosion Gas Generation Rate (mol/mzos) (GRCORI) 0. 1.3E-08 Cumulative
3 Humid/lnundated Corrosion Gas Generation Rate Ratio (GRCORHF) 0. 0.5 Cumulative
4 Stoichiometric For Corrosion of Steel (STOICCOR) 0. 1. Uniform
5 Inundated Microbial Gas Generation Rate (mol/kges) (GRMICI) 0. 1.6E-08 Cumulative
6 Humid/Inundated Microbial Gas Generation Rate Ratio (GRMICHF) 0. 0.2 Uniform
7 Stoichiometric Coef For Biodegradation of Cellulose (STOICMIC) 0. 1.67 Uniform
8 Wood Volume Fraction (VWOOD) 0.284 0.484 Normal
9 Metal Volume Fraction (VMETAL) 0.276 0.476 Normal
10 Log Salado Permeability (m2) (SALPERM) -24, -19. Cumulative
11 Brooks-Corey Exponent (BCEXP) 0.2 10. Cumulative
12 Brooks-Corey Model Relative Weight (BCFLG) 0. 1. Delta
13 Brooks-Corey Residual Brine Saturation (BCBRSAT) 0. 04 Uniform
14 Brooks-Corey Residual Gas Saturation (BCGSSAT) 0. 04 Uniform
15 Log Marker Bed Permeability (m2) (MBPERM) -21. -16. Cumulative
16 Marker Bed Porosity (MBPORY) 0.001 0.03 Cumuiative
17 Scale Factor For Disturbed Zone Porosity (TZPORF) 0. 1. Uniform
18 Salado Pressure (Pa) (MBPRES) 1.2E+07 1.3E+07 Uniform
19 Brine Pocket Pressure (Pa) (BPPRES) 1.3E+07 2.1E+07 Uniform
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-1. Numerical ID and Distributions of 49 Sampled Parameters In December 1992 WIPP PA

Calculations (Continued)

Parameter Range Distribution
20 Brine Pocket Bulk Storativity (m3/Pa) (BPSTOR) 0.02 2. Lognormal
21 Borehole Permeability (m2) (BHPERM) 1.0E-14 1.0E-11 Lognormal
22 Drillbit Diameter (m) (DBDIAM) 0.2667 0.4445 Uniform
23 Index for Rate in Poisson Drilling Model (LAMBDA) 0. 1. Uniform
24 Brine Pocket Area Fraction (BPAREAFR) 0.24479 0.56771 Cumulative
25 Log Solubility Am (mol/l) (SOLAM) -13.3 0.16 Cumulative
26 Log Solubility Np (mol/l) (SOLNP) -15.62 -1.92 Cumulative
27 Log Solubility Pu (mol/l) (SOLPU) -16.6 -3.26 Cumulative
28 Log Solubility Ra (mol/l) (SOLRA) 03 1.26 Cumulative
29 Log Solubility Th (mol/l) (SOLTH) -15.26 -5.66 Cumulative
30 Log Solubility U (mol/l) (SOLU) -15. 0. Cumulative
31 Culebra Index for Transmissivity Field (CULTRFLD) 0. 1. Uniform
32 Index for Recharge Amplitude Factor (CULCLIM) 0. 1. Uniform
33 Culebra Fracture Porosity (CULFRPOR) 0.0001 0.01 Lognormal
34 Culebra Fracture Spacing (m) (CULFRSP) 0.06 8. Cumulative
35 Culebra Clay Filling Fraction (CULCLYF) 0. 0.5 Cumulative
36 Culebra Clay Porosity (CULCLYP) 0.05 0.5 Uniform
37 Log Culebra Fracture Dist Coef Am (m3/kg) (FKDAM) -4, 3. Cumulative
38 Log Culebra Fracture Dist Coef Np (m3/kg) (FKDNP) -4, 3. Cumulative
39 Log Culebra Fracture Dist Coef Pu (m3/kg) (FKDPU) -4 3. Cumulative
40 Log Culebra Fracture Dist Coef Th (m3/kg) (FKDTH) -4, 1. Cumulative
41 Log Culebra Fracture Dist Coef U (m3/kg) (FKDU) -4, 0. Cumulative
42 Log Culebra Fracture Dist Coef Ra (m3/kg) (FKDRA) -4. 2. Cumulative
43 Culebra Matrix Porosity (CULPOR) .058056 0.2525 Data
44 Log Culebra Matrix Dist Coef Am (m3/kg) (MKDAM) -4, 2. Cumulative
45 Log Culebra Matrix Dist Coef Np (m3/kg) (MKDNP) -4, 2. Cumulative
46 Log Culebra Matrix Dist Coef Pu (m3/kg) (MKDPU) -4 2. Cumulative
47 Log Culebra Matrix Dist Coef Th (m3/kg) (MKDTH) -4, 0. Cumulative
48 Log Culebra Matrix Dist Coef U (m3/kg) (MKDU) -4. 0. Cumulative
49 Log Culebra Matrix Dist Coef Ra (m3/lgg) (MKDRA) -4, 1. Cumulative

Table C-2 lists the Latin Hypercube sampled (LHS) values for each of the 49 parameters.

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations

Material

Parameter BRSAT  GRCORI GRCORHF STOICCOR GRMICI
RUNNO.  X{1)

GRMICHF STOICMIC VWOOD

X(2)

X(3)

X(4)

X(S)

X(6)

X(@)

X(8)

VMETAL
X(9)

SALPERM
X(10)

DD WN =

4.023E-02
1.269E-01
8.612E-02
3.242E-02
1.149E-01
1.373E-01

1.570E-09
3.730E-09
8.501E-10
1.013E-08
3.321E-10
1.176E-08

1.238E-01
2.775E-01
7.155E-02
8.783E-03
1.539E-02
3.287E-01

4.810E-01
2.119E-01
4.965E-02
4.382E-01
6.945E-01
6.461E-01

1.154E-08
1.588E-08
3.585E-09
9.379E-08
1.195E-08
3.879E-09

8.629E-02
1.696E-01
1.632E-01
4.926E-02
5.316E-02
9.857E-02

7.677E-01
1.264E-01
7.179E-04
2.213E-01
4741E-01
1.322E+00

3.601E-01
4.242E-01
3.914E-01
3.425E-01
3.808E-01
4.637E-01

3.741E-01
3.910E-01
3.452E-01
4.137E-01
3.928E-01
4.465E-01

-2.044E+01
-2.001E+01
-2.088E+01
-2.082E+01
-2.154E+01
-2.314E+01



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM
RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)

7 1.395E-01 1.041E-08 3.263E-01 6.245E-01 1.421E-09 1.238E-01 4.816E-01 3.225E-01 3.987E-01 -2.194E+01

8 8.068E-02 6.341E-09 4.805E-01 7.551E-01 7.90SE-09 4.721E-02 5214E-01 3.502E-01 3.437E-01 -2.131E+01

9 5937E-02 1.715E-09 3.813E-02 3.057E-01 8.037E-09 S5.041E-05 1.425E+00 4.689E-01 4.191E-01 -2.332E+01
10 7619E-02 8712E-09 2.143E-01 7.950E-01 6.070E-09 1.297E-02 1.229E+00 3.587E-01 3.578E-01 -2.040E+01
1 1.202E-01 9.067E-09 2.269E-01 6.636E-03 2.159E-09 1.064E-01 3.519E-02 3.065E-01 4.027E-01 -2.011E+01
12 8396E-02 1.127E-08 9.043E-02 4.057E-01 3.123E-09 6.075E-02 1.490E+00 3.632E-01 3.785E-01 -2.004E+01
13 3.577E-02 4.420E-09 2111E-01 9.610E-01 6.352E-10 1.559E-01 7.945E-01 3.733E-01 4.369E-01 -2.306E+01
14 1.272E-02 1.138E-08 3.582E-02 1.254E-01 2820E-10 1.745E-01 3.435E-01 4.060E-01 3.886E-01 -2.215E+01
15 1.315E-01 2.155E-09 3.880E-01 3.308BE-01 8.800E-09 8.200E-02 1.339E+00 4.120E-01 3.523E-01 -2.352E+01
16 4263E-02 5910E-09 4610E-01 3.478E-01 1.216E-08 1.580E-01 1.667E+00 3.436E-01 3.820E-01 -2.070E+01
17 5151E-02 2705E-09 1.751E-01 9.018E-01 7.343E-09 4462E-02 9.611E-01 4.016E-01 3.183E-01 -2.189E+01
18 6.297E-02 5.140E-10 3.003E-02 2212E-01 1.285E-09 1.021E-01 1.446E+00 3.556E-01 3.845E-01 -2.117E+01
19 5.652E-02 B8.036E-09 4.058E-03 3615E-02 1.413E-08 2054E-02 S646E-01 4.048E-01 3.375E-01 -2.240E+01
20 3.744E-02 5687E-09 2713E-03 1.508E-01 5.405E-09 4.216E-02 1.606E+00 3.995E-01 4.760E-01 -1.974E+01
21 1.046E-02 1.095E-08 3.090E-01 1.887E-01 1.268E-08 6.836E-02 1.108E+00 3.841E-01 3.952E-01 -1.954E+01
22 7.499E-02 1.962E-09 5.486E-02 6810E-01 2061E-09 1.300E-01 9.990E-01 4.185E-01 3.697E-01 -2.026E+01
23 8.469E-02 7.970E-09 4.012E-01 7.260E-01 2704E-09 1.680E-01 3.339E-01 4.075E-01 4.277E-01 -2.126E+01
24 7.128E-02 4.287E-08 2.143E-02 5270E-01 2922E-09 1.995E-01 8.854E-01 3.275E-01 3.802E-01 -2.092E+01
25 7.809E-02 7.428E-09 9.208E-02 5991E-01 3.319E-09 1.195E-01 5.792E-01 3.560E-01 2.760E-01 -2.015E+01
26 1.014E-01 1164E-08 1.136E-01 5786E-01 4.518E-10 4.783E-03 7.210E-01 4.269E-01 3.382E-01 -2.076E+01
27 2606E-02 1.061E-08 1.638E-01 2359E-01 1602E-09 1.821E-01 6518E-01 4.840E-01 3.869E-01 -2.129E+01
2.351E-02 6576E-09 5.147E-02 5697E-01 5.082E-09 7.677E-02 4.355E-01 3.970E-01 3.748E-01 -2.134E+01
6.911E-02 1.295E-08 8.140E-02 9.815E-01 2.366E-09 1.852E-01 5.370E-01 3.868E-01 3.236E-01 -2.063E+01
8.819E-02 1.196E-08 4.481E-01 S5.139E-01 1.556E-08 9.290E-02 7.124E-01 4.171E-01 4.237E-01 -2.110E+01
1.292E-01 6.995E-09 4.523E-02 9.431E-01 6.670E-09 7.725E-02 3.767E-01 3.943E-01 3.568E-01 -2147E+01
32 5255E-02 1.368E-10 7.907E-02 3.954E-01 7.986E-10 1.859E-01 1.553E+00 4.151E-01 4.101E-01 -2.021E+01
33 9.849E-02 3.385E-09 2.919E-01 4.463E-01 1.200E-09 1.427E-01 2698E-01 4.349E-01 3.108E-01 -2.100E+01
34 9.053E-02 1.081E-08 7.457E-02 B8.960E-01 7.207E-09 9.077E-02 1.079E+00 3.784E-01 4.395E-01 -2.162E+01
35 2.035E-02 4.618E-09 6518E-02 8.269E-01 1.067E-08 1.631E-01 1.468E+00 3.823E-01 3.402E-01 -2.051E+01
36 7.227E-02 9268E-09 3.464E-01 6.634E-01 9.881E-10 1.971E-02 1.277E+00 3.922E-01 3.170E-01 -2.180E+01
37 3.864E-02 7111E-09 3.316E-02 6.227E-02 6.134E-09 9.403E-03 4.126E-01 3.894E-01 3.058E-01 -2.107E+01
38 4888E-02 1.119E-09 9.576E-02 7.598E-01 4617E-09 6.536E-02 1.049E+00 4.085E-01 4.099E-G1 -2.029E+01
39 1.031E-01 3.905E-09 2661E-01 8.822E-01 1884E-09 2835E-02 1.532E+00 3.717E-01 4.067E-01 -2.112E+01
40 4701E-02 1.228E-08 7.826E-03 6.342E-01 1.442E-08 1.152E-01 8.155E-01 4.003E-01 3.834E-01 -2.259E+01
M 1.689E-02 3.028E-09 3.656E-01 8.111E-01 9466E-09 2958E-02 2491E-01 3775E-01 4.046E-01 -2.023E+01
42 1.994E-02 1.218E-08 3.757E-01 1.081E-01 2577E-09 1.627E-01 1.199E+00 3.388E-01 3.639E-01 -2.120E+01
43 3.326E-03 5.150E-09 1.927E-01 8371E-01 1.101E-08 1.090E-01 1.782E-01 4.140E-01 3.627E-01 -2.061E+01
44 1.359E-01 9.052E-10 1.171E-02 4.237E-01 6.858E-10 3679E-02 6.056E-01 3.635E-01 3.725E-01 -2.040E+01
45 1.326E-01 7.140E-10 4.905E-01 7.660E-02 2197E-09 1.121E-01 7.530E-01 3.748E-01 3.710E-01 -2.054E+01
46 9.242E-03 3.435E-09 3.021E-01 1.721E-02 4.856E-09 1.792E-01 1.245E+00 3.667E-01 3.543E-01 -2.398E+01
47 1.167E-01 1.019E-08 6.963E-02 2.849E-01 2386E-09 1.724E-01 9.291E-01 4.484E-01 3.285E-01 -1.924E+01
48 1.406E-02 2606E-09 4.659E-01 8.438E-01 1.769E-09 6.468E-03 8.594E-01 3.471E-01 3.267E-01 -2.055E+01
49 9.471E-02 9.572E-09 6.801E-02 7.736E-01 2535E-08 1.910E-01 1.588E+00 3.309E-01 4.285E-01 -2.170E+01
50 3147E-02 1.265E-08 6.036E-02 2.953E-01 1.106E-09 2.437E-02 2.987E-01 3.884E-01 3.672E-01 -2.173E+01
51 6.122E-02 5.379E-09 2.432E-01 7.003E-01 1.180E-11 1.356E-01 1.407E+00 4.295E-01 3.614E-01 -2.006E+01
52 2412E-02 3.170E-09 2.522E-01 7.324E-01 3.087E-09 1577E-02 1.628E-01 2953E-01 4.004E-01 -2.070E+01
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Appendix C: LHS Samples and Caiculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM
RUN NO. X(1) X(2) X(3) X(4) X(S) X(6) X(7) X(8) X(9) X(10)

S3 1.190E-01 1.257E-08 8.368E-02 4.961E-01 1.480E-09 3.382E-02 6.351E-01 3.825E-01 4.589E-01 -2.033E+01
54 1.048E-01 4.903E-09 8.60BE-02 9.416E-01 1.032E-08 1.952E-01 1.009E+00 4.310E-01 2.923E-01 -2.143E+01
55 6.768E-02 5.538E-09 4.791E-02 1.810E-01 1.717E-09 1.272E-01 9.388E-01 4.399E-01 3.493E-01 -2.185E+01
56 6.598E-02 6.245E-09 2.555E-02 8.643E-01 2.762E-09 1.049E-01 3.921E-01 2.840E-01 3.337E-01 -2.378E+01
57 1.244E-01 8.522E-09 1.496E-01 S5.302E-01 1922E-09 7.123E-02 1.071E+00 3.493E-01 3.502E-01 -2.141E+01
58 9.213E-02 7.530E-09 1.041E-01 9.933E-02 1.514E-08 1.209E-01 1.167E+00 3.654E-01 3.306E-01 -2.266E+01
59 1.232E-01 8.353E-09 3.593E-01 2458E-01 1.274E-08 7.395E-02 1.512E+00 3.861E-01 3.769E-01 -2.283E+01
60 1.061E-01 4.043E-09 5023E-02 1.658E-01 1.330E-08 1.378E-01 1.171E+00 3.709E-01 3.951E-01 -2.204E+01
61 1.108E-01 9.816E-09 2580E-02 S5.530E-01 8.393E-09 9.473E-02 1637E+00 3.369E-01 3.007E-01 -2.097E+01
62 1.090E-01 5.998E-09 5.971E-02 2666E-01 1.377E-10 3.802E-02 1.361E+00 3.136E-01 3.665E-01 -2.191E+01
63 4544E-02 6.794E-09 9.919E-02 6.120E-01 2423E-10 1.513E-01 1.073E-01 4.460E-01 3.857E-01 -2.151E+01
64 5.499E-02 4681E-09 1.980E-02 9.927E-01 1.357E-08 1.455E-01 6.761E-01 4.375E-01 3.473E-01 -2.177E+01
65 2810E-02 2293E-09 1.413E-01 9.178E-01 9.936E-09 B8.331E-02 5.036E-02 3.535E-01 4.544E-01 -2.081E+01
66 9.633E-02 8.857E-09 4.421E-01 1.287E-01 2928E-09 5.813E-02 2075E-01 4.576E-01 4.164E-01 -2.231E+01
67 5.864E-03 9.458E-09 1.8S8E-01 3.687E-01 8.269E-10 1.328E-01 1.136E+00 3.695E-01 3.597E-01 -2.094E+01
68 1.134E-01 2.460E-09 4.183E-02 4.695E-01 1.067E-09 1.927E-01 7.354E-02 3.347E-01 4.317E-01 -2.165E+01
69 6.604E-03 7.825E-09 4.264E-01 3.850E-01 1.472E-08 1.471E-01 8473E-01 3.170E-01 4.200E-01 -2.159E+01
70 1.904E-03 13S1E-09 4.085E-01 3.248E-01 4.814E-10 5544E-02 1.310E+00 4.204E-01 3.972E-01 -2.359E+01

Materia!

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)
1 9.679E+00 0.000E+00 8789E-02 2.330E-01 -1.785E+01 2.866E-02 2.165E-02 1.202E+07 1.543E+07 1.947E-01
2 4.966E-01 1.000E+00 1.457E-01 1.259E-01 -1.977E+01 6.990E-03 4.764E-01 1.300E+07 1.458E+07 3.996E-01
3 6.790E-01 1.000E+00 1.849E-01 2.166E-01 -1.804E+01 2.897E-02 7.123E-01 1.260E+07 1.561E+07 1.364E-O1
4 S$.182E+00 1.000E+00 1.726E-01 1.890E-01 -1.930E+01 5.613E-03 9.978E-01 1.201E+07 1.511E+07 9.468E-01
5 4.071E-01 1.000E+00 1.988E-01 1.459E-01 -1994E+01 2056E-02 6.428E-02 1.233E+07 1.600E+07 1.657E-01
6 6.142E+00 0.000E+00 3.317E-01 4.793E-02 -1.982E+01 1.375E-02 9.602E-01 1.256E+07 2.082E+07 3.368E-01
7 1.089E+00 0.0COE+00 3.543E-02 1.622E-01 -1.975E+01 2593E-02 2.709E-01 1.245E+07 1.407E+07 2.578E-O1
8 6.448E+00 1.000E+00 3.866E-01 2.852E-02 -1.874E+01 3.185E-03 5.669E-01 1.250E+07 1.874E+07 1.565E-01
9 4.261E-01 1.000E+00 3.408E-01 1.869E-01 -1.991E+01 2.727E-02 4.401E-01 1.230E+07 1.306E+07 1.483E-01
10 1.517E+00 1.000E+00 7.900E-02 3.481E-01 -1.728E+01 9.677E-03 2.886E-01 1.238E+07 1.972E+07 8.469E-02
1 5.125E-01 0.000E+00 2.717E-01 2.003E-01 -1.988E+01 2573E-03 6.303E-01 1.227E+07 2.010E+07 8.790E-02
12 7.496E+00 1.000E+00 1.410E-01 2.862E-01 -1.865E+01 9.827E-03 5.472E-01 1.236E+07 2.097E+07 8.068E-02
13 2.249E+00 1.000E+00 3.6S0E-01 2937E-01 -1931E+01 1.661E-02 7.349E-02 1.277E+07 1.845E+07 7.603E-01
14 3.062E-01 1.000E+00 8.366E-03 1.736E-01 -2.000E+01 1.960E-02 4.472E-01 1.272E+07 1.683E+07 4.436E-02
15 4.462E-01 0.000E+00 2.310E-01 3.835E-01 -1.968E+01 1.159E-03 8.622E-01 1.279E+07 1.535E+07 4.805E-02
16 5.359E-01 1.000E+00 3.789E-01 2.172E-01 -1.829E+01 5.870E-03 7.594E-01 1.220E+07 1.357E+07 2.458E-01
17 5.919E+00 0.000E+00 1.113E-01 3.806E-01 -1.924E+01 2.395E-02 8.442E-01 1.297E+07 1.803E+07 1.258E-01
18 5.873E-01 0.000E+00 2947E-01 8.612E-03 -1918E+01 6.137E-03 3.866E-01 1.248E+07 2.042E+07 1.308E-01
19 2.00SE+00 1.000E+00 1.164E-01 1.667E-01 -1.934E+01 6.255E-03 7.942E-01 1.286E+07 2.047E+07 3.845E-O1
20 6.709E-01 1.000E+00 1.294E-01 3.211E-01 -1935E+01 1.707E-02 7.418E-01 1.295E+07 1.817E+07 3.349E-01
21 2.259E-01 0.000E+00 1977E-02 2.233E-01 -1.894E+01 2.350E-02 2158E-01 1.207E+07 1.961E+07 1.515E-01
22 1.434E+00 1.000E+00 2.183E-01 1.871E-02 -1.913E+01 2.603E-02 7.201E-01 1.216E+07 1.990E+07 1.931E+00
23 7.099E+00 1.000E+00 2.388E-01 4.523E-02 -1.945E+01 2.992E-02 8.192E-01 1.210E+07 1.929E+07 1.816E-01
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR
RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X{20)

24 4.327E-01 1.000E+00 6.127E-02 2643E-01 -1.921E+01 1.471E-02 1.909E-01 1.243E+07 2.006E+07 3.497E-02
25 2.761E+00 1.000E+00 3.051E-01 9.990E-02 -1.949E+01 2.472E-02 8779E-01 1.214E+07 1.379E+07 S5.503E-01
26 5.266E+00 1.000E+00 2.470E-0O1 6.806E-02 -1.962E+01 1.882E-02 8.054E-01 1.252E+07 1.490E+07 3.807E-02
27 8.333E+00 1.000E+00 2.128E-01 7.573E-02 -1.966E+01 2.274E-03 4.993E-01 1.268E+07 1.773E+07 8.291E-01
28 7.946E+00 0.000E+00 3.474E-01 1.527E-01 -1.971E+01 2.883E-03 2091E-01 1.219E+07 1.793E+07 2722E-01
29 6.041E-01 1.000E+00 3.304E-01 3.578E-01 -1.951E+01 1.268E-02 1.152E-01 1.277E+07 1.382E+07 1.189E-01
30 2.004E-01 0.000E+00 1.405E-02 1.553E-01 -1.913E+01 8.791E-03 9.132E-01 1.221E+07 1.566E+07 3.610E-01
31 3.316E-01 1.000E+00 2.113E-01 2.405E-01 -2.049E+01 1.765E-02 3.827E-01 1.212E+07 1.887E+07 5.362E-02
32 8.880E+00 1.000E+0C0 3.143E-01 3.755E-01 -1.998E+01 2.093E-02 9.418E-01 1.257E+07 1.428E+07 7.034E-02
33 5.220E-01 1.000E+00 1.053E-01 3.419E-01 -1.833E+01 6.664E-03 9.820E-01 1.206E+07 1.853E+07 1.092E-01
34 8652E+00 0.000E+00 2515E-01 3.628E-01 -1.991E+01 9.103E-03 5.828E-01 1.224E+07 1.398E+07 2319E-01
35 3.947E-01 1.000E+00 2.907E-01 1.339E-01 -1.955E+01 2.423E-03 7.825E-01 1.218E+07 1.786E+07 6.246E-02
36 2.750E-01 1.000E+00 3.709E-01 3.696E-01 -1.970E+01 2.712E-02 6.279E-01 1.241E+07 2.056E+07 2.884E-01
37 6.978E+00 1.000E+00 2.265E-01 3.079E-02 -1.959E+01 5.096E-03 5.286E-01 1.270E+07 1.767E+07 9.572E-02
38 2.964E+00 1.000E+Q0 1.781E-01 3.962E-01 -1.882E+01 1.894E-03 6.447E-01 1.243E+07 1.447E+07 1.412E-01
39 2.606E-01 1.000E+00 1.633E-01 3.724E-02 -1.925E+01 1.009E-02 6.724E-01 1.283E+07 1.635E+07 2.122E-01
40 2.416E-01 1.000E+00 2434E-01 1.110E-01 -1.868E+01 2.276E-02 1.097E-01 1.254E+07 1.504E+07 7.721E-02
41 5749E-01 1.000E+00 1.334E-01 1.065E-01 -1.840E+01 1.802E-02 1.518E-01 1251E+07 1.475E+07 2.549E-O1
42 5.484E-01 0.000E+00 3964E-01 3.350E-01 -2.063E+01 2199E-02 4.115E-01 1.274E+07 1.581E+07 7.030E-01
43 4.000E+00 0.000E+00 3.907E-01 1.204E-01 -1.857E+01 5179E-03 4.205E-01 1.227E+07 1.588E+07 6.006E-02
3.605E-01 0.000E+00 2598E-01 5.735E-02 -1.927E+01 3.901E-03 2482E-01 1.208E+07 1.462E+07 6.582E-01
3.239E-01 1.000E+00 1.583E-01 9.419E-02 -1.901E+01 9.387E-03 2.787E-01 1.265E+07 1.361E+07 1.209E-01
4.606E-01 1.000E+00 6.517E-02 2388E-01 -1.978E+01 2.828E-02 8.963E-01 1.232E+07 1.897E+07 4.544E-01
47 3.476E+00 1.000E+00 3.178E-01 2.606E-01 -1.904E+01 6.570E-03 1.412E-01 1.293E+07 1.648E+07 5.341E-01
7.708E+400 0.000E+00 4.551E-02 2.075E-01 -1.985E+01 2.239E-02 9.268E-01 1.288E+07 1.940E+07 1.113E-01
3.753E-01 1.000E+00 S5.011E-02 6.990E-02 -1.816E+01 1.682E-03 9.470E-01 1.228E+07 1.415E+07 1.703E-01
3.539E-01 1.000E+00 1.899E-01 1.985E-01 -1.961E+01 1.289E-02 6.970E-01 1.266E+07 1.318E+07 2.231E-01
5.600E-01 1.000E+00 2.318E-02 1.181E-02 -1.639E+01 7.844E-03 3.078E-01 1.293E+07 1.631E+07 6.020E-01
52 3.237E+00 0.000E+00 1.504E-01 3.886E-01 -1.906E+01 4.713E-03 7.463E-01 1.297E+07 1.716E+07 1.251E+00
53 6.741E+00 1.000E+00 2.847E-01 1.806E-01 -1811E+01 1.590E-02 3.382E-01 1.263E+07 1.731E+07 2.000E-02
54 4.720E-01 0.000E+00 1.659E-01 2.729E-01 -1.984E+01 1.450E-02 3.559E-01 1.259E+07 1.982E+07 1.000E-O1
55 6.503E-01 0.000E+00 3.245E-01 3.033E-01 -1.699E+01 2.003E-02 5.037E-01 1.247E+07 1.689E+07 3.050E-01
56 4848E+00 0.000E+00 9.277E-02 5.221E-02 -1.996E+01 1.165E-02 8.402E-01 1.276E+07 1.336E+07 3.112E-01
57 9.211E+00 1.000E+00 5.116E-03 2777E-01 -2.028E+01 4.563E-03 4.489E-02 1.210E+07 1.907E+07 4.921E-01
58 6.406E-01 1.000E+00 3.488E-01 3.298E-01 -1.847E+01 8.711E-03 3.184E-01 1.239E+07 1.937E+07 2.852E-01
59 8.958E+00 1.000E+CO 8512E-02 3.127E-01 -1910E+01 2516E-02 9.379E-02 1.269E+07 1.711E+07 4.277E-01
60 9.862E+00 1.000E+00 7.038E-02 8.194E-02 -1.902E+01 8.260E-03 6.020E-01 1.283E+07 1.526E+07 2.881E-02
61 8.049€-01 1.000E+00 2.791E-01 1.389E-01 -1.938E+01 7.384E-03 1.695E-01 1.216E+07 1.835E+07 1.518E+00
62 2.863E-01 1.000E+00 3.599E-01 2512E-01 -1.826E+01 1.225E-02 3.707E-01 1.289E+07 1.748E+07 1.920E-O01
63 3.754E+00 O0.000E+00 2.001E-01 2.836E-01 -1.602E+01 4.109E-03 6.620E-01 1.225E+07 1.616E+07 1.739E-01
64 2.495E+00 1.000E+00 2.932E-02 8.702E-02 -1.957E+01 3.739E-03 4.692E-01 1.285E+07 1.739E+07 4.756E-01
65 2541E-01 1.000E+00 2.641E-01 3.510E-01 -1.943E+01 7.470E-03 5998E-01 1.280E+07 2.072E+07 3.755E-01
66 6.915E-01 0.000E+00 1.238£-01 3.163E-01 -1.940E+01 3.533E-03 3.140E-03 1.236E+07 1.671E+07 1.027E+00
67 5.580E+00 0.000E+00 5.635E-02 2.537E-01 -1.886E+01 B8.191E-03 2.424E-01 1.258E+07 1.326E+07 2.200E-O1
68 4520E+00 O0.000E+00 3.024E-01 2997E-01 -1917E+01 1.076E-02 5214E-01 1.263E+07 2.026E+07 2.027E-01

