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ABSTRACT

The most appropriate conceptual model for performance assessment at
the Waste Isolation Pilot Plant (WIPP) is believed to include gas
generation due to corrosion and microbial action in the repository
and a dual-porosity (matrix and fracture porosity) representation for
solute transport in the Culebra Dolomite Member of the Rustler
Formation. Under these assumptions, complementary cumulative
distribution functions (CCDFs) summarizing radionuclide releases to
the accessible environment due to both cuttings removal and
groundwater transport fall substantially below the release 1limits
promulgated by the Envirommental Protection Agency (EPA). This is
the case even when the current estimates of the uncertainty in
analysis inputs are incorporated into the performance assessment.
The best-estimate performance-assessment results are dominated by
cuttings removal. The releases to the accessible environment due to
groundwater transport make very small contributions to the total
release. The variability in the distribution of CCDFs that must be
considered in comparisons with the EPA release limits is dominated by
the wvariable LAMBDA (rate constant in Poisson model for drilling
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intrusions). The variability 1in releases to the accessible
environment due to individual drilling intrusions 1s dominated by
DBDIAM (drill bit diameter). Most of the imprecisely known variables
considered in the 1991 WIPP performance assessment relate to
radionuclide releases to the accessible environment due to
groundwater transport. For a single borehole (i.e., an E2-type
scenario), whether or not a release from the repository to the
Culebra even occurs is controlled by the variable SALPERM (Salado
permeability), with no releases for small values (i.e., < 5 x 10-21
m2) of this wvarilable. When SALPERM is small, the repository never
fills with brine and so there is no flow up an intruding borehole
that can transport radionuclides to the Culebra. Further, releases
that do reach the Culebra for larger values of SALPERM are small and
usually do mnot reach the accessible environment. A potentially
important scenario for the WIPP involves two or more boreholes
through the same waste panel, of which at least one penetrates a
pressurized brine pocket and at least one does not (i.e., an
E1E2-type scenario). For these scenarios, the uncertainty in release
to the Culebra is dominated by the wvariables BHPERM (borehole
permeability), BPPRES (brine pocket pressure), and the solubilities
for the individual elements (i.e., Am, Np, Pu, Th, U) in the
projected radionuclide inventory for the WIPP. Once a release
reaches the Culebra, the matrix distribution coefficients for the
individual elements are important, with releases to the Culebra often
failing to reach the accessible environment over the 10,000-yr period
specified in the EPA regulations. To provide additional perspective,
the following variants of the 1991 WIPP performance assessment have
also been considered: (1) no gas generation in the repository and a
dual-porosity transport model in the Culebra; (2) gas generation in
the repository and a single-porosity (fracture porosity) transport
model in the Culebra; (3) no gas generation in the repository and a
single-porosity transport model in the Culebra; (4) gas generation in
the repository and a dual-porosity transport model in the Culebra
without chemical retardation; and (5) gas generation in the
repository, a dual-porosity transport model in the Culebra, and
extremes of climatic variation. All of these variations relate to
groundwater transport and thus do not affect releases due to cuttings
removal, which were found to dominate the results of the 1991 WIPP
performance assessment. However, these variations do have the
potential to increase the importance of releases due to groundwater
transport relative to releases due to cuttings removal.
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1. INTRODUCTION

This volume is the fourth in a sequence of reports that document the December
1991 preliminary comparison with 40 CFR 191, Subpart B (the Standard; U.S.
EPA, 1985) for the Waste Isolation Pilot Plant (WIPP). The three previous
volumes describe the background of the project, the performance-assessment
methodology, and the 1991 results (Volume 1); the probability and consegquence
models used in the calculations (Volume 2): and the reference data base
(Volume 3). This volume contains the results of uncertainty and sensitivity
analyses conducted using the methodology, modeling system, and data described
in the earlier volumes. These analyses provide quantitative and qualitative
insights on the relationships between uncertainty in the models and data used
in the WIPP performance assessment and the resultant uncertainty in the
results of the performance assessment.

Performance assessment for the WIPP is an annual iterative process, with each
year's preliminary comparison building on the previous year’s until a final
defensible comparison with the Standard can be prepared. Results of this
preliminary comparison cannot be used to evaluate compliance with the
Standard because portions of the modeling system are still under development,
data is insufficient in some areas, and the level of confidence in the
estimated performance remains uncertain. The current status of the
compliance-assessment system is summarized in Chapter 11 of Volume 1. A
final evaluation of compliance also cannot be made at this time because the
Standard was vacated by a Federal Court of Appeals in 1987, and has not been
repromulgated by the Environmental Protection Agency (EPA). By agreement
with the State of New Mexico, the Department of Energy (DOE) is evaluating
compliance with the Standard as first promulgated until a revised Standard is
available (U.S. DOE and State of New Mexico, 1981, as modified).

Uncertainty and sensitivity analysis is an important part of the WIPP
performance assessment and contributes to the overall analysis in the
following areas: (1) assessment of the uncertainty in performance-assessment
results that must be used in comparison with regulatory standards, (2)
identification of modeling areas where reductions in uncertainty can
significantly improve the confidence that can be placed in performance-
assessment results, and (3) verification that the models used within the

performance-assessment process are operating properly.

This report is organized as follows. Chapter 2 provides an overview of the

structure of the WIPP performance assessment. First, the Kaplan and Garrick
ordered-triple representation for risk is introduced as the conceptual model
for the overall structure of the WIPP performance assessment. Then, the
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Chapter 1: Introduction

definition of scenarios, the determination of scenario probabilities, and the
calculation of scenario consequences in the 1991 WIPP performance assessment
are described in the context of this representation. The ordered-triple
representation for risk facilitates the separation of stochastic and
subjective uncertainty and leads naturally to complementary cumulative
distribution functions (CCDFs) that are used in comparisons with the EPA
Standard for releases to the accessible environment.

Chapter 3 discusses the 45 imprecisely known variables considered in the 1991
WIPP performance assessment and also summarizes the approach to uncertainty
and sensitivity analysis being used. Specifically, a Monte Carlo approach to
uncertainty/sensitivity involving the following steps is used in the 1991
WIPP performance assessment: (1) develop distributions characterizing the
subjective uncertainty in the variables under consideration; (2) generate
sample from variables according to their assigned distributions; (3)
propagate sample through performance assessment; (4) summarize uncertainty
analysis results with means and variances, distribution functions and box
plots; and (5) determine sensitivity of performance-assessment results to the
sampled variables with scatterplots, regression analysis, partial correlation
analysis and possibly other techniques. The distributions assigned to the 45
variables presented in Chapter 2 characterize subjective uncertainty (i.e., a
degree of belief as to the value of a fixed but imprecisely known quantity).
In contrast, stochastic uncertainty is characterized by the probabilities

assigned to the individual scenarios considered in the performance
assessment.

At present, the most appropriate physical model for performance assessment at
the WIPP is believed to include gas generation due to both corrosion and
microbial action in the repository and a dual-porosity representation for
radionuclide transport in the Culebra Dolomite Member of the Rustler
Formation. This conceptual view was used in the modeling that produced the
best-estimate performance-assessment results presented in Chapter 6 of Vol.
1. Chapter 4 of the present volume presents uncertainty and sensitivity
analysis results for these modeling assumptions, including results for
cuttings removal, groundwater transport, cuttings removal and groundwater

transport combined, and the CCDFs that are used in comparisons with the EPA
release limits.

In addition to the best-estimate conceptual model involving gas generation in
the repository and a dual-porosity transport model in the Culebra, the 1991
WIPP performance assessment also considered the following alternative
conceptual models: (1) no gas generation in the repository and a dual-
porosity transport model in the Culebra, (2) gas generation in the repository
and a single-porosity transport model in the Culebra, (3) no gas generation

1-2
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in the repository and a single-porosity transport model in the Culebra, (4)
gas generation in the repository and dual-porosity transport model without
chemical retardation in the Culebra, and (5) climate change with gas
generation in the repository and with single- and dual-porosity transport
models in the Culebra. Uncertainty and sensitivity analyses for these
alternative conceptual models are presented in Chapter 5, including results
for groundwater transport, cuttings removal and groundwater transport

combined, and the CCDFs that are used in comparison with the EPA release
limits.

Chapter 6 contains a concluding discussion that summarizes the uncertainty
and sensitivity analysis results and compares the results obtained with the
alternative conceptual models.
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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 = ((5i, pSi, €Si), i=1, ..., nS), (2.1-1)

where

n
[N
I

a set of similar occurrences,

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

€¢S; = a vector of consequences associated with Sji,

nS = number of sets selected for consideration,
and the sets S{ have no occurrences in common (i.e., the §§ 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 for each set of occurrences (the €Sj). The
§i are typically referred to as "scenarios" in radioactive waste disposal.
Similarly, the pSj are scenario probabilities, and the vector ¢S$j contains
environmental releases for individual isotopes, the normalized EPA release
summed over 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 representation in Eq. 2.1-1 provides a natural conceptual way to
view 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 c§j < c¢Si47 for i=1, ., nS, 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 enviromment (U.S. 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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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 = [X], X2, ..., Xpvl, (2.1-2)

where each xj 1s 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), pSi(x), €Si(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

Dlv D2» R Dl’lV’ (21-4)

where Dj is the distribution for the variable 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

X = [Xk1l, Xk2, -.., Xk nvl, k=1, ..., nK, (2.1-5)

is generated according to the specified distributions and restrictions, where

nK is the size of the sample. The performance assessment is then performed

for each sample element Xy, which yields a sequence of risk results of the
form

R(xp) = {[Si(xk), pSi(xk), €Si(xk)], i=1, ..., nS(xK)) (2.1-6)



O ® N O g & WP =

W [ W WD RN NN NN N RN DD a2 a2 2 2
33ﬁ(ﬁﬁﬁg%gcﬁgm(ﬁm%—-owmﬂmmamN—AOtoon\Amm&mN—Ao

Chapter 2: Structure of WIPP Performance Assessment

for k=1, ..., nK. Each set R(xy) is the result of one complete performance
assessment performed with a set of inputs (i.e., Xi) that the review process
producing the distributions in Eq. 2.1-4 concluded was possible. Further,
associated with each risk result R(xi) 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(xy) 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 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 are needed in the estimation of a CCDF.
The development of distributions that characterize what the wvalues 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. Since 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 wvariable
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 pS; 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 distinguished 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. This distinction has also been made by other

authors, including Vesely and Rasmusen (1984), Paté-Cornell (1986) and Parry
(1988) .
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Chapter 2: Structure of WIPP Performance Assessment

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. Further, the WIPP performance assessment endeavors to maintain
a distinction between stochastic uncertainty and subjective uncertainty. The
effect of stochastic uncertainty 1is represented by the probabilities pSg
discussed in Section 2.4. The characterization of the subjective uncertainty
in the inputs to the 1991 WIPP performance assessment is discussed in

Section 3. The primary focus of this report is the impact of subjective
uncertainties on the outcomes of the 1991 WIPP performance assessment. These
impacts will be investigated in Chapters 4 and 5.

2.2 Definition of Scenarios

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

The WIPP performance assessment uses a two stage procedure for scenario
development (Vol. 1, Ch. 4). 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

2-6
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2.2 Definition of Scenarios

computational scenarios is directed at organizing the actual calculations
that must be performed to obtain the consequences €8j appearing in Eq. 2.1-1,
and as a result, must provide a structure that both permits the €8; 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 5; of S). The following
discussion describes the computational scenarios used in the 1991 WIPP
performance assessment.

The development of summary scenarios for the 1991 WIPP performance assessment
led to a set S of the form shown in Eq. 2.2-1 in which all credible
disruptions were due to drilling intrusions (Vol. 1, Ch. 4). 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) the 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
[€i-1, ti], 1 =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) (2.é-3)

and

[
»
b

St-(ti.1,t1) an element of S for which two or more boreholes
penetrate the same waste panel during the time
interval [tj.j, tj], with at least one of these
boreholes penetrating a pressurized brine pocket
and at least one not penetrating a pressurized

brine pocket), (2.2-4)
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Chapter 2: Structure of WIPP Performance Assessment

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

For the 1991 WIPP performance assessment, nT = 5, and each time interval
[ti-1, ti] had a length of 2000 yrs.

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

s{,n) (x: x an element of S(n) for which the jth borehole
encounters waste of activity level £(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

St-(l;t5-1,t1)

{x: x an element of S*-(tj.1,ti) for which the jth
borehole encounters waste of activity level £(j)

for j=1, 2, ..., nBH, where nBH is the total
number of boreholes associated with a time history
in $*-(tj.1,t1)), (2.2-7)
where
nT
Il = [£(1), £(2), ..., £(nBH)] and nBH = X n(i). (2.2-8)
i=1

The computational scenarios S(I,n) and S*t-(l;tj.1,ti) were used as the basis
for the CCDFs for normalized release to the accessible environment presented
in the 1991 WIPP performance assessment (e.g., as shown in Figure 2.1-2).

The definitions of S*-(tj.1,tj) and St-(I;tj.1,ti) appearing in Eqs. 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(n) and S(ln).
However, vectors of this form can be incorporated into the definitions of
S*t-(tj.1.,t1) and S*¥-(l;t5.1,ti). Specifically, let

Si*t-(n) = {x: 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)
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2.3 Determination of Scenario Probabilities

s, ot = U s, (2.2-10)
neA(i)

where nEA(i) only if n is a vector of the form defined in Eq. 2.2-5 with
n(i)=2. The computational scenarios Sij*-(Ln) and S*-(l;tj.1,ti) can be
defined analogously for the vector | indicated in Eq. 2.2-8. 1In Section 2.3,
conservative relations are presented (i.e., Eqs. 2.3-3 and 2.3-4) that bound
the probabilities for S*t-(ti.1,ti) and S*t-(l;ti-1,ti) and are used in the
construction of CCDFs of the form appearing in Figure 2.1-2. 1In Section 2.4,
S*-(tj-1.ti) and St-(;ty.1,t5), i =1, ..., nT = 5, are assigned the
groundwater releases (i.e., Eqs. 2.4-13 and 2.4-14) associated with

517(2,0,0,0,0), 577(0,2,0,0,0), 537(0,0,2,0,0),

+

sZ'(o,o,0.2,0>. ss'(0.0.0,0.2>, (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
$1%¥-(2,0,0,0,0) through Ss*+-(0,0,0,0,2) are redundant and will be omitted in
the remainder of this report.

Additional information on the construction of computational scenarios for the
1991 WIPP performance assessment is available elsewhere (Vol. 2, Ch. 3).

2.3 Determination of Scenario Probabilities

As discussed in Chapters 2 and 3 of Volume 2, probabilities for computational
scenarios were determined under the assumption that the occurrence of
boreholes through the repository follows a Poisson process with a rate

constant A. The probabilities pS(n) and pS(l,n) for the computational
scenarios S(n) and S(l,n) are given by

nT An(i)[ti : t_l_l]n(i)

pS(n) = 121 O exp[-A[tnT - to]] (2.3-1)
and
nBH
ps(l,n) = ;Lfﬂy(i) ps(n), (2.3-2)

2-9
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where n and | are defined in Eqs. 2.2-5 and 2.2-8, respectively, and plLy is
the probability that a randomly placed borehole through a waste panel will
encounter waste of activity level £. Table 2.3-1 provides an example of
probabilities pS(n) calculated as shown in Eq. 2.3-1 with X = 3.28 x 10-%

yr-1, which corresponds to the maximum drilling rate suggested for use by the
EPA.

The probabilities pS*t-(tj_1,ti) and pS*-(l;ti-1,ti) for the computational
scenarios St-(tj.1,ty) and S*t-(l;tj.1,t{) are given by

nP

+_
pS (ti.1,ti) =X {l - eXP[-a(f)(ti-ti-l)]} {l - eXP[-ﬂ(i)(ti-ti-l)]}
£=1 (2.3-3)
and
+- nBH ‘-
pS (hitj-1,t5) = I pL, .. |pS (ti-1.,ti), (2.3-4)
=1 £(3)
where
a(f) = [aBP(L)]Xr/aTOT
B(2) = [aTOT(L) - aBP(£)]A/aTOT
aBP(2) = area (m2) of pressurized brine pocket under waste panel £,
aTOT(£) = total area (m2) of waste panel £,
aTOT = total area (m2) of waste panels,
and

nP = number of waste panels.

For the 1991 WIPP performance assessment, aTOT(£) and aBP(2) were assumed to

be the same for all waste panels due to an absence of information on aBP(%)
for individual panels.

The relations appearing in Eqs. 2.3-1 through 2.3-4 are derived in Volume 2,
Chapter 2 of this report under the assumption that drilling intrusions follow

a Poisson process (i.e., are random in time and space). The derivations are
quite general and include both the stationary (i.e., constant )) and
nonstationary (i.e., time-dependent X) cases.

2-10
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2.3 Determination of Scenario Probabilities

TABLE 2.3-1. PROBABILITIES FOR COMPUTATIONAL SCENARIOS INVOLVING MULTIPLE
INTRUSIONS OVER 10,000 YRS FOR X = 3.28 x 104 YR-1, A 100-YR PERIOD OF
ADMINISTRATIVE CONTROL DURING WHICH NO DRILLING INTRUSIONS CAN OCCUR
AND 2,000-YR TIME INTERVALS

0 Intrusions 60 3 Intrusions 104 4 |ntrusions

(prob = 3.888E-2) 61  (prob = 2.219E-1) 105 (prob = 1.801E-1)

(cum prob = 3.888E-2) 62 (cum prob = 5.920E-1) 106 (cum prob = 7.722E-1)

(# scenarios = 1) 63  (# scenarlos = 35) 107 (# scenarios = 70)

64 108
Scenario Prob 65  Scenario Prob 109  Scenario Prob
5(0,0,000) 3888E02 e S(3,0000) 1569E3  11a S(4,0000) 2.444E-4
69 S5(2,1,0,0,0) 4.953E-3 13 S5(3,1,0,0,0) 1.029E-3

1 Intrusion 70 S5(2,0,1,0,0) 4.953E-3 114

(prob = 1.263E-1) 71 5(2,00,1,0) 4953E-3 15

{cum prob = 1.651E-1) 72 S5(2,0,0,0,1) 4.953E-3 116 . )

(# scenarios = 5) 73 5(1,2,000) 5214E3 17 5(1,1,1,1,0) 6.841E-3

74 5(1,1,1,0,0) 1.043E-2 118

Scenario Prob 75 S$(1,1,0,1,0) 1.043E-2 119

5(1,0,0,0,0) 2.423E-2 76 5(1,1,0,0,1) 1.043E-2 120 . .

5(0,1,000) 2551E-2 77 S(1,0200) 5214E3 121 5(0,00,1,3) 1.200E-3

5(0,0,1,00) 2551E-2 78 5(1,0,1,1,0) 1.043E-2 122 5(0,0,0,0,4) 3.000E-4
5(0,0,0,1,0) 2.551E-2 79 5(1,0,1,0,1) 1.043E-2 123 1.801E-1

5(0,0,00,1) 2551E-2 80 S(1,0,0,20) 5214E-3 128
1.263E-1 81 S$(1,0,0,1,1) 1.043E-2 126 5 Intrusions

82 5(1,0002) 5214E-3 127 (prob = 1.170E-1)

2 Intrusions 83  5(0,3,0,0,0) 1.829E-3 128 (cum prob = 8.891E-1)

(prob = 2.050E-1) 84 S(0,2,1,0,0) 5488E-3 129 (# scenarios = 126)

(cum prob = 3.701E-1) 85 S(0,2,0,1,0) 5488E-3 130

(# scenarios =15) 8 S5(0,2,0,0,1) 5.488E-3 132

87 5(0,1,2,0,0) 5.488E-3 133 6 Intrusions

Scenario Prob 88 S(0,1,1,1,0) 1.098E-2 134 (prob = 6.331E-2)

5(2,0,0,00) 7.551E-3 89 S(0,1,1,0,1) 1.098E-2 135 (cum prob = 9.525E-1)

5(1,1,0,0,0) 1.590E-2 % S5(0,1,0,20) 5488E-3 136 (# scenarios = 210)

5(1,0,1,0,0)  1.590E-2 91 5(0,1,0,1,1) 1.098E-2 138

5(1,0,0,1,00 1.590E-2 92 S5(0,1,00,2) 5488E-3 139

5(1,0,0,0,1) 1.590E-2 93  5(0,0,3,00) 1.829E-3 140 7 Intrusions

5(0,2,0,0,0) 8.366E-3 94 S(0,0,2,1,00 5.488E-3 141 (prob = 2.937E-2)

5(0,1,1,0,0) 1.673E-2 95 S(0,0,201) 5.488E-3 142 (cum prob = 9.818E-1)

5(0,1,01,00 1.673E-2 9% S(0,0,1,20) 5.488E-3 143 (# scenarios = 330)

5(0,1,00,1)  1673E-2 o7 S(0,0.1,1,1) 1098E-2 144

5(0,0,2,00) 8.366E-3 8 5(0,0,1,0,2) 5.488E-3

5(0,0,1,1,0) 1.673E-2 99 5(0,0,0,30) 1.829E-3

5(0,0,1,0,1) 1.673E-2 100 5(0,00,2,1) 5.488E-3

$(0,0,020) 8366E-3 101 5(0,00,1,2) 5.488E-3

5(0,0,0,1,1) 1.673E-2 102 5(0,0,003)  1.829E-3

5(0,000,2) B8.366E3 103 2.219E-1
2.050E-1
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TABLE 2.3-1. PROBABILITIES FOR COMPUTATIONAL SCENARIOS INVOLVING MULTIPLE
INTRUSIONS OVER 10,000 YRS FOR A = 3.28 x 10-4 YR-1, A 100-YR PERIOD OF
ADMINISTRATIVE CONTROL DURING WHICH NO DRILLING INTRUSIONS CAN OCCUR
AND 2,000-YR TIME INTERVALS (concluded)

8 Intrusions

(prob = 1.192E-2)
{cum prob = 9.937E-1)
(# scenarios = 495)

11 Intrusions

(prob = 4.123E-4)
(cum prob = 9.999E-1)
(# scenarios = 1365)

14 Intrusions

(prob = 6.464E-6)

(cum prob = 1.000E+0)
(# scenarios = 3060)

9 Intrusions

(prob = 4.301E-3)
(cum prob = 9.980E-1)
(# scenarios = 715)

12 Intrusions

(prob = 1.116E-4)

(cum prob = 1.000E +0)
(# scenarios = 1820)

15 Intrusions

(prob = 1.399E-6)

(cum prob = 1.000E +0)
(# scenarios = 3876)

2L3RL28888 &

10 Intrusions

(prob = 1.397E-3)
(cum prob = 9.994E-1)
(# scenarios = 1001)

13 Intrusions

(prob = 2.787E-5)

(cum prob = 1.000E +0)
(# scenarios = 2380)

55283288988 8B2883

2.4 Calculation of Scenario Consequences

As indicated in Figure 2.4-1, the following five computer models were used to
estimate scenario consequences in the 1991 WIPP performance assessment:
CUTTINGS, BRAGFLO, PANEL, SECO2D and STAFF2D. Brief descriptions of these
models are given in Table 2.4-1. Further, more detailed descriptions of

these models and their use in the 1991 WIPP performance assessment are given
in Vol. 2 of this report.