5628

2865
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR
RUN NO. X{(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)
69 4327E+00 1.000E+00 3.715E-01 4839E-03 -1.948E+01 1.519E-02 1.780E-01 1.291E+07 1.658E+07 6.938E-02
70 6.277€-01 1.000E+00 1.013E-01 1.192E-01 -2.087E+01 1.489E-03 3.635E-02 1.203E+07 1.862E+07 1.034E-01
Material
Parameter BHPERM OBDIAM LAMBDA BPAREAFR SOLAM  SOLNP SOLPU SOLRA  SOLTH soLy
RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)
1 3.223E-13 4.087E-01 6.459E-01 2756E-01 -9.664E+00 -9.454E+00 -8.853E+00 1.256E+00 -5.739E+00 -2.746E-01
2 2.683E-13 3.780E-01 3.485E-01 3.806E-01 -9.123E+00 -1.513E+01 -1.368E+01 1.094E+00 -6.470E+00 -3.643E+00
3 2.054E-13 4.214E-01 2818E-01 3.888E-01 -9.693E+00 -6.185E+00 -1.359E+01 1.248E+00 -1.132E+01 -2.513E+00
4 1.000E-11 3908E-01 6.879E-01 3.087E-01 -6.752E+00 -1.192E+01 -8.339E+00 1.110E+00 -1.138E+01 -5.123E+00
5 4.051E-12 2.788E-01 2.059E-01 2.964E-01 -8.758E+00 -6.916E+00 -6.509E+00 9.393E-01 -1.046E+01 -4.858E+00
6 2.328E-13 3.668E-01 4.707E-01 4.151E-01 -9.320E+00 -5.710E+00 -5862E+00 1.251E+00 -6.704E+00 -4.508E+00
7 1.257E-12 4.100E-01 3.375E-02 4.445E-01 -9.300E+00 -4.863E+00 -7.801E+00 1.132E+00 -1.019E+01 -6.874E+00
8 7.713E-12 2949E-01 1.731E-01 4.110E-01 -6.699E+00 -7.652E+00 -1.235E+01 1.043E+00 -9.188E+00 -4.763E+00
9 9.434E-14 2762E-01 9.720E-01 4.628E-01 -9.277E+00 -1.019E+01 -1.045E+01 5.121E-01 -6.572E+00 -3.402E+00
10 1.322E-12 3.603E-01 4.759E-01 4.793E-01 -9.613E+00 -6.526E+00 -1.172E+01 1.107E+00 -9.756E+00 -2.987E+00
1 3.378E-14 3.320E-01 7.262E-01 3.501E-01 -1.740E+00 -4.591E+00 -1.193E+01 9.632E-01 -8.166E+00 -2.066E+00
12 2.016E-12 3.950E-01 6.321E-01 3.695E-01 -1.012E+01 -9.369E+00 -1.019E+01 1.015E+00 -1.068E+01 -1.081E+01
13 8.206E-14 4.189E-01 9.091E-01 2.689E-01 -9.926E+00 -3.360E+00 -8.118E+00 1.127E+00 -1.212E+01 -1.980E+00
14 1.646E-12 3.416E-01 7.358E-01 4.108E-01 -4.602E+00 -7.1S0E+00 -1.475E+01 1.234E+00 -7.740E+00 -2.389E+00
15 1.042E-12 3.357E-01 5.136E-01 4.016E-01 -6.398E+00 -9.919E+00 -1.062E+01 1.072E+00 -1.095E+01 -2.817E+00
16 8.788E-14 2932E-01 1.927E-01 3.455€-01 -6.618E-01 -2.674E+00 -6.321E+00 1.258E+00 -9.910E+00 -2.327E+00
17 2761E-13 2.847E-01 6611E-01 3.468E-01 -1.019E+01 -6.337E+00 -1.0B1E+01 1.176E+00 -1.523E+01 -1.339E+01
18 2.585E-12 3.234E-01 9.689E-01 4.896E-01 -7.632E+00 -1.428E+01 -8.256E+00 1.163E+00 -1.444E+01 -4.146E+00
19 2.966E-13 4.262E-01 7.876E-01 4.204E-01 -4.225E+00 -2.066E+00 -7.325E+00 1.028E+00 -7.944E+00 -4.375E+00
20 2.257E-13 3.390E-01 2651E-02 3.653E-01 -9.898E+00 -7.503E+00 -8.882E+00 9.832E-01 -9.571E+00 -4.058E+00
21 2.489E-13 3.090E-01 4326E-01 3.356E-01 -1.027E+01 -5.897E+00 -7.599E+00 9.884E-01 -1.420E+01 -4.687E+00
22 8.276E-13 4.158E-01 4.229E-01 4.176E-01 -4.820E+00 -6.835E+00 -1.555E+01 8.333E-01 -1.376E+01 -1.781E+00
23 1.624E-13 3.058E-01 5.226E-01 4589E-01 -9.760E+00 -5.568E+00 -6.234E+00 6.281E-01 -7.353E+00 -6.526E+00
24 3.118E-13 2.804E-01 8.593E-01 3.926E-01 -5.607E+00 -3.709E+00 -9.050E+00 1.057E+00 -6.334E+00 -6.016E+00
25 1.708E-13 4.326E-01 5.463E-01 3.837E-01 -1.132E+01 -5.467E+00 -7.503E+00 8.892E-01 -1.154E+01 -2.181E+00
26 4.007E-13 2.697E-01 3.010E-01 3.538E-01 -8.257E+00 -5.816E+00 -7.110E+00 1.242E+00 -9.030E+00 -2.048E+00
27 6.130E-13 2.689E-01 7.530E-01 3.966E-01 -9.486E+00 -8.816E+00 -1.518E+01 1.228E+00 -1.120E+01 -3.036E+00
28 8.499E-13 3.707E-01 2271E-01 3.336E-01 -1.403E+00 -7.086E+00 -1.454E+01 8.135E-01 -1.045E+01 -2.485E+00
29 3.628E-13 3.340E-01 8.769E-01 3.255E-01 -8.532E+00 -1.355E+01 -7.762E+00 7.736E-01 -7.196E+00 -3.542E+00
30 1.334E-13 4.280E-01 4.486E-01 4.236E-01 -2.966E+00 -8.271E+00 -9.508E+00 9.546E-01 -1.185E+01 -2.299E+00
31 5.200E-13 3.932E-01 5816E-02 5669E-01 -9.447E+00 -9.102E+00 -1.S500E+01 9.722E-01 -1.244E+01 -1.965E-01
32 3.473E-13 4.428E-01 4029E-01 4.427E-01 -3.580E+00 -7.308E+00 -8.633E+00 6.622E-01 -1.335E+01 -7.758E+00
33 7.358E-14 2877E-01 5914E-01 3.673E-01 -1.004E+01 -6.684E+00 -8.610E+00 4.520E-01 -6.046E+00 -2.560E+00
34 4264€E-13 3.581E-01 8.248E-01 4.057E-01 -9.162E+00 -7.894E+00 -1.409E+01 1.201E+00 -8.763E+00 -3.749E+00
35 1.422E-13 3.740E-01 8.017E-02 4.330E-01 -1.107E+01 -7.348E+00 -1.591E+01 1.156E+00 -5.862E+00 -3.444E+00
36 2.846E-14 3.194E-01 9.552E-02 3.818E-01 -9.405E+00 -6.590E+00 -1.488E+01 1.100E+00 -1.110E+01 -5.092E+00
37 2197E-14 3.832E-01 4.946E-01 3.291E-01 -9.817E+00 -1.154E+01 -4.335E+00 6.835E-01 -9.880E+00 -2.416E+00
38 9957E-14 2975E-01 3.215E-01 4.661E-01 -1.017E+01 -4 659E+00 -9.720E+00 1.171E+00 -1.299E+01 -1.695E+00
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Appendix C. LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM  SOLNP SOLPU SOLRA  SOLTH SOLU
RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)

39 4797E-12 4398E-01 2.449E-01 2.877E-01 -9.050E+00 -5.345E+00 -9.307E+00 1.00SE+00 -7.002E+00 -6.833E-0O1
40 2160E-12 3635E-01 7.612E-01 4.456E-01 -7.907E+00 -5.953E+00 -1.108E+01 1.206E+00 -1.209E+01 -5.830E+00
41 4710E-13 2.826E-01 7.731E-01 4.525E-01 -8.640E-01 -5.218E+00 -1.290E+01 S5.719E-01 -7.589E+00 -4.022E+00
42 3.221E-12 2.914E-01 6.280E-01 4.486E-01 -1.000E+01 -3.013E+00 -6.828E+00 3.350E-01 -8.923E+00 -1.357E+00
43 6.646E-14 3.968E-01 1.669E-01 3.749E-01 -3.156E+00 -6.788E+00 -6.742E+00 9.415E-01 -1.455E+01 -5.469E+00

5.226E-14 3.016E-01 9.254E-01 4.166E-01 -9.232E+00 -2.260E+00 -9.871E+00 1.183E+00 -1.163E+01 -5.276E+00
LS 3.887E-13 4.034E-01 8.107E-01 3.986E-01 -9.006E+00 -8.645E+00 -6.077E+00 1.139E+00 -1.076E+01 -6.340E+00

5.483E-13 3.114E-01 3.988E-01 4.273E-01 -5.388E+00 -1.470E+01 -7.027E+00 1.189E+00 -1.291E+01 -1.213E+00
47 1.802E-12 4.134E-01 9.369E-01 4.336E-01 -9.372E+00 -5.527E+00 -9.985E+00 1.221E+00 -1.023E+01 -2.244E+00
48 1.023E-12 3.883E-01 9.918E-01 3.872E-01 -6.016E+00 -8.125E+00 -1.224E+01 1.087E+00 -1.010E+01 -1.434E+00
49 2071E-13 3.1S0E-01 9.525E-01 3.422E-01 -1.204E+01 -7.061E+00 -1.088E+01 3.447E-01 -1.391E+01 -2.114E+00
S0 1.146E-13 4.051E-01 5620E-02 3.920E-01 -7.225E+00 -8.524E+00 -9.635E+00 1.244E+00 -1.345E+01 -6.980E+00
51 1.853E-13 3.150E-01 1.018E-01 3.712E-01 -8.886E+00 -1.039E+01 -9.217E+00 9.675E-01 -8.234E+00 -5.521E+00
52 7.378E-13 3.024E-01 3.290E-01 5.479E-01 -8.310E+00 -5.064E+00 -7.013E+00 1.027E+00 -7.531E+00 -2.687E+00
S3 1.754E-13 3.516E-01 6.830E-01 4.295E-01 -2.568E+00 -1.001E+01 -5.636E+00 1.001E+00 -1.179E+01 -1.011E+00
54 9.068E-13 3.851E-01 8436E-01 3.540E-01 -3.924E+00 -5.136E+00 -5.334E+00 1.147E+00 -1.430E+01 -2.736E+00
55 6.937E-13 3.293E-01 2.628E-01 4.032E-01 -2.032E+00 -9.169E+00 -6.906E+00 9.326E-01 -1.272E+01 -6.019E-01
56 5605E-14 3612E-01 8.309E-01 3.399E-01 -9.552E+00 -7.756E+00 -1.117E+01 1.121E+00 -9.535E+00 -4.278E+00
57 4.087E-14 3.450E-01 5791E-01 4.975E-01 -6.351E+00 -1.010E+01 -7.276E+00 8.800E-01 -1.491E+01 -3.903E+00
58 1.125E-12 4.304E-01 6.134E-01 4.375E-01 -1.283E+01 -9.544E+00 -6.632E+00 S5.178E-01 -7.088E+00 -6.654E+00
59 1.049E-13 3.476E-01 5.638E-01 2559E-01 1.125E-01 -5.750E+00 -1.640E+01 4.217E-01 -9.366E+00 -6.291E+00
60 6.800E-13 3.257E-01 1.180E-01 4.259E-01 -1.181E+01 -3.981E+00 -9.468E+00 1.061E+00 -9.261E+00 -1.105E+00
61 1.546E-14 3.212E-01 2.890E-01 4.622E-01 -5.153E+00 -1.252E+01 -8.40SE+00 1.251E+00 -6.910E+00 -3.247E+00
62 1.214E-13 4.239E-01 3673E-01 3.780E-01 -8.009E+00 -8.928E+00 -1.122E+01 7.132E-01 -8.726E+00 -1.871E+00
63 1.511E-13 4.346E-01 7.078E-01 5.198E-01 -6.916E+00 -6.103E+00 -1.306E+01 1.012E+00 -7.818E+00 -6.161E+00
64 6.340E-14 3483E-01 1.539E-01 4.396E-01 -5.982E+00 -6.030E+00 -3.565E+00 7.319E-01 -8.564E+00 -1.593E+00
65 4.483E-14 4.005E-01 8.983E-01 4.081E-01 -7.295E+00 -1.526E+01 -6.406E+00 1.212E+00 -8.355E+00 -3.795E+00
66 6.107E-13 3.543E-01 3.857E-01 3.620E-01 -1.288E+01 -6.225E+00 -1.052E+01 1.037E+00 -1.481E+01 -1.535E+00
67 1.434E-12 3.734E-01 1.422E-01 5.376E-01 -7.557E+00 -8.103E+00 -5.464E+00 9.945E-01 -8.466E+00 -3.316E+00
68 5.128E-13 2726E-01 9.745E-03 3.596E-01 -9.110E+00 -9.712E+00 -1.028E+01 9.491E-01 -1.091E+01 -3.105E+00
69 1.000E-14 3.795E-01 5.364E-01 4.543E-01 -1.038E+01 -6.366E+00 -1.533E+01 1.050E+00 -1.503E+01 -2.625E+00
70 4.531E-13 4.387E-01 2411E-01 3577E-01 -9.599E+00 -6.020E+00 -7.968E+00 1.078E+00 -6.183E+00 -5.649E+00

Material
Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP  FKDPU FKDTH
RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

3.689E-01 1.347E-01 1.307E-03 3.149E+00 0.000E+00 9.844E-02 2.100E+00 -2.194E-01 1.137E+00 -1.263E+00
4068E-01 5823E-01 1.356E-03 1.078E-01 1848E-01 4.169E-01 2.284E-01 -2.437E+00 2.874E+00 -3.127E+00
6.714E-01 8.879E-01 3.436E-03 3.478E-01 0.000E+00 3.011E-01 -9.079E-01 2.581E+00 -9.157E-01 9.695E-01
5.721E-01 3.106E-01 2102E-03 4.629E+00 0.000E+00 2.892E-01 2.045E+00 -2.084E+00 2.942E+00 -7.889E-01
4952E-01 5.394E-01 2.416E-03 7.314E+00 4601E-01 4.119E-01 2.249E+00 2.370E+00 -1.004E-01 -1.208E+00
9.702E-01 1.115E-01 1.000E-02 6.791E+00 O0.000E+00 1.458E-01 3.185E-01 1.058E+00 2723E-01 3.758E-01
2.787E-01 2.75S8E-01 3.077E-04 3.104E-01 0.000E+00 3.002E-01 -2.487E-02 2917E+00 2.668E+00 -2.930E+00
9.213E-01 7.240E-01 2.443E-04 1.133E-01 0.000E+00 2.134E-01 8402E-01 2522E+00 2572E+00 2.835E-01
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP  FKDPU FKDTH

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)
9 6.322E-01 8.636E-01 1471E-03 5.667E-01 0.C00E+00 1.050E-01 1.631E-01 -2.822E+00 2.830E+00 -2.469E+00
10 8.899E-01 1.227E-01 3.077E-03 4.288E+00 2.777E-01 6.018E-02 2.138E+00 -3.622E+00 8.307E-01 -1.198E+00
1 9.365E-01 9.966E-01 4324E-04 2807E+00 0.000E+00 8.102E-02 9.633E-01 6463E-02 -1.486E-02 -3.422E+00
12 9.128E-03 9.358E-01 3.571E-03 3.387E-01 8.276E-02 1.836E-01 2.314E+00 4.235E-01 6.207E-01 -1.693E+00
13 8.782E-01 9.174E-01 1.844E-03 9.675E-02 5.057E-02 1.946E-01 5.097E-01 -2.184E+00 2.114E+00 -1.676E+00
14 5.275E-01 7.538E-03 1.275E-03 2.589E+00 0.000E+00 4.739E-01 2839E+00 2.420E-01 2413E+00 5.278E-O1
15 6.464E-02 4.629E-01 1.944E-03 3.7S0E+00 0.000E+00 4.237E-01 -1.944E+00 -2.335E+00 9.381E-02 3.394E-01
16 1.002E-01 5.997E-01 1.175E-03 3.312E-01 2.076E-01 2446E-01 5779E-01 -2.194E+00 2888E+00 -1.085E+00
17 6.130E-01 5713E-01 7.672E-04 2635E-01 0.000E+00 3.395E-01 2.747E+00 2.686E+00 2 362E+00 -3.245E+00
18 7.468E-02 6.964E-01 9.308E-04 1.853E-01 6.629E-02 2409E-01 2.077E+00 -2.010E+00 2601E+00 8.519E-01
19 1.358E-01 6.647E-01 1.098E-03 2.927E-01 0.000E+00 4.047E-01 2.198E-02 -2.068E+00 8.928E-01 -2.913E+00
20 3.055E-01 4.519E-01 1.292E-04 8.809E-01 0.000E+00 1.478E-01 1.851E+00 1.662E-01 1.407E+00 7.119E-O1
21 8.639E-01 6504E-01 2871E-03 1.981E-01 3.766E-02 4.654E-01 -3.934E-01 -2.127E+00 2.931E+00 7.650E-01
22 7117E-01 5489E-01 2659E-04 1.685E-01 4.767E-01 4.013E-01 4.069E-01 -3.252E+00 -3.630E+00 -1.514E+00
23 5.492E-02 3.609E-01 1.427E-03 3.799E-01 1.475E-01 4.972E-01 7.533E-02 -2.254E+00 2.708E+00 2.400E-O1
24 1.891E-01 6.105E-01 1.817E-03 1.610E-01 1.991E-01 2791E-01 2266E+00 5.886E-01 1.633E+00 -1.903E+00
25 3.704E-02 6.827E-01 1.701E-03 2.060E+00 0.000E+00 3.211E-01 2.672E+00 -7.864E-01 3.397E-01 -1.060E+00
26 8.072E-01 9.053E-01 5.944E-04 6.057E+00 0.000E+00 3.680E-01 2.443E+00 -1.975E+00 9.984E-01 -1.099E+00
27 5.662E-01 5105E-01 2522E-03 2364E-01 1.629E-01 3.630E-01 1.231E+00 4.460E-01 7.365E-01 -3.938E+00
28 3.500E-01 2.168E-02 4.626E-03 6.637E-02 0.000E+00 3.145E-01 2.718E+00 1.864E+00 4.774E-01 -1.348E-01
29 4.453E-01 B8.028E-01 3.027E-03 3.953E-01 3.330E-01 3.569E-01 2.403E+00 6.590E-01 1.783E-01 S5.844E-01
30 6.472E-01 6.217E-01 2.274E-03 1.219E-01 3.679E-01 1.385E-01 2930E+00 2 308E+00 9.142E-01 -1.227E+00
N 5.367E-01 9.768E-01 2613E-03 5.469E+00 0.000E+00 3.088E-01 2522E+00 7.498E-01 2739E+00 -1.021E+00
32 9.048E-01 2.698E-01 5.894E-03 3.207E-01 0.000E+00 1.097E-01 2.592E+00 2081E+00 2.497E+00 -2.254E+00
33 3.218E-01 4.387E-02 1.839E-04 1.555E+00 2.868E-01 2228E-01 2.881E+00 -2.390E+00 2.392E+00 -1.016E+00
34 1.817E-01 8.466E-01 1.000E-04 2.277E-01 0.000E+00 4.303E-01 2.487E+00 -1.119E+00 1.944E+00 1.410E-01
35 7.374E-01 2.333E-01 6.994E-04 4.443E+00 0.000E+00 2.647E-O1 -3.894E+00 1.026E+00 2.295E+00 -1.0S0E+CO
36 1.243E-01 1.795E-01 6.654E-04 7.070E-02 0.000E+00 2.275E-01 1.335E-01 1.244E+00 2.764E+00 -1.181E+00
37 8.156E-01 3.528E-01 4.016E-03 1.444E-01 4450E-01 1.561E-01 -7.678E-02 2.211E+00 2.445E+00 4.460E-01
38 5.551E-01 6.568E-02 2028E-03 1.945E-01 2488E-01 4.386E-01 9.195E-02 1.654E+00 -1.884E+00 -5.709E-01
39 3.355E-01 4.421E-01 1.546E-03 1.212E+00 9.509E-02 4.534E-01 1.803E-02 -1.891E+00 2.347E+00 -1.287E+00
40 4853E-01 2.227E-01 1.024E-03 3612E-01 2600E-01 5.556E-02 1.870E-01 -1.825E+00 -1.014E+00 -1.241E+00
1 7.923E-01 9.005E-02 8515E-04 2.800E-01 0.000E+00 7.060E-02 2.380E+00 2.798E+00 2860E+00 -5.004E-02
42 2.366E-01 1.481E-01 6.353E-04 2.144E-01 0.000E+00 9.389E-02 4.665E-01 -1.735E+00 -2.685E+00 1.949E-01
43 3.907E-01 1.870E-01 5.579E-04 7.386E+00 0.000E+00 4.771E-01 7.765E-01 -2.771E+00 4.188E-02 -3.708E+00
44 8.378E-01 3.195E-01 4.624E-04 1.368E+00 4.333E-01 4.610E-01 2.579E+00 1.145E+00 2.462E+00 -6.334E-01
45 1.691E-01 1.642E-01 6.700E-04 2.524E-01 0.000E+00 1.320E-01 2.417E+00 -2.508E+00 -1.200E+00 -7.496E-01
45 6.676E-01 7.674E-01 7.987E-04 4.783E+00 3.280E-01 3.349E-01 2.187E+00 1.785E+00 2.487E+00 -3.650E+00
46 6.676E-01 7.674E-01 7.987E-04 4.783E+00 3.280E-01 3.349E-01 2.187E+00 1.785E+00 2.487E+00 -3.650E+00
47 4224E-01 4.110E-01 3.989E-04 7.852E+00 3.862E-01 1.763E-01 2.562E-01 1.966E+00 2.994E+00 -1.274E+00
48 4.385E-01 3.782E-01 3.626E-04 6.452E+00 4.207E-01 2578E-01 2232E+00 8.375E-01 5.452E-01 -2.831E-01
49 7.578E-01 7.722E-01 8756E-04 6.025E+00 0.000E+00 2.700E-01 3.579E-01 2.455E+00 7.299E-01 -1.713E-01
50 7.210E-01 5.186E-01 6.171E-04 3.304E+00 4.881E-01 1.261E-01 2.692E+00 -3.413E+00 4.172E-01 1.715E-02
51 6.205E-01 8.187E-01 1.611E-03 1.823E+00 O0.000E+00 1.619E-01 1.977E+00 -1.950E+00 6.136E-01 -2.148E+00
52 2.939E-01 9.520E-01 6.659E-03 5.554E+00 0.000E+00 2.815E-01 2.148E+00 -2.317E+00 2.643E+00 -5.250E-01



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material
Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP  FKDPU FKDTH
RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

53 8.836E-02 2940E-01 3.815E-04 1.281E-01 1.084E-01 3.886E-01 5.221E-02 2.020E+00 2.314E+00 -2.400E+00
54 9.512E-01 6.366E-01 3.283E-04 1501E-01 0.000E+00 2107E-01 2027E+00 -3.932E+00 2.908E+00 7.848E-01
55 3.754E-01 7.419E-01 3.014E-04 5.735E+00 O0.000E+00 1.989E-01 -2.214E+00 2.865E+00 2.704E+00 -9.494E-O1
56 2.569E-01 2058E-01 4.414E-04 2211E-01 2312E-02 1.147E-01 -3.1S57E+00 -1.324E+00 2.754E+00 -1.159E+00
57 7.443E-01 7.629E-02 1.070E-03 7.231E-01 0.000E+00 2.526E-01 -2.99SE+00 -2.543E+00 2.387E+00 -1.126E+00
58 9975E-01 4.856E-01 2223E-04 2199E+00 0.000E+00 4.464E-01 2769E+00 1.453E+00 1.758E+00 -2.715E+00
59 5.879E-01 7.044E-01 9522E-04 7.052E+00 1.229E-01 3.820E-01 6.146E-01 -1.870E+00 1.317E+00 9.363E-01
60 8512E-01 7.893E-01 5273E-04 8.214E-02 7.808E-03 3.472E-01 2981E+00 -2.593E+00 2.662E+00 -6.702E-01
61 5.085E-01 7.507E-01 1.630E-03 3.520E-01 0.000E+00 3.738E-01 2954E+00 1.567E+00 -4.994E-01 6.040E-01
62 6.872E-01 3605E-02 4.837E-03 3.871E-01 2.159E-01 4.813E-01 2.889E+00 -1.934E+00 2.976E+00 -1.117E+00
63 2.096E-01 8759E-01 9.785E-04 2673E-01 3.076E-01 1.873E-01 6.946E-01 -5.562E-01 2.809E+00 4.670E-02
64 1.725E-02 4.210E-01 S5.152E-04 3.611E+00 4.137E-01 8.630E-02 2810E+00 1.325E+00 2.562E+00 -2.293E-01
65 7.809E-01 3.880E-01 1.77S5E-04 4.006E+00 0.000E+00 3.917E-01 9.076E-01 8.677E-01 -3.815E-01 -4.160E-01
66 1.453E-01 3.381E-01 7.300E-04 2.497E+00 0.000E+00 1.719E-01 2.554E+00 3.185E-01 2.508E+00 -8.453E-01
67 9.797E-01 8.423E-01 8.231E-04 3.017E-01 3.453E-01 4.905E-01 -1.380E+00 -2.036E+00 2.246E-01 -1.144E+00
68 4.706E-01 24B80E-01 1.134E-03 6.490E+00 2.408E-01 6.800E-02 1.563E+00 -3.004E+00 2.530E+00 -9.225E-01
69 2.602E-01 4.888E-01 1.228E-03 7.588E+00 1.395E-01 3.317E-01 2.618E+00 -3.263E-01 2.790E+00 -3.250E-01
70 2.270E-01 9.583E-01 4.925E-04 5.379E+00 3.802E-01 2.334E-01 2.345E+00 1.477E+00 2609E+00 -4.852E-01

Material
Parameter FKDU FKDRA CULPOR MKDAM MKDNP  MKDPU MKDTH MKDU MKDRA
RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)

1 -1.973E+00 -3.324E+00 1.143E-01 -5.213E-01 -2.949E+00 1.081E+00 -2.961E+00 -9.568E-01 -7.915E-O1
2 -1.328E+00 -1.909E+00 1.822E-01 -1.557E+00 -3.164E+00 -1.633E+00 -1.348E+00 -3.044E+00 -1.630E+00
3 -2.687E+00 -2.978E+00 1.726E-01 -7.160E-O1 -3.525E+00 -1.898E+00 -1.997E-01 -2.512E+00 -1.828E+00
4 -2.085E+00 -1.178E+00 1.284E-01 -9.1899E-01 -1.183E+00 -1.090E+00 -3.000E-02 -4.026E-01 -6.370E-01
5 -2.208E+00 -1.406E+00 1.220E-01 1.583E+00 9.019E-01 -2.061E+00 -3.493E+00 -3.570E+00 -1.886E+00
6 -2.260E+00 -3.510E+00 1.783E-01 -8.983E-01 -2.889E+00 -2.012E+00 -1.968E+00 -3.023E+00 -9.798E-01
7 -2.393E+00 -2.639E-01 1.206E-01 -4.012E-01 -3.499E+00 -1.232E+00 -1.641E+00 -6.873E-0O1 -5.865E-01
8 -2.150E+00 -1.846E+00 1.045E-01 1.199E+00 -3.115E+00 1.638E+00 -2.146E+00 -2.873E+00 -2.569E+00
9 -2.221E+00 -8.716E-01 1.210E-01 -8.154E-01 -3.275E+00 -2.104E+00 -8.599E-01 -1.108E+00 -1.797E+00
10 -3.274E+00 5.759E-01 1.634E-01 -9.658E-01 -1.305E+00 -1.152E+00 -2.052E+00 -3.061E+00 -3.144E+00
1" -2.008E+00 -7.792E-01 1.788E-01 9.574E-01 1.949E+00 -1.230E-01 -2.225E+00 -1.026E+00 4.770E-01
12 -1.851E+00 -1.648E+00 1.374E-01 2.117E-01 -3.437E+00 -1.792E+00 -2.029E+00 -3.787E+00 -2.693E+00
13 -2.182E+00 2.384E-01 1.115E-01 1.799E+00 -9.035E-01 -7.714E-01 -2.412E+00 -2.830E+00 -2.651E+00
14 -2.042E+00 1.483E-01 1.259E-01 8.448E-01 1.102E+00 -3.750E+00 -3.756E+00 -3.262E+00 -3.232E+00
15 -2115E+00 -1.763E+00 1.075E-01 -3.158E-01 -2.825E+00 9.417E-01 -2.862E+00 -6.235E-01 -2.179E+00
16 -2.414E+00 -1.397E+00 1.229E-01 -5.761E-01 -7.990E-01 -3.805E+00 -3.379E+00 -1.077E+00 -9.146E-01
17 -2.479E+00 7.485E-01 1.446E-01 -3.411E+00 -1.597E+00 -8.047E-01 -2.073E+00 -1.248E+00 9.659E-01
18 -3.923E+00 -1.916E+00 1.782E-01 1.136E+00 1.558E+00 -2.176E+00 -2.169E+00 -1.131E+00 -1.056E+00
19 -2.931E+00 -1.80SE+00 7.602E-02 -8.255E-01 -1.283E+00 1.113E+00 -1.008E+00 -1.281E+00 -2.474E+00
20 -2.447E+00 -1.377E+00 2.052E-01 -8.912E-01 7.450E-01 1.309E+00 -3.085E+00 -1.154E+00 -4.022E-01
21 -2.311E+00 -1.599E+00 1.050E-01 3.747E-01 -3.720E+00 6.354E-01 -2.706E+00 -3.192E+00 -3.458E+00
22 -2.899E+00 -1.306E+00 1.311E-01 -1.002E+00 -3.196E+00 -2.878E+00 -2.133E+00 -9.998E-01 -1.586E+00
23 -1.685E+00 8.752E-01 1.422E-01 -1.254E-01 1.817E+00 1.748E+00 -1.699E+00 -1.364E-02 -1.859E+00
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter FKDU FKDRA CULPOR MKDAM MKDNP  MKDPU MKDTH MKDU  MKDRA

RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)
24 -2.521E+00 -3.915E+00 1.451E-01 -1.690E+00 -3.683E+00 -9.208E-01 -1.124E+00 -9.652E-02 -1.960E+00
25 -1.892E+00 -1.516E+00 2.034E-01 -9.37SE-01 -7.844E-01 8.066E-01 -3.880E+00 -3.297E+00 -3.759E+00
26 -3.430E+00 -1.341E+00 2.078E-01 -1.197E+00 -3.990E+00 -5.145E-01 -2.781E+00 -8.614E-01 -3.628E+00
27 -2.772E+00 -2.646E+00 1.647E-01 5.074E-01 -1.389E+00 1.863E+00 -3.269E+00 -1.216E+00 -3.257E+00
28 -3.605E-01 3.550E-01 1.889E-01 -9.915E-01 -3.889E+00 -3.191E+00 -2.616E+00 -4194E-01 -1.908E+00
29 -3.642E+00 -1.452E+00 1.554E-01 1.352E+00 1.414E+00 -2.277E-01 -1.699E-01 -3.213E+00 -1.663E-02
30 -3.740E+00 -1.223E+00 1.662E-01 -6.191E-01 -1.020E+00 -4.121E-01 -8300E-01 -1.051E+00 -3.835E+00
AN -2.054E+00 -1.674E+00 1.020E-01 -1.088E+00 2.580E-01 -3.806E-01 -3.684E+00 -2.781E-01 -1.538E+00
32 -2.507E+00 -2.124E+00 1.224E-01 6.149E-01 -3.105E+00 4.431E-01 -1.594E+00 -2.981E+00 -3.372E+00
3 -1.874E+00 -1.948E+00 1.255E-01 6.488E-01 -2.998E+00 -2.965E+00 -1.530E+00 -1.755E+00 -2.131E+00
34 -1.930E+00 -3.411E+00 1.458E-01 -7.348E-01 -3.074E+00 -5.174E-02 -2.254E+00 -3.536E+00 -3.572E+00
35 -2.595E+00 9.350E-01 2.021E-01 1.480E+00 -2.973E+00 2.266E-01 -5.313E-01 -3.657E+00 -1.402E+00
36 -1.839E+00 -3.820E+00 1.718E-01 1.699E+00 1.430E+00 -3.356E+00 -1.291E+00 -2.961E+00 -2.790E+00
37 -1.782E+00 -5.875E-01 1.099E-01 -1.399E+00 1.651E-01 -8.768E-01 -3.588E+00 -2.193E+00 -2.627E+00
38 6.954E-01 -1.709E+00 1.196E-01 -1.214E+00 1.700E+00 -1.769E-01 -7.181E-01 -1.951E-01 -2.348E+00
39 -1.978E+00 -3.008E+00 1.328E-01 -1.986E+00 -2.677E-01 -6.431E-01 -2.050E+00 -3.868E+00 -1.443E+00
40 -6.488E-02 -1.734E+00 1.916E-01 -9.715E-02 -1.641E+00 1.368E+00 -1.840E+00 -1.358E+00 -1.995E+00
1 -3.132E+00 -3.663E+00 1.431E-01 -1.327E+00 1.246E+00 -9.698E-02 -2.342E+00 -3.402E+00 -2.321E+00
42 -2.357E+00 -1.363E+00 9.562E-02 -1.720E+00 -3.653E+00 -1.069E+00 -9.338E-01 -3.148E+00 -1.082E+00
43 -3.325E+00 -2.766E+00 1.215E-01 -7.704E-01 -1.136E+00 -9.655E-01 -7.951E-01 -3.463E+00 -1.712E+00
44  -4902E-01 -1.416E+00 1.593E-01 -7.772E-01 -2.918E+00 -2.830E-02 -4.897E-01 -3.887E+00 -1.778E+00
45 -2.235E+00 4.820E-01 1.617E-01 -6506E-01 -1.814E+00 4.050E-02 -2.534E+00 -2.826E+00 -2.944E+00
46 -1.243E+00 -1.155E-01 1.368E-01 -1.034E+00 -1.854E+00 1.440E+00 -1.202E+00 -3.958E+00 -1.147E+00
47 -2.086E+00 4563E-02 7.999E-02 -7.023E-01 -1.082E+00 -2.603E+00 -1.394E+00 -7.574E-01 -3.807E+00
43 -1.514E+00 -2.353E+00 1.462E-01 -3.391E-01 4.024E-01 6.585E-02 -6.711E-01 -7.236E-01 -1.681E+00
49 -1.889E+00 -1.526E+00 1.231E-01 -8.642E-01 -3.026E+00 -1.417E+00 -2.215E+00 -1.529E+00 -2.282E+00
50 -1.820E+00 -2.019E+00 6.405E-02 -1.943E-01 -1.213E+00 -2.758E-01 -2.114E+00 -1.265E+00 -1.226E+00
51 -1.544E-01 -1.863E+00 1.065E-01 4.152E-02 -1.058E+00 -5.830E-01 -3.304E-01 -8.211E-01 -1.732E+00
52 6.399E-01 -1.361E+00 2.452E-01 1.529E+00 -2.852E+00 -1.575E+00 -2.016E+00 -3.086E+00 -3.108E+00
53 -2.031E+00 -1.153E+00 1.618E-01 -1.312E+00 -8.421E-01 -6.104E-01 -4.110E-01 -3.330E+00 -2.997E+00
54 -9.314E-01 -1.558E+00 2.184E-01 -1.631E+00 -1.158E+00 6.242E-01 -1.051E+00 -1.466E+00 -2.069E+00
55 -8.030E-01 -1.089E+00 1.793E-01 1.036E+00 -3.343E+00 -5.505E-01 -1.913E+00 -1.350E+00 -3.343E+00
56 -3.560E+00 -1.482E+00 1.617E-01 -8.378E-01 -8552E-01 -1.008E+00 -2.258E+00 -1.444E+00 -3.914E+00
57 -1935E+00 -2.511E+00 1.488E-01 -4.477E-01 -3.388E+00 -1.318E+00 -2.183E+00 -3.487E+00 -3.368E-01
58 -1.906E+00 -3.232E+00 1.784E-01 -8.554E-01 1.081E+00 -1.844E+00 -3.188E+00 -7.868E-01 -2.87SE+00
59 -1.995E+00 -6.297E-01 1.409E-01 -5.343E-01 -9.310E-01 -6923E-01 -1.757E+00 -2.086E+00 -2.843E+00
60 -2.069E+00 -1.029E+00 9.787E-02 1.958E+00 -9.753E-01 -2.254E+00 -2.489E-01 -3.758E+00 -2.014E+00
61 -2.423E+00 -2.027E-01 1.171E-01 -1.755E+00 -7.094E-01 -3.331E-01 -5.990E-01 -2.889E+00 -3.511E+00
62 -3.083E+00 -1.624E+00 1.781E-01 1.244E+00 -3.853E+00 1.945E+00 -1.480E+00 -9.237E-01 -1.283E+00
63 -2.143E+00 -1.309E+00 1.151E-01 -1.849E+00 -2, 768E+00 -3.154E-01 -3.938E+00 -3.683E+00 -1.921E-01
64 -2544E+00 -1.436E+00 1.624E-01 1.851E+00 -3.598E+00 -2.137E-01 -2.092E+00 -2.327E+00 -1.336E+00
65 -2.346E+00 -3.999E-01 1.004E-01 -1.470E-02 -3.825E+00 -1.460E+00 -2.193E+00 -1.204E+00 -3.052E+00
66 -3.859E+00 -1.793E+00 2.062E-01 -9.802E-01 -4791E-01 -4.331E-01 -3.969E-01 -1.660E+00 -1.17SE+00
67 -2.563E+00 -2.268E+00 2.387E-01 -9.478E-01 -7.412E-01 -2.326E+00 -2.288E+00 -5.709E-01 -2.441E+00
68 -2.293E+00 -1.459E+00 1.238E-01 -1.881E+00 -1.606E-01 3.982E-01 -1.149E+00 -2.917E+00 -3.971E+00
69 -1.076E+00 -1.974E+00 1.780E-01 -1.045E+00 -3.282E+00 -1.684E+00 -1.774E+00 -9.031E-01 -1.480E+00
70 -1.960E+00 -1.322E+00 1.617E-01 -1.504E+00 -1.530E+00 -4.783E-01 -7.179E-02 -1.171E+00 -3.685E+00
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3 lists the ranks of samples.