As can be seen from Table 2.3-1, there are too many computational scenarios
(e.g., S(n)and S(l,N)) to perform a detailed calculation for each scenario
with the models discussed in Table 2.4-1. For example, 3003 senarios of the
form S(n) (i.e., all scenarios involving less than or equal to 10 intrusions)
are required to reach a cumulative probability of 0.9994. 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 constant A in the Poisson model for drilling
intrusions, this may require the inclusion of computational scenarios
involving as many as 10 to 12 drilling intrusiomns, 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

2-12
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Figure 2.4-1. Models Used in 1991 WIPP Performance Assessment. The names for computer models
(i.e., computer codes) are shown in capital letters.
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TABLE 2.4-1. SUMMARY OF COMPUTER MODELS USED IN THE 1991 WIPP PERFORMANCE
ASSESSMENT

Model Descrlption

BRAGFLO Describes the multiphase flow of gas and brine through a porous, heterogenous reservolr.
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 conditlons (Volume 2, Chapter 5 of this report).

CUTTINGS Calculates the quantity of radioactive material brought to the surface as cuttings and cavings

generated by an exploratory drilling operation that penetrates a waste panel (Volume 2,
Chapter 7 of this report).

PANEL Calculates rate of discharge and cumulative discharge of radionuclides from a repository
panel through an intrusion borehole. Discharge is a function of fluid flow rate, elemental
solubility, and remaining inventory (Volume 2, Chapter 5 of this report).

SECO2D 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 (Volume 2, Chapter 6 of this report).

STAFF2D Simulates fluid flow and transport of radionuclides in fractured porous media. STAFF2D is a
two-dimensional finite element code (Huyakom et al., 1989; Volume 2, Chapter 6 of this
report).

to plan and implement the overall calculations very carefully. The manner in
which this can be done is not unique. The following describes the approach
used in the 1991 WIPP performance assessment.

As indicated 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.1, tj], 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 i1 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 enviromment for cuttings
removal due to a single borehole in time interval i that
penetrates waste of activity level j, (2.4-2)

rGW1li; = 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)

2-14
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2.4 Calculation of Scenario Consequences

and

rGW2{ = EPA normalized release to the accessible environment due to
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 (i.e., at 1000, 3000, 5000, 7000 and 9000 yrs). For the
calculation of rGWlj and rGW2j in the 1991 WIPP performance assessment, the
accessible environment is assumed to begin 5 km from the waste panels (e.g.,
see Figures 1.5-4, 2.1-1 and 2.1-2 in Vol. 3).

In general, rCj, rCjj rGWlj and rGW2; will be vectors containing a large
variety of information; however, for notational simplicity, a vector
representation will not be used. For the 1991 WIPP performance assessment,
the cuttings release to the accessible environment (i.e., ¥rCj and rCij) is
determined by the CUTTINGS program, and the groundwater release to the
accessible enviromment (i.e., rGWlj and rGW2j) is determined through a

sequence of linked calculations involving the BRAGFLO, PANEL, SEC02D and
STAFF2D programs.

The cuttings releases

rCl, rC2, rC3, rCh, rCS (2.4-5)

correspond to the cuttings releases associated with the computational
scenarios

5(1,0,0,0,0), s(0,1,0,0,0), s(0,0,1,0,0), s(0,0,0,1,0), S(0,0,0,0,1)(2.4-6)

under the assumption that all waste is of the same average activity level.
Similarly, the groundwater releases

rGWll, rGle, rGWlB, rGWlA, rGWl5 (2.4-7)

correspond to the groundwater releases associated with the preceding five
scenarios, while

rGW21, rGW22, rGW23, rGW24, rGWZ5 (2.4-8)

2-15
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Chapter 2: Structure of WIPP Performance Assessment

correspond to the groundwater releases associated with the computational
scenarios

s*-(2,0,0,0,0), 5*-(0,2,0,0,0), $*+-(0,0,2,0,0), $+-(0,0,0,2,0),
§+-(0,0,0,0,2). (2.4-9)

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

The releases rCj, rCjj, rGWlj and rGW2; are used to comstruct 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:

(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 only take place when the necessary
boreholes occur within the same time interval [ti-1, ti].

(3) An E1E2-type scenario involving more than two boreholes will have the
same release as an ElE2-type scenario involving exactly two
boreholes.

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

The normalized releases rCj, rCjj and rGWlj can be used to construct the EPA
normalized releases for the scenarios S(n) and S{l,n). For S(n), the
normalized release to the accessible environment, cS(n), can be approximated
by

nBH
cS(n) = I (xC_

+ rGWlm(j)), (2.4-10)
j=1

3>

where m(j) designates the time interval in which the jth borehole occurs.
The vector

m = [m(1l), m(2), ..., m(nBH)] (2.4-11)
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2.4 Calculation of Scenario Consequences

is uniquely determined once the vector n appearing in the definition of S(nm)
is specified. The definition of S(n) in Eq. 2.2-3 contains no information
on the activity levels encountered by the individual boreholes, and so cS(n)
was constructed with the assumption that all waste is of the same average
activity. However, the definition of S(I,n) in Eq. 2.2-6 does contain
information on activity levels, and the associated normalized release to the

accessible environment, cS(l,n), can be approximated by

nBH

cS({l,n) = jfl rCm(j),Z(j) + rGWlm(j) , (2.4-12)

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

For St-(tj.1,ti), the normalized release to the accessible environment,
cSt-(tj.1,ti), can be approximated by

+-
cS (ti_l,ti) =2 rCi + rcwzi, (2.4-13)

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

2
ti) = jZﬁeriJ(j) + rGWZi, (2.4-14)
which incorporates the activity level of the waste. The approximations for
cS*t-(ti.1,ti) and cS*t-(l;tj.1,ti) in Eqs. 2.4-13 and 2.4-14 are based on
exactly two intrusions in the time interval [tj.j,tj]. More complicated
expressions could be developed to define releases for multiple E1E2-type
intrusions. However, due to the low probability of such patterns of
intrusion (e.g., compare the probabilities for 2 and >2 boreholes in Tables
2-4 and 2-6 of Vol. 2), 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 Egs. 2.4-10 and 2.4-13 to obtain the nor-
malized releases cS(n)and cSt-(tj.1,tj) for scenarios S(n) and S*t-(ti-1,ti)
is illustrated in Table 3-4 of Vol. 3. Further, the construction process
shown in Egs. 2.4-12 and 2.4-14 to obtain normalized releases cS(l,n) and
cSt-(l;ty.1,t1) for scenarios S(I,n) and St-(l;ty.1,t1) 1s illustrated in
Table 3-5 of Vol. 3.
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Chapter 2: Structure of WIPP Performance Assessment

Before continuing, this is a natural place to introduce some additional
information on the consequence calculations. Specifically, Table 2.4-2 lists
the initial inventory of waste used in the 1991 calculations, Table 2.4-3
lists the decay chains used for transport calculations in the Culebra
Dolomite, and Table 2.4-4 lists the activity levels considered in the
estimation of cuttings releases. Further, Figure 2.4-2 presents time-
dependent inventories expressed in EPA units (i.e., the normalizations used
in comparisons with the EPA release limits) used for a single waste panel in
the 1991 WIPP performance assessment; the total WIPP inventory is ten times
the quantities Indicated in this figure. This information will facilitate
the interpretation of later uncertainty and sensitivity analysis results.

The cuttings releases used in the 1991 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 2.4-4 were
obtained by multiplying the average activity level releases by scale factors
of the form

SFig = ALjp/ALj, (2.4-15)
where
ALjp = projected radioactivity (Ci/m2) contained in waste of activity
level £ at time i, where 1 ~ 1000 yrs, 2 - 3000 yrs, 3 ~ 5000
yrs, 4 ~ 7000 yrs and 5 ~ 9000 yrs,
and

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

For example, the scale factor

SFos4 = 184.01/7.9658 = 23.100 (2.4-16)

is used to convert from a release of average activity at 3000 yrs to a
release of activity level 4 at 3000 yrs.

2-18
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2.4 Calculation of Scenario Consequences

TABLE 2.4-2. POTENTIALLY IMPORTANT RADIONUCLIDES ASSOCIATED WITH INITIAL CONTACT-
HANDLED WASTE INVENTORY USED IN CALCULATIONS FOR CUTTINGS REMOVAL
AND RELEASE TO CULEBRA DOLOMITE (adapted from Table 3.3-5 of Vol. 3)
Radionuclide ty 72(yr) Curies Grams

Pu-238 8.77x101 9.26x106 5.41x109

Pu-239 2.41x104 8.45x10% 1.36x107

Pu-240 6.53x103 1.07x105 4.69x10°

Pu-242 3.76x10° 2.16x100 5.50x102

U-233 1.59x105 1.037x102 1.07x104

U-234 2.44x105 0 0

U-236 2.34x107 0 0

Am-241 4.32%x102 1.64x106 4.79x10°

Np-237 2.14x106 2.14 3.04x103

Th-229 7.43x103 0 0

Th-230 7.70x10%4 0 0

Ra-226 1.60x103 0 0

TABLE 2.4-3. SIMPLIFIED RADIONUCLIDE DECAY CHAINS USED FOR TRANSPORT CALCULATIONS
IN THE CULEBRA DOLOMITE (from Ch. 6 of Vol. 2)

(1) Pu-240
2) Am-241 + Np-237 -+ U-233
(3) U-234 - Th-230

(@) Pu-239

2-19
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Chapter 2: Structure of WIPP Perforrnance Assessment

TABLE 2.4-4. PROJECTED ACTIVITY LEVELS (Ci/m2) IN THE WIPP DUE TO WASTE THAT IS
CURRENTLY STORED AND MAY BE SHIPPED TO THE WIPP (based on Table 3.4-11 of
Vol. 3)
Activity Proba- Time (years)
Level Typed bilityl 0 1000 3000 5000 7000 9000
1 CH 0.40023 3.4833 0.2718 0.1840 0.1688 0.1575 0.1473
2 CH 0.2998 348326 27177  1.8401 1.6875 1.56748  1.4729
3 CH 0.2242 348.326  27.117 18.401 16.875 15.748 14.729
4 CH 0.0149 3483.26 271.77 184.01 168.75 157.48 147.29
5 RH 0.0588 117.6717 0.1546 0.1212 0.1139 0.1082 0.1030
Average for CH Waste: 150.7905 11.7648 7.9658 7.3053 6.8174 6.3764

a8 CH designates contact-handled waste; RH designates remote-handled waste
b Probability that a randomly placed borehole through the waste panels will intersect waste of activity

level 2, £=1,2,3,4,5.
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2.4 Calculation of Scenario Consequences
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inventory used in the 1991 performance assessment is 10 times the values shown in this
figure.

2-21



W O N O 0O s~ WO DD =

NN N N = = o a a a —

28885

Y [ W W W Ww W W

3. UNCERTAIN VARIABLES

The 1991 WIPP performance assessment selected 45 imprecisely known variables

for consideration. These variables are listed in Table 3-1 and correspond to

the elements Xj, j=1, 2, ..., nV = 45, of the vector X shown in Eq. 2.1-2.

The distributions indicated in Table 3-1 correspond to the distributions

appearing in Eq. 2.1-4 and characterize subjective, or type B, uncertainty.

TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from
Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report)

Variable Definition

BHPERM Borehole permeability (k) (m2). Used in BRAGFLO. Range: 1x10-14to 1 x
10-11, Median: 3.16 x 10-12. Distribution: Lognormal. Additional information:
Freeze and Cherry, 1979, Table 2-2 (clean sand); Section 4.2.1, Vol. 3. Variable
16 in Latin hypercube sample (LHS).

BPPRES initial pressure (p) of pressurized brine pocket in Castile Formation (Pa). Used in
BRAGFLO. Range: 1.1 x107t0 2.1 x 107. Median: 1.26 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, Vol. 3. Variable 14 in LHS.

BPSTOR Bulk storativity (Sp) of pressurized brine pocket in Castile Formation (m3). Used
in BRAGFLO. Range: 2 x 10-2t0 2. Median: 2 x 10-1. Distribution: Lognormal.
Additional information: Section 4.3.1, Vol. 3. Variable 15 in LHS.

BPAREAFR Fraction of waste panel area underain by a pressurized brine pocket
(dimensionless). Used in CCDFPERM in calculation of probability of E1E2-type
scenarios. Range: 2.5 x 10-1 t05.52 x 10-1. Median: 4 x 10-1. Distribution:

Approximately uniform. Additional information: Section 5.1, Vol. 3. Variable 44
in LHS.

BRSAT Initial fluid (brine) saturation of waste (dimensionless). Used in BRAGFLO.
Range: 010 2.76 x 10-1. Median: 1.38 x 10-1. Distribution: Uniform. Additional
information: Section 3.4.9, Vol. 3. Variable 1 in LHS is uniformly distributed on
interval [0,1] and used to select vaiue for BRSAT by preprocessor to BRAGFLO.
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TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from

Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report) (continued)

Variable

Definition

CULCLIM

CULDISP

CULFRPOR

CULFRSP

CULPOR

CULTRFLD

DEDIAM

Recharge amplitude factor (Am,) for Culebra (dimensionless). Used in SECO2D.
Range: 110 1.16. Median: 1.08. Distribution: Uniform. Used in definition of
time-dependent heads in Culebra, with the maximum head increasing from the
estimated present-day head in the Culebra (i.e., 880 m) for CULCLIM = 1toa
head corresponding to land-surface level (i.e., 1030 m) for CULCLIM = 1.16.
Additional information: Section 4.4.3, Vol. 3. Variable 28 in LHS is uniformly
distributed on [0,1] and used to select value for CULCLIM by preprocessor to
SECO2D. Note: Range of 0 to 0.16 for CULCLIM stated in Section 4.4.3 and
Table 6.0-3 of Vol. 3 is incorrect.

Longitudinal dispersivity (1) in Culebra (m). Used in STAFF2D. Range : 5 x 101
to 3 x 102. Median: 1 x 102. Distribution: Piecewise uniform. Additional
information: Table E-6, Lappin et al., 1989; Section 2.6.2, Vol. 3. Variable 29 in
LHS.

Fracture porosity (65) in Culebra (dimensionless). Used in STAFF2D and
SECO2D. Range: 1x 104to 1 x 10-2. Median: 1 x 10-3. Distribution:
Lognormal. Additional information: Tables 1-2 and E-6, Lappin et al. 1989;
Section 2.6.4, Vol. 3. Variable 9 in LHS.

Fracture spacing (2B) in Culebra (m). Used in STAFF2D. Range: 6 x 102 to 8.
Median: 4 x 10-1 Distribution: Piecewise uniform. Additional information:
Memo from Beauheim et al., June 10, 1991, contained in Appendix A, Vol. 3;
Section 2.6.4, Vol. 3. Variable 36 in LHS.

Matrix porosity (8/yy) in Culebra (dimensionless). Used in STAFF2D. Range:

9.6 x 10-2 t0 2.08 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 2.6.4, Vol. 3. Variable 37 in LHS.

Transmissivity field for Culebra. Sixty transmissivity fields consistent with
available field data were constructed and ranked with respect to travel time to the
accessible environment. CULTRFLD in a pointer variable used to select from
these 60 fields, with travel time increasing monotonically with CULTRFLD. Used
in STAFF2D and SECO2D. Range: 0to 1. Distribution: Uniform. Additlonal
information: Sections 6.1 to 6.3, Vol. 2; Section 2.6.9, Vol. 3. Variable 27 in LHS.

Drill bit diameter (m). Used in CUTTINGS. Range = 2.67 x 10-1 to 4.44 x 10-1.
Median: 3.55 x 10-1. Distribution: Uniform. Additional information: Section
4.2.2, Vol. 3. Variable 17 in LHS.
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TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from

Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report) (continued)

Variable

Definition

EHPH

FKDAM

FKDNP

FKDPU

FKDTH

FKDU

GRCORH

GRCORI

GRMICH

Index variable used to select the relative areas of the stability regimes for
different oxidation states of Np, Puand U. Used in PANEL in the determination
of solubilities. Range: 0to 1. Median: 0.5. Distribution: Uniform. Additional
information: Section 3.3.6, Vol. 3. Variable 18 in LHS.

Fracture distribution coefficient (kg) for Am in Culebra (m3/ kg). Used in
STAFF2D. Range: 0to 1x103. Median: 9.26 x 101. Distribution: Piecewlse
uniform. Additional information: Section 2.6.10, Vol. 3. Variable 15 in LHS.

Fracture distribution coefficient (kq) for Np in Culebra (m3/kg). Used in
STAFF2D. Range: 0to 1 x 103. Median: 1. Distribution: Piecewise uniform.
Additional information: Section 2.6.10, Vol. 3. Variable 16 in LHS.

Fracture distribution coefficient (kg) for Pu in Culebra (m3/kg). Used in
STAFF2D. Range: 0to 1x 103. Median: 2.02 x 102. Distribution: Piecewise
uniform. Additional information: Section 2.6.10, Vol. 3. Variable 17 in LHS.

Fracture distribution coefficient (kg) for Th in Culebra (m3/kg). Used in
STAFF2D. Range: 0to 1 x 101. Median: 1 x 10-1. Distribution: Piecewise
uniform. Additional information: Section 2.6.10, Vol. 3. Variable 18 in LHS.

Fracture distribution coefficient (kg) for U in Culebra (m3/kg). Used in STAFF2D.
Range: 0to 1. Median: 7.5 x 10-3. Distribution: Piecewise uniform. Additional
information: Section 2.6.10, Vol. 3. Variable 19 in LHS.

Gas generation rate for corrosion of steel under humid conditions (mol/m?2
surface area steel+s). Used in BRAGFLO. Range: 0to5 x 10-1. Median:
1 x 10-1. Distribution: Piecewise uniform. Additional information: Memo from

Brush, July 8, 1991, contained in Appendix A, Vol.3; Section 3.3.8, Vol. 3.
Variable 3 in LHS.

Gas generation rate for corrosion of steel under inundated conditions (mol/m2
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
GRCORH. Variable 4 in LHS.

Gas generation rate due to microbial degradation of cellulosics under humid
conditions (mol/kg cellulosics+s). Used in BRAGFLO. Range: 0to2x 10-1.
Median: 1x 10-1. Distribution: Piecewise uniform. Aditional information: Same
as GRCORH. Variable 5 in LHS.
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Chapter 3: Uncertain Variables

TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from
Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report) (continued)

Variable Definition

GRMICI Gas generation rate due to microbial degradation of cellulosics under inundated

conditions (mol/kg cellulosics+s). Used in BRAGFLO. Range: 010 1.6 x 10-8.
Median: 3.2 x 10-9. Distribution: Piecewise uniform. Additional information:
Same as GRCORH. Variable 6 in LHS.

LAMBDA Rate constant (1) in Poisson model for drilling intrusions (s-1). Used in
CCDFPERM. Range: 0to 1.04 x 10-11, Median: 5.2 x 10-12. Maximum value
corresponds to 30 boreholes per km2 per 10,000 yr as suggested in 40 CFR 191.
Distribution: Uniform. Additional information: Chapters 2 and 3, Vol. 2; Section
5.2, Vol. 3. Variable 43 in LHS.

MBPERM Permeability (k) in Marker Bed 139 under undisturbed conditions (m2). Used In
BRAGFLO. Range: 6.8 x 10-20t0 9.5 x 10-19, Median: 7.8 x 10-20,
Distribution: Piecewise uniform with a 0.8 rank correlation with SALPERM.
Additional information: Memo from Beauheim, June 14, 1991, contained in
Appendix A, Vol. 3; Section 2.4.5, Vol. 3. Variable 12 in LHS.

MBPOR Porosity (¢) in Marker Bed 139 under undisturbed conditions (dimensionless).
Used in BRAGFLO. Range: 1x10-3to 3 x 10-2. Median: 1 x 10-2. Distribution:

Piecewise uniform. Additional information: Section 2.4.7, Vol. 3. Variable 13 in
LHS.

MBTHPRES Threshold displacement pressure (pt) in Marker Bed 139 (Pa). Used in
BRAGFLO. Range: 3 x 103 to 3 x 107. Median: 3 x 105. Distribution:
Lognormal. Additional information: Davies, 1991; memo from Davies, June 2,
1991, contained in Appendix A, Vol. 3; Section 2.4.1, Vol. 3. Variable 45 in LHS.

MKDAM Matrix distribution coefficient (kq) for AM in Culebra (m3/kg). Used in STAFF2D.
Range: 0to1x 102. Median: 1.86 x 10-1. Distribution: Piecewise uniform.
Additional information: Section 2.6.10, Vol. 3. Variable 38 in LHS.

MKDNP Matrix distribution coefficient (kg) for Np in Culebra (m3/kg). Used in STAFF2D.
Range: 0to 1 x 102. Median: 4.8 x 10-2. Distribution: Piecewise uniform.
Additional information: Section 2.6.10, Vol. 3. Variable 39 in LHS.

MKDPU Matrix distribution coefficient (kq) for Pu in Culebra (m3/kg). Used in STAFF2D.
Range: 0to 1 x 102. Median: 2.61 x 10-1. Distribution: Piecewise uniform.
Additional information: Section 2.6.10, Vol. 3. Variable 40 in LHS.

MKDTH Matrix distribution coefficient (kq) for Th in Culebra (m3/kg). Used in STAFF2D.
Range: 0to 1. Median: 1x 10-2. Distribution: Piecewise uniform. Additional
information: Section 2.6.10, Vol. 3. Variable 41 in LHS.
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Chapter 3: Uncertain Variables

TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from
Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report) (continued)

Variable Definition

MKDU Matrix distribution coefficient (kq) for U in Culebra (m3/kg). Used in STAFF2D.

Range: 0to 1. Median: 2.58 x 10-2. Distribution: Piecewise uniform.
Additional information: Section 2.6.10, Vol. 3. Variable 42 in LHS.

SALPERM Permeability (k) in Salado (m2). Used in BRAGFLO. Range: 8.6 x 1022 to
5.4 x 10-20. Median: 5.7 x 10-21, Distribution: Piecewise uniform. Additional
information: Memo from Beauheim, June 14, 1991, contained In Appendix A,
Vol. 3; Section 2.3.5, Vol. 3. Variable 10 in LHS.

SALPRES Pressure (p) in Salado (halite and anhydrite components) under undisturbed
conditions (Pa). Used in BRAGFLO. Range: 9.3 x 106 to 1.39 x 107. Median:
1.28 x 107. Distribution: Piecewise uniform. Additional information: Memos
from Beauheim, June 14, 1991, and Howarth, June 12, 1991, contained in
Appendix A, Vol. 3; Section 2.4.6, Vol. 3. Variable 11 in LHS.

SOLAM Solubility of Am+3 in brine (mol/£). Used in PANEL. Range: 5x 10-14t0 1.4.
Median: 1 x 10-9. Distribution: Piecewise uniform. Additional information:
Trauth et al., 1991; Section 3.3.5, Vol. 3. Variable 19 in LHS.

SOLNP4 Solubility of Np* 4 in brine (mol/£). Used in PANEL. Range: 3x 10-16to
2 x 10-5, Median: 6 x 10-9. Distribution: Piecewise uniform with 0.99 rank
correlation with SOLNP5. For each sample element, value for SOLNP4 is used if
EHPH < 0.474/(0.474 + 0.503) = 0.485; otherwise, value for SOLNP4 is used;
see Figure 3.3-9, Vol. 3. Additional information: Same as SOLAM. Variable 20 in
LHS. Due to the 0.99 rank correlation between SOLNP4 and SOLNP5, the
variables SOLNP4 and SOLNPS5 are essentially indistinguishable in a rank
regression; because of this high correlation, rank regressions presented later in
this report use the symbol SOLNP for Np solubility.