Table C-3. Ranks of 70 Values Sampled

Material
Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM
RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)
1 21, 9. 38. 34 58. 31. 33. 21. 34. 55.
2 64. 21, 51. 15. 70. 60. 6. 58. 45, 67
3 44, 5. 26. 4, 37. 54, 1. 40. 17. 44,
4 17. 55. 4, 31 52. 18. 10. 12 57. 45.
5 58. 2. 6. 49. 59. 19. 20. 33. 46, 26
6 69. 64, 56. 46, 38. 35. 56. 68. 67. 6.
7 70. 57. 55. 44, 16. 44, 21. 6. 50. 15.
8 41. 36. 69. 53. 48, 17. 22 16. 16. 32.
9 30. 10. 14, 22 49, 1. 60. 69. 59. 5
10 39. 48, 46, 56. 43. 5. 52. 20. 24 56.
11 61. 50. 47. 1. 24, 38. 2. 3 52. 64.
12 42, 61. 32. 29. 35. 22. 63. 22. 37. 66
13 18. 25, 45, 68. 7. S5. 34 29. 65. 7.
14 7. 62. 13. 9. 4 62. 15. 49 44, 13.
15 66. 12. 61. 24, 51. 29. 57. 52. 21, 4.
16 22. 33 67. 25. 60. 56. 70. 13. 39. 48.
17 26. 16 42. 64. 47. 16. 41. 47. 7. 17.
18 32. 3 11. 16. 15. 36. 61. 18. 41, 36.
19 29, 45 3 65. 8. 24 48. 13. 1.
20 19. 32 1. 1 42, 15. 68. 45, 70. 68.
2 6. 60. 54. 14. 61. 24 47. 36. 48, 69.
22 38. 1. 20. 48. 23. 46. 42. 56. 31. 60.
23 43. 44, 62 51 30. 59. 14, 50. 62. 34,
24 36. 24, 8. 37. 32. 70. 38. 7. 38. 43.
25 40. 41, 33. 42. 36. 42. 25. 19. 1. 63.
26 51 63. 37 41 5. 2. 31. 59. 14. 47.
27 14 58. 41 17 18. 64, 28. 70. 43 33
28 12 37. 19 40 41. 27. 19. 44 35. 31.
29 35 70. 29 69 26. 65. 23. 37. 8. 50.
30 45 65. 66 36 69. 33. 30. SS. 61. 38.
3 65 39. 16 67 45. 28. 16. 42, 23. 28.
32 27 1. 28 28 9. 66. 66. 54. 56. 62.
33 50 19. 52 32 14 50. 12. 62. 5. 40.
34 46 59. 27 63 46, 32. 46. 32. 66. 24,
35 1 26. 23 58 56. 58. 62. 34, 15. 54,
36 37. 51. 57 47 1. 7. 54. 41. 6. 19.
37 20. 40. 12 5 44, 4 18. 39. 4 39.
38 25 7. 34. 54 39. 23. 44, 51. 55. 59.
39 52 22, 50. 62 2 10 65. 28. 54, 37.
40 24 67. 3 45 41 35. 46. 40. 10.
41 9. 17 59. 57 53 1 1. 31. 53. 61.
42 10. 66. 60. 8. 29. 57. 51. 1. 28. 35.
43 2. 29. 44. 59. 57. 39. 8. 53. 27. 51.
44 68. 6. 5. 30 8. 13 26. 23. 33. 57.
45 67. 4. 70. 6. 25, 40. 32. 30. 32, 53.

C-15



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM
RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)
46 S. 20. 83. 2. 40. 63. 83. 25 22. 1.
47 59. 56. 25. 20. 27. 61. 39. 66 10. 70.
48 8. 15. 68. 60. 20. 3. 37. 14. 9. 52.
49 48. 53. 24. 55. 28. 67. 67. 8. 63. 22.
50 16. 69. 22 21. 13. 9. 13. 38 30. 21.
51 31. 30. 48, 50. 1. 48. 59. 60 26. 65.
52 13. 18. 49. 52. 34. 6. 7. 2. 51. 49,
53 60. 68. 30. 35. 17. 12. 27. 35. 69. 58.
54 53. 28. 31. 66. S5. 69. 43. 61. 2. 29.
55 34. 31. 17. 13. 19. 45. 40. 64. 19. 18.
56 33. 35. 9. 61. 31. 37. 17. 1. 12. 2.
57 63. 47. 40. 38. 22. 25. 45, 15. 20. 30.
58 47. 42. 36. 7. 68. 43. 49. 24, 11. 9.
59 62. 46. 58. 18. 62. 26. 64, 43. 36. 8.
60 54. 23. 18. 12 63. 49. 50. 27. 47. 14.
61 56. 54. 10. 39. 50. 34. 69. 10. 3. 41.
62 5S. 34. 21, 19. 2. 14. 58. 4. 29. 16.
63 23. 38. 35. 43. 3. 53. S. 65. 42. 27.
64 28. 27. 7. 70. 64. 51. 29. 63. 18. 20.
65 15. 13. 39. 65. 54. 30. 3. 17. 68 46.
66 49. 49, 65. 10. 33. 21. 9. 67. 58. 12.
67 3. 52. 43. 26. 10. 47. 48. 26. 25. 42.
68 57. 14 15. 33. 12. 68. 4, 9. 64 23.
69 4. 43, 64. 27. 67. 52. 36. S. 60 25.
70 1 8 63. 23. 6. 20. S5. 57. 49 3.
Material
Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR
RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)
1 69. 12. 16. 41. 66. 68. 2. 2. 22. 35.
2 21. 47. 26. 23 16. 24, 34. 70. 14. 54.
3 34. 47. 33. 38. 65. 69, 50. 43, 23. 25.
4 52. 47. 31. 34. 37. 18. 70. 1. 19. 66.
5 15. 47. 35. 26 8. 54, S. 24. 27. 30.
6 56. 12. 59. 9 14, 42, 68. 39. 69. 50.
7 37. 12. 7 29 17. 63. 19. 32 10. 43.
8 57. 47. 68. S. 54. 9. 40. 35. 51. 29.
9 16. 47. 60. 33. 10. 66. 31. 22. 1. 27.
10 39. 47. 14 61. 67. 34. 21. 27. 59. 14.
11 22 12. 48. 36. 1. 7. 45. 20. 63. 15.
12 61. 47. 25. 51. 56. 35 - 39. 26. 70 13.
13 41. 47. 64. 52. 36. 47. 6. 54. 48. 64.
14 8. 47. 2 31. S. 52. 32. 51. 34. 5.
15 18. 12. 41. 68. 20. 1. 61. 56. 21 6.
16 24, 47. 67. 39. 61. 19. 64. 185. S 41.
17 55. 12. 20. 67. 40. 60. 60. 69. 45 23.



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)
18 28. 12. 52. 2. 42 20. 28. 34. 65. 24,
19 40. 47, 21. 30. 35. 21. 56. 61. 66. 53.
20 33 47. 23. 57. 34 48, 52. 67. 46, 49,
21 2. 12. 4, 40. 51 59. 16. 5. 58. 28.
22 38. 47. 39. 4, 44, 64. 51. 11. 61. 70.
23 60. 47. 42 8. 30 70. 58. 8. 55. 33.
24 17. 47. 11. 47, 41 44 14. 31. 62. 3.
25 43, 47. 54 18. 28. 61. 62. 10. 7. 60.
26 53. 47. 4. 12, 22, 51. 57. 37. 17. 4
27 64. 47. 38. 14. 21. S. 35. 48. 42, 65.
28 63. 12. 61. 27. 18. 8. 15. 14, 44, 44
29 29, 47. 58. 63. 27. 40. 9. 55. 8. 21.
30 1. 12. 3. 28. 45, 31. 64. 16. 24. 51.
31 10. 47. 37. 43. 3. 49, 27. 9. 52. 7.
32 66. 47, 85. 66. 6. 55. 66. 40. 12. 11.
33 23. 47. 19. 60. 60. 23. 69. 4, 49, 19.
34 65. 12. 45, 64. 9. 32. 41, 17. 9. 40.
35 14. 47. 51. 24, 26. 6. 55. 13. 43. 9.
36 6. 47. 65. 65. 19. 65. 44 29. 67. 46.
37 59. 47 40. 6. 24, 16 38 50. 41, 16.
38 44, 47. 32. 70. 53. 4 46, 30. 13. 26.
39 S. 47. 29. 7. 39. 36. 48 59. 30. 37.
40 3. 47. 43. 20 55. 58. 8 38. 18. 12.
41 27 47. 24, 19. 59. 50 1. 36. 16. 42,
42 25. 12. 70. 59. 2. 56. 29. 52. 25. 63.
43 48, 12, 69. 22. 57. 17. 30. 19. 26. 8.
44 12. 12. 46. 11. 38. 12. 18. 6. 1S. 62.
45 9. 47, 28. 17. 50. 33. 20. 46. 6. 22.
46 19. 47. 12. 42, 15. 67. 63. 23. 53. 56.
47 46. 47. 56 46. 48, 22. 10. 65. 31. 59.
48 62. 12 8. 37. 12. 57. 65. 62. 57. 20.
49 13. 47. 9. 13. 63. 3. 67. 21. 11. 31.
50 11. 47. 34 35. 23. 41, 49. 47. 2. 39.
51 26. 47. S. 3. 69. 27. 22 66. 29. 61.
52 4S. 12 27. 69. 47. 15. 53. 68. 37. 68.
53 58. 47. 50. 32. 64. 46. 24. 44, 38. 1.
54 20. 12, 30. 48, 13. 43. 25. 42. 60. 17.
S5 32. 12. 57. 54. 68. 53. 36. 33. 35. 47,
56 51. 12. 17. 10. 7 38. 59. 53. 4. 48.
57 68. 47. 1. 49, 4, 14. 4 7. 54. 58.
58 31. 47. 62. 58. 58. 30. 23. 28. 56. 45,
59 67. 47. 15. 55. 46 62. 7. 49. 36. 55.
60 70. 47. 13. 15. 49 29. 43. 58. 20. 2.
61 36. 47. 49. 25. 33. 25. 12. 12. 47. 69.
62 7. 47. 63. 44, 62. 39. 26. 63. 40. 34.



Appendix C. LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR
RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)
63 47, 12 36. 50. 70. 13. 47. 18. 28. 32.
64 42. 47. 6. 16. 25 11. 33. 60. 39. 57.
65 4, 47. 47. 62 31. 26. 42, 57. 68. 52.
66 35. 12 22. 56. 32. 10. 1. 25, 33. 67.
67 54. 12. 10. 45. 52. 28. 17. 41. 3. 38.
68 50. 12. 53. 53 43. 37. 37. 45. 64. 36.
69 49 47. 66. 1. 29. 45, 13. 64. 32. 10.
70 30. 47. 18. 21. 1. 2. 3. 3. 50. 18.
Material
Parameter BHPERM  DBDIAM LAMBDA BPAREAFR SOLAM SOLNP SOLPU  SOLRA SOLTH SOLy
RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)
1 36. 56. 48, 3. 19. 16 39. 69. 70. 69.
2 32. 44, 25. 27. 32. 2. 1. 43 65. 31.
3 27. 61. 20. 31. 18. 45. 12. 66. 24, 45
4 70. 49, 49. 6. 48, 7. 43. 46, 23. 17.
5 67 5. 15. 5. 37. 36. 60. 19. 31. 19.
6 30. 40. 33. 42, 27. 53. 65. 67. 63 22.
7 58. 57. 3. 55. 28. 61. 47. 49, 34 S.
8 69 12 13. 4. 49, 29. 15. 36. 43. 20.
9 15 4, 69. 62. 29. 10. 26. S. 64 34.
10 59. 37. 34, 64. 20. 41. 18. 45, 38. 39.
1" 5. 26. 51. 15. 66. 63. 17. 23. 52. 54.
12 63. 51. 45 23. 11. 17. 28. 32. 30. 2.
13 13. 60. 64 2. 14. 66. 45. 48. 17. 56.
14 61. 30. 52. 40. 58. 33. 8. 63. S5. 48.
15 56. 28. 36. 36. 50. 13 24. 40. 27. 40.
16 14. 1. 14, 13. 69. 68 62. 70. 36. 49
17 33. 8. 47, 14, 9. 43 23. 55. 1. 1.
18 65. 23. 68. 65. 43. 4, 44, 53. 6. 25.
19 34, 63. 56. 45, 59. 70. 51. 34 53. 23
20 29. 29. 2, 21. 15. 30 38. 26. 39. 26.
21 31. 17. 31. 10. 8. 50 49. 27. 8. 21,
22 52. 59. 30. 44, 57. 37 3. 15. 10. 58.
23 23. 16. 37. 60. 17. 54, 63. 8. 58 7.
24 35. 6. 61. 33 54. 65. 37. 38. 66 1.
25 24 66. 39. . 5. 56. 50. 17. 22, 52.
26 40. 2. 22. 16. 40. 51. 53. 64. 44 55.
27 48 1. 53. 34, 23. 21. 5. 62. 25 38.
28 53 41, 16. 9. 67. 34, 9. 14 32. 46,
29 38. 27. 62. 7. 38. S. 48. 13. 59. 32.
30 20. 64. 32. 48, 63. 24, 33 22. 19. 50.
N 45, 50. S. 70. 24. 19, 6. 25, 16. 70.
32 37. 70. 29. 54, 61. 32. 40. 9. 12. 3.
33 12. 9. 42, 22, 12. 39. 41. 4. 68. 44,
34 41, 36. 58. 38, 31. 27. 10. 58. 46, 30.
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter BHPERM  DBDIAM LAMBDA BPAREAFR SOLAM  SOLNP SOLPU  SOLRA SOLTH SOLU
RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)
35 21. 43. 6. 50. 6. 31. 2. 52. 69. 33
36 4, 21. 7. 28. 25. 40. 7. 44, 26. 18.
37 3 46, 35. 8. 16. 8. 69. 10. 37. 47.
38 16. 13. 23 63. 10. 62. 31. 54, 13. 59.
39 68. 69. 18. 4 34, 57. 35. 30. 61. 67.
40 64, 39. 54, 56. 42, 49. 21. 59. 18. 12.
a1 43, 7. 55. 58. 68. 58. 14. 7. 56. 27.
42 66. 10. 44, 57 13. 67. 57. 1. 45 63.
43 1. 52. 12. 25. 62. 38. 58. 20. 5. 15.
44 8. 14, 65. 43 30. 69. 30. 56. 21, 16.
45 39. 54. 57. 35. 35. 22, 64, 50 29. 8.
45 46, 18. 28. 48, 585. 3 54. 57. 14. 64.
47 62. 58. 66. 51. 26. 5. 29 61. 33. 51.
48 55. 48, 70. 30. 52. 25. 16. 42, 35. 62.
49 28. 20. 67. 12, 3. 3s. 22 2. 9. 53.
50 18. 5. 4 32. 46 23. 32. 65. 1. 4,
51 26. 19. 8. 24, 36. 9. 36. 24 51. 14.
52 51. 15. 24, 69. 39. 60. 55. 33 57. 42.
53 25 34. 48, 49, 64. 12. 66. 29. 20. 66.
54 54. 47. 60. 17. 60. 59. 68. 51. 7. 41,
55 50 25. 19. 37. 65. 18. 56. 18. 15. 68.
56 9 38. 59. 11. 22. 28. 20. 47. 40. 24.
57 6. 31. 41, 66. 51. 1. 52. 16. 3 28.
58 57. 65. 43. 52. 2. 15. 59. 6. 60. 6.
59 17. 32 40. 1. 70. 52. 1. 3. 41. 9.
60 49, 24, 9. 47 4, 64, 34 39. 42, 65.
61 2. 22. 21, 61. 56. 6. 42, 68. 62. 36.
62 19. 62. 26. 26. 41, 20. 19. 1. 47. 57.
63 22, 67. 50. 67. 47. 45. 13. 31. 54 10.
64 10. 33. 1. 53. 53. 47. 70. 12. 48, 60.
65 7 53. 63. 39. 45, 1. 61. 60. 50 29.
66 47 35. 27. 20. 1. 44, 25. 35. 4, 61.
67 60. 42, 10. 68. 44, 26. 67. 28. 49, 35.
68 44 3. 1. 19. 33. 14, 27. 21, 28. 37.
69 1. 45, 38. 59. 7. 42, 4, 37. 2. 43.
70 42, 68. 17. 18. 21. 48, 46 41, 67. 13.
Material
Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM  FKDTH
RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)
1 26. 10. 43 48, 18. 8. 40. 35. 28. 20.
2 29. 41, 44, 5. 48. 58. 19. 1. 64. 6.
3 48. 63 63. 30. 18. 40. 7. 66. 6. 70.
4 41, 22 55. 55. 18. 38. 38, 19. 68. 39.
5 35. 38 57. 67. 68. 57. 45, 63. 9 23
6 68. 8 70. 65. 18. 15. 21, 48. 15 60.
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Appendix C. LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM  FKDTH
RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)
7 20 20. 9. 26. 18. 39. 10. 70. 54. 7.
8 65. 51. 6. 6. 18. 26. 30. 65. 49, 58.
9 45 61. 46. 36. 18. 9. 17. 6. 62. 10.
10 63 9. 62. §3. 55. 2. 4. 2. 24 24
1" 66. 70. 14. 47. 18. 5. 32. 36. 10. 4.
12 1. 66. 64. 29. 41. 21. 47. 40. 21. 15.
13 62. 65. 52. 4. 39. 23. 25. 17. 34. 16.
14 37. 1. 42. 46. 18. 66. 65. 38. 41, 62.
15 S 33. 53. 51. 18. 59. S. 13. 12. 59.
16 8. 42, 40. 28. 50. 31. 26. 16. 65. 31.
17 43. 40. 28. 21. 18. 46. 62. 67. 38. S.
18 6 49, 33. 13. 40. 30. 39. 22. 50. 68.
19 10. 47. 38. 24 18. 56. 12 20. 25. 8.
20 22. 32. 2. 38. 18. 16. 35. 37. 30. 65.
21 61. 46, 60. 15. 38. 65. 8. 18. 67. 66.
22 50. 39, 7. 12, 69. 55. 23. 4 1. 17.
23 4. 26. 45. 33. 46. 70. 14. 15. 56. 57.
24 14, 43, 51. 1. 49, 36. 46. 42, 31. 14.
25 3. 48 50 43. 18. 43 59. 32. 16. 32.
26 57. 64, 21. 62. 18. 50. 52 23. 27. 30.
27 40. 36. 58. 19. 47. 49, 33. 41, 23. 1.
28 25. 2. 66. 1. 18. 42. 61 57. 18. 51.
29 32 57. 61. 35. 59. 48. 50. 43. 13. 63.
30 46. 44 56. 7. 61. 14. 68. 62. 26. 22.
3 38. 69. 59. 57. 18. 41, 54 44, 57 34,
32 64 19. 68. 27. 18. 10. 57. 60. 45. 12.
33 23. 4. 4. 41. 56. 27. 66. 12. 40. 35.
34 13. 60. . 18 18. 60. 53. 31. 33 95.
35 52. 17. 26. 54. 18. 34. 1. 47. 35. 33.
36 9. 13. 24, 2. 18. 28. 16. 50. 59. 25.
37 58. 25. 65. 9 67. 17. 9. 61. 42. 61.
38 39. S. 54. 14. 53. 61. 15. 55. 3. 43.
39 24 31. 47. 39. 42. 63. 11. 26. 37. 18.
40 34. 16. 36. 32. 54. 1. 18. 28. S. 21.
41 56. 7. 31. 23. 18. 4. 49, 68. 63. 52
42 17. 1. 23. 16. 18. 7. 24 29. 2. 56
28. 14. 20. 68. 18. 67. 29. 7. 11. 2
59. 23. 16. 40. 66. 64, 56 49, . 42
12. 12. 25. 20. 18. 13. 51 10. 4. 40
47. 54. 29 56. 58. 45. 43. 56. 44, 3.
47 30. 29. 13. 70. 63. 20. 20. 58. 70. 19.
48 31. 27. 11. 63. 65. 33. 44, 45. 19. 48
49 54, 55. 32. 61. 18. 35. 22. 64. 22. 50
S0 51. 37. 22. 49. 70. 12. 60. 3. 17. 53
51 44, S8. 48, 42 18. 18. 36. 24, 20. 13
52 21. 67. 69. 59. 18. 37. 42 14. 52. 44
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter CULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM FKDTH
RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)
53 7. 21, 12. 8. 43. 53. 13. 59. 36. 1.
54 67. 45, 10. 10. 18. 25. 37. 1. 66. 67.
55 27. 52. 8. 60. 18. 24, 4. 69. 55. 36.
56 18. 15. 15. 17. 37. 1. 2. 30. 58. 26.
57 53. 6. 37. 37. 18. 32. 3 9. 39. 28.
58 70. 34, S. 44. 18. 62. 63. 52. 32. 9.
59 42, 50. 34. 66. 44, 52. 27. 27. 29. 69.
60 60. 56. 19. 3. 36. 47. 70. 8. 53. 41,
61 36. 53. 49, 31. 18. 51. 69. 54. 7. 64.
62 49, 3. 67. 34. 51, 68. 67. 25. 69. 29
63 15. 62. 35. 22, 57. 22. 28. 33 61. 54,
64 2. 30. 18. 50. 64. 6. 64. 51. 48, 49
65 S5, 28. 3. 52. 18. 54, 31. 46 8. 46.
66 1. 24, 27. 45, 18. 19. 55. 39. 46, 38.
67 69. 59. 30. 25. 60. 69. 6. 21. 14, 27
68 33. 18. 39. 64. 52. 3. 34, S. 47. 37.
69 19. 35. 4. 69. 45, 44 58. 34 60. 47.
70 16. 68. 17. 58. 62. 29. 48. 53. 51. 45.
Material
Parameter FKDU FKDRA  CULPOR MKDAM MKDNP  MKDPU MKDTH MKDU MKDRA
RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)
1 46. 6. 14, 42, 24 62. 1. 54, 62.
2 60. 20. 60. 9. 17. 18. 47, 21, 47.
3 14. 9, 52. 36. 9. 14, 67. 30. 41,
4 38. 50. 28. 25. 39. 25. 70. 66. 63.
5 32. 40, 21 66. 61. 12 6. 8. 39
6 29 4, 56. 26. 26. 13. 36. 22. 60.
7 24 59. 18. 44, 10. 23 42, 62. 64
8 34 22 8. 61. 18. 67. 27. 27. 26
9 31. 54 19. 32. 15. 1. 55. 49, 42,
10 8. 67. 48. 22. 36. 24, 32. 20. 15.
11 43. 55. 58. 58. 70. 49. 22. 52. 69.
12 54, 29. 32. 52. 11. 16. 34. 4. 23.
13 33. 64, 13. 68 47. 32. 17. 28. 24,
14 41, 63. 27. 57 63. 2. 3. 15. 14.
15 36. 25. 1. 46, 28. 61. 12 63. 32.
16 23. 41, 23. 40 50. 1. 7. 50. 61.
17 20. 68. 36. 1. 33. 31. 31, 43. 70.
18 1. 19. S5. 60. 67. 10. 26. 48. 59.
19 1. 23. 2. 31. 37. 63. 53. 41, 27.
20 21. 42, 65. 27. 60. 64. 10. 47. 65.
21 27. 31. 9. 53. S. 59. 14. 17. 10.
22 12. 48. 29. 19. 16. 6. 28. 53. 48,
23 58. 69. 34. 48, 69. 68. 41. 70. 40
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter FKDU FKDRA  CULPOR MKDAM MKDNP MKDPU MKDTH MKDU MKDRA

RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)
24 18. 1. 37. 7. 6. 29 51. 69. 37.
25 51. 34, 64 24, 51. 60 2. 14. 5.
26 6. 45, 67. 15. 1. 3s. 13. 57. 7.
27 13. 1. 49, 54 35. 69. 8. 44 13.
28 68. 65. 61. 20. 2. 4 15. 65. 3s.
29 4 37. 41, 63. 65. 46 68. 16. 68.
30 3. 49 50. 39 44, 41 56. 51. 3.
3N 40. 28. 7. 16. 58. 42, 4, 67. 49
32 19. 15. 22 55. 19. 57. 43 23. 1.
33 53. 18. 26. 56. 22, 5. 44, 34, 33.
34 49, 5. 38. 35. 20. 51. 21, 9. 8.
35 15. 70. 63. 64, 23 55. 61. 7. 52.
36 55. 2. 51. 67. 66. 3 48, 24, 22.
37 57. 57. 12. 1. 57. 30. 5. 32. 25.
38 65. 27. 17. 14, 68. 48, 58. 68. 29.
39 45, 8. 30. 2. 55. 34 33 3. 51.
40 70. 26. 62. 49. 32. 65. 38. 39. 36.
41 9. 3. 35. 12. 64. 50. 18. 12.
42 25. 43 4, 6. 7. 26. 54, 18. 58.
43 7. 10. 20. 34, 4. 28. 57. 1. 45,
44 67. 39. 42, 33. 25. 52. 62. 2. 43
45 30. 66. 44, 38. 31. 53. 16. 29. 19.
45 61. 61. 31. 18. 30. 66. 49, 1. 57.
47 37. 62. 3 37. 42, 7. 46, 60. 4,
48 59. 13. 39. 45. 59. 54. 59, 61. 46.
49 52. 33 24, 28. 21 21, 23. 36. 31.
50 56. 16. 1. 47. 3s. 45 29 42. 55.
51 69. 21. 10. 51. 43 36. 65. 58. 44,
52 66. 44, 70 65. 27 19. 3s. 19. 16.
53 42, 51. 46. 13. 49 35. 63. 13. 18.
54 63. 32. 68. 8. 40. 58. 52. 3z. 34.
55 64 52. 59. 59. 13. 37. 37 40. 12
56 5. 35. 45, 30 48, 27. 20. 38. 2.
57 48. 12 40. 43. 12. 22. 25. 10. 66.
58 50. 7. 57. 29 62 15 9. 59 20
59 44, 56. 33 41. 33 40. 33 21
60 39 53 5. 70. 45, 9. 66. 5. 35
61 22. 60. 16. 5. 53. 43. 60. 26. 9.
62 10. 30. 54, 62. 3. 70. 45 55. 54,
63 35. 47 15. 4, 29 44, 1. 6. 67.
64 17 38 47. 69. 8. 47. 30. 31. 53.
65 26. 58 6. 50 4, 20 24 45 17.
66 2. 24 66. 21 54, 64 35 56.
67 16. 14, 69. 23. 52. 8 19 64 28.
68 28 36 25. 3. 56 . 50. 25 1.
69 62. 17. 53. 17. 14. 17. 39. 56. 50.
70 47. 46. 43. 10. 34. 39. 69. 46 6.
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Appendix C. LHS Samples and Calculated Normalized Releases

Table C-4 lists the total and percentage release for the 3 radionuclides contributing the most for each vector showing
intcgrated discharge to the accessible environment for the E2 scenario assuming the dual porosity with chemical retardation
conceptual model for contaminant transport in the Culebra Dolomite Member. Values are normalized by the EPA factor for
each radionuclide. Vectors are ordered from most to lcast release. Vectors that have no release arc omitted.

Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge

01 55 1.5601E-06 RA226 1.5592E-06 100% NP237 8.7829E-10 0% PU239 7.2127E-12 0%
10 1.2951E-10 RA226 9.4533E-11 73% U233 3.3887E-11 26% U234 9.8343E-13 1%
1 1.8060E-11 TH229 9.2657E-12 51% TH230 8.7942E-12 49% RA226 8.0844E-17 0%
47 3.9772E-12 TH228 2.9440E-12 74% TH230 9.8663E-13 25% U233 45353E-14 1%
63 1.2484E-17 U233 1.0999E-17 88% U234 1.4825E-18 12% TH229 1.5601E-21 0%
51 3.2655E-19 RA226 3.2653E-19 100% U233 1.7647E-23 0% PU239 3.8685E-24 0%
32 2.1158E-20 RA226 21157E-20 100% NP237 9.3466E-25 0% U233 5.4155E-25 0%
21 1.1627E-21 NP237 6.3619E-22 55% RA226 4.4280E-22 38% U233 7.7841E-23 7%
12 1.2747E-22 RA226 6.6260E-23 52% U233 S.6S30E-23 44% U234 2.5981E-24 2%
41 5.0185E-23 U233 46164E-23 92% U234 4.0125E-24 8% TH229 7.2193E-27 0%
20 2.0522E-23 TH229 1.1004E-23 54% TH230 9.5181E-24 46% U233 1.8413E-30 0%
53 1.8459E-27 U233 1.5152E-27 82% U234 3.2534E-28 18% RA226 5.3614E-30 0%
2 1.3228E-27 U233 1.0991E-27 83% U234 2.2383E-28 17%
55 8.6746E-01 AM241  4.0456E-01 47% U233 2.2463E-01 26% U234 1.6182E-01 19%
63 5.8316E-01 AM241 S51702E-01 89% U233 1.9999E-02 3% U234 1.4437E-02 2%
10 5.6803E-01 U233 2.8043E-01 49% U234 20115E-01 35% AM241 3.6609E-02 6%
47 5.3812E-01 U233 2.9088E-01 54% U234 2.0964E-01 39% NP237 1.9271E-02 4%
1 3.0538E-01 U233 1.1123E-01 36% U234 8.0423E-02 26% TH229 S5.6951E-02 19%
53 1.1882E-01 PU239 57959E-02 49% U233 2.9360E-02 25% U234 21251E-02 18%
21 1.1481E-01 U233 6.2304E-02 54% U234 4.5067E-02 39% RA226 2.0227E-03 2%
51 1.1373€-01 U233 5.4729E-02 48% U234 3.9510E-02 35% AM241 8.4059E-03 7%
2 1.0707E-01 U233 4.0889E-02 38% U234 2.9590E-02 28% TH228 1.7937E-02 17%
3 1.0372€E-01 U233 5.7465E-02 55% U234  4.1564E-02 40% RA226 1.7829E-03 2%
20 1.0007E-01 U233 9.9260E-02 99% PU239 7.2152E-04 1% AM241 3.7963E-05 0%
41 8.8558E-02 U233 4.7047E-02 53% U234  3.4002E-02 38% NP237 22922E-03 3%
12 3.2740E-03 RA226 3.0988E-03 95% AM241 1.6372E-04 5% PU239 4.8928E-06 0%
32 1.7216E-03 RA226 1.2015E-03 70% AM241 3.6873E-04 21% PU239 6.1195E-05 4%
47 3.9283E-01 U233 2.0411E-01 52% U234 1.3539E-01 34% TH228 1.8711E-02 5%
55 1.9484E-01 U233 7.7691E-02 40% U234 3.9633E-02 20% PU239 27302E-02 14%
51 2.8577€-02 U233 1.2640E-02 44% U234 7.1274E-03 25% TH229 45987E-03 16%
10 1.1650E-02 U233 5.7654E-03 49% TH229 3.0936E-03 27% TH230 1.6631E-03 14%
1 1.0092E-02 TH229 3.5024E-03 35% TH230 3.1794E-03 32% U233 25898E-03 26%
63 6.0843E-10 AM241 3.8981E-10 64% TH229 1.0160E-10 17% TH230 7.7372E-11 13%
12 2.6788E-10 RA226 2.1076E-10 79% PU239 3.1347E-11 12% PU240 2.3450E-11 9%
3 1.1364E-11 U233 7.2824E-12 64% U234 28670E-12 25% TH229 6.3320E-13 6%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-
Comp. normalized,
Scen. Integrated
ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
21 3.3155E-14 U233 1.8388E-14 55% U234 89303E-15 27% PU239 3.0273E-15 9%
32 1.9654E-14 PU239 9.4868E-15 48% RA226 6.7524E-15 34% PU240 1.8496E-15 9%
20 2.1770E-16 PU239 1.1824E-16 54% PU240 52106E-17 24% U233 2.9388E-17 13%
M 1.2839E-16 U233 4.8078E-17 37% TH229 3.1209E-17 24% TH230 2.3807E-17 19%
2 6.9351E-18 U233 25481E-18 37% U234 1.5823E-18 23% TH229 1.4046E-18 20%
53 2.2487E-19 PU239 1.5896E-19 71% PU240 26297E-20 12% U233 2.3418E-20 10%

Table C-5 lists the total and percentage release for the 3 radionuclides contributing the most for each vector showing
integrated discharge to the accessible environment for the E1E2 scenario assuming the dual porosity with chemical
retardation conceptual model for contaminant transport in the Culebra Dolomite Mcmber. Values are normalized by the

EPA factor for each radionuclide. Vectors are ordered from most to least rclease. Vectors that have no release are omitted.

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr

Total EPA-
Comp. normalized,
Scen. Integrated
ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
02 5 1.1828E-01 U233 6.3491E-02 54% U234 2.2618E-02 19% TH229 1.9558E-02 17%
K} 1.0155E-02 TH229 6.5324E-03 64% TH230 3.6215E-03 36% RA226 89532E-07 0%
52 6.0021E-03 U233 5.3036E-03 88% U234 49025E-04 8% RA226 1.0069E-04 2%
68 3.9493E-04 U233 3.8109E-04 96% U234 1.1554E-05 3% RA226 1.4480E-06 0%
70 1.1963E-04 RA226 1.1963E-04 100% NP237 1.0256E-16 0% U233 7.4618E-17 0%
43 7.0064E-05 U233 6.3893E-05 91% U234 6.1699E-06 9% TH229 1.4683E-09 0%
25 8.3413E-06 TH229 S5.0085E-06 60% TH230 2.7607E-06 33% RA226 5.6645E-07 7%
26 6.0574E-06 NP237 4.3598E-06 72% RA226 1.6974E-06 28% TH229 1.2307E-10 0%
15 5.6070E-06 TH229 3.4898E-06 62% TH230 2.1084E-06 38% RA226 S57817E-09 0%
55 3.6315E-06 RA226 3.6244E-06 100% NP237 7.0716E-09 0% U233 1.4572E-14 0%
14 1.8426E-06 TH229 1.0264E-06 56% TH230 8.1182E-07 44% RA226 4.3964E-09 0%
6 1.1396E-06 U233 9.3545E-07 82% PU239 1.0569E-07 9% U234 5.7744E-08 5%
35 3.5419€-07 U233 3.4704E-07 98% U234 7.1424E-09 2% TH229 1.1195E-12 0%
46 1.0551E-08 U233 9.2165E-09 87% U234 1.3042E-09 12% TH229 2.607S5E-11 0%
0 1.9074E-09 U233 1.1957E-09 63% RA226 69553E-10 36% U234 1.1530E-11 1%
1 1.3264E-09 TH229 7.1628E-10 54% TH230 6.1014E-10 46% RA226 9.1101E-1S 0%
39 9.8486E-10 U233 9.7633E-10 99% U234 8.3454E-12 1% TH229 1.8781E-13 0%
49 7.6570E-10 NP237 7.6493E-10 100% RA226 5.2987E-13 0% TH229 1.5280E-13 0%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
64 3.0805E-10 U233 3.0586E-10 99% U234 1.7844E-12 1% TH229 3.2846E-13 0%
47 3.2280E-11 TH229 23698E-11 73% TH230 8.3160E-12 26% U233 2.5458E-13 1%
4 3.0631E-11 PU239 2.6332E-11 86% PU240 4.2924E-12 14% AM241 56472E-15 0%
59 2.3598E-11 U233 2.3405E-11 99% U234 1.8425E-13 1% RA226 §5.8968E-15 0%
48 9.5001E-13 RA226 95001E-13 100% U234 1.3993E-19 0% TH230 1.7653E-20 0%
65 1.0586E-13 NP237 6.8251E-14 55% RA226 4.7593E-14 45% PU239 51619E-18 0%
58 3.0946E-14 TH229 1.7760E-14 57% TH230 1.3142E-14 42% RA226 4.1869E-17 0%
29 6.7815E-17 U233 6.3840E-17 94% U234 3.9754E-18 6% TH229 6.1612E-23 0%
63 1.5077E-17 U233 1.3280E-17 88% U234 1.7854E-18 12% TH228 1.9138E-21 0%
50 1.2251E-17 RA226 1.2121E-17 99% U233  1.2432E-19 1% U234 3.5309E-21 0%
12 1.8679E-18 U233 1.8347E-18 98% U234 2.1588E-20 1% NP237 8.2324E-21 0%
32 1.1875E-18 RA226 1.1870E-18 100% NP237 3.2289E-22 0% U233 1.6037E-22 0%
57 4.0887E-19 U233 3.8426E-19 94% U234 24527E-20 6% TH229 7.8421E-23 0%
51 3.5073E-19 RA226 3.5070E-19 100% U233 1.9957E-23 0% PU239 4.3904E-24 0%
66 6.0965E-20 U233 5.7009E-20 94% U234 3.9062E-21 6% RA226 3.4558E-23 0%
33 5.6963E-20 NP237 65.4450E-20 96% RA226 2.1994E-21 4% U233 1.6844E-22 0%
42 1.9346E-20 NP237 1.8950E-20 98% U233 3.7176E-22 2% U234 2.3762E-23 0%
1 3.8308E-21 TH229 2.0436E-21 53% TH230 1.7854E-21 47% U233 1.2693E-24 0%
21 3.1981E-21 U233 2.4925E-21 78% RA226 36286E-22 11% U234 3.4266E-22 1%
34 3.1981E-21 U233 2.4925E-21 78% RA226 36286E-22 11% U234 3.4266E-22 11%
27 2.9053€E-21 RA226 21703E-21 75% TH229 4.7573E-22 16% TH230 25929E-22 9%
62 2.8047E-21 NP237 2.8047E-21 100% U233  1.0084E-27 0% TH229 23834E-28 0%
60 2.0768E-21 U233 1.4616E-21 70% U234 6.1526E-22 30% RA226 4.7559E-28 0%
20 9.1047E-22 TH229 5.2577E-22 58% TH230 3.8470E-22 42% RA226 59309E-29 0%
24 8.0686E-22 NP237 8.0686E-22 100% TH229 99112E-30 0% U233 23114E-30 0%
56 4.2492E-22 RA226 4.2492E-22 100%
4 3.3833E-22 U233 2.4447E-22 72% U234 9.3438E-23 28% RA226 4.1767E-25 0%
28 6.1027E-23 NP237 6.1027E-23 100% TH229 1.4684E-29 0% U233 1.0105E-32 0%
41 6.1027E-23 NP237 6.1027E-23 100% TH229 1.4684E-29 0% U233 1.0105E-32 0%

30 5.3950€E-23 RA226 S5.3950E-23 100%
17 2.1233E-23 AM241  21233E-23 100% NP237 1.3391E-30 0%

16 1.8958E-23 TH229 1.1168E-23 §59% TH230 7.7901E-24 41% RA226 1.8494E-29 0%
7 8.7737€-24 NP237 8.7737E-24 100% TH229 2.8720E-31 0%

9 1.4889E-24 NP237 1.2603E-24 85% PU239 1.1273E-25 8% RA226 9.4859E-26 6%
19 1.2786E-24 RA226 1.2786E-24 100% U233 5.9915E-30 0%

45 5.8283E-25 RA226 5.5385E-25 95% U233 2.7106E-26 5% U234 1.6430E-27 0%
67 3.1973E-25 RA226 1.1826E-25 37% PU239 1.0921E-25 34% TH229 3.7671E-26 12%
53 1.9971E-25 U233 1.6527E-25 83% U234 3.4201E-26 17% RA226 2.3306E-28 0%
2 9.5792E-26 U233 8.0505E-26 84% U234 1.5286E-26 16% TH229 1.2829E-30 0%
22 9.7373E-27 NP237 9.7373E-27 100%

40 5.2502E-27 RA226 5.1259E-27 98% TH229 5.8592E-29 1% NP237 40679E-29 1%
23 6.2438E-28 RA226 2.4878E-28 40% TH229 2.0823E-28 33% TH230 1.6737E-28 27%

8 3.3002E-29 NP237 3.3002E-29 100%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
36 1.3894E-30 U233 1.3573E-30 98% U234 3.2119E-32 2%

38 9.1987E-31 RA226 9.1987E-31 100%

02 54 5.0300E+01 PU239 2.7662E+01 55% AM241 1.6566E+01 33% PU240 55098E+00 11%
22 2.3592E+01 AM241  2.2964E+01 97% U233 35322E-01 1% U234 2.5314E-01 1%
8 2.1797E+01 AM241 2.1186E+01 97% U233 3.2907E-01 2% U234 2.3574€-01 1%
4 1.9332E+01 AM241 1.8560E+01 96% U233 33371E-01 2% U234 2.3899E-01 1%
48 1.9143E+01 AM241 1.8567E+01 97% U233 3.2829E-01 2% U234 2.3491E-01 1%
14 1.8735E+01 AM241 1.8108E+01 97% U233 3.2275E-01 2% U234 2.3123E-01 1%
64 1.8123E+01 PU239 1.5233E+01 84% PU240 2.7304E+00 15% U233 8.3300E-02 0%
67 1.6270E+01 PU239 1.1978E+01 74% PU240 23449E+00 14% AM241  1.3633E+00 8%
28 1.1190E+01 AM241 1.0576E+01 95% U233 3.3862E-01 3% U234 2.4268E-01 2%
55 9.6472E+00 AM241 8.8167E+00 91% PU239 2.8487E-01 3% U233 2.8006E-01 3%
19 8.8337E+00 AM241 8.0633E+00 91% U233 3.0567E-01 3% U234 2.1985E-01 2%
46 7.8671E+00 AM241  7.079SE+00 S0% U233 3.2616E-01 4% U234 2.3378E-01 3%
15 6.6504E+00 AM241 6.1418E+00 92% U233 28958E-01 4% U234 2.0758E-01 3%
18 4.4919E+00 AM241 3.8971E+00 87% U233 2.9499E-01 7% U234 21083E-01 5%
S 4.0360E+00 PU239 2.6736E+00 66% PU240 S5.3952E-01 13% AM241  3.4492E-01 9%
58 3.3798E+00 PU239 2.3358E+00 69% PU240 4.6454E-01 14% TH229 1.7070E-01 5%
32 3.0265E+00 AM241 3.0066E+00 939% RA226 1.3014E-02 0% PU239 2.3076E-03 0%
41 2.6822E+00 AM241  2.0646E+00 77% U233 29897E-01 11% U234 2.1454E-01 8%
24 2.6710E+00 AM241  2.2550E+00 84% TH229 1.6329E-01 6% TH230 1.2764E-01 5%
6 2.2398E+00 PU239 1.2093E+00 54% U233 3.2245E-01 14% U234 2.3239E-01 10%
42 2.2350E+00 PU239 1.3299E+00 60% U233 3.0902E-01 14% PU240 2.6319E-01 12%
53 2.1395E+00 PU239 8.7786E-01 41% AM241 6.4127E-01 30% U233 2.5846E-01 12%
40 1.9444E+00 AM241  1.4252E+00 73% U233 27280E-01 14% U234 1.9630E-01 10%
39 1.1568E+00 AM241 5.1098E-01 44% U233 3.1071E-01 27% U234 2.2325E-01 19%
52 1.0484E+00 U233 3.0219E-01 29% U234 21733E-01 21% PU239 2.0287E-01 19%
45 9.0755E-01 PU239 68001E-01 75% PU240 1.3384E-01 15% U233 28106E-02 3%
70 8.8969E-01 U233 3.2313E-01 36% U234 2.3268E-01 26% TH229 1.3685E-01 15%
30 8.0558E-01 AM241  43508E-01 54% U233 2.0857E-01 26% U234 1.5027E-01 19%
1 7.3146E-01 U233 3.3002E-01 45% U234 2.3696E-01 32% TH229 8.5585E-02 12%
63 7.1551E-01 AM241 6.4078E-01 90% U233 22719E-02 3% U234 1.6400E-02 2%
60 7.0063E-01 U233 37112E-01 S3% U234 26711E-01 38% NP237 46131E-02 7%
29 6.6141E-01 U233 27253E-01 41% U234  1.9599E-01 30% TH229 7.1920E-02 11%
47 6.4328E-01 U233 26967E-01 42% U234 1.9376E-01 30% AM241  1.3012E-01 20%
35 6.3165E-01 U233 25361E-01 40% U234 1.8288E-01 29% TH229  1.0164E-01 16%
27 6.0961E-01 U233 3.3583E-01 55% U234 2.4099E-01 40% AM241  1.2347E-02 2%
2 6.0892E-01 U233 2.5822E-01 42% U234 1.857S5E-01 31% TH229 8.1899E-02 13%
3 5.9995E-01 U233 3.3174E-01 55% U234 2.3855E-01 40% RA226 8.5920E-03 1%
26 5.7868E-01 U233 2.7287E-01  47% U234 1.9658E-01 34% AM241 5.0188E-02 9%
31 5.7764E-01 U233 3.1091E-01 54% U234 2.2280E-01 39% AM241  3.0944E-02 5%
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Appendix C: LHS Samples and Calculated Normalized Reieases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
10 5.6803E-01 U233 2.8043E-01 49% U234 20115E-01 35% AM241 36609E-02 6%
68 5.3173E-01 U233 2.8485E-01 54% U234 20417E-01 38% AM241 2.9595E-02 6%
62 4.7248E-01 U233 2.3342E-01 49% U234 1.6803E-01 36% AM241 48164E-02 10%
66 4.5604E-01 U233 2.4992E-01 55% U234 1.7923E-01 39% NP237 1.7269E-02 4%
21 4.4697E-01 U233 2.3355E-01 52% U234 1.6819E-01 38% PU239 1.5544E-02 3%
13 4.4662E-01 U233 2.3243E-01 52% U234 1.6771E-01 38% NP237 29304E-02 7%
25 4.4433E-01 U233 2.3441E-01 53% U234 1.6891E-01 38% NP237 1.6014E-02 4%
20 4.0991E-01 U234 40128E-01 98% AM241 4.6955E-03 1% TH229 3.4309€E-03 1%
49 3.6689E-01 U233 2.0807E-01 57% U234 1.5011E-01 41% RA226 6.1160E-03 2%
7 3.1454E-01 AM241 7.4657E-02 24% PU239 7.2978E-02 23% U233 4 6748E-02 15%
23 2.9013E-01 PU239 1.7934E-01 62% PU240 3.3597E-02 12% TH229 2.4695E-02 9%
65 2.7809E-01 U233 1.1942E-01 43% U234 8.6289E-02 31% PU239 3.1322E-02 11%
37 2.6454E-01 PU239 21702E-01 82% PU240 3.2911E-02 12% U233 8.0237E-03 3%
33 1.6210E-01 U233 6.0685E-02 37% U234  4.3846E-02 27% TH229 2.9083E-02 18%
51 1.2475E-01 U233 6.0116E-02 48% U234 4.3395E-02 35% AM241 92960E-03 7%
43 1.0729E-01 AM241  4.4342E-02 41% U233 22834E-02 21% U234 1.6497E-02 15%
50 1.0717E-01 AM241 9.8895E-02 92% RA226 6.0852E-03 6% U233 1.2382E-03 1%
38 1.0622E-01 U233 55296E-02 52% U234 3.9976E-02 38% NP237 7.0201E-03 7%
9 6.9506E-02 U233 3.0044E-02 43% U234 2.1726E-02 31% TH229 86543E-03 12%
16 6.8157E-02 U233 2.8944E-02 42% U234 2.0936E-02 31% PU239 1.1265E-02 17%
56 6.7705E-02 U233 3.8211E-02 56% U234 2.7625E-02 41% RA226 1.2161E-03 2%
57 6.4570E-02 U233 3.4748E-02 54% U234 2.5120E-02 39% PU239 1.4873E-03 2%
12 6.4309E-02 AM241  3.4036E-02 53% RA226 28281E-02 44% PU239 8.2614E-04 1%
59 4.1731E-02 AM241  2.5102E-02 60% U233 5.9522E-03 14% U234 43001E-03 10%
11 2.4469E-02 U233 1.2764E-02 52% U234 9.2353E-03 38% NP237 1.6258E-03 7%
17 1.6855E-02 RA226 1.2892E-02 76% NP237 26671E-03 16% AM241 1.2859E-03 8%
36 9.0879E-03 U233 4 9695E-03 55% U234 3.5957E-03 40% RA226 4.2488E-04 5%
44 7.4099E-03 U233 2.8507E-03 38% U234 2.0615E-03 28% NP237 1.8861E-03 25%

02 64 7.4398E+00 PU239 6.3272E+00 85% PU240 1.0757E+00 14% U233 1.8908E-02 0%
5 2.6223E+00 PU239 1.8323E+00 70% PU240 3.5809E-01 14% U233 1.8591E-01 7%
48 1.5998E+00 AM241  1.2074E+00 75% U233 1.8819E-01 12% U234 1.1950E-01 7%
15 1.4192E+00 AM241 9.0606E-01 64% U233 2.4204E-01 17% U234 1.7830E-01 13%
55 1.1245E+00 AM241 6.3912E-01 57% U233  1.5497E-01 14% PU239  1.4422E-01 13%
4 8.1018E-01 AM241 3.3669E-01 42% U233 1.6562E-01 20% U234 1.0902E-01 13%
52 5.3199E-01 U233 1.6629e-01 31% U234 1.0756E-01 20% PU239 9.6773E-02 18%
3 5.2176E-01 U233 2.5468E-01 49% U234 1.8483E-01 35% TH229 3.7762E-02 7%
39 5.0865E-01 U233 1.8365E-01 36% U234 1.1461E-01 23% TH229 95212E-02 19%
70 5.0663E-01 U233 1.7125E-01 34% U234 1.0458E-01 21% TH229  1.0453E-01 21%
47 4.9744E-01 U233 2.2141E-01 45% U234 1.5632E-01 31% AM241 3.5945E-02 7%
46 4.9697E-01 U233 2.2074E-01 44% U234 1.5659E-01 32% AM241 3.6518E-02 7%
19 3.8423E-01 U233 1.4682E-01 38% TH229 6.1683E-02 16% AM241 S5.6854E-02 15%
68 3.5157E-01 U233 1.7063E-01 49% U234 1.1140E-01 32% TH229 3.4456E-02 10%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to integrated Discharge
6 3.2714E-01 PU239 2.2525E-01 69% PU240 3.7739E-02 12% U233 21199E-02 6%
14 1.3659E-01 U233 5.2046E-02 38% TH229 3.3106E-02 24% TH230 2.5103E-02 18%
49 1.2935E-01 U233 6.8289E-02 53% U234 3.7181E-02 29% TH229 1.2854E-02 10%
10 9.5365E-02 U233 3.9891E-02 42% TH229 2.1184E-02 22% U234 1.5944E-02 17%
1 7.3931E-02 U233 2.7756E-02 38% TH229 22514E-02 30% TH230 1.6522E-02 22%
25 7.0795E-02 U233 3.2985E-02 47% TH229 1.2671E-02 18% U234 1.1847E-02 17%
66 5.8591E-02 U233 2.8356E-02 48% TH229 1.4991E-02 26% TH230 8.6782E-03 15%
26 5.6905E-02 U233 2.4752E-02 43% TH229 9.0774E-03 16% PU239 7.9224E-03 14%
35 3.8868E-02 TH229 1.2217E-02 31% U233 1.2050E-02 31% TH230 1.0461E-02 27%
65 3.4223E-02 U233 1.2769E-02 37% PU239 9.9092E-03 29% U234 3.6726E-03 11%
51 3.1533E-02 U233 1.3969E-02 44% U234  7.8247E-03 25% TH229 S5.1002E-03 16%
43 3.1122E-02 PU239 95341E-03 31% U233 8.3647E-03 27% U234 4 5549E-03 15%
58 1.9514E-02 PU239 1.6448E-02 84% PU240 28386E-03 15% TH229 1.1116E-04 1%
42 1.6532E-02 PU239 1.3677E-02 83% PU240 2.8462E-03 17% TH229 4.2986E-06 0%
50 7.5564E-03 AM241 52142E-03 69% RA226 1.3324E-03 18% U233 49539E-04 7%
59 7.5457E-03 U233 2.1848E-03 29% AM241 15770E-03 21% U234 1.2179E-03 16%
29 7.4028E-03 TH229 29104E-03 39% U233 1.8528E-03 25% TH230 1.7509E-03 24%
23 3.9549E-03 PU239 3.3333E-03 84% PU240 5.6213E-04 14% TH229 2.6880E-05 1%
33 2.2368E-04 TH229 9.8575E-05 44% TH230 8.8017E-05 39% U233 2.3950E-05 11%
63 1.2267E-04 TH229 54031E-05 44% TH230 4.5323E-05 37% AM241 9.2966E-06 8%
9 1.4765E-05 TH229 56827E-06 38% TH230 4.9635E-06 34% U233 3.3129E-06 22%
16 8.8900E-06 PU239 7.6626E-06 86% PU240 1.1887E-06 13% TH229 1.4055E-08 0%
1 4.0238E-06 U233 1.8497E-06 46% TH229 1.1237E-06 28% TH230 S5.0738E-07 13%
18 2.4501E-06 PU239 2.0224E-06 83% PU240 4.2713E-07 17% TH229 3.3858E-10 0%
12 2.1123E-06 PU239 1.4349E-06 68% PU240 3.0961E-07 15% RA226 2.9390E-07 14%
24 1.7199E-07 PU239 6.0899E-08 35% TH229 5.1494E-08 30% TH230 4.2481E-08 25%
40 4.5393E-09 TH229 2.2883E-09 50% TH230 8.8384E-10 19% U233 4.5053E-10 10%
44 2.5787€E-09 TH229 8.1549E-10 32% U233 4.9601E-10 19% TH230 3.9865E-10 15%
3 1.5489E-09 U233 9.4857E-10 61% U234 3.7179E-10 24% TH229 1.3461E-10 9%
32 1.3706E-09 AM241  1.2268E-09 90% PU239 8.9295E-11 7% PU240 1.8095E-11 1%
57 1.0122E-09 PU239 7.9878E-10 79% PU240 1.5931E-10 16% U233 3.0336E-11 3%
67 9.6018E-11 PU239 7.8296E-11 82% PU240 1.7638E-11 18% U233 29731E-14 0%
7 5.3780E-11 PU239 4.3661E-11 81% PU240 1.0117E-11 19% RA226 4.2362E-16 0%
21 1.0735€E-11 U233 48143E-12 45% U234 2.2874E-12 21% PU239 2.1974E-12 20%
20 7.3981E-12 PU239 6.0215E-12 81% PU240 1.3398E-12 18% U233 1.5176E-14 0%
45 6.4161E-12 PU239 52204E-12 81% PU240 1.1932E-12 19% RA226 1.3834E-15 0%
13 3.4304E-12 U233 1.8367E-12 54% U234  1.1541E-12 34% NP237 22407E-13 7%
62 2.4448E-12 U233 9.9724E-13 41% TH229 7.3057E-13 30% TH230 3.1740E-13  13%
41 1.2315E-12 AM241 8.5370E-13 69% U233 1.5725E-13 13% TH229 1.1752E-13 10%
28 6.1138E-13 U233 2.3314E-13 38% AM241 1.7063E-13 28% U234 1.6292E-13  27%
27 2.0458E-13 U233 1.3850E-13 68% U234 3.3816E-14 17% TH229 19067E-14 9%
53 6.8844E-14 PU239 56094E-14 81% PU240 1.2691E-14 18% AM241  4.4416E-17 0%
22 2.0337E-14 AM241  1.9410E-14 95% U233 5.8864E-16 3% TH229 1.9363E-16 1%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector  Discharge Top 3 Radionuclides Contribution to Integrated Discharge
8 1.6813E-14 AM241  1.5920E-14 95% U233 4.4742E-16 3% TH229 2.4006E-16 1%
30 1.2627E-14 AM241 8.4374E-15 67% U233 2.6757E-15 21% U234 1.2602E-15 10%
37 7.6926E-15 PU239 6.5873E-15 86% PU240 1.0775E-1S 14% U233 1.7715E-17 0%
17 7.1648E-15 RA226 4.7673E-15 67% PU239 1.3183E-15 18% PU240 7.5391E-16 11%
60 6.3257E-15 U233 3.7468E-15 59% PU239 6.9432E-16 11% TH229 5.3069E-16 8%
2 1.6995E-15 U233 7.6826E-16 45% U234 4.7135E-16 28% TH229 2.4665E-16 15%
38 1.0373E-15 U233 3.6615E-16 35% PU240 24939E-16 24% PU239 1.5507E-16 15%
34 8.5961E-16 U233 5.2466E-16 61% TH229 1.4732E-16 17% RA226 88110E-17 10%
54 2.6880E-16 PU239 2.1514E-16 80% PU240 5.3100E-17 20% AM241 S5.4714E-19 0%
56 3.0443E-18 U233 1.8870E-18 62% RA226 6.8848E-19 23% TH229 23680E-19 8%
36 2.1027E-23 U233 1.2969E-23 62% U234 52115E-24 25% RA226 2.2437E-24 11%

Table C-6 lists total EPA summed normalized relcase and thc percentages contribution for the 3 radionuclides
contributing the most release for each vector when drilling into a CH waste drum with an average activity level. Vectors

are ordered from most to lcast release. All vectors have some release when intruding into the repository from drilling.