SOLNP5 Solubility of Np*5 in brine (mol/£). Used in PANEL. Range: 3x 10-11to
1.2 x 10-2. Median: 6 x 10-7. Distribution: Piecewise uniform with 0.99 rank

correlation with SOLNP4. Additional information: Same as SOLAM. Variable 21
in LHS.

SOLPU4 Solubility of Put4 in brine (mol/£). Used in PANEL. Range: 2 x 10-16 to
4x 106, Median: 6x 10-10. Distribution: Piecewise uniform with 0.99 rank
correlation with SOLPUS. For each sample element, value for SOLPU4 is used if
EHPH < 0.539/(0.539 + 0.152) = 0.780; otherwise, value for SOLPUS is used:;
see Figure 3.3-9, Vol. 3. Additional information: Same as SOLAM. Variable 22 in
LHS. Due to the 0.99 rank correlation between SOLPU4 and SOLPUS, the
variables SOLPU4 and SOLPUS are essentially indistinguishable in a rank
regression; because of this high correlation, rank regressions presented later in
this report use the symbol SOLPU for Pu solubility.
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TABLE 3-1. VARIABLES SAMPLED IN 1991 WIPP PERFORMANCE ASSESSMENT (adapted from

Tables 6.0-1, 6.0-2 and 6.0-3 of Vol. 3 of this report) (concluded)

Variable

Definition

SOLPU5

SOLTH

SOLU4

SOLU6

STOICCOR

STOICMIC

VMETAL

VWOOD

Solubility of Pu*+5 in brine (mol/£). Used in PANEL. Range: 2.5 x 10°17 to
55x 104. Median: 6 x 10-10. Distribution: Piecewise uniform with 0.99 rank
correlation with SOLPU4. Additional information: Same as SOLAM. Variable 23
in LHS.

Solubility of Th in brine (mol/£). Used in PANEL. Range: 5.5x 10-16 to
2.2 x 106, Median: 1 x 10-10. Distribution: Piecewise uniform. Additional
information: Same as SOLAM. Variable 24 in LHS.

Solubility of U+4 in brine (mol/£). Used in PANEL. Range: 1x10-15to

5x 10-2. Median: 1 x 104. Distribution: Piecewise uniform with 0.99 rank
correlation with SOLUG. For each sample element, value for SOLU4 is used if
EHPH < 0.299/(0.299 + .701) = 0.299; otherwise, value for SOLUG is used; see
Figure 3.3-9, Vol. 3. Additional information: Same as SOLAM. Variable 25 in
LHS. Due to the 0.99 rank correlation between SOLU4 and SOLUS, the variables
SOLU4 and SOLUG are essentially indistinguishable in a rank regression;
because of this high correlation, rank regressions presented later in this report
use the symbol SOLU for U solubility.

Solubility of U+8 in brine (mol/£). Used in PANEL. Range: 1x 107 to 1.
Median: 2 x 10-3. Distribution: Piecewise uniform with 0.99 rank correlation with
SOLU4. Additional information: Same as SOLAM. Variable 26 in LHS.

Stoichiometric coefficient for corrosion of steel (mol Ho/mol Fe). Used in
BRAGFLO. Range: 0to 1. Median: 5x 10-1. Distribution: Uniform. Additional
information: Brush and Anderson in Lappin et al., 1989, p. A-6; Section 3.3.8,
Vol. 3. Variable 2 in LHS.

Stoichiometric coefficient for microbial degradation of cellulosics (mol gas/mol
CH50). Used in BRAGFLO. Range: 0to 1.67. Median: 8.35 x 10-1.
Distribution: Uniform. Additional information: Brush and Anderson in Lappin et
al., 1989, p. A-10; Section 3.3.9, Vol. 3. Variable 9 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:
276 x 10-1 t0 4.76 x 10-1. Median: 3.76 x 10-1. Distribution: Normal.
Additional information: Section 3.4.1, Vol. 3. Variable 7 in LHS.

Fraction of total waste volume that is occupied by IDB combustible waste
category (dimensionless). Used in BRAGFLO. Range: 2.84 x 10-1to

4.84 x 10-1. Median: 3.84 x 10-1. Distribution: Normal. Additional Information:
Section 3.4.1, Vol. 3. Variable 8 in LHS.
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Chapter 3; Uncertain Variables

As discussed in conjunction with Eq. 2.1-5, a Latin hypercube sample
(McKay et al., 1979; Iman and Shortencarier, 1984) of size nK = 60 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.

Once the sample indicated in Eq. 2.1-5 was generated from the variables
in Table 3-1, the individual sample elements Xy, k=1, ., 60, were used
in the generation of the risk results shown in Eq. 2.1-6. An overview
of this process is provided in Sections 2.2, 2.3 and 2.4. In addition
to many intermediate results, the final outcome of this process is a

distribution of CCDFs of the form shown in Figure 2.1-2.

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. The first case
listed in Table 3-2, gas generation in the repository and a dual-
porosity transport model in the Culebra Dolomite, is believed to be the
most creditable and is presented as the best-estimate analysis in the
1991 WIPP preliminary performance assessment. The other cases listed in
Table 3-2 can be viewed as ceteris paribus sensitivity studies that
explore various perturbations on this best-estimate analysis.

In addition to the variation between the cases shown 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 the following two chapters, box plots and distributions of CCDFs will
be used to display the effect of subjective uncertainty on the cases
listed in Table 3-2, and the impact of individual wvariables will be
investigated with sensitivity analysis techniques based on scatterplots,
regression analysis and partial correlation analysis. Scatterplots will
also be used to compare results obtained with the different analysis
cases listed in Table 3-2.

Additional information on the uncertainty and sensitivity analysis

techniques in use is available elsewhere (Ch. 3, Vol. 1l: Helton et al.,
1991).
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TABLE 3-2. DIFFERENT ANALYSIS CASES SELECTED FOR CONSIDERATION IN THE 1991 WIPP

PERFORMANCE ASSESSMENT

Case

Description

Gas generation in repository and a dual-porosity (matrix and fracture porosity) transport
model in Culebra Dolomite with drilling intrusions occurring at 1000, 3000, 5000, 7000,
and 9000 yrs. Considered best-estimate analysis in 1991 WIPP performance
assessment. Discussion in Chapter 4.

No gas generation in repository and a dual-porosity (matrix and fracture porosity)
transport model in Culebra with drilling intrusions occurring at 1000 yrs. The 1991
preliminary comparison is the first one to include a two-phase (brine and gas), Darcy-flow
model in the compliance assessment system. Previous deterministic two-phase
calculations (Bertram-Howery et al., 1990, Chapter 6) implied that including waste-
generated gas would not negatively affect compliance status with the containment
requirements when compared to previous comparisons that assumed fully brine-
saturated repository conditions. To understand the impact of including new processes
associated with waste-generated gas, Case 1 with waste-generated gas is compared with
Case 2 without waste-generated gas. Discussion in Section 5.1,

Gas generation in repository and a single-porosity (fracture porosity) transport model in
Culebra with drilling intrusions occurring at 1000, 3000, 5000, 7000, and 9000 yrs. For
fully brine-saturated repository conditions, the 1990 preliminary comparison (Bertram-
Howery et al., 1990; Helton et al., 1991) analyzed the importance of a dual-porosity
assumption (Reeves et al., 1987) for modeling radionuclide transport. A study to assess
the defensibility of this assumption has started. To establish the continuing importance
of this work with the new modeling system that includes waste-generated gas, Case 1
with a dual-porosity (matrix and fracture porosity) model for transport is compared with
Case 3 with a single-porosity (fracture porosity) model for transport. Discussion in
Section 5.2.

No gas generation in repository and a single-porosity (fracture porosity) transport model
in Culebra with drilling intrusions occurring at 1000 yrs. Included for completeness and
to provide an analysis for single-porosity transport that was not complicated by the
effects of gas generation. Discussion in Section 5.3.

Gas generation in repository and a dual-porosity (matrix and fracture porosity) transport
model without chemical retardation in Culebra with drilling intrusions occurring at 1000
yrs. Under agreement with the State of New Mexico (U.S. DOE and State of New Mexico,
1981, as modified, Vol. 1, Appendix B, p. B-14, Comment 14), a case using zero
distribution coefficients will continue to be included in these preliminary comparisons
until site-specific information becomes available. Case 5 with zero distribution
coefficients in a dual-porosity transport model (physical retardation is included) is
compared to Case 1 with nonzero distribution coefficients to assess the importance of
obtaining a defensible data set for chemical retardation. Discussion in Section 5.4.

3-8



® N OO e WM

11
12
13
14
15
16
17
18
19
20
21

23

Chapter 3: Uncertain Variables

TABLE 3-2. DIFFERENT ANALYSIS CASES SELECTED FOR CONSIDERATION IN THE 1991 WIPP
PERFORMANCE ASSESSMENT (concluded)

Case Description

6 Effect of climate change with gas generation in repository and with single- and dual-
porosity transport models in the Culebra and intrusions occurring at 1000 yrs. To date,
the preliminary comparisons have not addressed the problem of conceptual model
uncertainty except for the dual-porosity and waste-generated gas cases. Future
comparisons will need to consider alternative conceptual models throughout the
modeling system. Case 6 is a first attempt to assess the importance of a simple model
(not intended to be a bounding case) for including climate variability through a recharge
and infiltration modeling assumption for use with the 2-D confined aquifer conceptual
model of the Culebra. Discussion in Section 5.5.

General: The preliminary comparisons are interim analyses to assess the status of compliance and
provide annual guidance to the project through uncertainty /sensitivity analyses. The cases
included here are intended to help identify and understand important processes in the modeling
system for the 1891 guidance.

3-9
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4. UNCERTAINTY AND SENSITIVITY ANALYSIS RESULTS
FOR 1991 PRELIMINARY COMPARISON

At present, the most appropriate conceptual model for performance assessment
at the WIPP is believed to include gas generation due to both corrosion and
microbial action in the repository and a dual-porosity (matrix and fracture
porosity) representation for transport in the Culebra Dolomite Member of the
Rustler Formation (i.e., Case 1 in Table 3-2). This conceptual view was used
in the modeling that produced the best-estimate performance-assessment
results for the WIPP presented in Chapter 6 of Vol. 1. This chapter presents
uncertainty and sensitivity analysis results associated with these current
best-estimate calculations.

4.1 Uncertainty in CCDFs

The distribution of CCDFs for normalized release to the accessible
environment, including both cuttings and cavings removal (hereafter called
cuttings removal) and groundwater transport, that results from the
imprecisely known variables presented in Chapter 3 is given in Figure 2.1-1.
This figure was constructed with a Latin hypercube sample of size 60
generated from the 45 variables in Table 3-1. The construction of each CCDF
appearing in Figure 2.1-1 was based on the scenarios, scenario probabilities
and scenario consequences described in Sections 2.2, 2.3 and 2.4,
respectively. As is the case for all results involving groundwater transport
presented in Chapter 4, gas generation is assumed to take place in the
repository and a dual-porosity model is used to represent radionuclide
transport in the Culebra. The results contained in Figure 2.1-1 are
presented in Chapter 6, Vol. 1, of this report as the current best estimate
of the CCDFs for comparison with the EPA release limits. As examination of
Figure 2.1-1 shows, consideration of gas generation in the repository and a

dual-porosity transport model in the Culebra results in all CCDFs being below
the EPA release limits.

Although Figure 2.1-1 presents all 60 CCDFs that result for the sample
indicated in Eq. 2.1-5, it is rather cluttered and hard to read. A less
crowded summary can be obtained by plotting the mean value and selected
percentile values for the individual releases appearing on the abscissa. The
mean and percentile values are obtained from the exceedance probabilities
associlated with the individual release values and the weights, or
"probabilities" (i.e., 1/60), associated with the individual sample elements.
The result of this calculation is shown in Figure 4.1-1 for the mean plus the
10th, 50th (i.e., median) and 90th percentile values. The calculated mean
and percentile values are for specific releases on the abscissa of Figure

2.1-1; the curves in Figure 4.1-1 result from connecting these individual

4-1
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Figure 4.1-1. Mean and Percentile Curves for Distribution of Complementary Cumulative Distribution

Functions Shown in Figure 2.1-1 for Normalized Releases to the Accessible
Environment Including Both Cuttings Removal and Groundwater Transport with Gas
Generation in the Repository and a Dual-Porosity Transport Model in the Culebra
Dolomite.
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4.2 Uncertainty in Cuttings Removal

values. The mean and percentile curves appearing in Figure 4.1-1 result from
the subjective uncertainty in the variables in Table 3-1, as does the
distribution of CCDFs in Figure 2.1-1. In contrast, the individual CCDFs in

Figure 2.1-1 provide a representation for stochastic uncertainty.

As indicated in Eqs. 2.4-10 through 2.4-14, the total release to the
accessible environment for a given scenario is the sum of a release due to
cuttings removal and a release due to groundwater transport. For comparison,
Figure 4.1-2 shows the CCDFs that result when only releases due to cuttings
removal are considered (upper two frames) and only releases due to
groundwater transport are considered (lower two frames). As examination of
Figure 4.1-2 shows, releases to the accessible environment are dominated by
cuttings removal. The only exception to this occurs for the upper-right CCDF
in Figure 2.1-2, which is dominated by the groundwater release. Otherwise,
the CCDFs in Figure 2.1-2 are essentially identical to the cuttings-release-
only CCDFs in Figure 4.1-2.

As shown in Figure 4.1-2, only 4 groundwater-release-only CCDFs involve
normalized releases to the accessible environment that are greater than 10-6
at an exceedance probability of 10-6. Further, only 16 CCDFs involve
releases that are greater than 10-12 at an exceedance probability of 10-6,
Thus, the uncertainty characterization and associated modeling for the
variables in Table 3-1 lead to limited releases to the accessible environment
due to groundwater transport.

The releases associated with the individual release modes (i.e., cuttings
removal and groundwater transport) are now considered. Specifically,
uncertainty and sensitivity analysis results for cuttings removal are
presented in Sections 4.2 and 4.3, followed by similar results for
groundwater transport in Sections 4.4 and 4.5. Then, sensitivity analysis
results for the CCDFs in Figure 2.1-1 are presented in Section 4.6.

4.2 Uncertainty in Cuttings Removal

The variation in the total normalized release to the accessible environment
due to cuttings removal resulting from boreholes intersecting waste of
average activity level is shown in Figure 4.2-1 for intrusions occurring at
1000, 3000, 5000, 7000 and 9000 yrs. Specifically, box plots in Figure 4.2-1
show the normalized releases due to cuttings removal (i.e., the rCj defined
in Eq. 2.4-1) for scenarios $(1,0,0,0,0), S$(0,1,0,0,0), §(0,0,1,0,0),
$(0,0,0,1,0) and $(0,0,0,0,1) as defined in Eq. (2.2-3). Each box plot
summarizes the distribution of results obtained with the previously discussed
Latin hypercube sample of size 60 from the variables in Table 3-1; thus, each
box plot is based on 60 observations.
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3  Figure 4.2-1. Total Normalized Release to the Accessible Environment Due to Cuttings Removal from
4 Waste of Average Activity Level.
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Chapter 4:  Uncertainty and Sensitivity Analysis Results
for 1991 Preliminary Comparison

As a reminder, the endpoints of the boxes in Figure 4.2-1 are formed by the
lower and upper quartiles of the data, that is x 95 and x_75. The vertical
line within the box represents the median, x 59. The sample mean is
identified by the large dot. The bar on the right of the box extends to the
minimum of x 75 + 1.5(x_ 75 - x 95) and the maximum observation. In a similar
mannetY, the bar on the left of the box extends to the maximum of x 925 -
1.5(x_75 - x_925) and the minimum observation. Observations falling outside
of these bars are shown with x’s. In symmetric distributions, these values
would be considered outliers. Extreme values of this type do not appear in
Figure 4.2-1 but will be present in most box plots presented in this report.

The structure of box plots is illustrated in the key appearing at the bottom
of Figure 4.2-1.

All results involving cuttings removal in the 1991 WIPP performance
assessment are derived from the total normalized releases for scenarios
$(1,0,0,0,0) through S$(0,0,0,0,1) summarized in Figure 4.2-1. For comparison
and consistency with later figures, Figure 4.2-1 also shows the normalized
releases due to cuttings removal (i.e., 2 rCj) for scenarios st-(2,0,0,0,0)
through $*+-(0,0,0,0,2) as defined in Eq. 2.2-9, with the subscript i
appearing in the definition of Si*-(n) in Eq. 2.2-9 omitted due to
redundancy. As discussed in conjunction with Eq. 2.4-15, a scale factor is
used to convert from releases of waste of average activity level to releases
of waste of the five activity levels shown in Table 2.4-4. These scaled
releases are then used in the construction of releases due to cuttings
removal of waste of different activity levels for scenarios S(l,n) and

St-(1;t4.1,ti) as shown in Eqs. 2.4-12 and 2.4-14, respectively.

As examination of Figure 4.2-1 shows, all of the normalized releases
associated with a single borehole and average activity level waste are
between 0.001 and 0.01. The largest scale factor defined by Eq. 2.4-15 to
convert from an average activity level release to a release of a specified
activity level is approximately 23.1, which results for time steps
i=1,2,3,4,5 and waste of activity level £=4 (e.g., SF24 as shown in Eq.
2.4-16). Thus, a single borehole at the first time step used in the analysis
(i.e., 1000 yrs) will not result in a normalized release that exceeds 1,
although it is possible that a single borehole into waste of activity level 4
at an earlier time might result in a normalized release greater than 1.

The contribution of individual isotopes to the total normalized release to
the accessible environment due to cuttings removal resulting from a single
borehole intersecting waste of average activity level is shown in Figure
4.2-2. Only three isotopes contribute to the total release at 1000 yrs:
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Figure 4.2-2. Normalized Releases to the Accessible Environment for Individual 1sotopes and Percent

Am-241, Pu-239 and Pu-240.

Contribution to the Total Normalized Release for Cuttings Removal Resulting from a
Single Borehole intersecting Waste of Average Activity Level at 1000 Yrs. The results
shown in this figure correspond to the releases associated with scenario S(1,0,0,0,0).

No other isotopes make an appreciable

contribution to the total release. At later times, the total release is
dominated by Pu-239 due to the decay of Am-241, with a small contribution

from Pu-240.

4.3 Sensitivity Analysis for Cuttings Removal

Drill bit diameter (DBDIAM) is the only variable in Table 3-1 that affects

cuttings removal. This variable is used as an input to the CUTTINGS program,
where it is used in the calculation of an eroded or "effective" diameter for
the borehole as it passes

through the repository. The eroded diameter is the

actual determinant of the amount of waste that is removed to the surface.

The relationships between drill bit diameter (DBDIAM), eroded diameter and

accessible environment due to cuttings removal are
appearing in Figure 4.3-1.
the points (xk, yk), k= 1,2, ..

normalized release to the

shown in the scatterplots Scatterplots present

., nK, where x| and yi are results associated
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variable), Eroded Diameter of Borehole (a calculated variable), and Associated
Normalized Cuttings Release to the Accessible Environment (a calculated variable) for
Waste of Average Activity Level with Intrusion Occurring at 1000 Yrs (i.e., the release for

scenario 5(1,0,0,0,0)).
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4.3 Sensitivity Analysis for Cuttings Removal

with sample element X shown in Eq. 2.1-5 and nK is the sample size. Often,
Xk is the value for a particular sampled variable contained in Xk, and yy is
the value for a particular calculated variable contained in one of the
vectors €84 (Xg) shown in Eq. 2.1-6. A scatterplot of this type appears in
the lower frame of Figure 4.3-1, where x| corresponds to the value for DBDIAM
(drill bit diameter) in Xk and yi corresponds to the eroded diameter of the
resultant borehole calculated for Xxx. In other cases, both xx and yi are
values calculated for Xy. A scatterplot of this type appears in the upper
frame of Figure 4.3-1, where xi corresponds to the eroded diameter of the
resultant borehole calculated for Xy and yi corresponds to the normalized
release to the accessible environment due to cuttings removal calculated for
X).. Scatterplots facilitate the examination of the results obtained for
individual sample elements.

As examination of Figure 4.3-1 shows, release to the accessible environment
varies in an almost linear manner with drill bit and eroded borehole
diameter. The relationship between normalized release and eroded borehole
diameter shown in Figure 4.3-1 is actually quadratic. However, due to the
relatively small range for eroded diameter (i.e., approximately 0.75 m to 1.0
m), the relationship is also very close to being linear.

Drill bit diameter provides an excellent example of the choice that must be
made in deciding whether a particular variable involves stochastic (i.e.,
type A) uncertainty or subjective (i.e., type B) uncertainty. Clearly, drill
bits of different diameters are used now and also will be used in the future.
Thus, the occurrence of boreholes initiated by drill bits of different
diameters is a stochastic uncertainty. If this stochastic uncertainty was
felt to be important, then drill bit diameter would have to be one of the
characteristics used to define the scenarios Sj appearing in Eq. 2.1-1.
Further, a probability distribution Dy would have to be developed that
described the likelihood that boreholes initiated by drill bits of different
sizes would occur. This distribution would be one of the determinants of the
probabilities pSi appearing in Eq. 2.1-1. 1In contrast, it is also possible
to decide that drill bit diameter is not sufficiently important to merit
incorporation into the definition of the scenarios Si, which is equivalent to
deciding that the performance assessment can be reasonably carried out with
only one value for drill bit diameter. However, given the decision that use
of a single appropriately selected drill bit diameter will not compromise the
results of the analysis, it may not be clear what this single value should
be. In this case, a subjective distribution Dp can be used to characterize
where this appropriate value is located. The distributions Dy and Dp are
being used to characterize different aspects of the same physical process,
and thus will not be the same. For the 1991 WIPP performance assessment, the
distribution assigned to drill bit diameter characterizes subjective
uncertainty.

4-9
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Chapter 4:  Uncertainty and Sensitivity Analysis Results
for 1991 Preliminary Comparison

4.4 Uncertainty in Groundwater Releases

As discussed in conjunction with Eqs. 2.4-3 and 2.4-4, two types of
groundwater releases to the accessible environment are considered in the 1991
WIPP performance assessment: a release Ilnitiated by a single borehole (i.e.,
E2-type scenarios) and a release initiated by two or more boreholes in the
same waste panel and time interval, of which at least one penetrates a
pressurized brine pocket and at least one does not penetrate a pressurized
brine pocket (i.e., ElE2-type scenarios). As already indicated by the
groundwater-release-only CCDFs shown in Figure 4.1-2, the releases due to
groundwater transport are very small. Additional perspective is provided by
Figure 4.4-1, which shows the normalized releases to the accessible
environment for scenarios of the E2- and ElE2-type, respectively. Of the 60
sample elements considered in this analysis, only 7 resulted in nonzero
releases for an E2-type scenario with intrusion occurring at 1000 yrs (i.e.,
for 5(1,0,0,0,0)) and only 15 resulted in nonzero releases for an ElE2-type
scenario with intrusion occurring at 1000 yrs (i.e., for $t-¢(2,0,0,0,0)).
Further, even the few nonzero releases are small.

The normalized releases shown in Figure 4.4-1 correspond to the releases
rGW1l; and rGW2; shown in Eqs. 2.4-3 and 2.4-4. As shown in Eqs. 2.4-12 and
2.4-14, these releases are used to construct the groundwater releases to the
accessible environment for scenarios of the form S(I,n) and S*-(I;t5.1,t4).
The best-estimate comparisons with the EPA release limits in the 1991 WIPP

performance assessment used the groundwater transport results summarized in
Figure 4.4-1.