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 125 years)

01 32 4.5271E-02 PU238 2.4764E-02 S5% AM241 1.2726E-02 28% PU239 5.9680E-03 13%
39 4.4913E-02 PU238 2.4568E-02 55% AM241 1.2626E-02 28% PU239 5.9208E-03 13%
70 4.4782E-02 PU238 2.4496E-02 S5% AM241 1.2589E-02 28% PU239 S5.8035E-03 13%
63 4.4294E-02 PU238 2.4230E-02 55% AM241 1.2452E-02 28% PU239 5.8392E-03 13%
25 4.4057E-02 PU238 2.4100E-02 55% AM241 1.2385E-02 28% PU239 5.8079E-03 13%
58 4,.3796E-02 PU238 2.3957E-02 55% AM241 1.2312E-02 28% PU239 5.7735E-03 13%
30 4.3512E-02 PU238 2.3802E-02 55% AM241 1.2232E-02 28% PU239 S5.7361E-03 13%
19 4.3299E-02 PU238 2.368SE-02 55% AM241 1.2172E-02 28% PU239 §5.7080E-03 13%
62 4.3028E-02 PU238 2.3537E-02 55% AM241 1.2096E-02 28% PU239 S5.6723E-03 13%
3 4.2733E-02 PU238 2.3376E-02 S5% AM241 1.2013E-02 28% PU239 5.6334E-03 13%
13 4.2439E-02 PU238 2.321SE-02 55% AM241 1.1930E-02 28% PU239 5.5947E-03 13%
22 4.2076E-02 PU238 2.3016E-02 55% AM241 1.1828E-02 28% PU239 5.5467E-03 13%
47 4.1794E-02 PU238 2.2862E-02 55% AM241 1.1749E-02 28% PU239 5.5096E-03 13%
7 4.1397E-02 PU238 2.2645E-02 55% AM241 1.1637E-02 28% PU239 5.4572E-03 13%
1 4.1245E-02 PU238 2.2562E-02 55% AM241 1.1594E-02 28% PU239 54372E-03 13%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 125 years)

50 4.0826E-02 PU238 2.2332E-02 55% AM241 1.1477E02 28% PU239 5.3820E-03 13%
45 4.0628E-02 PU238 2.2224E-02 55% AM241 1.1421E02 28% PU239 5.3559E-03 13%
65 4.0291E-02 PU238 2.2040E-02 55% AM241 1.1326E-02 28% PU239 53115E-03 13%
43 3.9863E-02 PU238 2.1806E-02 55% AM241 1.1206E-02 28% PU233 §5.2550E-03 13%
12 3.9655E-02 PU238 2.1692E-02 55% AM241 1.1147E-02 28% PU239 5.2276E-03 13%
3N 3.9447E-02 PU238 2.1578E-02 S5% AM241 1.1089E-02 28% PU239 5.2002E-03 13%
4 3.9170E-02 PU238 2.1427E-02 55% AM241 1.1011E-02 28% PU239 5.1637E-03 13%
48 3.8883E-02 PU238 2.1269E-02 55% AM241 1.0930E-02 28% PU239 5.1258E-03 13%
54 3.8515E-02 PU238 2.1068E-02 55% AM241 1.0827E-02 28% PU239 S5.0773E03 13%
37 3.8297E-02 PU238 2.0949E-02 55% AM241 1.0766E-02 28% PU239 5.0486E-03 13%
69 3.7874E-02 PU238 2.0718E-02 S5% AM241 1.0647E-02 28% PU239 49928E-03 13%
2 3.7703E-02 PU238 2.0624E-02 55% AM241 1.0599E-02 28% PU239 49702E-03 13%
35 3.7247E-02 PU238 2.0375E-02 55% AM241 1.0470E-02 28% PU239 4.9101E-03 13%
67 3.7179E-02 PU238 2.0337E-02 55% AM241 1.0451E-02 28% PU233 49011E-03 13%
28 3.6872E-02 PU238 20169E-02 55% AM241 1.0365E-02 28% PU239 48607E-03 13%
6 3.6430E-02 PU238 1.9928E-02 55% AM241 1.0241E-02 28% PU239 4.8024E-03 13%
40 3.6056E-02 PU238 1.9723E-02 55% AM241 1.0136E-02 28% PU239 47532E-03 13%
56 3.5797E-02 PU238 1.9581E-02 55% AM241 1.0063E-02 28% PU239 4.7190E-03 13%
10 3.5695E-02 PU238 1.9526E-02 55% AM241 1.0034E-02 28% PU239 4.7056E-03 13%
34 3.5448E-02 PU238 1.9390E-02 S55% AM241 99647E-03 28% PU239 46730E-03 13%
66 3.5021E-02 PU238 1.9157E-02 55% AM241 9.8447E-03 28% PU239 46167E-03 13%
53 3.4718E-02 PU238 1.8991E-02 55% AM241 9.7596E-03 28% PU239 45768E-03 13%
64 3.4349E-02 PU238 1.8790E-02 55% AM241 96558E-03 28% PU239 4.5282E-03 13%
59 3.4271E-02 PU238 1.8747E-02 55% AM241 96339E-03 28% PU239 45179E-03 13%
57 3.3981E-02 PU238 1.8588E-02 55% AM241 9.5524E-03 28% PU239 4.4796E-03 13%
14 3.3603E-02 PU238 1.8381E-02 55% AM241 9.4461E-03 28% PU239 4.4298E-03 13%
20 3.3314E-02 PU238 1.8223E-02 55% AM241 9.3649E-03 28% PU239 4.3917E-03 13%
15 3.2948E-02 PU238 1.8023E-02 55% AM241 92621E-03 28% PU239 4.3435E-03 13%
29 3.2760E-02 PU238 1.7920E-02 55% AM241 9.2093E-03 28% PU239 43187E-03 13%
1 3.2539E-02 PU238 1.7800E-02 55% AM241 9.1472E-03 28% PU239 4.2896E-03 13%
55 3.2242E-02 PU238 1.7637E-02 55% AM241 9.0635E-03 28% PU239 42504E-03 13%
60 3.1846E-02 PU238 1.7420E-02 55% AM241 89522E-03 28% PU239 4.1982E-03 13%
18 3.1593E-02 PU238 1.7282E-02 55% AM241 8.8812E-03 28% PU239 4.1649E-03 13%
61 3.1352E-02 PU238 1.7150E-02 55% AM241 88135E-03 28% PU239 4.1331E-03 13%
36 3.1155E-02 PU238 1.7043E-02 55% AM241 87581E-03 28% PU239 41071E-03 13%
51 3.0675E-02 PU238 1.6780E-02 55% AM241 86231E-03 28% PU239 4.0438E-03 13%
49 3.0675E-02 PU238 1.6780E-02 55% AM241 B8 6231E-03 28% PU233 4.0438E-03 13%
46 3.0283E-02 PU238 1.6565E-02 55% AM241 B8.5130E-03 28% PU233 3.9922E-03 13%
21 3.0023E-02 PU238 1.6423E-02 55% AM241 8.4397E-03 28% PU233 3.9578E-03 13%
23 2.9676E-02 PU238 1.6233E-02 55% AM241 B8.3422E-03 28% PU239 39121E-03 13%
52 2.9309E-02 PU238 1.6032E-02 55% AM241 8.2389E-03 28% PU239 3.8637E-03 13%
44 2.9222€-02 PU238 1.5985E-02 55% AM241 82147E-03 28% PU239 3.8523E-03 13%
38 2.8781E-02 PU238 1.5743E-02 55% AM241 B8.0905E-03 28% PU239 3.7941E-03 13%
8 2.8501E-02 PU238 1.5591E-02 55% AM241 8.0120E-03 28% PU239 3.7573E-03 13%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 125 years)
16 2.8319E-02 PU238 1.5491E-02 55% AM241 7.9607E-03 28% PU239 3.7332E-03 13%
42 2.8126E-02 PU238 1.5385E-02 55% AM241 7.9065E-03 28% PU239 3.7078E-03 13%
33 2.7731E-02 PU238 15169E-02 55% AM241 7.7953E-03 28% PU239 3.6557E-03 13%
17 2.7411E-02 PU238 1.4994E-02 55% AM241 7.7054E-03 28% PU239 3.6135E-03 13%
41 2.7187E-02 PU238 1.4872E-02 55% AM241 7.6426E-03 28% PU239 3.5840E-03 13%
24 2.6953E-02 PU238 1.4744E-02 55% AM241 7.5769E-03 28% PU239  3.5532E-03 13%
5 2.6784E-02 PU238 1.4651E-02 55% AM241 7.5292E-03 28% PU239 3.5308E-03 13%
9 2.6508E-02 PU238 1.4500E-02 55% AM241 7.4517E-03 28% PU239  3.4945E-03 13%
68 2.6128E-02 PU238 1.4292E-02 55% AM241 7.3448E-03 28% PU239 3.4444E-03 13%
26 2.5822E-02 PU238 1.4125E-02 55% AM241 7.2589E-03 28% PU239 3.4041E-03 13%
27 2.5738E-02 PU238  1.4079E-02 55% AM241 7.2352E-03 28% PU239 3.3930E-03 13%

(Time of Intrusion, 175 years)

02 32 3.2751E-02 PU238 1.3693E-02 42% AM241 1.1299E-02 35% PU239 59551E-03 18%
39 3.2492E-02 PU238 1.3585E-02 42% AM241 1.1210E-02 35% PU239 5.9080E-03 18%
70 3.2397E-02 PU238 1.3545E-02 42% AM241 1.1177E-02 35% PU239 5.8908E-03 18%
63 3.2044E-02 PU238 1.3398E-02 42% AM241 1.1056E-02 35% PU239 5.8266E-03 18%
25 3.1873E-02 PU238 1.3326E-02 42% AM241 1.0996E-02 35% PU239 5.7954E-03 18%
58 3.1684E-02 PU238 1.3247E-02 42% AM241 1.0931E-02 35% PU239 57611E-03 18%
30 3.1478E-02 PU238 1.3161E-02 42% AM241 1.0860E-02 35% PU239 57237&-03 18%
19 3.1325E-02 PU238 1.3097E-02 42% AM241 1.0807E-02 35% PU239 56957E-03 18%
62 3.1128E-02 PU238 1.3015E-02 42% AM241 1.0740E-02 35% PU239 5.6600E-03 18%
3 3.0915E-02 PU238 1.2926E-02 42% AM241 1.0666E-02 35% PU239 56213E-03 18%
13 3.0702E-02 PU238 1.2837E-02 42% AM241 1.0593E-02 35% PU239 5.5826E-03 18%
22 3.0439E-02 PU238 1.2727E-02 42% AM241 1.0502E-02 35% PU239 5.5347E-03 18%
47 3.0236E-02 PU238 1.2642E-02 42% AM241 1.0432E-02 35% PU239 5.4978E-03 18%
7 2.9948E-02 PU238 1.2521E-02 42% AM241 1.0332E-02 35% PU239 54455E-03 18%
1 2.9839E-02 PU238 1.2476E-02 42% AM241 1.0295E-02 35% PU239 5.4255E-03 18%
50 2.9535E-02 PU238 1.2349E-02 42% AM241 1.0190E-02 35% PU239 5.3703E-03 18%
45 2.9392E-02 PU238 1.2289E-02 42% AM241 1.0141E-02 35% PU239 5.3443E-03 18%
65 2.9148E-02 PU238 1.2187E-02 42% AM241 1.0056E-02 35% PU239 5.3000E-03 18%
43 2.8838E-02 PU238 1.2057E-02 42% AM241 9.949SE-03 35% PU239 52437E-03 18%
12 2.8688E-02 PU238 1.1994E-02 42% AM241 9.8976E-03 35% PU239 5.2163E-03 18%
31 2.8538E-02 PU238 1.1932E-02 42% AM241 9.8457E-03 35% PU239  5.1890E-03 18%
4 2.8337E-02 PU238 1.1848E-02 42% AM241 9.7767E-03 35% PU239 5.1526E-03 18%
48 2.8129E-02 PU238 1.1761E-02 42% AM241 9.7048E-03 35% PU239 5.1147E-03 18%
54 2.7863E-02 PU238 1.1650E-02 42% AM241 96131E-03 35% PU239 5.0664E-03 18%
37 2.7706E-02 PU238 1.1584E-02 42% AM241 95588E-03 35% PU239 5.0377E-03 18%
69 2.7400E-02 PU238 1.1456E-02 42% AM241 9.4531E-03 35% PU239  4.9820E-03 18%
2 2.7276E-02 PU238 1.1404E-02 42% AM241 9.4103E-03 35% PU239 4.9595E-03 18%
35 2.6946E-02 PU238 1.1266E-02 42% AM241 9.2966E-03 35% PU239 4.8996E-03 18%
67 2.6897E-02 PU238 1.1246E-02 42% AM241 9.2795E-03 35% PU239 4.8906E-03 18%
28 2.6675E-02 PU238 1.1153E-02 42% AM241 9.2029E-03 35% PU239 4.8502E-03 18%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

z

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 175 years)
6 2.6355E-02 PU238 1.1019E-02 42% AM241 9.0926E-03 35% PU239 4.7920E-03 18%
40 2.6085E-02 PU238 1.0806E-02 42% AM241 B8.9995E-03 35% PU239 47430E-03 18%
56 2.5897E-02 PU238 1.0828E-02 42% AM241 B.9347E-03 35% PU239 47088E-03 18%
10 2.5824E-02 PU238 1.0797E-02 42% AM241 B8.9094E-03 35% PU239 4.6955E-03 18%
34 2.5644E-02 PU238 1.0722E-02 42% AM241 8.8475E-03 35% PU239 4.6629E-03 18%
66 2.5336E-02 PU238 1.0593E-02 42% AM241 B8.7410E-03 35% PU239 4.6067E-03 18%
53 2.5117E-02 PU238 1.0501E-02 42% AM241 B8.6655E-03 35% PU239 45669E-03 18%
64 2.4850E-02 PU238 1.0390E-02 42% AM241 B85734E-03 35% PU239 45184E-03 18%
59 2.4793E-02 PU238 1.0366E-02 42% AM241 B8.5538E-03 35% PU239 4.5081E-03 18%
57 2.4583E-02 PU238 1.0278E-02 42% AM241 B8.4815E-03 35% PU239 44700E-03 18%
14 2.4310E-02 PU238 1.0164E-02 42% AM241 B8.3870E-03 35% PU239 44202E-03 18%
20 2.4101E-02 PU238 1.0077E-02 42% AM241 83150E-03 35% PU239 4.3822E-03 18%
15 2.3836E-02 PU238 9.9660E-03 42% AM241 8.2237E-03 35% PU233 4.3341E-03 18%
29 2.3700E-02 PU238 9.9091E-03 42% AM241 81768E-03 35% PU239 43094E-03 18%
1 2.3540E-02 PU238 9.8423E-03 42% AM241 B81217E-03 35% PU239 4.2803E-03 18%
55 2.3325E-02 PU238 9.7523E-03 42% AM241 B8.0474E-03 35% PU239 4.2412E-03 18%
60 2.3039E-02 PU238 9.6325E-03 42% AM241 7.9485E-03 35% PU239 4.1891E-03 18%
18 2.2856E-02 PU238 9.5562E-03 42% AM241 7.8855E-03 35% PU239 4.1559E-03 18%
61 2.2682E-02 PU238 9.4833E-03 42% AM241 7.8254E-03 35% PU239 4.1242E-03 18%
36 2.2539E-02 PU238 9.4237E-03 42% AM241 7.7762E-03 35% PU239 4.0983E-03 18%
51 2.2192E-02 PU238 9.2784E-03 42% AM241 7.6563E-03 35% PU239 4.0351E-03 18%
49 2.2192E-02 PU238 9.2784E-03 42% AM241 7.6563E-03 35% PU239 4.0351E-03 18%
46 2.1908E-02 PU238 9.1599E-03 42% AM241 7.5586E-03 35% PU239 3.9836E-03 18%
21 2.1720E-02 PU238 9.0811E-03 42% AM241 7.4935E-03 35% PU239 3.9493E-03 18%
23 2.1469E-02 PU238 8.9762E-03 42% AM241 7.4070E-03 35% PU239 3.9037E-03 18%
52 2.1203E-02 PU238 8.8651E-03 42% AM241 7.3153E-03 35% PU239 3.8553E-03 18%
4 2.1141E-02 PU238 8.8390E-03 42% AM241 7.2937E-03 35% PU239 3.8440E-03 18%
38 2.0821E-02 PU238 8.7054E-03 42% AM241 7.1835E-03 35% PU239 3.7859E-03 18%
8 2.0619E-02 PU238 8.6209E-03 42% AM241 7.1138E-03 35% PU239 3.7491E-03 18%
16 2.0487E-02 PU238 8.5657E-03 42% AM241 7.0682E-03 35% PU239 3.7252E-03 18%
42 2.0348E-02 PU238 8.5074E-03 42% AM241 7.0201E-03 35% PU239 3.6998E-03 18%
33 2.0061E-02 PU238 8.3878E-03 42% AM241 69214E-03 35% PU239 3.6478E-03 18%
17 1.9830E-02 PU238 8.2910E-03 42% AM241 6.8415E-03 35% PU239 3.6057E-03 18%
M1 1.9668E-02 PU238 8.2234E-03 42% AM241 6.7858E-03 35% PU239 3.5763E-03 18%
24 1.9499E-02 PU238 8.1527E-03 42% AM241 6.7274E-03 35% PU239 3.5455E-03 18%
5 1.9376E-02 PU238 8.1014E-03 42% AM241 6.6850E-03 35% PU239 3.5232E-03 18%
9 1.9177E-02 PU238 8.0180E-03 42% AM241 66163E-03 35% PU239 3.4870E-03 18%
68 1.8902E-02 PU238 7.9030E-03 42% AM241 6.5214E-03 35% PU239 3.4369E-03 18%
26 1.8681E-02 PU238 7.8105E-03 42% AM241 6.4451E-03 35% PU239 3.3967E-03 18%
27 1.8620E-02 PU238 7.7850E-03 42% AM241 6.4240E-03 35% PU239 3.3856E-03 18%
(Time of Intrusion, 350 years)

03 32 1.9671E-02 AM241 8.5346E-03 43% PU239 59252E-03 30% PU238 3.4362E-03 17%

39 1.9516E-02 AM241 84671E-03 43% PU239 5.8783E-03 30% PU238 3.4090E-03 17%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 350 years)

70 1.9459E-02 AM241 8.4424E-03 43% PU239 5.8611E-03 30% PU238 3.3991E-03 17%
63 1.9247E-02 AM241 8.3504E-03 43% PU239 5.7973E-03 30% PU238 3.3621E-03 17%
25 1.9144E-02 AM241 8.3057E-03 43% PU239 5.7662E-03 30% PU238 3.3441E-03 17%
58 1.9030E-02 AM241 B8.2565E-03 43% PU239 5.7321E-03 30% PU238 3.3243E-03 17%
30 1.8907E-02 AM241 8.2030E-03 43% PU239 5.6949E-03 30% PuU238 3.3027E-03 17%
19 1.8815E-02 AM241 8.1629E-03 43% PU239 S56671E-03 30% PU238 3.2866E-03 17%
62 1.8697E-02 AM241  8.1117E-03 43% PU239 5.6316E-03 30% PU238 3.2659E-03 17%
3 1.8569E-02 AM241 B8.0562E-03 43% PU239 55930E-03 30% PU238 3.2436E-03 17%
13 1.8441E-02 AM241 8.0007E-03 43% PU239 5.5545E-03 30% PU238 3.2213E-03 17%
22 1.8283E-02 AM241  79321E-03 43% PU239 55069E-03 30% PU238 3.1937E-03 17%
47 1.8161E-02 AM241 7.8791E-03 43% PU239 5.4701E-03 30% PU238 3.1723E-03 17%
7 1.7988E-02 AM241  7.8042E-03 43% PU239 5.4181E-03 30% PU238 3.1422E-03 17%
1 1.7922E-02 AM241  7.7756E-03 43% PU239 5.3982E-03 30% PU238 3.1306E-03 17%
50 1.7740E-02 AM241  7.6965E-03 43% PU239 5.3433E-03 30% PU238 3.0988E-03 17%
45 1.7654E-02 AM241  7.6593E-03 43% PU239 53175E-03 30% PU238 3.0838E-03 17%
65 1.7S08E-02 AM241  7.5958E-03 43% PU239 5.2734E-03 30% PU238 3.0582E-03 17%
43 1.7321E-02 AM241  7.5150E-03 43% PU239 52173E-03 30% PU238 3.0257E-03 17%
12 1.7231E-02 AM241  7.4758E-03 43% PU239 5.1801E-03 30% PU238 3.0099E-03 17%
3 1.7141E-02 AM241  7.4366E-03 43% PU239 5.1629E-03 30% PU238 29941E-03 17%
4 1.7020E-02 AM241  7.3844E-03 43% PU239 5.1267E-03 30% PU238 2.9731E-03 17%
48 1.6895E-02 AM241  7.3302E-03 43% PU239 5.0890E-03 30% PU238 29513E-03 17%
54 1.6736E-02 AM241  7.2609E-03 43% PU239 5.0409E-03 30% PU238 29234E-03 17%
37 1.6641E-02 AM241  7.2199E-03 43% PU239 5.0124E-03 30% PU238 29069E-03 17%
69 1.6457E-02 AM241  7.1401E-03 43% PU239 49570E-03 30% PU238 2.8747E-03 17%
2 1.6383E-02 AM241  7.1078E-03 43% PU239 49346E-03 30% PU238 2.8617E-03 17%
35 1.6185E-02 AM241  7.0218E-03 43% PU239 48749E-03 30% PU238 2.8271E-03 17%
67 1.6155€-02 AM241  7.0090E-03 43% PU239 4.8660E-03 30% PU238 2.8220E-03 17%
28 1.6022E-02 AM241 6.9511E-03 43% PU239 48258E-03 30% PU238 2.7987E-03 17%
6 1.5829E-02 AM241 6.8678E-03 43% PU239 4.7680E-03 30% PU238 2.7651E-03 17%
40 1.5667€-02 AM241 6.7974E-03 43% PU239 4.7191E-03 30% PU238 2.7368E-03 17%
56 1.56555E-02 AM241 6.7485E-03 43% PU239 4.6851E-03 30% PU238 2.7171E-03 17%
10 1.5510E-02 AM241 6.7294E-03 43% PU239 4.6719E-03 30% PU238 2.7094E-03 17%
34 1.5403E-02 AM241  6.6827E-03 43% PU239 4.6395E-03 30% PU238 26906E-03 17%
66 1.5217E-02 AM241 6.6022E-03 43% PU239 4.5836E-03 30% PU238 2.6582E-03 17%
53 1.5086E-02 AM241 6.5451E-03 43% PU239 45440E-03 30% PU238 26352E-03 17%
64 1.4926E-02 AM241 6.4756E-03 43% PU239 4.4957E-03 30% PU238 2.6072E-03 17%
59 1.4892E-02 AM241 6.4608E-03 43% PU239 4.4854E-03 30% PU238 2.6013E-03 17%
57 1.4766E-02 AM241  6.4062E-03 43% PU239 4.4475E-03 30% PU238 2.5793E-03 17%
14 1.4601E-02 AM241 6.3348E-03 43% PU239 4.3980E-03 30% PU238 2.5505E-03 17%
20 1.4476E-02 AM241  6.2804E-03 43% PU239 4.3602E-03 30% PU238 2.5286E-03 17%
15 1.4317€E-02 AM241 6.2115E-03 43% PU239 4.3123E-03 30% PU238 2.S5009E-03 17%
29 1.4235E-02 AM241 6.1760E-03 43% PU239 4.2877€E-03 30% PU238 2.4866E-03 17%
1 1.4139E-02 AM241 6.1344E-03 43% PU239 4.2588E-03 30% PU238 24698E-03 17%
55 1.4010E-02 AM241  6.0783E-03 43% PU239 4.2199E-03 30% PU238 2.4473E-03 17%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 350 years)
60 1.3838E-02 AM241 6.0036E-03 43% PU239 4.1680E-03 30% PU238 24172E-03 17%
18 1.3728E-02 AM241 5.9560E-03 43% PU239 4.1350E-03 30% PU238 23980E-03 17%
61 1.3623E-02 AM241 S5.9106E-03 43% PU239 4.1034E-03 30% PU238 23797E-03 17%
36 1.3538E-02 AM241 S58735E-03 43% PU239 4.0777E-03 30% PU238 2.3648E-03 17%
51 1.3329E-02 AM241 5.7829E-03 43% PU239 4.0148E-03 30% PU238 2.3283E-03 17%
49 1.3329E-02 AM241 5.7829E-03 43% PU239 4.0148E-03 30% PU238 2.3283E-03 17%
46 1.3159E-02 AM241 57091E-03 43% PU239 3.9635E-03 30% PU238 2.2986E-03 17%
2 1.3046E-02 AM241 S5.6600E-03 43% PU239 3.9294E-03 30% PU238 22788E-03 17%
23 1.2895E-02 AM241 5.5946E-03 43% PU239 3.8841E-03 30% PU238 22525E-03 17%
52 1.2735E-02 AM241 5.5253E-03 43% PU239 3.8360E-03 30% PU238 22246E-03 17%
44 1.2698E-02 AM241 S5.5080E-03 43% PU239 3.8247E-03 30% PU238 2.2181E-03 17%
38 1.2506E-02 AM241  54258E-03 43% PU239 3.7669E-03 30% PU238 21845E-03 17%
8 1.2384E-02 AM241 53731E-03 43% PU239 3.7303E-03 30% PU238 21633E-03 17%
16 1.2305E-02 AM241 53387E-03 43% PU239 3.7064E-03 30% PU238 2.1435E-03 17%
42 1.2221E-02 AM241 5.3024E-03 43% PU239 3.6812E-03 30% PU238 2.1349E-03 17%
33 1.2050E-02 AM241 52278E-03 43% PU239 3.6294E-03 30% PU238 2.1048E-03 17%
17 1.1911E-02 AM241 5167SE-03 43% PU239 3.5876E-03 30% PU238 2.0806E-03 17%
41 1.1813E-02 AM241 51254E-03 43% PU239 3.5583E-03 30% PU238 2.0636E-03 17%
24 1.1712E-02 AM241 S5.0813E-03 43% PU239 3.5277E-03 30% PU238 2.0458E-03 17%
S 1.1638E-02 AM241 50493E-03 43% PU239 3.5055E-03 30% PU238 20330E-03 17%
9 1.1518E-02 AM241 49974E-03 43% PU239 3.4694E-03 30% PU238 20121E-03 17%
68 1.1353E-02 AM241  49257E-03 43% PU239 3.4197E-03 30% PU238 1.9832E-03 17%
26 1.1220E-02 AM241 48680E-03 43% PU239 3.3796E-03 30% PU238 1.9600E-03 17%
27 1.1184E-02 AM241 4 8522E-03 43% PU239 3.3686E-03 30% PU238 1.9536E-03 17%
(Time of Intrusion, 1000 years)

04 32 1.0S09E-02 PU239 58153E-03 55% AM241 3.0092E-03 29% PU240 16121E-03 15%
39 1.0425E-02 PU239 5.7693E-03 55% AM241 2.9854E-03 29% PU240  1.5994E-03 15%
70 1.0395E-02 PU239 57524E-03 55% AM241 2.9767E-03 29% PU240 1.5947E-03 15%
63 1.0282E-02 PU239 56898E-03 55% AM241 2.9443E-03 29% PU240 1.5774E-03 15%
25 1.0227E-02 PU239 56593E-03 55% AM241 29285E-03 29% PU240 15689E-03 15%
58 1.0166E-02 PU239 5.6258E-03 55% AM241 29112E-03 29% PU240 1.5596E-03 15%
30 1.0100E-02 PU239 55893E-03 55% AM241 2.8923E-03 29% PU240 15495E-03 15%
19 1.0051E-02 PU239 55620E-03 55% AM241 28782E-03 29% PU240 1.5419E-03 15%
62 9.9878E-03 PU239 55271E-03 55% AM241 28601E-03 29% PU240 1.5323E-03 15%
3 9.9194E-03 PU239 54893E-03 55% AM241 2840SE-03 29% PU240 1.5218E-03 15%
13 9.8512E-03 PU239 54515E-03 55% AM241 28210E-03 29% PU240 1.5113E-03 15%
22 9.7667E-03 PU239 5.4048E-03 55% AM241 27968E-03 29% PU240 1.4983E-03 15%
47 9.7014E-03 PU239 5.3687E-03 55% AM241 27781E-03 29% PU240  1.4883E-03 15%
7 9.6092E-03 PU239 53176E-03 55% AM241 27517E-03 29% PU240 1.4742E-03 15%
1 9.5740E-03 PU239 5.2981E-03 55% AM241 27416E-03 29% PU240 1.4688E-03 15%
50 9.4766E-03 PU239 5.2442E-03 55% AM241 27137E-03 29% PU240 1.4538E-03 15%
45 9.4307E-03 PU239 52188E-03 55% AM241 27006E-03 29% PU240 1.4468E-03 15%
65 9.3526E-03 PU239 5.1756E-03 55% AM241 26782E-03 29% PU240 1.4348E-03 15%
43 9.2531E-03 PU239 5.1205E-03 55% AM241 26497E-03 29% PU240 1.4195E-03 15%
12 9.2048E-03 PU239 5.0938E-03 55% AM241 26359E-03 29% PU240 1.4121E-03 15%
31 9.1565E-03 PU239 5.0671E-03 55% AM241 2.6221E-03 29% PU240 1.4047E-03 15%
4 9.0923E-03 PU239 5.0316E-03 55% AM241 26037E-03 29% PU240  1.3949E-03 15%



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)
48 9.0255E-03 PU239 4.9946E-03 55% AM241 2.5846E-03 29% PU240 1.3846E-03 15%
54 8.9402E-03 PU239 4.9474E-03 55% AM241 2.5601E-03 29% PU240 1.3715E-03 15%
37 8.8897E-03 PU239 4.9194E-03 55% AM241 25457E-03 29% PU240 1.3638E-03 15%
69 8.7914E-03 PU239 4.8651E-03 55% AM241 25175E-03 29% PU240 1.3487E-03 15%
2 8.7517€-03 PU239 4.8431E-03 55% AM241 2.5061E-03 29% PU240 1.3426E-03 15%
35 8.6458E-03 PU239 4.7845E-03 55% AM241 2.4758E-03 29% PU240 1.3264E-03 15%
67 8.6300E-03 PU239 4.7757E-03 55% AM241 2.4713E-03 29% PU240 1.3240E-03 15%
28 8.5588€E-03 PU239 4.7363E-03 55% AM241 2.4509E-03 29% PU240 13130E-03 15%
6 8.4561E-03 PU239 4.6795E-03 55% AM241 2.4215E-03 29% PU240 1.2973E-03 15%
40 8.3695E-03 PU239 4.6316E-03 55% AM241 23967E-03 29% PU240 1.2840E-03 15%
56 8.3093E-03 PU239 4.5982E-03 55% AM241 2.3795E-03 29% PU240 1.2747E-03 15%
10 8.2857E-03 PU239 4.5852E-03 55% AM241 2.3727E-03 29% PU240 12711E-03 15%
34 8.2282E-03 PU239 4.5534E-03 55% AM241 23562E-03 29% PU240 1.2623E-03 15%
66 8.1291E-03 PU239 4.4986E-03 55% AM241 23279E-03 29% PU240 1.2471E-03 15%
53 8.0589E-03 PU239 4.4597E-03 55% AM241 2.3078E-03 29% PU240 1.2363E-03 15%
64 7.9732E-03 PU239 4.4123E-03 55% AM241 2.2832E-03 29% PU240 1.2232E-03 15%
59 7.9551E-03 PU239 4.4023E-03 55% AM241 22780E-03 29% PU240 1.2204E-03 15%
57 7.8878E-03 PU239 4.3650E-03 55% AM241 2.2588E-03 29% PU240 1.2101E-03 15%
14 7.8000E-03 PU23S 4.3164E-03 55% AM241 2.2336E-03 29% PU240 1.1966E-03 15%
20 7.7330E-03 PU239 4.2793E-03 55% AM241 22144E-03 29% PU240 1.1863E-03 15%
15 7.6481E-03 PU239 4.2324E-03 55% AM241 21901E-03 29% PU240 1.1733E-03 15%
29 7.6044E-03 PU239 4.2082E-03 55% AM241 2.1776E-03 29% PU240 1.1666E-03 15%
1 7.5532E-03 PU239 4.1798E-03 55% AM241 2.1629E-03 29% PU240 1.1588E-03 15%
55 7.4841E-03 PU239 4.1416E-03 55% AM241 21431E-03 29% PU240 1.1482E-03 15%
60 7.3922E-03 PU239 4.0907E-03 55% AM241 2.1168E-03 29% PU240 1.1341E-03 15%
18 7.3336E-03 PU239 4.0S83E-03 55% AM241 2.1000E-03 29% PU240 1.1251E-03 15%
61 7.2776E-03 PU239 4.0273E-03 55% AM241 2.0840E-03 29% PU240 1.1165E-03 15%
36 7.2319E-03 PU239 4.0020E-03 55% AM241 2.0709E-03 29% PU240 1.1095E-03 15%
51 7.1204E-03 PU239 3.9404E-03 55% AM241 2.0390E-03 29% PU240 1.0924E-03 15%
49 7.1204E-03 PU239 3.9404E-03 55% AM241 2.0390E-03 29% PU240 1.0924E-03 15%
45 7.0295E-03 PU239 3.8800E-03 55% AM241 2.0130E-03 29% PU240 1.0784E-03 15%
21 6.9690E-03 PU239 3.8566E-03 55% AM241 1.9956E-03 29% PU240 1.0691E-03 15%
23 6.8885E-03 PU239 3.8120E-03 55% AM241 1.9726E-03 29% PU240 1.0568E-03 15%
52 6.8032E-03 PU239 3.7648E-03 55% AM241 1.9482E-03 29% PU240 1.0437E-03 15%
44 6.7832E-03 PU239 3.7537E-03 5S5% AM241 1.9424E-03 29% PU240 1.0406E-03 15%
38 6.6807E-03 PU239 3.6970E-03 55% AM241 1.9131E-03 29% PU240 1.0249E-03 15%
8 6.6158E-03 PU239 36611E-03 55% AM241 1.8945E-03 29% PU240 1.0149E-03 15%
16 6.5735E-03 PU239 3.6377E-03 55% AM241 1.8824E-03 29% PU240 1.0085E-03 15%
42 6.5287E-03 PU239 36129E-03 55% AM241 1.8696E-03 29% PU240 1.0016E-03 15%
33 6.4369E-03 PU239 3.5621E-03 55% AM241 1.8433E-03 29% PU240 9.8750E-04 15%
17 6.3627E-03 PU239 3.5210E-03 55% AM241 1.8220E-03 29% PU240 9.7611E-04 15%
41 6.3108E-03 PU239 3.4923E-03 55% AM241 1.8072E-03 29% PU240 96815E-04 15%
24 6.2565E-03 PU239 3.4623E-03 55% AM241 1.7916E-03 29% PU240 95983E-04 15%
S 6.2171E-03 PU239 3.4405E-03 55% AM241 1.7803E-03 29% PU240 9.5379E-04 15%
9 6.1532E-03 PU239 34051E-03 55% AM241 1.7620E-03 29% PU240 9.4398E-04 15%
68 6.0649E-03 PU239 3.3562E-03 55% AM241 1.7367E-03 29% PU240 9.3043E-04 15%
26 5.9939E-03 PU239 33170E-03 55% AM241 1.7164E-03 29% PU240 9.1954E-04 15%
27 5.9744E-03 PU239 33061E-03 55% AM241 1.7108E-03 29% PU240 9.1654E-04 15%
(Time of Intrusion, 3000 years)

05 32 6.9712E-03 PU239 54897E-03 79% PU240 1.3041E-03 19% AM241  1.2175E-04 2%
39 6.9161E-03 PU239 5.4463E-03 79% PU240 1.2938E-03 19% AM241 1.2078E-04 2%
70 6.8959E-03 PU239 5.4304E-03 79% PU240 1.2900E-03 19% AM241 1.2043E-04 2%
63 6.8208E-03 PU239 5.3713E-03 79% PU240 1.2759E-03 19% AM241 11912E-04 2%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)