For additional perspective, Figure 4.4-2 summarizes the normalized releases
to the accessible environment and the percent contributions to the total
release for individual isotopes for intrusions occurring at 1000 yrs. The
percent contributions can only be calculated for the nonzero releases.
Specifically, the distributions summarized in Figure 4.4-2 and other similar
figures for percent contribution to total release are conditional in the
sense that they are based only on the sample elements that have a nonzero
total release. As examination of Figure 4.4-2 shows, total release to the
accessible environment, when it occurs, is usually dominated by U-234,
although there are sample elements in which the release is completely
dominated by Np-237, Pu-239 or Th-230. However, the total normalized release
is very small in all cases (i.e., always less than 10-l and usually less than
10‘3). The releases due to intrusions occurring at later times (i.e., 3000,
5000, 7000, and 9000 yrs) are even smaller than those shown in Figure 4.4-2
due to increased time for decay and decreased time for transport.

4-10
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4.4 Uncertainty in Groundwater Releases
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Figure 4.4-1.  Total Normalized Release to the Accessible Environment Due to Groundwater Transport
with Gas Generation in the Repository and a Dual-Porosity Transport Model in the
Culebra Dolomite.

As described in Egs. 2.4-10 through 2.4-14, the total release to the
accessible enviromment for a scenario is the sum of a cuttings-removal
component and a groundwater-transport component. The uncertainty in these
individual components is summarized in Figures 4.2-1 and 4.4-1. Total
release to the accessible environment, including cuttings removal and
groundwater transport, 1s summarized in Figure 4.4-3. As comparison with
Figure 4.2-1 shows, inclusion of releases due to groundwater transport has
little effect on the total releases for the individual scenarios.

The large number of zero releases associated with the results shown in Figure
4.4-1 is reassuring with respect to the possible suitability of the WIPP as a
disposal facility for transuranic waste. However, these zero releases tend
to obscure what i1s going on in the analysis. Additional insight can be
obtained by examining the releases from the repository to the Culebra. The
total normalized release to the Culebra as predicted by the PANEL program is
shown in Figure 4.4-4. The individual releases summarized in this figure
constitute the initial input to the STAFF2D program for radionuclide
transport in the Culebra. For the 60 sample elements, 38 result in zero
releases to the Culebra due to an E2-type scenario with intrusion occurring
at 1000 yrs (i.e., for scenario 5(1,0,0,0,0)), while only 2 sample elements
result in a zero release to the Culebra due to an ElE2-type scenario with
intrusion occurring at 1000 yrs (i.e., for scenario 5§t-(2,0,0,0,0)).
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6 Figure4.4-2.  Normalized Releases for Individual Isotopes to the Accessible Environment Due to
Groundwater Transport with Intrusion Occurring at 1000 Yrs, Gas Generation in the
8 Repository and a Dual-Porosity Transport Model in the Culebra Dolomite.
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4.4 Uncertainty in Groundwater Releases
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with Gas Generation in the Repository.
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Chapter 4:  Uncertainty and Sensitivity Analysis Results
for 1991 Preliminary Comparison

Three insights emerge from the information summarized in Figures 4.4-1 and
4.4-4, First, the Culebra appears to provide an effective barrier in
reducing groundwater transport releases to the accessible enviromment. For
example, scenario $(1,0,0,0,0) has 22 nonzero releases to the Culebra but
only 7 nonzero releases to the accessible enviromment, and scenario
§%-(2,0,0,0,0) has 58 nonzero releases to the Culebra but only 15 nonzero
releases to the accessible environment. The extent of this reduction is
illustrated for scenario §t-(2,0,0,0,0) by the scatterplot appearing in
Figure 4.4-5. Second, even the release to the Culebra for E2-type scenarios
is often zero. At present, the probability of E2-type scenarios at the WIPP
is estimated to be considerably larger than the probability for ElE2-type
scenarios. (e.g., see Chapters 2 and 3 of Vol. 2). Third, the releases to
the Culebra may be several orders of magnitude larger for ElE2-type scenarios
than for E2-type scenarios. This pattern is illustrated for scenarios
s+t-(2,0,0,0,0) and S(1,0,0,0,0) by the scatterplot appearing in Figure 4.4-6.

For additional perspective, Figure 4.4-7 summarizes the normalized release to
the Culebra for individual isotopes for intrusions occurring at 1000 yrs. As
examination of this figure shows, total release into the Culebra tends to be
dominated by U-234, although Pu-239 is an important contributor for some
sample elements. Further, Am-241 is also an important contributor at 1000
yrs but is unimportant at later times to radioactive decay.

The releases summarized in Figure 4.4-7 are carried into the Culebra by the
upward flow of brine from the repository through an intruding borehole. The
total brine release to the Culebra is summarized in Figure 4.4-8. The
variables that cause the variation in brine flow to the Culebra shown in

Figure 4.4-8 are determined in a sensitivity analysis presented in the next
section.

4.5 Sensitivity Analysis for Groundwater Releases

Stepwise regression analysis can be used to examine the relationships between
the sampled variables listed in Table 3-1 and groundwater releases to the
accessible environment. Such analyses can be carried out with the original
variables or with these variables transformed in some manner (e.g.,
logarithms, ranks, ...). The present analysis tried regressions with both
the original variables and with their rank-transformed values (Iman and
Conover, 1979). The regressions with rank-transformed variables (i.e., rank

regressions) generally outperformed the regressions with the original
variables.
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Scatterplot of Total Normalized Release to the Culebra Dolomite with Gas Generation in
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Scenario: 5(1,0,0,0,0), Assumed Intrusion Time: 1000 yrs

Gas Gas
bt IR B B ™ T T T A T T T T T 1 T T T T T
Am-241 F peoxx meeom o Am-241 [ ] = < « i
Np-237 L H XX X OXSK XX E Np-237 _;%H(W x _
Pu-239 | H X X XX X XM X x® x Pu-239 | . x x X x E_
Pu-240 - H XM R0 X X WK X x® x - PU'240 -—*o(x _
Th-230 | H X WX XX XK XX . Th-230 _D___I xx x :_
u-233 [ H e - u-233 |f§ 1
U234 F H aomones . U234 H—- o] H ‘
aal ad  —— ul L L L L L ! L L L I : L 1 I l
10® 10® 104 102 10° 102 0 20 40 60 80 100
Release to Culebra: S (1,0,0,0,0) % Total Release to Culebra: S (1,0,0,0,0)
TRI-6342-1536-0 TRI-6342-1537-0

Scenario: S*-(2,0,0,0,0), Assumed Intrusion Time: 1000 yrs

Gas Gas

R oo T

Am-241 T Hewee amoat T 3 4
Np-237 |—— [ | pi= . Np-237 | fpfmcse ;
Pu239 [———f T Hox ex  x Pu-239 -:}—__p« x x XK _
Pu-240 —] I Hooox x x4 Pu-240 —&{ox
Th230 —— [ ¢4== . Th-230 54 x xx oo x x
U-233 [ ] . U-233 -jﬂ
U-234 P 1 U-234 J,—{ [ 1
108 10® 104 102 10° 102 0 20 40 60 80 100
Release to Culebra: S*72,0,0,0,0) % Total Release to Culebra: §*7(2,0,0,0,0)
TRI-6342-1538-0 TRI-6342-1539-0

Figure 4.4-7. Normalized Releases for Individual Isotopes to the Culebra Dolomite with Intrusion

Occurring at 1000 Yrs and Gas Generation in the Repository.
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Figure 4.4-8. Total Brine Flow (m3) from the Repository to the Culebra Dolomite with Gas
Generation in the Repository.

Rank regressions for scenario 5$(1,0,0,0,0) are presented in Table 4.5-1 for
release from the repository to the Culebra Dolomite and for groundwater
transport one-quarter, one-half and the full distance to the accessible
environment. As indicated in Figures 1.5-4, 2.1-1 and 2.1-2 of Vol. 3, the
accessible environment is assumed to begin 5 km from the waste panels. The
actual dependent variables in the regression analyses are the integrated
releases from time of intrusion (i.e., 1000 yrs for scenario $(1,0,0,0,0)) to
10,000 yrs. Thus, the dependent variables in the regression analyses
summarized in the columns labeled "Release to Culebra", "Quarter Distance",
"Half Distance" and "Full Distance" in Table 4.5-1 and other similar tables
are integrated radionuclide releases from time of intrusion to 10,000 yrs
into the Culebra, through a surface 1.25 km from the repository, through a
surface 2.5 km from the repository and through a surface 5 km from the
repository, respectively. Further, the column labeled "Variable" lists the
variables in the order that they entered the stepwise regression analysis,
and the column labeled "R2" lists the cumulative RZ value for all variables
included in the regression model through the step under consideration. The
"+" or "-" appearing in parentheses after the R2 value designates the sign of
the regression coefficient for the variable entering the regression model at

the step under consideration. Regression diagnostics (i.e., a-values and the
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Chapter 4:

Uncertainty and Sensitivity Analysis Results

for 1991 Preliminary Comparison

TABLE 4.5-1.

STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR

SCENARIO 5(1,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra  Quarter Distance Half Distance Full Distance
Step Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SALPERM 059(+) - - SALPERM  0.14 (+) -- -
2 FKDAM 0.24 (+)
3 MKDAM 0.32 (-)
4 CULFRPOR 0.39 (+)
Dependent Variable: Integrated Discharge Np-237
1 SALPERM 0.53(+) MBPERM 0.20 (+) SALPERM 0.19 (+) MBPERM 0.11 (+)
2 MKDNP 0.30 (-)
Dependent Variable: Integrated Discharge Pu-239
1 SALPERM 0.56(+) CULCLIM 0.09 (+) MBPERM 0.18 (+) -- -
2 FKDPU 0.27 (+)
3 VWOOD 0.34 (-)
Dependent Variable: Integrated Discharge Pu-240
1 SALPERM 0.56(+) CULCLIM 0.09 (+) MBPERM  0.18 (+) -- -
2 FKDPU 0.27 (+)
3 VWOOQOD 0.34 (-)
Dependent Variable: Integrated Discharge Th-230
1 SALPERM 0.55(+) SALPERM 0.48 (+) SALPERM 0.23 (+) MKDU 0.20 (-)
2 CULFRPOR 0.57 (+) MKDU 0.39 (-) SALPERM 0.34 (+)
3 MKDU 0.65 (-) CULFRPOR 0.45 (+) CULCLIM 0.52 (+)
Dependent Variable: Integrated Discharge U-233
SALPERM 0.59(+) SALPERM 0.32 (+) SALPERM  0.18 (+) MKDU 0.17 (-)
MKDU 0.46 (-) MKDU 0.33 (-) SALPERM 0.32 (+)

1
2
3
4

CULFRPOR 0.56 (+)
CULCLIM 061 (+)
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4.5 Sensitivity Analysis for Groundwater Releases

TABLE 4.5-1. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5(1,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra Quarter Distance Half Distance Full Distance

Step  Variable R2 Variable R2 Variable R2 Variable R2

Dependent Variable: Integrated Discharge U-234

1 SALPERM 0.59(+) SALPERM 0.38 (+) SALPERM  0.23 (+) MKDU 0.26 (-)
2 MKDU 0.54 (-) MKDU 0.43 (-) SALPERM 0.36 (+)
3 CULFRPOR 0.61 (+) CULFRPOR 051 (+) CULTRFLD 0.42 (+)
4 CULCLIM  0.57 (+)

Dependent Variable: EPA Sum for Total Integrated Discharge

1 SALPERM 0.58(+) SALPERM 0.51 (+) SALPERM  0.42 (+) SALPERM 0.20 (+)
2 CULFRPOR 0.59 (+) MKDU 051 (-) MKDU 0.32 (-)
3 MKDU 0.64 (-) CULFRPOR 0.59 (+) CULCLIM 0.41 (+)
4 CULCLIM  0.69 (+)
5 MKDAM  0.73 (-)

PRESS criterion) were used to provide guidance on the variables selected for
inclusion in the final regression models. However, the final selection of
variables had a significant subjective component, with spurious variables
being excluded from the final regression models. The stepwise regression
analyses presented in this report were performed with the STEPWISE program
(Iman et al., 1980). An overview of the regression-based sensitivity
analysis techniques used in the generation of Table 4.5-1 and other similar
tables in this report is provided in Section 3.5.2 of Vol. 1, and a more
detailed description of these techniques is given in Helton et al. (1991).