25 6.7842E-03 PU239 5.3425E-03 79% PU240 1.2691E-03 19% AM241  1.184BE-04 2%
58 6.7441E-03 PU239 5.3109E-03 79% PU240 1.2616E-03 19% AM241  1.1778E-04 2%
30 6.7003E-03 PU239 5.2764E-03 79% PU240 1.2534E-03 19% AM241  1.1702E-04 2%
19 6.6676E-03 PU239 5.2506E-03 79% PU240 1.2473E-03 19% AM241  1.1644E-04 2%
62 6.6258E-03 PU239 52177E-03 79% PU240 1.2395E-03 19% AM241  1.1571E-04 2%
3 6.5804E-03 PU239 5.1820E-03 79% PU240 1.2310E-03 19% AM241  1.1492E-04 2%
13 6.5352E-03 PU239 51463E-03 79% PU240 1.2225E-03 19% AM241  1.1413E-04 2%
22 6.4791E-03 PU239 5.1022E-03 79% PU240 1.2120E-03 19% AM241  1.1315E-04 2%
47 6.4358E-03 PU239 5.0681E-03 79% PU240 1.2039E-03 19% AM241  1.1240E-04 2%
7 6.3746E-03 PU239 S5.0199E-03 79% PU240 1.1925E-03 19% AM241 1.1133E-04 2%
1 6.3513E-03 PU239 5.0015E-03 79% PU240 1.1881E-03 19% AM241  1.1092E-04 2%
50 6.2867E-03 PU239 4.9507E-03 79% PU240 1.1760E-03 19% AM241  1.0979E-04 2%
45 6.2562E-03 PU239 4.9267E-03 79% PU240 1.1703E-03 19% AM241 1.0926E-04 2%
65 6.2044E-03 PU239 4.8859E-03 79% PU240 1.1606E-03 19% AM241  1.0836E-04 2%
43 6.1384E-03 PU239 4.8339E-03 79% PU240 1.1483E-03 19% AM241  1.0720E-04 2%
12 6.1064E-03 PU239 4.8087E-03 79% PU240 1.1423E-03 19% AM241 1.0664E-04 2%
3 6.0744E-03 PU239 4.7835E-03 79% PU240 1.1363E-03 19% AM241 1.0608E-04 2%
4 6.0317E-03 PU239 4.7499E-03 79% PU240 1.1283E-03 19% AM241 1.0534E-04 2%
438 5.9874E-03 PU239 4.7150E-03 79% PU240 1.1200E-03 19% AM241  1.0457E-04 2%
54 5.9309€£-03 PU239 4.6705E-03 79% PU240 1.1095E-03 19% AM241 1.0358E-04 2%
37 5.8973E-03 PU239 46441E-03 79% PU240 1.1032E-03 19% AM241  1,0299E-04 2%
69 5.8321E-03 PU239 45927E-03 79% PU240 1.0910E-03 19% AM241 1.0185E-04 2%
2 5.8058E-03 PU239 4.5720E-03 79% PU240 1.0861E-03 19% AM241  1.0139E-04 2%
35 5.7356E-03 PU239 4.5167E-03 79% PU240 1.0729E-03 19% AM241 1.0017E-04 2%
67 5.7250E-03 PU239 4.5084E-03 79% PU240 1.0710E-03 19% AM241 9.9984E-05 2%
28 5.6778E-03 PU239 4.4712E-03 79% PU240 1.0621E-03 19% AM241 9.91S9E-05 2%
6 5.6097E-03 PU239 4.4176E-03 79% PU240 1.0494E-03 19% AM241  97970E-05 2%
40 5.5523E-03 PU239 4.3723E-03 79% PU240 1.0386E-03 19% AM241  9.6966E-05 2%
56 5.5123E-03 PU239 4.3408E-03 79% PU240 1.0312E-03 19% AM241 9.6268E-05 2%
10 5.4967E-03 PU239 4.3285E-03 79% PU240 1.0282E-03 19% AM241 95996E-05 2%
34 5.4585E-03 PU239 4.2985E-03 79% PU240 1.0211E-03 19% AM241 9.5329E-05 2%
66 5.3928E-03 PU239 4.2467E-03 79% PU240 1.0088E-03 19% AM241 94181E-05 2%
53 5.3462E-03 PU239 4.2101E-03 79% PU240 1.0001E-03 19% AM241 93368E-05 2%
64 5.2894E-03 PU239 4.1653E-03 79% PU240 9.8946E-04 19% AM241 9.2375E-05 2%
59 5.2773E-03 PU239 4.1558E-03 79% PU240 9.8721E-04 19% AM241 9.2165E-05 2%
57 5.2327E-03 PU239 4.1207E-03 79% PU240 9.7885E-04 19% AM241 9.1385E-05 2%
14 5.1744E-03 PU239 4.0748E-03 79% PU240 9.6795E-04 19% AM241 9.0368E-05 2%
20 5.1300E-03 PU239 4.0398E-03 79% PU240 9.5964E-04 19% AM241 8.9591E-05 2%
15 5.0737E-03 PU239 3.9954E-03 79% PU240 9.4911E-04 19% AM241 8.8608E-05 2%
29 5.0447E-03 PU239 3.9726E-03 79% PU240 9.4369E-04 19% AM241 8.8102E-05 2%
11 5.0107E-03 PU239 3.9458E-03 79% PU240 9.3733E-04 19% AM241 8.7508E-05 2%
55 4.9649E-03 PU239 3.9088E-03 79% PU240 9.287SE-04 19% AM241 8.6708E-05 2%
60 4.9039E-03 PU239 3.8617E-03 79% PU240 9.1735E-04 19% AM241 85643E-05 2%
18 4.8650E-03 PU239 3.8311E-03 79% PU240 9.1008E-04 19% AM241 8.4964E-05 2%
61 4.8279E-03 PU239 3.8019E-03 79% PU240 9.0313E-04 19% AM241 8.4316E-05 2%
36 4.7976E-03 PU239 3.7780E-03 79% PU240 8.9746E-04 19% AM241 B8.3786E-05 2%
51 4.7236E-03 PU239 3.7198E-03 79% PU240 8.8363E-04 19% AM241  8.2495E-05 2%
49 4.7236E-03 PU239 3.7198E-03 79% PU240 8.8363E-04 19% AM241 8.2495E-05 2%
45 4.6633E-03 PU239 3.6723E-03 79% PU240 8.7234E-04 19% AM241 8.1441E-05 2%
21 4.6232E-03 PU239 3.6407E-03 79% PU240 8.6483E-04 19% AM241 8.0740E-05 2%
23 4.5698E-03 PU239 3.5986E-03 79% PU240 8.5485E-04 19% AM241  7.9808E-05 2%
52 45132E-03 PU239 3.5541E-03 79% PU240 8.4426E-04 19% AM241 7.8820E-05 2%
44 4.4999E-03 PU239 3.5436E-03 79% PU240 84177E-04 19% AM241  7.8587E-05 2%
38 4.4319E-03 PU239 3.4300E-03 79% PU240 8.2905E-04 19% AM241  7.7400E-05 2%
8 4.3889E-03 PU239 3.4562E-03 79% PU240 8.2100E-04 19% AM241 7.6648E-05 2%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)
16 4.3608E-03 PU239 3.4341E-03 79% PU240 8.1575E-04 19% AM241 7.6158E-05 2%
42 4.3311E-03 PU239 3.4107E-03 79% PU240 8.1020E-04 19% AM241 7.5640E-05 2%
33 4.2702€E-03 PU239 3.3627E-03 79% PU240 7.9880E-04 19% AM241 7.4576E-05 2%
17 4.2209E-03 PU239 3.3239E-03 79% PU240 7.8959E-04 19% AM241  7.3715E-05 2%
a1 4.1865E-03 PU239 3.2968E-03 79% PU240 7.8315E-04 19% AM241  7.3114E-05 2%
24 4.1505E-03 PU239 3.2685E-03 79% PU240 7.7642E-04 19% AM241  7.2486E-05 2%
5 4.1244E-03 PU239 3.2479E-03 79% PU240 7.7153E-04 19% AM241  7.2028E-05 2%
9 4.0820€-03 PU239 3.2145E-03 79% PU240 7.6359E-04 19% AM241 7.1288E-05 2%
68 4.0234E-03 PU239 3.1684E-03 79% PU240 7.5264E-04 19% AM241  7.0266E-05 2%
26 3.9763E-03 PU239 3.1313E-03 79% PU240 7.4383E-04 19% AM241 69443E-05 2%
27 3.9633E-03 PU239  3.1211E-03 79% PU240 7.4140E-04 19% AM241  6.9217E-05 2%

(Time of Intrusion, 7250 years)

06 32 5.7513E-03 PU239 48572E-03 84% PU240 8.3097E-04 14% U233 26554E-05 0%
39 5.7058E-03 PU233 4.8188E-03 84% PU240 8.2440E-04 14% U233 26344E-05 0%
70 5.6891E-03 PU239 4.8047E-03 84% PU240 8.2199E-04 14% U233 26268E-05 0%
63 5.6272E-03 PU239 4.7524E-03 84% PU240 8.1304E-04 14% U233 25981E-05 0%
25 5.5970E-03 PU239 4.7269E-03 84% PU240 8.0868E-04 14% U233 25842E-05 0%
58 5.5639E-03 PU239 4.6980E-03 84% PU240 8.0389E-04 14% U233 25689E-05 0%
30 5.5278E-03 PU239 4.6685E-03 84% PU240 7.9868E-04 14% U233 25523E05 0%
19 5.5007E-03 PU239 4.6457E-03 84% PU240 7.9478E-04 14% U233 25398E-05 0%
62 5.4663E-03 PU239 4.6165E-03 84% PU240 7.8979E-04 14% U233 2.5239E-05 0%
3 5.4289E-03 PU239 4.5848E-03 84% PU240 7.8439E-04 14% U233 25066E-05 0%
13 5.3915E-03 PU239 45534E-03 84% PU240 7.7899E-04 14% U233 2.4893E-05 0%
22 5.3453E-03 PU239 45143E-03 84% PU240 7.7231E-04 14% U233 2.4680E-05 0%
47 5.3096E-03 PU239 4.4842E-03 84% PU240 7.6715E-04 14% U233 24515E-05 0%
7 5.2591E-03 PU239 4.4415E-03 84% PU240 7.5086E-04 14% U233 2.4282E-05 0%
1 5.2398E-03 PU239 4.4253E-03 84% PU240 7.5707E-04 14% U233 24193E-05 0%
50 5.1865E-03 PU239 4.3803E-03 84% PU240 7.4937E-04 14% U233 2.3947E-05 0%
45 5.1614E-03 PU239 4.3590E-03 84% PU240 7.4574E-04 14% U233 23831E-05 0%
65 5.1186E-03 PU239 4.3229E-03 84% PU240 7.3956E-04 14% U233 23633E-05 0%
43 5.0642E-03 PU239 4.2769E-03 84% PU240 7.3170E-04 14% U233 2.3382E-05 0%
12 5.0377E-03 PU239 4.2546E-03 84% PU240 7.2788E-04 14% U233 23260E-05 0%
31 5.0113E-03 PU239 4.2323E-03 84% PU240 7.2406E-04 14% U233 23138E-05 0%
4 4.9762E-03 PU239 4.2026E-03 84% PU240 7.1898E-04 14% U233 2.2976E-05 0%
48 4 9396E-03 PU239 4.1718E-03 84% PU240 7.1370E-04 14% U233 22807E-05 0%
54 4 8929E-03 PU239 41323E-03 84% PU240 7.0696E-04 14% U233 22591E-05 0%
37 4.8653E-03 PU239 4.10S0E-03 84% PU240 7.0296E-04 14% U233 2.2464E-05 0%
69 4.8115E-03 PU239 4.0635E-03 84% PU240 6.9519E-04 14% U233 2.2215E-05 0%
2 4.7897E-03 PU239 4.0452E-03 84% PU240 69205E-04 14% U233 2.2115E-05 0%
35 4.7318E-03 PU239 3.9963E-03 84% PU240 6.8368E-04 14% U233 2.1848E-05 0%
67 4.7232E-03 PU239 3.9889E-03 84% PU240 6.8243E-04 14% U233 2.1808E-05 0%
28 4.6842E-03 PU239 395S60E-03 84% PU240 6.7679E-04 14% U233 21628E-05 0%
6 4.6280E-03 PU239 3.9086E-03 84% PU240 6.6868E-04 14% U233 2.1368E-05 0%
40 4.5806E-03 PU239 38685E-03 84% PU240 6.6183E-04 14% U233 21149E-05 0%
56 4.5476E-03 PU239 38407E-03 84% PU240 6.5706E-04 14% U233 2.0997E-05 0%
10 4.5347E-03 PU239 3.8298E-03 84% PU240 6.5520E-04 14% U233 2.0938E-05 0%
34 4 5033E-03 PU239 3.8032E-03 84% PU240 6.5066E-04 14% U233 2.0792E-05 0%
66 4.4490E-03 PU239 3.7574E-03 84% PU240 6.4282E-04 14% U233 20542E-05 0%
53 4.4106E-03 PU239 3.7250E-03 84% PU240 6.3727E-04 14% U233 2.0364E-05 0%
64 4.3637E-03 PU239 3.6854E-03 84% PU240 6.3049E-04 14% U233 2.0148E-05 0%
59 4.3538E-03 PU239 3.6770E-03 84% PU240 6.2906E-04 14% U233 2.0102E-05 0%
57 4.3170E-03 PU239 3.6459E-03 84% PU240 6.2374E-04 14% U233 1.9932E-05 0%



Appendix C. LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7250 years)

14 4.2689E-03 PU239 3.6053E-03 84% PU240 6.1679E-04 14% U233 1.9710E-05 0%
20 4.2322E-03 PU239 3.5743E-03 84% PU240 6.1149E-04 14% U233 1.9541E-05 0%
15 4.1858E-03 PU239 3.5351E-03 84% PU240 6.0478E-04 14% U233 1.9326E-05 0%
29 4.1619E-03 PU239 3.5149E-03 84% PU240 6.0133E-04 14% U233 1.9216E-05 0%
1 4.1338E-03 PU239 3.4912E-03 84% PU240 5.9727E-04 14% U233 1.9086E-05 0%
55 4.0960E-03 PU239 3.4593E-03 84% PU240 59181E-04 14% U233 1.8912E-05 0%
60 4.0457E-03 PU239 3.4168E-03 84% PU240 5.8454E-04 14% U233 1.8680E-05 0%
18 4.0136E-03 PU239 3.3897E-03 84% PU240 5.7991E-04 14% U233 1.8532E-05 0%
61 3.9830E-03 PU239 3.3638E-03 84% PU240 57548E-04 14% U233 1.8390E-05 0%
36 3.9580E-03 PU239 3.3427E-03 84% PU240 5.7187E-04 14% U233 1.8275E-05 0%
51 3.8970E-03 PU239 3.2912E-03 84% PU240 5.6305E-04 14% U233 1.7993E-05 0%
49 3.8970E-03 PU239 3.2912E-03 84% PU240 5.6305E-04 14% U233 1.7993E-05 0%
45 3.8472E-03 PU239 3.2492E-03 84% PU240 5.5586E-04 14% U233 1.7763E-05 0%
21 3.8141E-03 PU239 3.2212E-03 84% PU240 55108E-04 14% U233 1.7610E-05 0%
23 3.7701E-03 PU239 3.1840E-03 84% PU240 5.4472E-04 14% U233 1.7407E-05 0%
52 3.7234E-03 PU239 3.1446E-03 84% PU240 5.3797E-04 14% U233 1.7191E-05 0%
44 3.7124E-03 PU239 3.1353E-03 84% PU240 5.3639E-04 14% U233 1.7141E05 0%
38 3.6563E-03 PU239 3.0879E-03 84% PU240 5.2828E-04 14% U233 1.6882E-05 0%
8 3.6208E-03 PU239 3.0579E-03 84% PU240 5.2315E-04 14% U233 1.6718E-05 0%
16 3.5976E-03 PU23S 3.0384E-03 84% PU240 5.1981E-04 14% U233 1.6611E-05 0%
42 3.5731E-03 PU239 3.0177E-03 84% PU240 5.1627E-04 14% U233 1.6498E-05 0%
33 3.5229E-03 PU239 29753E-03 84% PU240 S5.0901E-04 14% U233 1.6266E-05 0%
17 3.4823E-03 PU239 29409E-03 84% PU240 5.0313E-04 14% U233 1.6078E-05 0%
41 3.4539E-03 PU239 29170E-03 84% PU240 4.9903E-04 14% U233 1.5947E-05 0%
24 3.4242E-03 PU239 2.8919E-03 84% PU240 4.9474E-04 14% U233 1.5810E-05 0%
5 3.4026E-03 PU239 2.8737E-03 84% PU240 49162E-04 14% U233 15710E-05 0%
9 3.3676E-03 PU239 2.8441E-03 84% PU240 4.8657E-04 14% U233 1.5548E-05 0%
68 3.3193E-03 PU239 2.8033E-03 84% PU240 4.7959E-04 14% U233 1.8326E-05 0%
26 3.2804E-03 PU239 27705E-03 84% PU240 4.7398E-04 14% U233 1.5146E-05 0%
27 3.2697E-03 PU238 2.7615E-03 84% PU240 4.7243E-04 14% U233 1.5097E-05 0%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7 lists total EPA summed normalized releasc and the percentage contribution for the top 3 radionuclides for
cach vector when drilling into RH waste with an average activity level. Vectors are ordered from most to least relcase. All

vectors have some small release when intruding into the repository from drilling.

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 125 years)

01 32 5.3080E-03 PU238 1.7186E-03 32% PU239 1.1756E-03 22% CS137 7.8303E-04 15%
39 5.2660E-03 PU238 1.70S0E-03 32% PU239 1.1663E-03 22% CS137 7.7684E-04 15%
70 5.2507E-03 PU238 1.7000E-03 32% PU239 1.1629E-03 22% CS137 7.7457E-04 15%
63 5.1935E-03 PU238 1.6815E-03 32% PU239 1.1503E-03 22% CS137 76614E-04 15%
25 5.1656E-03 PU238 1.6725E-03 32% PU239 1.1441E-03 22% CS137 76203E-04 15%
58 5.1351E-03 PU238 1.6626E-03 32% PU239 1.1373E-03 22% CS137 7.5752E-04 15%
30 5.1018E-03 PU238 1.6518E-03 32% PU239 1.1299E-03 22% CS137 7.5260E-04 15%
19 5.0768E-03 PU238 1.6437E-03 32% PU239 1.1244E-03 22% CS137 7.4893E-04 15%
62 5.0450E-03 PU238 1.6334E-03 32% PU239 1.1174E-03 22% CS137 7.4423E-04 15%
3 5.0105E-03 PU238 1.6222E-03 32% PU239 1.1097E-03 22% CS137 7.3914E-04 15%
13 4.9760E-03 PU238 1.6111E-03 32% PU239 1.1021E-03 22% CS137 7.3405E-04 15%
22 4.9333E-03 PU238 1.5973E-03 32% PU239 1.0926E-03 22% CS137 7.2776E-04 15%
47 4.9004E-03 PU238 1.5866E-03 32% PU239 1.0853E-03 22% CS137 7.2290E-04 15%
7 4.8538E-03 PU238 1.571SE-03 32% PU239 1.0750E-03 22% CS137 7.1602E-04 15%
1 4.8360€E-03 PU238 1.5658E-03 32% PU239 1.0711E-03 22% CS137  7.1340E-04 15%
50 4.7868E-03 PU238 1.5498E-03 32% PU239 1.0602E-03 22% CS137 7.0614E-04 15%
45 4.7636E-03 PU238 1.5423E-03 32% PU239 1.0551E-03 22% CS137 7.0272E-04 15%
65 4.7241E-03 PU238 1.5295E-03 32% PU239 1.0463E-03 22% CS137 6.9690E-04 15%
443 4.6739E-03 PU238 1.5133E-03 32% PU239 1.0352E-03 22% CS137 6.8949E-04 15%
12 4.6495E-03 PU238 1.5054E-03 32% PU239 1.0298E-03 22% CS137 6.8589E-04 15%
3N 4.6251E-03 PU238 1.497S5E-03 32% PU239 1.0244E-03 22% CS137 6.8229E-04 15%
4 4.5927E-03 PU238 1.4870E-03 32% PU239 1.0172E-03 22% CS137 6.7751E-04 15%
48 4.5590E-03 PU238 1.4761E-03 32% PU239 1.0097E-03 22% CS137 6.7253E-04 15%
54 4.5159E-03 PU238 1.4621E-03 32% PU239 1.0002E-03 22% CS137 66617E-04 15%
37 4.4903E-03 PU238 1.4538E-03 32% PU239 9.9453E-04 22% CS137 6.6241E-04 15%
69 4.4407E-03 PU238 1.4378E-03 32% PU239 9.8353E-04 22% CS137 6.5508E-04 15%
2 4.4206E-03 PU238 1.4313E-03 32% PU239 9.7908E-04 22% CS137 6.5212E-04 15%
35 4.3672E-03 PU238 1.4140E-03 32% PU239 9.6725E-04 22% CS137 6.4424E-04 15%
67 4.3592E-03 PU238 1.4114E-03 32% PU239 9.6547E-04 22% CS137 6.4306E-04 15%
28 4.3232E-03 PU238 1.3997E-03 32% PU239 9.5751E-04 22% CS137 6.3775E-04 15%
6 4.2713E-03 PU238 1.3829E-03 32% PU239 9.4602E-04 22% CS137 6.3010E-04 15%
40 4.2276E-03 PU238 1.3688E-03 32% PU239 9.3633E-04 22% CS137 6.2365E-04 15%
56 4.1972E-03 PU238 1.3589E-03 32% PU239 9.2959E-04 22% CS137 6.1916E-04 15%
10 4.1853E-03 PU238 1.3551E-03 32% PU239 9.2696E-04 22% CS137 6.1740E-04 15%
34 4.1562E-03 PU238 1.3457E-03 32% PU239 9.2053E-04 22% CS137 6.1312E-04 15%
66 4.1062E-03 PU238 1.3295E-03 32% PU239 9.0944E-04 22% CS137 6.0574E-04 15%
53 4.0707E-03 PU238 1.3180E-03 32% PU239 9.0158E-04 22% CS137 6.0050E-04 15%
64 4.0274€E-03 PU238 1.3040E-03 32% PU239 89200E-04 22% CS137 5.9412E-04 15%
59 4.0183E-03 PU238 1.3010E-03 32% PU239 8.8997E-04 22% CS137 59277E-04 15%
57 3.9843E-03 PU238 1.2900E-03 32% PU239 8.8244E-04 22% CS137 58775E-04 15%
14 3.9399E-03 PU238 1.2756E-03 32% PU239 8.7262E-04 22% CS137 5.8121E-04 15%
20 3.9060E-03 PU238 1.2647E-03 32% PU239 8.6512E-04 22% CS137 57621E-04 15%
15 3.8632E-03 PU238 1.2508E-03 32% PU239 8.5562E-04 22% CS137 5.6989E-04 15%
29 3.8411E-03 PU238 1.2436E-03 32% PU239 8.5074E-04 22% CS137 5.6664E-04 15%
1 3.8152E-03 PU238 1.2353E-03 32% PU239 8.4501E-04 22% CS137 S56282E-04 15%
55 3.7803E-03 PU238 1.2240E-03 32% PU239 83728E-04 22% CS137 55767E-04 15%
60 3.7339E-03 PU238 1.2089E-03 32% PU239 8.2699E-04 22% CS137 55082E-04 15%
18 3.7043E-03 PU238 1.1993E-03 32% PU239 8.2044E-04 22% CS137 5.4645E-04 15%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Iintrusion, 125 years)
61 3.6760E-03 PU238 1.1902E-03 32% PU239 8.1418E-04 22% CS137 5.4229E-04 15%
36 3.6530E-03 PU238 1.1827E-03 32% PU239 8.0906E-04 22% CS137 53888E-04 15%
51 3.5966E-03 PU238 1.1645E-03 32% PU239 7.9659E-04 22% CS137 53057E-04 15%
49 3.5966E-03 PU238 1.1645E-03 32% PU239 7.9659E-04 22% CS137 5.3057E-04 15%
46 3.5507E-03 PU238 1.1496E-03 32% PU239 7.8642E-04 22% CS137 5.2380E-04 15%
2 3.5202E-03 PU238 1.1397E-03 32% PU239 7.7965E-04 22% CS137 5.1929E-04 15%
23 3.4795E-03 PU238 1.1266E-03 32% PU239 7.7065E-04 22% CS137 S5.1329E-04 15%
52 3.4364E-03 PU238 1.1126E-03 32% PU239 7.6110E-04 22% CS137 5.0694E-04 15%
4 3.4263E-03 PU238 1.1093E-03 32% PU239 7.5886E-04 22% CS137 5.0544E-04 15%
38 3.3745E-03 PU238 1.0926E-03 32% PU239 7.4739E-04 22% CS137 49780E-04 15%
8 3.3418E-03 PU238 1.0820E-03 32% PU239 7.4014E-04 22% CS137 49297E-04 15%
16 3.3204E-03 PU238 1.07S0E-03 32% PU239 7.3540E-04 22% CS137 48982E-04 15%
42 3.2978E-03 PU238 1.0677E-03 32% PU239 7.3040E-04 22% CS137 4.8648E-04 15%
33 3.2514E-03 PU238 1.0527E-03 32% PU239 7.2012E-04 22% CS137 4.7964E-04 15%
17 3.2139E-03 PU238 1.0406E-03 32% PU239 7.1182E-04 22% CS137__47411E-04  15%
(Time of Intrusion, 175 years)

02 32 3.2678E-03 PU239 1.1731E-03 36% PU238 9.5030E-04 29% AM241  5.4423E-04 17%
39 3.2420E-03 PU239 1.163BE-03 36% PU238 9.4278E-04 29% AM241 S53992E-04 17%
70 3.2325E-03 PU239 1.1604E-03 36% PU238 9.4003E-04 29% AM241 53835E-04 17%
63 3.1973E-03 PU239 1.1478E-03 36% PU238 9.2979E-04 29% AM241 53248E-04 17%
25 3.1802€-03 PU239 1.1416E-03 36% PU238 9.2481E-04 29% AM241 S52963E-04 17%
58 3.1614E-03 PU239 1.1349E-03 36% PU238 9.1933E-04 29% AM241 5.2649E-04 17%
30 3.1409E-03 PU239 1.1275E-03 36% PU238 9.1337E-04 29% AM241 S5.2308E-04 17%
19 3.1255E-03 PU239 1.1220E-03 36% PU238 9.0890E-04 29% AM241 52052E-04 17%
62 3.1059E-03 PU239 1.1150E-03 36% PU238 9.0321E-04 29% AM241  51726E-04 17%
3 3.0847E-03 PU239 1.1073E-03 36% PU238 8.9702E-04 29% AM241 51372E-04 17%
13 3.0634E-03 PU239 1.0987E-03 36% PU238 8.9085E-04 29% AM241  S51018E-04 17%
22 3.0372E-03 PU239 1.0903E-03 36% PU238 8.8322E-04 29% AM241 50581E-04 17%
47 3.0169E-03 PU239 1.0830E-03 36% PU238 8.7731E-04 29% AM241 5.0243E-04 17%
7 2.9882E-03 PU239 1.0727E-03 36% PU238 8.6897E-04 29% AM241  49765E-04 17%
1 2.9772E-03 PU239 1.0688E-03 36% PU238 8.6579E-04 29% AM241 409583E-04 17%
50 2.9470E-03 PU239 1.0579E-03 36% PU238 8.5698E-04 29% AM241  49079E-04 17%
45 29327E-03 PU239 1.0528E-03 36% PU238 8.5283E-04 29% AM241 48841E-04 17%
65 2.9084€E-03 PU239 1.0441E-03 36% PU238 8.4576E-04 29% AM241 4.8436E-04 17%
43 2.8774E-03 PU239 1.0329E-03 36% PU238 8.3677E-04 29% AM241  47921E-04 17%
12 2.8624E-03 PU239 1.0276E-03 36% PU238 8.3240E-04 29% AM241  47671E-04 17%
3N 2.8474E-03 PU239 1.0222E-03 36% PU238 8.2804E-04 29% AM241  47421E-04 17%
4 2.8275E-03 PU239 1.0150E-03 36% PU238 8.2223E-04 29% AM241 47088E-04 17%
48 2.8067E-03 PU239 1.007SE-03 36% PU238 8.1619E-04 29% AM241 46743E-04 17%
54 2.7802E-03 PU239 9.9802E-04 36% PU238 8.0848E-04 29% AM241 46301E-04 17%
37 2.7644E-03 PU239 9.9238E-04 36% PU238 8.0390E-04 29% AM241 46039E-04 17%
69 2.7339E-03 PU239 9.8141E-04 36% PU238 7.9502E-04 29% AM241 45530E-04 17%
2 2.7215E-03 PU239 9.7697E-04 36% PU238 7.9142E-04 29% AM241  45324E-04 17%
35 2.6886E-03 PU239 9.6516E-04 36% PU238 7.8185E-04 29% AM241  44776E-04 17%
67 2.6837E-03 PU239 9.6339E-04 36% PU238 7.8042E-04 29% AM241 4.4694E-04 17%
28 2.6615E-03 PU239 9.5544E-04 36% PU238 7.7398E-04 29% AM241 4.4325E-04 17%
6 2.6296E-03 PU239 9.4398E-04 36% PU238 7.6470E-04 29% AM241 4.3794E-04 17%
40 2.6027E-03 PU239 9.3431E-04 36% PU238 7.5687E-04 29% AM241 43345E-04 17%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 175 years)
56 2.5840E-03 PU233 9.2759E-04 36% PU238 7.5142E-04 29% AM241 4.3033E-04 17%
10 2.5766E-03 PU239 9.2496E-04 36% PU238 7.4929E-04 29% AM241  4.2911E-04 17%
34 2.5588E-03 PU238 Q.1854E-04 36% PU238 7.4408E-04 29% AM241 42613E-04 17%
66 2.5279E-03 PU239 S.0748E-04 36% PU238 7.3513E-04 29% AM241  42100E-04 17%
53 2.5061E-03 PU239 8.9964E-04 36% PU238 7.2878E-04 29% AM241 41736E-04 17%
64 2.4795E-03 PU239 8.9008E-04 36% PU238 7.2103E-04 29% AM241  41293E-04 17%
59 2.4738E-03 PU239 8.8805E-04 36% PU238 7.1939E-04 29% AM241  41199E-04 17%
57 2.4529E-03 PU239 8.8054E-04 36% PU238 7.1330E-04 29% AM241 4.0850E-04 17%
14 2.4256E-03 PU239 8.7073E-04 36% PU238 7.0536E-04 29% AM241 40395E-04 17%
20 2.4047E-03 PU239 8.6325E-04 36% PU238 6.9930E-04 29% AM241  40048E-04 17%
15 2.3783E-03 PU233 85378E-04 36% PU238 6.9163E-04 29% AM241 3.9609E-04 17%
29 2.3648E-03 PU239 8.48391E-04 36% PU238 6.8768E-04 29% AM241 39383E-04 17%
1 2.3488E-03 PU239 8.4318E-04 36% PU238 6.8304E-04 29% AM241 3 9117E-04 17%
55 2.3273E-03 PU23S 8.3547E-04 36% PU238 6.7679E-04 29% AM241 38759E-04 17%
60 2.2988E-03 PU239 8.2521E-04 36% PU238 6.6848E-04 29% AM241 38283E-04 17%
18 2.2805E-03 PU239 8.1867E-04 36% PU238 6.6318E-04 29% AM241 3.7980E-04 17%
61 2.2631E-03 PU233 8.1242E-04 36% PU238 6.5812E-04 29% AM241 3.7690E-04 17%
36 2.2489E-03 PU239 8.0732E-04 36% PU238 6.5399E-04 29% AM241 3.7453E-04 17%
51 2.2143E-03 PU239 7.9487E-04 36% PU238 6.4391E-04 29% AM241 36876E-04 17%
49 2.2143E-03 PU239 7.9487E-04 36% PU238 6.4391E-04 29% AM241 36876E-04 17%
46 2.1860E-03 PU239 7.8472E-04 36% PU238 6.3568E-04 29% AM241 3.6405E-04 17%
21 2.1672€E-03 PU239 7.7797E-04 36% PU238 6.3021E-04 29% AM241 36092E-04 17%
23 2.1421E-03 PU239 7.6898E-04 36% PU238 6.2294E-04 29% AM241 3.5675E-04 17%
52 2.1156E-03 PU239 7.5946E-04 36% PU238 6.1522E-04 29% AM241  3.5233E-04 17%
4 2.1094€E-03 PU239 75722E-04 36% PU238 6.1341E-04 29% AM241  35129E-04 17%
38 2.0775E-03 PU239 7.4578E-04 36% PU238 6.0414E-04 29% AM241 3.4599E-04 17%
8 2.0573E-03 PU239 7.3854E-04 36% PU238 5.9828E-04 29% AM241 3.4263E-04 17%
16 2.0442E-03 PU239 7.3382E-04 36% PU238 5.9445E-04 29% AM241  3.4044E-04 17%
42 2.0302E-03 PU238 7.2882E-04 36% PU238 5.9040E-04 29% AM241 3.3812E-04 17%
33 2.0017E-03 PU239 7.1857E-04 36% PU238 5.8210E-04 29% AM241 33336E-04 17%
17 1.9786E-03 PU238 7.1028E-04 36% PU238 5.7538E-04 29% AM241 3.2952E-04 17%
M 1.9625E-03 PU239 7.0449E-04 36% PU238 5.7068E-04 29% AM241 3.2683E-04 17%
24 1.9456E-03 PU239 6.9843E-04 36% PU238 5.6578E-04 29% AM241  3.2402E-04 17%
5 1.9333E-03 PU239 6.9403E-04 36% PU238 5.6222E-04 29% AM241 3.2198E-04 17%
9 1.9135E-03 PU239 68690E-04 36% PU238 5.5644E-04 29% AM241 3.1867E-04 17%
68 1.8860E-03 PU239 6.7704E-04 36% PU238 54845E-04 29% AM241 3.1410E-04 17%
26 1.8639E-03 PU23S 6.6912E-04 36% PU238 5.4204E-04 29% AM241 3.1042E-04 17%
27 1.8579E-03 PU239 6.6694E-04 36% PU238 5.4027E-04 29% AM241  3.0841E-04 17%
(Time of Intrusion, 350 years)

03 32 2.1649E-03 PU239 1.1672E-03 54% AM241 4.1114E-04 19% PU240 3.0632E-04 14%
39 2.1478E-03 PU239 1.1580E-03 54% AM241 4.0789E-04 19% PU240 3.0389E-04 14%
70 2.1415E-03 PU239 1.1546E-03 54% AM241 4.0670E-04 19% - PU240 3.0301E-04 14%
63 2.1182E-03 PU238 1.1420E-03 54% AM241 4.0227E-04 19% PU240 29971E-04 14%
25 2.1069E-03 PU239 1.1359E-03 54% AM241 4.0011E-04 19% PU240 29810E-04 14%
58 2.0944E-03 PU239 1.1292E-03 54% AM241 3.9774E-04 19% PU240 29633E-04 14%
30 2.0808E-03 PU239 1.1218E-03 54% AM241 3.9516E-04 19% PU240 29441E-04 14%
19 2.0706E-03 PU239 1.1164E-03 54% AM241 3.8323E-04 19% PU240 29297E-04 14%
62 2.0577E-03 PU239 1.1094E-03 54% AM241 3.8077E-04 19% PU240 29114E-04 14%
3 2.0436E-03 PU239 1.1018E-03 54% AM241 3.8809E-04 19% PU240 28914E-04 14%
13 2.0295E-03 PU239 1.0942E-03 54% AM241 3.8542E-04 19% PU240 28715E-04 14%
22 2.0121E-03 PU239 1.0848E-03 54% AM241 3.8212E-04 19% PU240 28469E-04 14%
47 1.9987E-03 PU239 1.0776E-03 54% AM241 3.7956E-04 19% PU240 28279E-04 14%
7 1.9797E-03 PU239 1.0673E-03 54% AM241 3.759S5E-04 19% PU240 28010E-04 14%
1 1.9724E-03 PU239 1.0634E-03 54% AM241 3.7458E-04 19% PU240 27907E-04 14%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 350 years)

50 1.9523E-03 PU239 1.0526E-03 54% AM241 3.7077E-04 19% PU240 2.7624E-04 14%
45 1.9429E-03 PU239 1.0475E-03 54% AM241 3.6897E-04 19% PU240 2.7490E-04 14%
65 1.9268E-03 PU239 1.0388E-03 54% AM241 3.6591E-04 19% PU240 27262E-04 14%
43 1.9063E-03 PU239 1.0278E-03 54% AM241 36202E-04 19% PU240 2.6972E-04 14%
12 1.8963E-03 PU239 1.0224E-03 54% AM241 3.6013E-04 19% PU240 26831E-04 14%
3N 1.8864E-03 PU239 1.0170E-03 54% AM241 3.5824E-04 19% PU240 2.6691E-04 14%
4 1.8732E-03 PU239 1.0089E-03 54% AM241 3.5573E-04 19% PU240 26503E-04 14%
48 1.8584E-03 PU239 1.0025E-03 54% AM241 3.5312E-04 19% PU240 2.6309E-04 14%
54 1.8418E-03 PU239 9.9301E-04 54% AM241 3.4978E-04 19% PU240 26060E-04 14%
37 1.8314E-03 PU239 98739E-04 54% AM241 3.4780E-04 19% PU240 25913E-04 14%
69 1.8112E-03 PU239 9.7648E-04 54% AM241 3.4396E-04 19% PU240 2.5626E-04 14%
2 1.8030E-03 PU239 O.7206E-04 54% AM241 3.4240E-04 19% PU240 25510E-04 14%
35 1.7812E-03 PU239 9.6031E-04 54% AM241 3.3826E-04 19% PU240 2.5202E-04 14%
67 1.7779E-03 PU239 9.5855E-04 54% AM241 3.3764E-04 19% PU240 25156E-04 14%
28 1.7633E-03 PU239 9.5064E-04 54% AM241 3.3486E-04 19% PU240 2.4948E-04 14%
6 1.7421E-03 PU239 9.3924E-04 54% AM241 3.3084E-04 19% PU240 2.4649E-04 14%
40 1.7243E-03 PU239 9.2962E-04 54% AM241 3.2745E-04 19% PU240 24397E-04 14%
56 1.7119E-03 PU239 9.2292E-04 54% AM241 3.2510E-04 19% PU240 24221E-04 14%
10 1.7070E-03 PU239 9.2031E-04 54% AM241 3.2417E-04 19% PU240 24152E-04 14%
34 1.6952E-03 PU239 9.1392E-04 54% AM241 3.2193E-04 19% PU240 2.3985E-04 14%
66 1.6747€E-03 PU239 9.0292E-04 54% AM241 3.1805E-04 19% PU240 2.3696E-04 14%
53 1.6603E-03 PU239 B8.9512E-04 54% AM241 3.1530E-04 19% PU240 23491E-04 14%
64 1.6426E-03 PU239 8.8560E-04 54% AM241 31195E-04 19% PU240 2.3241E-04 14%
59 1.6389E-03 PU239 8.8359E-04 54% AM241 3.1124E-04 19% PU240 23189E-04 14%
57 1.6250E-03 PU239 8.7611E-04 54% AM241 3.0861E-04 19% PU240 2.2992E-04 14%
14 1.6069E-03 PU239 B8.6635E-04 54% AM241 3.0517E-04 19% PU240 22736E-04 14%
20 1.5931E-03 PU239 8.5891E-04 54% AM241 3.0255E-04 19% PU240 22541E-04 14%
15 1.5756E-03 PU239 8.4948E-04 54% AM241 29923E-04 19% PU240 2.2294E-04 14%
29 1.5666E-03 PU239 8.4464E-04 54% AM241 29752E-04 19% PU240 2.2166E-04 14%
11 1.5561E-03 PU239 8.3894E-04 54% AM241 29551E-04 19% PU240 22017E-04 14%
55 1.5419E-03 PU239 8.3127E-04 54% AM241 29281E-04 19% PU240 2.1816E-04 14%
60 1.5229E-03 PU239 8.2106E-04 54% AM241 28921E-04 19% PU240 2.1548E-04 14%
18 1.5108E-03 PU239 8.1455E-04 54% AM241 28692E-04 19% PU240 2.1377E-04 14%
61 1.4993E-03 PU239 8.0834E-04 54% AM241 28473E-04 19% PU240 21214E-04 14%
36 1.4899E-03 PU239 8.0326E-04 54% AM241 28294E-04 19% PU240 2.1080E-04 14%
51 1.4669E-03 PU239 7.908BE-04 54% AM241 27858E-04 19% PU240 20756E-04 14%
49 1.4669E-03 PU239 7.9088E-04 54% AM241 27858E-04 19% PU240 20756E-04 14%
46 1.4482E-03 PU239 7.8078E-04 54% AM241 27502E-04 19% PU240 20490E-04 14%
21 1.4357E-03 PU239 7.7406E-04 54% AM241 2.7266E-04 19% PU240 2.0314E-04 14%
23 1.4192E-03 PU239 7.6512E-04 54% AM241 26951E-04 19% PU240 2.0080E-04 14%
52 1.4016E-03 PU239 7.5564E-04 54% AM241 26617E-04 19% PU240 1.9831E-04 14%
44 1.3975E-03 PU239 7.5342E-04 54% AM241 2.6539E-04 19% PU240 1.9772E-04 14%
38 1.3763E-03 PU239 7.4203E-04 54% AM241 26138E-04 19% PU240 1.9474E-04 14%
8 1.3630E-03 PU239 7.3483E-04 54% AM241 25884E-04 19% PU240 1.9285E-04 14%
16 1.3543E-03 PU239 7.3013E-04 54% AM241 25718E-04 19% PU240 1.9161E-04 14%
42 1.3450E-03 PU233 7.2516E-04 54% AM241 25543E-04 19% PU240 1.9031E-04 14%
33 1.3261E-03 PU239 7.1496E-04 54% AM241 25184E-04 19% PU240 1.8763E-04 14%
17 1.3108E-03 PU239 7.0671E-04 54% AM241 2.4894E-04 19% PU240 1.8547E-04 14%
41 1.3001E-03 PU239 7.0085E-04 54% AM241 24691E-04 19% PU240 1.8395E-04 14%
24 1.2890E-03 PU239 6.9492E-04 54% AM241 2.4478E-04 19% PU240 1.8237E-04 14%
5 1.2808E-03 PU239 6.9054E-04 54% AM241 24324E-04 19% PU240 1.8122E-04 14%
9 1.2677E-03 PU239 6.8344E-04 54% AM241 2.4074E-04 19% PU240 1.7936E-04 14%
68 1.2495E-03 PU239 6.7364E-04 54% AM241 23728E-04 19% PU240 1.7679E-04 14%
26 1.2349E-03 PU239 6.6575E-04 54% AM241 23451E-04 19% PU240 1.7472E-04 14%
27 1.2308E-03 PU239 6.6358E-04 54% AM241 2.3374E-04 19% PU240 1.7415E-04 14%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

04 32 1.6156E-03 PU239 1.1455E-03 71% PU240 2.8591E-04 18% AM241  1.4496E-04 9%
39 1.6028E-03 PU239 1.1365E-03 71% PU240 2.8365E-04 18% AM241  1.4382E-04 9%
70 1.5982E-03 PU239 1.1332E-03 71% PU240 2.8282E-04 18% AM241  1.4340E-04 9%
63 1.5808E-03 PU239 1.1208E-03 71% PU240 2.7974E-04 18% AM241  1.4184E-04 9%
25 1.5723E-03 PU239 1.1148E-03 71% PU240 2.7825E-04 18% AM241  1.4108E-04 9%
58 1.5630E-03 PU239 1.1082E-03 71% PU240 2.7660E-04 18% AM241  1.4024E-04 9%
30 1.5528E-03 PU239 1.1010E-03 71% PU240 2.7480E-04 18% AM241 1.3933E-04 9%
19 1.5452E-03 PU239 1.0957E-03 71% PU240 2.7346E-04 18% AM241 1.3865E-04 9%
62 1.6356E-03 PU239 1.0888E-03 71% PU240 2.7175E-04 18% AM241 13778E-04 9%
3 1.5250E-03 PU239 1.0813E-03 71% PU240 26989E-04 18% AM241 1.3684E-04 9%
13 1.5146E-03 PU239 1.0739E-03 71% PU240 2.6803E-04 18% AM241  1.3590E-04 9%
22 1.5016E-03 PU239 1.0647E-03 71% PU240 2.6573E-04 18% AM241  13473E-04 9%
47 1.4915E-03 PU239 1.0576E-03 71% PU240 26396E-04 18% AM241  1.3383E-04 9%
7 1.4774E-03 PU239 1.0475E-03 71% PU240 2.6145E-04 18% AM241  13256E-04 9%
1 1.4719E-03 PU239 1.0437E-03 71% PU240 2.6049E-04 18% AM241 1 3207E-04 9%
50 1.4570E-03 PU239 1.0331E-03 71% PU240 25784E-04 18% AM241 1.3073E-04 9%
45 1.4499E-03 PU239 1.0281E-03 71% PU240 2.5659E-04 18% AM241  1.3010E-04 9%
65 1.4379E-03 PU239 1.0195E-03 71% PU240 2.5446E-04 18% AM241  1.2902E-04 9%
43 1.4226E-03 PU239 1.0087E-03 71% PU240 25176E-04 18% AM241 12765E-04 9%
12 1.4152E-03 PU239 1.0034E-03 71% PU240 25044E-04 18% AM241 1.2698E-04 9%
3N 1.4078E-03 PU239 9.9817E-04 71% PU240 24913E-04 18% AM241 1.2631E-04 9%
4 1.3979E-03 PU239 S9117E-04 71% PU240 2.4738E-04 18% AM241  1.2543E-04 9%
48 1.3876E-03 PU239 9.8389E-04 71% PU240 2.4557E-04 18% AM241  12451E-04 9%
54 1.3745E-03 PU239 9.7459E-04 71% PU240 24324E-04 18% AM241 1.2333E-04 9%
37 1.3667E-03 PU239 9.6908E-04 71% PU240 24187E-04 18% AM241  1.2263E-04 9%
69 1.3516E-03 PU239 9.5836E-04 71% PU240 2.3920E-04 18% AM241 1.2128E-04 9%
2 1.3455E-03 PU239 9.5403E-04 71% PU240 23811E-04 18% AM241 1.2073E-04 9%
35 1.3292E-03 PU239 9.4250E-04 71% PU240 23524E-04 18% AM241  1.1927E-04 9%
67 1.3268E-03 PU239 9.4077E-04 71% PU240 2.3480E-04 18% AM241  11905E-04 9%
28 1.3159E-03 PU239 9.3300E-04 71% PU240 2.3287E-04 18% AM241 11807E-04 9%
6 1.3001E-03 PU239 9.2182E-04 71% PU240 23007E-04 18% AM241 11665E-04 9%
40 1.2868E-03 PU239 G.1237E-04 71% PU240 2.2772E-04 18% AM241 1.1546E-04 9%
56 1.2775E-03 PU239 9.0S81E-04 71% PU240 22608E-04 18% AM241  1.1463E-04 9%
10 1.2739E-03 PU239 9.0324E-04 71% PU240 2.2544E-04 18% AM241 1.1430E-04 9%
34 1.2650€E-03 PU239 8.9697E-04 71% PU240 2.2387E-04 18% AM241 1.1351E-04 9%
66 1.2498E-03 PU239 8.8617E-04 71% PU240 22118E-04 18% AM241  1.1214E-04 9%
53 1.2390E-03 PU239 8.7851E-04 71% PU240 21927E-04 18% AM241 1 1117E-04 9%
64 1.2258E-03 PU239 8.6917E-04 71% PU240 2.1694E-04 18% AM241 1.0999E-04 9%
59 1.2230E-03 PU239 8.6720E-04 71% PU240 2.1644E-04 18% AM241 1.0974E-04 9%
57 1.2127E-03 PU239 8.5986E-04 71% PU240 2.1461E-04 18% AM241 1.0881E-04 9%
14 1.1992E-03 PU239 8.5028E-04 71% PU240 2.1222E-04 18% AM241 1.0760E-04 9%
20 ' 1.1889E-03 PU239 8.4298E-04 71% PU240 2.1040E-04 18% AM241 1.0668E-04 9%
15 1.1758E-03 PU239 8.3373E-04 71% PU240 2.0809E-04 18% AM241  1.0550E-04 9%
29 1.1691E-03 PU239 8.2897E-04 71% PU240 2.0690E-04 18% AM241  1.04S0E-04 9%
" 1.1613E-03 PU239 8.2338E-04 71% PU240 2.0551E-04 18% AM241  1.0420E-04 9%
55 1.1506E-03 PU239 B8.1585E-04 71% PU240 2.0363E-04 18% AM241 1.0324E-04 9%
60 1.1365E-03 PU239 8.0583E-04 71% PU240 20113E-04 18% AM241  1.0197E-04 9%
18 1.1275E-03 PU239 7.9944E-04 71% PU240 1.9953E-04 18% AM241 1.0117E-04 9%
61 1.1189E-03 PU239 7.9334E-04 71% PU240 1.9801E-04 18% AM241 1.0039E-04 9%
36 1.1119€E-03 PU239 7.8836E-04 71% PU240 1.9676E-04 18% AM241 99764E-05 9%
51 1.0947E-03 PU239 7.7621E-04 71% PU240 1.9373E-04 18% AM241 98226E-05 9%
49 1.0947E-03 PU239 7.7621E-04 71% PU240 1.9373E-04 18% AM241 9.8226E-05 9%
46 1.0807E-03 PU239 7.6629E-04 71% PU240 1.9126E-04 18% AM241 96971E-05 9%
21 1.0714E-03 PU239 7.5970E-04 71% PU240 1.8961E-04 18% AM241 96137E-05 9%
23 1.0591E-03 PU239 7.5093E-04 71% PU240 1.8742E-04 18% AM241 9.5026E-05 9%



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

C-44

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to integrated Discharge

(Time of Intrusion, 100 years)
52 1.0460E-03 PU239 7.4163E-04 71% PU240 1.8510E-04 18% AM241 93850E-05 9%
44 1.0429E-03 PU239 7.3944E-04 71% PU240 1.8456E-04 18% AM241 93573E-05 9%
38 1.0271E-03 PU239 7.2827E-04 71% PU240 1.8177E-04 18% AM241 9.2159E-05 9%
8 1.0171€-03 PU239 7.2120E-04 71% PU240 1.8000E-04 18% AM241 9.1265E-05 9%
16 1.0106E-03 PU239 7.1658E-04 71% PU240 1.7885E-04 18% AM241 9.0681E-05 9%
42 1.0038E-03 PU239 71171E-04 71% PU240 1.7763E-04 18% AM241 9.0063E-05 9%
33 9.8964E-04 PU239 7.0170E-04 71% PU240 1.7513E-04 18% AM241 8.8797E-05 9%
17 9.7822E-04 PU239 6.9360E-04 71% PU240 1.7311E-04 18% AM241 8.7772E-05 9%
4 9.7024E-04 PU239 6.8795E-04 71% PU240 1.7170E-04 18% AM241 8.7057E-05 9%
24 9.6190E-04 PU239 6.8203E-04 71% PU240 1.7023E-04 18% AM241 8.6308E-05 9%
5 9.5584E-04 PU239 6.7774E-04 71% PU240 1.6915E-04 18% AM241 8.5765E-05 9%
9 9.4601E-04 PU239 6.7077E-04 71% PU240 1.6742E-04 18% AM241 8.4883E-05 9%
68 9.3244E-04 PU239 6.6114E-04 71% PU240 1.6501E-04 18% AM241 8.3665E-05 9%
26 9.2153E-04 PU239 65341E-04 71% PU240 1.6308E-04 18% AM241 8.2686E-05 9%
27 9.1852E-04 PU239 65127E-04 71% PU240 1.6255E-04 18% AM241 8.2416E-05 9%
(Time of Intrusion, 3000 years)

0s 32 1.3564E-03 PU239 1.0814E-03 80% PU240 2.3128E-04 17% U233 2.7246E-05 2%
39 1.3457€E-03 PU239 1.0729E-03 80% PU240 22945E-04 17% U233 27031E-05 2%
70 1.3418E-03 PU239 1.0697E-03 80% PU240 2.2878E-04 17% U233 2.6952E-05 2%
63 1.3271E-03 PU239 1.0581E-03 80% PU240 2.2629E-04 17% U233 2.6658E-05 2%
25 1.3200E-03 PU239 1.0524E-03 80% PU240 2.2508E-04 17% U233 2.6515E-05 2%
58 1.3122E-03 PU239 1.0462E-03 80% PU240 2.2374E-04 17% U233 26359E-05 2%
30 1.3037E-03 PU239 1.0394E-03 80% PU240 2.2229E-04 17% U233 26188E-05 2%
19 1.2973E-03 PU239 1.0343E-03 80% PU240 22121E-04 17% U233 2.6060E-05 2%
62 1.2892E-03 PU239 1.0278E-03 80% PU240 21982E-04 17% U233 2.5896E-05 2%
3 1.2804€E-03 PU239 1.0208E-03 80% PU240 21831E-04 17% U233 25719E-05 2%
13 1.2716E-03 PU239 1.0138E-03 80% PU240 2.1681E-04 17% U233 25542E-05 2%
22 1.2607E-03 PU239 1.0051E-03 80% PU240 2.1495E-04 17% U233 2.5323E-05 2%
47 1.2522E-03 PU239 9.9837E-04 80% PU240 2.1352E-04 17% U233 25154E-05 2%
7 1.2403E-03 PU239 9.8887E-04 80% PU240 2.1149E-04 17% U233 2.4915E-05 2%
1 1.2358E-03 PU239 9.8525E-04 80% PU240 2.1071E-04 17% U233 2.4823E-05 2%
50 1.2232E-03 PU239 9.7523E-04 80% PU240 2.0857E-04 17% U233 24571E-05 2%
45 1.2173E-03 PU239 9.7051E-04 80% PU240 2.0756E-04 17% U233 2.4452E05 2%
65 1.2072E-03 PU239 9.6246E-04 80% PU240 2.0584E-04 17% U233 2.4249E05 2%
43 1.1944E-03 PU239 9.5223E-04 80% PU240 2.0365E-04 17% U233 2.3991E-05 2%
12 1.1881E-03 PU239 9.4726E-04 80% PU240 20259E-04 17% U233 2.3866E-05 2%
3 1.1819E-03 PU239 9.4229E-04 80% PU240 2.0152E-04 17% U233 23741E05 2%
4 1.1736E-03 PU239 9.3568E-04 80% PU240 20011E-04 17% U233 2.3574E-05 2%
48 1.1650E-03 PU239 9.2881E-04 80% PU240 1.9864E-04 17% U233 2.3401E-05 2%
54 1.1540E-03 PU239 9.2003E-04 80% PU240 1.9676E-04 17% U233 23180E-05 2%
37 1.1475E-03 PU239 9.1483E-04 80% PU240 1.9565E-04 17% U233 2.3049E-05 2%
69 1.1348E-03 PU239 9.0472E-04 80% PU240 1.9349E-04 17% U233 22794E-05 2%
2 1.1296E-03 PU239 9.0063E-04 80% PU240 1.9261E-04 17% U233 2.2691E-05 2%
35 1.1160E-03 PU239 8.8974E-04 80% PU240 1.9028E-04 17% U233 22417E-05 2%
67 1.1139€E-03 PU239 8.8811E-04 80% PU240 1.8994E-04 17% U233 2.2376E-05 2%
28 1.1047E-03 PU239 8.8078E-04 80% PU240 1.8837E-04 17% U233 22191E-05 2%
6 1.0915E-03 PU239 8.7021E-04 80% PU240 1.8611E-04 17% U233 2.1925E-05 2%
40 1.0803E-03 PU239 8.6130E-04 80% PU240 1.8420E-04 17% U233 21700E-05 2%
56 1.0725E-03 PU239 8.5510E-04 80% PU240 1.8288E-04 17% U233 2.1544E-05 2%
10 1.0695E-03 PU239 85268E-04 80% PU240 1.8236E-04 17% U233 2.1483E-05 2%
34 1.0621E-03 PU239 8.4676E-04 80% PU240 1.8109E-04 17% U233 21334E-05 2%
66 1.0493E-03 PU239 8.3656E-04 80% PU240 1.7891E-04 17% U233 21077E-05 2%
53 1.0402E-03 PU239 8.2934E-04 80% PU240 1.7737E-04 17% U233 2.0895E-05 2%



Appendix C. LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface {(Continued)

Comp. Total EPA-

Scen. normalized

1D Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)
64 1.0292€E-03 PU239 8.2052E-04 80% PU240 1.7548E-04 17% U233 2.0673E-05 2%
59 1.0268E-03 PU239 8.1865E-04 80% PU240 1.7508E-04 17% U233 2.0626E-05 2%
57 1.0181E-03 PU239 8.1173E-04 80% PU240 1.7360E-04 17% U233 20451E-05 2%
14 1.0068E-03 PU239 8.0269E-04 80% PU240 1.7167E-04 17% U233 2.0224E-05 2%
20 9.9815E-04 PU239 7.9579E-04 80% PU240 1.7019E-04 17% U233 2.0050E-05 2%
15 9.8719E-04 PU239 7.8706E-04 80% PU240 1.6832E-04 17% U233 1.9830E-05 2%
29 9.8156E-04 PU239 7.8257E-04 80% PU240 1.6736E-04 17% U233 1.9717E-05 2%
11 9.7494E-04 PU239 7.7729E-04 80% PU240 1.6624E-04 17% U233 1.9584E-05 2%
55 9.6602E-04 PU239 7.7018E-04 80% PU240 1.6472E-04 17% U233 1.9405E-05 2%
60 9.5416E-04 PU239 7.6072E-04 80% PU240 1.6269E-04 17% U233 1.9166E-05 2%
18 9.4660E-04 PU239 7.5469E-04 80% PU240 1.6140E-04 17% U233 1.9014E-05 2%
61 9.3937E-04 PU239 7.4893E-04 80% PU240 1.6017E-04 17% U233 1.8869E-05 2%
36 9.3347E-04 PU239 7.4423E-04 80% PU240 15917E-04 17% U233 1.8751E-05 2%
51 9.1908E-04 PU239 7.3276E-04 80% PU240 1.5671E-04 17% U233 1.8462E-05 2%
49 9.1908E-04 PU239 7.3276E-04 80% PU240 1.5671E-04 17% U233 1.8462E-05 2%
46 9.0735E-04 PU239 7.2340E-04 80% PU240 15471E-04 17% U233 1.8226E-05 2%
21 8.9954E-04 PU239 7.1717E-04 80% PU240 1.5338E-04 17% U233 1.8069E-05 2%
23 8.8915E-04 PU239 7.0889E-04 80% PU240 1.5161E-04 17% U233 1.7860E-05 2%
52 8.7814E-04 PU239 7.0011E-04 80% PU240 1.4973E-04 17% U233 1.7639E-05 2%
44 8.7555E-04 PU239 6.9805E-04 80% PU240 1.4929E-04 17% U233 1.7587E-05 2%
38 8.6232E-04 PU239 6.8750E-04 80% PU240 1.4703E-04 17% U233 1.7322E-05 2%
8 8.5395E-04 PU239 6.8083E-04 80% PU240 1.4561E-04 17% U233 1.7153E-05 2%
16 8.4849E-04 PU239 6.7647E-04 80% PU240 1.4467E-04 17% U233 1.7044E-05 2%
42 8.4271E-04 PU239 6.7187E-04 80% PU240 1.4369E-04 17% U233 1.6928E-05 2%
33 8.3086E-04 PU239 6.6242E-04 80% PU240 1.4167E-04 17% U233 1.6680E-05 2%
17 8.2127E-04 PU239 6.5478E-04 80% PU240 1.4003E-04 17% U233 1.6497E-05 2%
41 8.1458E-04 PU239 6.4944E-04 80% PU240 1.3889E-04 17% U233 1.6363E-05 2%
24 8.0757E-04 PU239 6.4385E-04 80% PU240 1.3770E-04 17% U233 1.6222E-05 2%
5 8.0249E-04 PU239 6.3980E-04 80% PU240 1.3683E-04 17% U233 1.6120E-05 2%
9 7.9424E-04 PU239 6.3322E-04 80% PU240 1.3542E-04 17% U233 1.5854E-05 2%
68 7.8284E-04 PU239 6.2413E-04 80% PU240 1.3348E-04 17% U233 15725E-05 2%
26 7.7368E-04 PU239 6.1683E-04 80% PU240 1.3192E-04 17% U233 1.5541E-05 2%
27 7.7116E-04 PU239 6.1482E-04 80% PU240 1.3149E-04 17% U233 1.5490E-05 2%
(Time of Intrusion, 7250 years)

06 32 1.1421E-03 PU239 95682E-04 84% PU240 1.4737E-04 13% U233 2.6750E-05 2%
39 1.1331E-03 PU239 9.4925E-04 84% PU240 1.4621E-04 13% U233 2.6538E-05 2%
70 1.1298E-03 PU238 9.4648E-04 84% PU240 1.4578E-04 13% U233 2.6461E-05 2%
63 1.1174E-03 PU239 9.3617E-04 84% PU240 1.4419E-04 13% U233 26172E-05 2%
25 1.1115E-03 PU238 9.3115E-04 84% PU240 1.4342E-04 13% U233 2.6032E-05 2%
58 1.1049E-03 PU239 9.2564E-04 84% PU240 1.4257E-04 13% U233 2.5878E-05 2%
30 1.0977E-03 PU239 9.1964E-04 84% PU240 1.4165E-04 13% U233 25710E-05 2%
19 1.0923E-03 PU239 9.1514E-04 84% PU240 1.4095E-04 13% U233 2.5584E-05 2%
62 1.0855E-03 PU239 9.0941E-04 84% PU240 1.4007E-04 13% U233 2 5424E-05 2%
3 1.0781E-03 PU239 9.0318E-04 84% PU240 1.3911E-04 13% U233 2.5250E-05 2%
13 1.0707E-03 PU239 8.9697E-04 84% PU240 1.3815E-04 13% U233 2.5076E-05 2%
22 1.0615E-03 PU239 8.8928E-04 84% PU240 1.3697E-04 13% U233 2.4861E-05 2%
47 1.0544E-03 PU239 8.8334E-04 84% PU240 1.3606E-04 13% U233 2.4695E-05 2%
7 1.0444E-03 PU239 8.7494E-04 84% PU240 1.3476E-04 13% U233 2.4460E-05 2%
1 1.0405E-03 PU239 8.7173E-04 84% PU240 1.3427E-04 13% U233 2.4371E-05 2%
S0 1.0299E-03 PU239 8.6286E-04 84% PU240 1.3290E-04 13% U233 2.4123E-05 2%
45 1.0250E-03 PU239 8.5869E-04 84% PU240 1.3226E-04 13% U233 2.4006E-05 2%
65 1.0165E-03 PU239 8.5157E-04 84% PU240 1.3116E-04 13% U233 2.3807E-05 2%
43 1.0057E-03 PU239 8.4251E-04 84% PU240 1.2977E-04 13% U233 2.3554E-05 2%

C-45



Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

10) Vector  Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7250 years)

12 1.0004E-03 PU239 8.3811E-04 84% PU240 1.2909E-04 13% U233 2.3431E-05 2%
31 9.9516E-04 PU239 8.3372E-04 84% PU240 1.2841E-04 13% U233 2.3308E-05 2%
4 9.8818E-04 PU239 8.2787E-04 84% PU240 1.2751E-04 13% U233 23145E-05 2%
48 9.8092E-04 PU239 8.2179E-04 84% PU240 1.2658E-04 13% U233 2.2975E-05 2%
54 9.7165E-04 PU239 8.1403E-04 84% PU240 1.253BE-04 13% U233 22757E-05 2%
37 9.6616E-04 PU239 8.0942E-04 84% PU240 1.2467E-04 13% U233 22629E-05 2%
69 9.5548E-04 PU239 8.0048E-04 84% PU240 1.2329E-04 13% U233 2.2379E-05 2%
2 9.5116E-04 PU239 7.9686E-04 84% PU240 1.2274E-04 13% U233 2.2277E05 2%
35 9.3966E-04 PU239 7.8722E-04 84% PU240 1.2125E-04 13% U233 2.2008E-05 2%
67 9.3793E-04 PU239 7.8578E-04 84% PU240 1.2103E-04 13% U233 2.1968E-05 2%
28 9.3019E-04 PU239 7.7929E-04 84% PU240 1.2003E-04 13% U233 21786E-05 2%
6 9.1904E-04 PU239 7.6995E-04 84% PU240 1.1859E-04 13% U233 2.1525E-05 2%
40 9.0962E-04 PU239 7.6206E-04 84% PU240 1.1738E-04 13% U233 21305E-05 2%
56 9.0308E-04 PU239 7.5658E-04 84% PU240 1.1653E-04 13% U233 21151E-05 2%
10 9.0052E-04 PU239 7.5443E-04 84% PU240 1.1620E-04 13% U233 21091E-05 2%
34 8.9427E-04 PU239 7.4920E-04 84% PU240 1.1539E-04 13% U233 2.0945E-05 2%
66 8.8350E-04 PU239 7.4018E-04 84% PU240 1.1400E-04 13% U233 2.0693E-05 2%
53 8.7587E-04 PU239 7.3378E-04 84% PU240 1.1302E-04 13% U233 2.0514E-05 2%
64 8.6656E-04 PU239 7.2598E-04 84% PU240 1.1182E-04 13% U233 2.0296E-05 2%
59 8.6458E-04 PU239 7.2433E-04 84% PU240 1.1156E-04 13% U233 2.0250E-05 2%
57 8.5727E-04 PU239 7.1820E-04 84% PU240 1.1062E-04 13% U233 2.0078E-05 2%
14 8.4772E-04 PU239 7.1020E-04 84% PU240 1.0939E-04 13% U233 1.9855E-05 2%
20 8.4044E-04 PU239 7.0410E-04 84% PU240 1.0845E-04 13% U233 1.9684E-05 2%
15 8.3122E-04 PU239 6.9637E-04 84% PU240 1.0726E-04 13% U233 1.9468E-05 2%
29 8.2647E-04 PU239 6.9240E-04 84% PU240 1.066SE-04 13% U233 1.9357E-05 2%
11 8.2090E-04 PU239 6.8773E-04 84% PU240 1.0593E-04 13% U233 1.9227E05 2%
55 8.1339E-04 PU239 6.8144E-04 84% PU240 1.0496E-04 13% U233 1.9051E-05 2%
60 8.0340E-04 PU239 6.7307E-04 84% PU240 1.0367E-04 13% U233 1.8817E-05 2%
18 7.9703E-04 PU239 6.6774E-04 84% PU240 1.0285E-04 13% U233 1.8668E-05 2%
61 7.9095E-04 PU239 6.6264E-04 84% PU240 1.0206E-04 13% U233 1.8525E-05 2%
36 7.8598E-04 PU239 6.584BE-04 84% PU240 1.0142E-04 13% U233 1.8409E-05 2%
51 7.7387E-04 PU233 6.4833E-04 84% PU240 9.9858E-05 13% U233 1.8125E-05 2%
49 7.7387E-04 PU239 6.4833E-04 84% PU240 9.9858E-05 13% U233 1.8125E-05 2%
48 7.6399E-04 PU239 6.4005E-04 84% PU240 9.8583E-05 13% U233 1.7894E-05 2%
21 7.5741E-04 PU239 6.3454E-04 84% PU240 97735E-05 13% U233 1.7740E-05 2%
23 7.4866E-04 PU239 6.2721E-04 84% PU240 9.6606E-05 13% U233 1.7535E-05 2%
52 7.3939E-04 PU239 6.1945E-04 84% PU240 9.5410E-05 13% U233 1.7318E-05 2%
44 7.3722E-04 PU239 6.1762E-04 84% PU240 95128E-05 13% U233 1.7267E-05 2%
38 7.2607E-04 PU239 6.0829E-04 84% PU240 9.3691E-05 13% U233 1.7006E-05 2%
8 7.1903E-04 PU239 6.0238E-04 84% PU240 9.2782E-05 13% U233 1.6841E-05 2%
16 7.1443E-04 PU239 5.9853E-04 84% PU240 9.2188E-05 13% U233 1.6733E-05 2%
42 7.0956E-04 PU239 5.9445E-04 84% PU240 9.1560E-05 13% U233 1.6619E-05 2%
33 6.9958E-04 PU239 5.8609E-04 84% PU240 9.0273E-05 13% U233 1.6385E-05 2%
17 6.9151E-04 PU239 57933E-04 84% PU240 8.9231E-05 13% U233 1.6196E-05 2%
41 6.8587E-04 PU233 57461E-04 84% PU240 8.8504E-05 13% U233 1.6064E-05 2%
24 6.7998E-04 PU239 56967E-04 84% PU240 8.7743E-05 13% U233 1.5926E-05 2%
5 6.7569E-04 PU239 56608E-04 84% PU240 8.7190E-05 13% U233 1.5826E-05 2%
9 6.6875E-04 PU233 S5.6026E-04 84% PU240 8.6294E-05 13% U233 15663E-05 2%
68 6.5915E-04 PU239 55222E-04 84% PU240 8.5055E-05 13% U233 1.5438E-05 2%
26 6.5144E-04 PU239 5.4576E-04 84% PU240 8.4060E-05 13% U233 1.5258E-05 2%
27 6.4931E-04 PU239 5.4398E-04 84% PU240 8.3786E-05  13% U233 1.5208E-05 2%

C-46



APPENDIX D: MEMORANDA REGARDING REFERENCE DATA

Referenced Memoranda

Marietta and Nowak, November 25, 1992.................... D-5
Marietta and Gelbard, December 14, 1992.................. D-23



D-2



APPENDIX D: MEMORANDA REGARDING REFERENCE DATA

Marietta and Nowak, November 25, 1992

Date:
To:
From:
Subject:

11/25/92

Distribution

M.G. Marietta, 6342, and E.J. Nowak, 6345

Joint Memorandum from SNL Departments 6342 and 6345 on WIPP
Performance Assessment Needs, Priorities, and Thresholds for
Solubility Tests

Marietta and Gelbard, December 14, 1992

Date:
To:
From:
Subject:

12/14/92

Distribution

M.G. Marietta, 6342, and F. Gelbard, 6119

Joint Memorandum from SNL Departments 6342 and 6119 on WIPP
Performance Assessment Needs, Priorities, and Thresholds for
Tracer Column Experiments






Date:
To:
From:
Subject:

Marietta and Nowak, November 25, 1992

11/25/92

Distribution

M.G. Marietta, 6342, and E.J. Nowak, 6345

Joint Memorandum from SNL Departments 6342 and 6345 on WIPP
Performance Assessment Needs, Priorities, and Thresholds for
Solubility Tests



Appendix D: Memoranda Regarding Reference Data



date:

from:

subject:
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Sandia National Laboratories

November 25, 1992 Albuquerque. New Mexico 8718b
’

Distribution

W ING, A paund

M. G. Marietta (6342) and E. J. Nowak (6345)

Joint Memorandum from SNL Departments 6342 and 6345 on WIPP Performance Assessment
Needs, Priorities, and Thresholds for Solubility Tests

This memo (1) records present WIPP Performance Assessment (PA) needs concerning
radionuclide concentrations in the waste-disposal panels and priorities of these needs, (2)
documents PA guidance and requests for information from the radionuclide source term
activities, and (3) discusses feasibility of providing these critical information needs.

BACKGROUND
(M. G. Marietta, 6342)

PA’s needs for a quantitative understanding of radionuclide concentrations in the waste-
disposal panels should be considered in the context of the present understanding of the
Project’s status with regard to regulatory compliance.

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP
PA Division, 1991) indicate that radionuclides will reach the accessible environment only if
the repository is breached by human intrusion, and therefore only the Containment
Requirements of 40 CFR 191B and the safety assessments needed for NEPA evaluations are
of concern. The long-term requirements of RCRA (40 CFR 268.6) apply to the release of
non-radioactive contaminants at the disposal-unit boundary (i.e., the top of the Salado
Formation and the subsurface extension of the land-withdrawal boundary), and, as presently
interpreted by the WIPP Project, only to the undisturbed performance of the disposal
system. Calculations of undisturbed performance indicate that brine (and, by implication,
radionuclides) does not migrate from the disturbed rock zone surrounding the panels (WIPP
PA Department, 1992). Therefore, concentrations in brine are not needed for assessing
compliance with the long-term requirements of RCRA.

Assessments to date indicate that, for the preferred choice of conceptual model (i.e.,
including gas generation in the waste and dual-porosity transport in the Culebra with
chemical retardation), the shape and position of the CCDF used for comparison with 40
CFR 191B are determined primarily by the direct releases at the ground surface during
drilling (cuttings) (WIPP PA Division, 1991; Helton et al., 1992). Figure ! shows the CCDFs
calculated for the 1991 performance assessment with and without groundwater transport in
the Culebra. Note that the mean, median, and 10 and 90 quantile curves are relatively close
together, their positions are essentially unchanged by the inclusion of subsurface
groundwater releases, and normalized releases in the region of regulatory interest are
approximately 10-1. If subsurface releases are to affect the position of the CCDF, they must
result in normalized releases comparable in magnitude to those caused by cuttings. Releases
of radionuclides mobilized in brine that may flow directly to the ground surface following
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borehole intrusion have not been included in CCDFs to date, but preliminary estimates
indicate that they will be significantly less than particulate releases of cuttings.

These observations about the magnitude of the releases that may affect compliance lead to a
recognition of PA priorities for information on radionuclide concentrations in disposal
rooms. Releases orders of magnitude below the predicted cuttings releases are of little
regulatory interest. Because radionuclide concentrations do not affect the quantity of
particulate waste brought to the surface as cuttings and cavings, the primary impact of
changes in concentrations will be on subsurface releases, and changes that result in relatively
small changes in the subsurface release will have little effect on compliance. PA therefore
recommends concentrating solubility research on those radionuclides with the potential to
result in normalized releases greater than 10-2 (approximately one order of magnitude below
the presently predicted cuttings releases).

Figure 2 shows the EPA-normalized inventory of the repository, radionuclide by
radionuclide, as a function of time (based on the most recent IDB, as will be reported in
Volume 3 of the 1992 Preliminary Performance Assessment). Note that the two portions of
the figure are plotted at different scales, and that a horizontal line is drawn on each at an
EPA-normalized value of 10-2, Time-dependent inventories are shown to 105 yr, although a
vertical line is drawn on each figure at 104 yr, indicating the end of the regulatory period
specified by 40 CFR 191B. Radionuclides whose normalized inventories never exceed 10-2
during 104 yr cannot result in releases greater than 10-%, and can therefore be dropped from
further consideration in analyses for 40 CFR 191B.

Figure 2a shows that the normalized inventories of 239Py, 240Py, 241Am, 233(J, 234(J, 237Np,
229Th, 230Th, and 226Ra all exceed 10-2 during the 104-yr period. Figure 2b shows
normalized inventories for two additional radionuclides exceeding 10-2; 238Pu (which is high
early in the regulatory period) and 210Pb (which barely reaches 10-2 at very late times
approaching 105 yr) exceeding 10-2. PA modeling for 1991 examined transport to the
accessible environment of 7 of these radionuclides (239Pu, 240Pu, 241aom, 238y, 234y, 237Np,
and 230Th) (WIPP PA Division, 1991, volume 2, section 6.5.2.10). Subsurface transport of
two of the remaining radionuclides will be modeled in 1992, 229Th and 226Ra. Transport of
238Py in the Culebra will not be modeled because of its short half-life (87.7 yr). Subsurface
transport of 210Pb will not be modeled because of its low inventory at 104 yr and short half-
life (22.3 yr), and consequent low impact on 40 CFR 191B compliance. 2!0Pb may be
considered for subsurface transport in future dose calculations as a daughter product created
in the Culebra. Transport of both 238Pu and 210Pb in brine brought directly to the ground
surface following intrusion (not yet included in performance assessments) also has the
potential to contribute to doses.

Figure 3 shows cumulative (104 yr) normalized releases into the Culebra resulting from an
intrusion borehole that occurs at 103 yr (1991 PA, as reported in Helton et al., 1992) for the
seven transported radionuclides for the E1E2 scenario (upper row) and E1 scenario (lower
row) for three different assumptions. Figure 4 shows the corresponding CCDF plots.

The first column in Figure 3 plots releases into the Culebra from the borehole, before any
retardation can occur in the Culebra. The corresponding CCDFs are shown in the top row
of Figure 4. The second column of Figure 3 shows releases to the accessible environment (5
km for this analysis) assuming no chemijcal retardation in the Culebra (i.e., K4 = 0, as
stipulated in the Consultation and Cooperation (C & C) agreement between DOE and the
State of New Mexico {US DOE and State of New Mexico, 1981 as modified]). Note that
because a dual-porosity transport model was used, physical retardation does occur because of
diffusion into the dolomite matrix. The corresponding CCDFs are shown in the middle row
of Figure 4. The third column of Figure 3 shows releases to the accessible environment
calculated using the sampled values for K4, and the corresponding CCDFs are shown in the
bottom row of Figure 4. These curves are incorporated in the total release CCDFs shown in
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the top half of Figure |, although the contribution of the groundwater release can be
observed in only one realization shown in Figure la.

(In interpreting Figure 3, note that upper and lower bounds of the boxes for each
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the
vertical line within the box is the median value, and the black dot is the mean. The
horizontal lines extending above the boxes extend to either the maximum value or the value
representing x 75 + 1.5(X 75 - X 2g), Which ever is lower, and the lines extending below the
boxes indicate the comparable lower value. Observations falling outside these ranges are
shown with individual "x" symbols. These plots do not contain information about the
probability of scenario occurrence, and therefore assign equal weight to each scenario.
(Helton et al., 1992))

Clearly, retardation in the Culebra may be an important contributor to increasing our
confidence of complying with 40 CFR 191B and of defending the overall long-term safety
of the WIPP. Given the stipulations of the C & C agreement, however, chemical retardation
in the Culebra will not be assumed for a final compliance evaluation until confirmed by the
tracer column experiments. To insure a defensible multi-barrier system, we recommend that
radionuclide concentration research be designed assuming no credit for retardation in the
Culebra. Therefore, we recommend that radionuclide concentration research be designed
with respect to releases into the Culebra, as shown in the first column of Figure 3. These
releases are calculated before any retardation can occur in the Culebra, and are primarily
dependent on the available inventory and the sampled values for solubility limits (and
quantity of brine flowing up the borehole, as calculated by the two-phase flow code
BRAGFLQ). Note that cumulative normalized releases of all seven radionuclides into the
Culebra have the potential to exceed 10-2 for both scenarios. Cumulative releases for many
radionuclides exceed 109 in some realizations, resulting in the potential for a violation of 40
CFR 191B and causing some individual CCDFs in the top row of Figure 4 to exceed the
EPA limits.

Concentrations of all radionuclides shown in Figure 3 are therefore important to PA,
although special importance falls to U (which is the major contributor to the 1991
subsurface releases at the accessible environment assuming chemical retardation in the
Culebra, as shown in the third column of Figure 3) and to Pu (which is an important
contributor to releases into the Culebra, as shown in the first column of Figure 3, and could
dominate releases to the accessible environment if chemical retardation were not allowed).
Of the remaining radionuclides, Ra and Pb are relatively less important for compliance with
40 CFR 191B because of their lower inventories. Ra and Pb are important, however, in
safety assessments because of their potential contributions to doses to humans through either
subsurface transport or the direct release of brine at the ground surface during drilling.
Because of the relatively short half-lives of 226Ra and 219Pb (1600 yr and 22.3 yr,
respectively) their concentrations in disposal-room brine are primarily of concern for direct
releases at the ground surface. Most subsurface transport of these isotopes will be of decay
products of other radionuclides.

Solubility distributions used in the 1991 PA were based on the judgment of an expert panel
(Trauth et al., 1992), and are shown in Figure 5. Distributions were provided for different
oxidation states for the major radionuclides, reflecting uncertainty in the chemical
conditions in the waste-panel environment. Solubilities used in the multiple simulations
were selected from these distributions by Latin hypercube sampling after first sampling on
Eh-pH conditions within the panel to determine the oxidation states present. (For additional
information, see Sections 3.3.5 and 3.3.6 of Volume 3 of WIPP PA Division, 1991.)
Concentrations of elements dissolved in waste-panel brine were then calculated assuming
equilibrium conditions and uniform distribution of waste. Concentrations of individual
isotopes of each element were proportional to their relative abundance in the solid phase of
the element. (For additional information, see Section 5.3.2 of Volume 2 of WIPP PA
Division, 1991).
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As noted above, solubility, inventory, and the quantity of brine flowing up the borehole are
the main factors controlling the magnitude of the releases into the Culebra shown in Figure
3. Sensitivity analyses provide a means to separate the relative contribution of brine flow
and isolate the effects of uncertainty in solubility. As shown in Figure 6, far-field halite
permeability in the Salado Formation (SALPERM) was one of the most important two-phase
flow parameter affecting radionuclide migration up the borehole under the assumptions of
the 1991 PA (Helton et al., 1992). Releases of 23%Pu do not occur for an El-type intrusion
at 108 yr for sampled values of SALPERM below approximately 5 x 10-21, Above that
value, the magnitude of release shows no apparent correlation with SALPERM. This
"switch" effect, which is also observed for releases of other radionuclides, reflects the
control of SALPERM over brine inflow from the far-field. At low values of SALPERM,
the panel never becomes brine-saturated, in part because inflow is restricted by elevated gas
pressures within the panel and in part because corrosion consumes what brine does enter,
and less brine is available to transport radionuclides up the borehole.

Figure 7 (Helton et al., 1992) shows scatterplots of releases versus sampled values for
solubility for 239Pu for El and EI1E2 intrusions at 103 yr. Releases on the vertical axis of
Figure 7a, the El intrusion, are the same as those shown in Figure 6. Note the zero releases
{plotted at 10-8) corresponding to low values of SALPERM. Figure 7b shows the same
relationship for the E1E2 intrusion at 103 yr. Note that there are far fewer zero releases,
reflecting the abundant supply of brine from the Castile reservoir assumed in the E1E2
scenario. In both plots, for those realizations that do result in a release, the log of the
magnitude of the release is linearly dependent on the log of the sampled value for solubility.
Both plots show a solubility threshold for 239Pu for releases of regulatory interest (above
approximately 10-2) between 10-8 and 10-7 mol/£. PA therefore recommends that
radionuclide concentration research concentrate on possible values above this threshold.

Figure 8 (Helton et al., 1992) shows a scatterplot of releases versus sampled values for
solubility for 234U for an E1E2 intrusion at 103 yr. In this case, sampled solubilities were
high enough (see Figure 5, U+6) and the inventory low enough that releases were in many
realizations limited by the available inventory rather than by the sampled solubility value.
Only below solubilities of approximately 10-5 mol/£ was a log-log linear relationship present
between releases and solubilities, and a threshold of regulatory interest (i.e., releases below
approximately 10-2) does not occur until solubilities drop below approximately 10-6 mol/ %.
The cutoff recommended for U is the same as that suggested above for Pu, between
approximately 10-8 and 10-7 mol/ 2.

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM
(M. G. Marietta, 6342)

40 CFR 191B

With regard to 40 CFR 191B, PA needs data on concentrations above approximately
10-7 mol/ £ for

U and Pu (highest priority)
Am, Np, and Th (high priority)
Ra and Pb (lower priority--not essential)

For all radionuclides, data on concentrations less than approximately 10-7 mol/£ are less

important, because releases from this range will have essentially no impact on the
location of the CCDF.
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NEPA
With regard to NEPA, PA needs data for

U and Pu (highest priority)
Np and Th (high priority)
Am, Ra, and Pb (low priority)

Again, data on concentrations less than approximately 10-7 mol/£ will have little effect
on the determination of disposal-system safety. Ra and Pb are given low priority here
despite their potential to contribute to doses from subsurface releases because most
transport of these radionuclides in the Culebra will be of decay products formed during
transport of other radionuclides. Low initial inventories and relatively short half-lives
of 226Ra and 210Pb will cause the amount of these radionuclides dissolved in repository
brine to have little affect on doses following transport in the Culebra.

Overall Recommendations

Taking into account relative priorities of compliance evaluations with 40 CFR 191B
(high) and safety evaluations (relatively lower), our composite recommendations are as
follows:

U and Pu data are critical (highest priority)
Am, Np, and Th are important (high priority)

Ra and Pb should be included if possible and if their inclusion does not add
significantly to the cost of the experiments or detract from the ultimate
defensibility of data for the other elements. This judgement is based on some
remaining uncertainty regarding possible brine flow directly to the surface during
drilling. Assumptions about future drilling techniques and practices will be a
concern of regulators and could change.

ACTINIDE SOURCE TERM PROGRAM
RESPONSE TO RECOMMENDATIONS FROM PA
(E. J. Nowak, 6345)

The actinide source term program consists of laboratory tests with radionuclides in WIPP
brines, source term model development, and a source term waste test program (STTP) with
actual waste in WIPP brines. The laboratory tests produce data on species identification,
stability constants of chemical complexes, solubilities, sorption on backfill materials that may
be used in the WIPP, and colloid formation. An actinide source term model will be
developed with data produced by laboratory tests. The model will predict the concentrations
of actinide species in brines within the disposal rooms and panels, with particular emphasis
on upper bounds. Results from the tests with actual waste (STTP) will be used to test the
validity of the source term model. STTP data will be interpreted with the aid of the
laboratory test data.

The actinide source term model will include isotopes of plutonium, americium, neptunium,
thorium, and uranium. The model will reflect the complex chemical behavior of these
elements, including radionuclide-containing colloid formation and sensitivities to parameters
such as Eh, pH, and the concentrations of organic and inorganic ligands that can act as
complexing agents. Numerical models that incorporate these parameters and thermodynamic
relationships are being evaluated in the modeling effort.
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Inclusion of radium and lead is not planned at this time, because significant additional
resources would be required to do so, and the priority for data on these elements has not
been established at a sufficiently high level to warrant the required expansion of the

actinide source term program.
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Figure 1.

Distributions of CCDFs and summary CCDFs from the 1991 WIPP preliminary
performance assessment. Figures la and 1b show total releases (subsurface and
cuttings) assuming dual porosity transport with chemical retardation in the
Culebra (Figures 2.1-2 and 4.1-1 in Helton et al., 1992). Figures Ic and 1d
show the same curves without subsurface releases (i.e., cuttings only) (Figure
4-1.2 in Helton et al., 1992).
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Figure 2.
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CCDFs corresponding to the releases plotted in Figure 3 (Helton et al., 1992).
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Figure 5. Distributions used for elemental solubilities in the 1991 PA (WIPP PA
Division, 1991, Volume 3).
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Figure 7. Scatterplots showing relationship between release of 239Pu to the Culebra and
sampled value for Pu solubility for El (Figure 7a) and E1E2 (Figure 7b)
intrusions at 1000 yr (Helton et al, 1992). Horizontal lines at 10-2 indicate
threshold of importance to PA.
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Sandia National Laboratories

December 14, 1992 Albuquerque, New Mexico 87185

Distribution

ﬁ’*f A .

arietta, 6342, and F. Gelbard, 6119

Joint Memorandum from SNL Departments 6342 and 6119 on WIPP Performance Assessment
Needs, Priorities, and Thresholds for Tracer Column Experiments

This memo records present WIPP Performance Assessment (PA) needs concerning
radionuclide retardation measurements in the Culebra Dolomite and priorities of these needs.
The importance of both physical and chemical retardation is discussed, and threshold values
for matrix distribution coefficients (assuming double porosity transport can be justified), as
observed in sensitivity analyses of the 1991 preliminary PA, are provided. The feasibility of
fulfilling PA needs is briefly discussed. The memo documents PA guidance and requests for
information from the tracer column experiments.

BACKGROUND
(M. G. Marietta)

PA’s needs for a quantitative understanding of radionuclide retardation in the Culebra
should be considered in the context of the present understanding of the Project’s status with
regard to regulatory compliance.

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP
PA Division, 1991) indicate that radionuclides will reach the Culebra only if the repository
is breached by human intrusion, and therefore only the Containment Requirements of 40
CFR 191B and the safety assessments needed for NEPA evaluations are of concern. The
long-term requirements of RCRA (40 CFR 268.6) apply to the release of non-radioactive
contaminants at the disposal-unit boundary (i.e., the top of the Salado Formation and the
subsurface extension of the land-withdrawal boundary), and as presently interpreted by the
WIPP Project, only to the undisturbed performance of the disposal system.

The conceptual model used in assessments to date has assumed that radionuclide transport in
the Culebra occurs in a double-porosity medium, with both physical and chemical
retardation occurring in the dolomite matrix (WIPP PA Division, 1991; Helton et al., 1992).
Given the assumptions of this model, retardation during groundwater transport is sufficient
to reduce subsurface releases in the Culebra below those estimated to occur directly at the
ground surface during drilling (i.e., cuttings).

If present assumptions about transport mechanisms and retardation in the Culebra can be
justified experimentally, subsurface releases may continue to have little affect on the
position of the CCDF. If, however, assumptions about retardation change or cannot be
defended, estimates of subsurface releases comparable in magnitude to or greater than those
estimated for cuttings may result, and may affect regulatory compliance.
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For the purposes of setting priorities, PA recommends concentrating retardation research on
those radionuclides with the potential to result in normalized releases greater than 10-2
(approximately one order of magnitude below the presently predicted cutting releases).
Figure 1 shows the EPA normalized inventory of the repository, radionuclide by
radionuclide, as a function of time (based on the most recent IDB [US DOE, 1991}, as will
be reported in Volume 3 of the 1992 Preliminary Performance Assessment). Note that the
two portions of the figure are plotted at different scales, and that a horizontal line is drawn
on each at an EPA normalized value of 10-2, Time-dependent inventories are shown to 105
yr, although a vertical line is drawn at 104 yr, indicating the end of the regulatory period
specified by 40 CFR 191B. Radionuclides with normalized inventories that never exceed
10-2 during 104 yr cannot result in releases greater than 10-2, and can therefore be dropped
from further consideration.

Figure la shows that the normalized inventories of 239Pu, 240Pu, 241Am, 333U, 234(J, 287Np,
229Th, 230Th, and 226Ra all exceed 10-2 during the 104 yr period. Figure 1b shows 238Pu
and 210Pb (just barely at very late times approaching 105 yr) exceeding 10-2. PA modeling
for 1991 examined transport of 7 of these radionuclides (23%9Pu, 240Py, 241Am, 333, 234,
237Np, and 230Th) (WIPP PA Division, 1991, volume 2, section 6.5.2.10). Subsurface
transport of two of the remaining radionuclides will be modeled in 1992, 229Th and 226Ra.
Transport of 238Pu in the Culebra will not be modeled because of its short half-life (87.7
yr). Subsurface transport of 210Pb will not be modeled because of its low inventory at 104
yr and therefore low impact on 40 CFR 191B compliance. 210Pb may be considered for
subsurface transport in future dose calculations as a daughter product created in the Culebra
by the decay of 226Ra. Transport of both 238Pu and 210Pb in brine brought directly to the
ground surface following intrusion (not yet included in performance assessments) also has
the potential to contribute to doses.

Figure 2 shows cumulative normalized releases (1991 PA, as reported in Helton et al., 1992)
for the seven transported radionuclides for the E1E2 scenario (upper row) and E1 scenario
(lower row) at 1000 yr for three different assumptions. Figure 3 shows the corresponding
CCDF plots.

The first column in Figure 4 plots releases into the Culebra from the borehole, before any
retardation can occur in the Culebra. These releases are calculated assuming gas generation

in the repository and no pressure-dependent fracturing of anhydrite layers in the Salado
Formation, which may underestimate radionuclide releases to the Culebra. The
corresponding CCDFs are shown in the top row of Figure 3. The second column of Figure
2 shows releases to the accessible environment (5 km for this analysis) assuming no chemical
retardation (i.e., K4 = 0, as stipulated in the Consultation and Cooperation agreement
between DOE and the State of New Mexico [US DOE and State of New Mexico, 1981 as
modified]). Note that because a double-porosity transport model was used, physical
retardation does occur because of diffusion into the dolomite matrix. The corresponding
CCDFs are shown in the middle row of Figure 3. The third column of Figure 2 shows
releases to the accessible environment calculated using the sampled values for K4. The
corresponding CCDFs are shown in the bottom row of Figure 3.

(In interpreting Figure 2, note that upper and lower bounds of the boxes for each
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the
vertical line within the box is the median value, and the black dot is the mean. The
horizontal lines extending above the boxes extend to either the maximum value or the value
representing X 75 + 1.5(x 75 - X p5), which ever is lower, and the lines extending below the
boxes indicate the comparable lower value. Observations falling outside these ranges are
shown with individual "x" symbols. These plots do not contain information about the
probability of scenario occurrence, and therefore assign equal weight to each scenario.
[Helton et al., 1992])
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The first column of Figure 2 shows that cumulative normalized releases of all seven
radionuclides into the Culebra have the potential to exceed 10-2 for both scenarios.
Therefore, transport of all seven in the Culebra has the potential to affect regulatory
compliance. (Note that cumulative releases for many radionuclides exceed 100 in some
realizations, resulting in the potential for a violation of 40 CFR 191B).

The second column of Figure 2 (K4 = 0) shows that physical retardation by matrix diffusion
significantly lowers cumulative normalized releases. Most radionuclides still exceed 10-1 for
some realizations, but mean values are now in all cases within the EPA limit. This
observation indicates that verification of physical retardation may be important to defending
compliance with 191B, and that physical retardation should receive special attention in the
experimental program.

The third column of Figure 2 (sampled values for K 4s) shows that using chemical
retardation estimates based on judgment from two experts (C. Novak and R. Dosch, as
reported in Trauth et al., 1992) resulted in only one value close to 10-1 (234U in a single
E1E2 realization) and very few values greater than 10-3. Although the experts’ values
represent the best information available at this point, there are no actual data to support
these values rigorously. Chemical retardation has the potential to greatly reduce releases to
the accessible environment, and defensible values for K4s in the Culebra may be very
important for building confidence in a demonstration of compliance with 191B.

All of the radionuclides listed in Figure 2 are important for consideration in the
experimental program. Special importance falls to U, which is the main contributor to
releases, and to Pu, which dominates the inventory but makes no subsurface contribution to
the 1991 CCDF because of its assumed high chemical retardation in the Culebra (compare
columns 2 and 3 of Figure 2). It may be critically important for PA to be able to defend
the high K4 values for Pu. (Although not shown in Figure 2 and not discussed further in
this memo, releases of Pu into the Culebra [column 1] are limited by the assumed solubility
of Pu in the repository brine, and defensible solubilities are therefore also important.)

Figure 4 provides additional insight into the sensitivity of PA results to the assumed values
for Kgs. As seen in the upper left scatterplot, K4 values greater than 10-2 m3/kg imply
essentially zero release of 234U to the accessible environment. (Note that, in these
scatterplots, cumulative normalized releases are given at one-quarter of the distance to the
accessible environment, rather than at the accessible environment boundary.) K4 values
greater than approximately 10-! m3/kg imply essentially zero release of 239Pu and 241Am.

A major purpose of the column experiments is to generate defensible information on
chemical retardation in the Culebra. Therefore, column experiments should include all
radionuclides that, in the absence of chemical and physical retardation, have the potential to
reach the accessible environment in quantities large enough to violate the Standard. These
include isotopes of Pu, Am, U, Np, Th, and Ra. Pb should be included because of its
potential to contribute to long-term doses.

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM
(M. G. Marietta)
1. With regard to 40 CFR 191B, PA needs transport data for:
U and Pu (highest priority)

Am, Np, and Th (high priority)
Ra (lower priority--not essential)
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2.  With regard to NEPA, PA needs transport data for

U (highest priority)

Ra and Pb (high priority)

Np and Th (low priority)

(assuming retardation of Pu is defensible)

3. Taking into account relative priorities of compliance evaluations with 40 CFR 191B
(high) and safety evaluations (relatively lower), PA's composite recommendations are as
follows:

U and Pu data are critical (highest priority)
Am, Np, and Th are important (high priority)

Ra and Pb should be included if possible and if their inclusion does not add
significantly to the cost of the experiment or detract from the ultimate
defensibility of data for the other elements.

FEASIBILITY
(F. Gelbard)

The radiation detectors purchased for the experiment are designed to detect, identify, and
measure the concentration of individual radioisotopes in a mixture of radioisotopes. A
germanium detector, cooled with liquid nitrogen, is used to analyze gamma radiation from a
sample. Although in principle, our system should be able to distinguish an arbitrary
number of radionuclides, we have not yet tested the system. Obviously, the fewer the
number of radionuclides, the easier to distinguish a specific radionuclide. Furthermore, for
ES&H considerations, we would like to minimize the total radioactivity, and thus reduce the
number of radionuclides.

With these considerations, we expect that a mixture with the following radioisotopes can be
measured with our equipment: 232U, 228Th, 241Am and/or 243Am, 237Np, 226Ra, 210Pp, and
22Na (nonsorbing tracer). We are investigating which isotope of Pu would be best to use. In
addition, we may also include the following isotopes, 133Ba (analog for Ra), a radioactive
rare-earth metal (analog for radionuclides in the +3 oxidation state), and 243Cm. If we
encounter difficulty in the measurements, Ra, Ba, and/or Pb may be excluded from our
measurements,

The number of experiments that can be performed is limited not only by time and cost, but
also because it would be virtually impossible to obtain more core. Furthermore, ES&H
requirements limit the number of experiments. All the liquid radioactive effluent,
regardless of the activity level, is considered radioactive waste and must be stored in the
laboratory indefinitely (or until SNL has an acceptable means for disposal). Because of the
large volume of waste generated for each experiment, and our plans to perform destructive
post-test analysis on the cores, it is crucial that the above list of radioisotopes be complete.

Based on the composite recommendations of the PA Department (6342) given previously, the
only elements requiring retardation measurements in Culebra rock are U, Pu, Th, Am, Np,
Ra, and Pb, with Ra and Pb of least importance. Both physical and chemical retardation
measurements are needed for these elements. The oxidation states of the radionuclides in
solution is determined by the brine composition, pH, and temperature. In the experiments
these three variables will be controlled to be the same as that found in the Culebra from
which the cores were taken. Therefore, retardation factors will be obtained for the
radionuclides in whatever oxidation state they would be in in the field, but the oxidation
state will not be measured.
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