As examination of the RZ values associated with the individual regression
analyses in Table 4.5-1 shows, none of the regressions are particularly
successful in accounting for the observed variation in either the releases
for the individual isotopes or the total EPA normalized release.
Specifically, the largest R2 value in Table 4.5-1 is 0.73 and most R2 values
are considerably smaller. This lack of resolution in the regression models

is not surprising given the large number of zero releases associated with the
scenario §(1,0,0,0,0).
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When thresholds and other complex relationships are present, the examination
of scatterplots i1s often revealing. The scatterplots presented in Figure
4.5-1 for the normalized release of Pu-239 to the Culebra provide an
excellent example of the type of information that can sometimes be extracted
from scatterplots. As a reminder, the stepwise regression analysis presented
in Table 4.5-1 for the release of Pu-239 to the Culebra for scenario
5(1,0,0,0,0) selected only the variable SALPERM (Salado permeability) with an
RZ2 value of 0.56, which indicates that the release is dominated by SALPERM
but also that much of the variability in the release 1s not accounted for.
The upper two scatterplots in Figure 4.5-1 provide significantly more insight
into what controls the release of Pu-239 to the Culebra.

As shown by the scatterplot appearing in the upper left of Figure 4.5-1, the
variable SALPERM acts as a switch for scenario 5(1,0,0,0,0) with zero (i.e.,
< 10-8) releases of Pu-239 resulting for SALPERM < 5 x 10-21 m2, and nonzero
releases resulting for SALPERM > 5 x 10-21 n2, However, given that there is
a nonzero release, there is little relationship between SALPERM and the size
of the release. As shown by the scatterplot appearing in the upper right of
Figure 4.5-1, the size of the nonzero releases is dominated by SOLPU
(solubility for Pu).* Thus, SALPERM determines whether or not there is a Pu-
239 release to the Culebra, and given that there is a release, SOLPU
determines how big the release is. The variable SALPERM acts as a switch for
scenario S(1,0,0,0,0) because it determines how long will be required for a
waste panel to fill with brine. If the pore space in a waste panel does not
fill with brine due to a low value for SALPERM, then there can be no fluid
flow to the Culebra and hence no radionuclide release.

For comparison, the lower two frames in Figure 4.5-1 show scatterplots of Pu-
239 release to the Culebra versus SALPERM (Salado permeability) and SOLPU
(solubility for Pu) for scenario S$+-(2,0,0,0,0). As examination of these
scatterplots shows, SALPERM has no effect on the Pu-239 release to the

The elements Np, Pu and U were assigned two solubilities (i.e., SOLNP4,
SOLNP5, SOLPU4, SOLPU5, SQOLU4, SOLU6), with only one solubility being used
in each sample element as determined by the variable EHPH (index variable
used to select the relative areas of the stability regimes for different
oxidation states of Np, Pu and U). All scatterplots involving solubilities
presented in this report display the actual solubilities used in the
calculation of the releases shown in the plot. Further, the solubilities
SOLNP4 and SOLNP5 were sampled with a rank correlation of 0.99, as were the
solubilities SOLPU4 and SOLPUS5 and also the solubilities SOLU4 and SOLU6.
As a result, the variables in the pairs (SOLNP4, SOLNP5), (SOLPU4, SOLPUS)
and (SOLU4, SOLU6) are essentially indistinguishable in a regression
analysis with rank-transformed data. Therefore, the regression analyses

presented in this report use the symbols SOLNP, SOLPU and SOLU to designate
the solubility limits for Np, Pu and U.
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Figure 4.5-1. Scatterplots for Normalized Release of Pu-239 to the Culebra Dolomite with Gas

Generation in the Repository and Intrusion Occurring at 1000 Yrs for Variables
SALPERM (Satado permeability) and SOLPU (solubility for Pu) and Scenarios
5(1,0,0,0,0) and S*-(2,0,0,0,0).
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Culebra for scenario $%-(2,0,0,0,0), with the release being dominated by
SOLPU. Large brine flows take place through a waste panel for scenario
5+-(2,0,0,0,0,) due to the penetration of a pressurized brine pocket, with
the result that additional brine inflow that might be influenced by SALPERM
is of reduced importance.

Due to its role in determining whether or not the waste panels resaturate,
SALPERM (Salado permeability) acts as a switch for all isotopes for scenario
5(1,0,0,0,0). Further, the release patterns shown by Pu-239 in Figure 4.5-1
for scenarios S$(1,0,0,0,0) and S*t-(2,0,0,0,0) are also displayed by Pu-240
and Th-230. A related, but somewhat different, pattern is shown by U-234.

As before, SALPERM acts as a switch for scenario 5(1,0,0,0,0) but the impact
of solubility is reduced due to inventory limits. Scatterplots for BHPERM
(borehole permeability) and SOLU (solubility for U) are shown in Figure
4.5-2. The scatterplots for the release of U-234 to the Culebra for scenario
5(1,0,0,0,0) show small positive effects for BHPERM and SOLU. However, these

effects are not very strong. As a reminder, the numerous zero releases are
resulting from the effect of SALPERM as a switch.

Examination of the scatterplots in Figure 4.5-2 for scenario 5$t-(2,0,0,0,0)
gives a clearer view of what is happening. As indicated by the straight
lines of points in the two lower scatterplots, many sample elements are
resulting in equal releases for scenario $+-(2,0,0,0,0). As shown in Figure
2.4-2, these equal releases correspond to the inventory of U-234 in a single
panel. Thus, the release of U-234 for scenario $Y-(2,0,0,0,0) is often
inventory limited. As the two lower scatterplots in Figure 4.5-2 show, the
release of U-234 to the Culebra for scenario S+¥-(2,0,0,0,0) tends to increase
as BHPERM (borehole permeability) and SOLU (solubility for U) increase.
However, the larger values assigned to either of these variables result in a
complete removal of the U-234 inventory. The indicated effect for BHPERM
results because large values for BHPERM lead to large brine flows through the
repository and hence a complete removal of U-234 even for the smaller values
of SOLU. Similarly, large values of SOLU result in a complete removal of U-
234 unless the brine flows are very small (i.e., there are a few sample

elements in which a large value for SOLU does not lead to a complete removal
of U-234).

The scatterplots shown in Figure 4.5-2 for scenario S(1,0,0,0,0) do not
display patterns that are as well-defined as in the scatterplots for scenario
5+-(2,0,0,0,0). However, with the insights gained from the scatterplots for
scenario §t¥-(2,0,0,0,0), it is possible to get a better feeling for what is
happening for scenario $(1,0,0,0,0). As shown in Figure 4.4-8, the brine
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5(1,0,0,0,0) and S*+-(2,0,0,0,0).
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for 1891 Preliminary Comparison

flows out of the repository are much smaller for scenario §(1,0,0,0,0) than
for scenario S*-(2,0,0,0,0). Increasing BHPERM increases this flow and hence
tends to increase the release; similarly, increasing SOLU increases the
amount of U-234 that can be dissolved and hence tends to increase the size of
the release. However, the small size of these flows and their variability
due to the effects of other variables such as SALPERM (Salado permeability)
and SALPRES (Salado pressure)* produces a more diffuse pattern. Further, the
larger values of BHPERM and SOLU for scenario 5(1,0,0,0,0) come very close to
producing inventory-limited results, although the inventory limits are not
quite reached and so the scatterplots for scenario 5(1,0,0,0,0) in Figure
4.5-2 do not have the flattened tops displayed by the scatterplots for
scenario §t-(2,0,0,0,0).

Scatterplots for the release of Am-241 to the Culebra for BHPERM (borehole
permeability) and SOLAM (solubility for Am) are given in Figure 4.5-3 for
scenarios 5(1,0,0,0,0) and St-(2,0,0,0,0). The release behavior for Am-241
is similar to that of U-234, although it is complicated by the relatively
short half-life (i.e., 432 yrs) of Am-241. For scenario 5(1,0,0,0,0), the
release to the Culebra tends to increase as BHPERM and SOLAM increase, and
many zero releases occur due to the previously discussed role of SALPERM
(Salado permeability). However, except for the role of SALPERM as a switch,
the relations between the sampled variables and release to the Culebra tend
to be rather diffuse for scenario $(1,0,0,0,0).

A somewhat clearer pattern of relationships is shown in Figure 4.5-3 for
scenario S%-(2,0,0,0,0). A well-defined relationship between release to the
Culebra and BHPERM (borehole permeability) is shown, with the release tending
to increase as BHPERM increases. As discussed with respect to U-234,
increasing BHPERM increases brine flow through the waste panel and hence
release to the Culebra. This effect is particularly important for Am-241
because release to the Culebra is competing with radioactive decay; if Am-241
is not transported to the Culebra relatively early in the 10,000-yr time
period that must be considered in the EPA regulations, very little release
can occur. The scatterplot for SOLAM (solubility for Am) shows the Am-241
releases to the Culebra increasing as SOLAM increases, with a tendency for
the release to level off for larger values of SOLAM (i.e., > 10-7 mol/£). As
shown in Figure 2.4-2, the inventory of Am-241 in a single waste panel at
1000 yrs is approximately 30 EPA units, which declines rapidly with
increasing time due to radioactive decay. The flattening shown in the
relatlionship between release to the Culebra and SOLAM for Am-241, which is
bounded above by approximately 10 EPA units, is probably due to inventory

* See Tables 4.5-3 and 5.1-1.
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limitations. The pattern for Am-241 1Is not as clean as the corresponding
pattern shown in Figure 4.5-2 for U-234 due to the strong time dependence of

the Am-241 inventory (i.e., compare the time-dependent inventories of Am-241
and U-234 shown in Figure 2.4-2).*

Thus far, the discussion of the sensitivity analysis results in Table 4.5-1
for scenario $(1,0,0,0,0) has focused on the release of individual isotopes
to the Culebra. Corresponding releases for scenario $+-(2,0,0,0,0) have also
been discussed. Total releases (i.e., summed over all isotopes) to the
Culebra and also to the accessible environment for scenario 5(1,0,0,0,0) are
now considered. As shown by the R2 values for the regressions for "EPA Sum
for Total Integrated Discharge" in Table 4.5-1, the regression models are
performing poorly in determining the relationships between the sampled
variables and total release, which is not surprising given the complex
relationships involving individual isotopes that are shown in Figures 4.5-1
through 4.5-3. Specifically, the final R2 values for the four regressions
are 0.58, 0.73, 0.59 and 0.41. Additional insight on what is causing the
variation in total release for scenario $(1,0,0,0,0) can be obtained from the
scatterplots in Figure 4.5-4.

The top pair of scatterplots in Figure 4.5-4 is for the total normalized
release from the repository to the Culebra. As previously observed for the
individual isotopes (e.g., see Figure 4.5-1), SALPERM (Salado permeability)
acts as a switch, with a value of approximately 5 x 10-21 p2 determining
whether or not a release to the Culebra will occur. Further, given that a
release occurs, its value tends to increase as SALPERM increases. Similarly,
releases also tend to increase as BHPERM (borehole permeability) increases,
although zero releases are interspersed throughout the range of BHPERM due to
the effects of SALPERM. The lower pair of scatterplots in Figure 4.5-4 is
for the total normalized release to the accessible environment. As
examination of these scatterplots shows, only seven sample elements result in
nonzero releases to the accessible environment. Further, these releases tend
to increase as BHPERM and SALPERM increase. The large number of zero
releases indicated by the scatterplots in Figure 4.5-4 are obscuring (i.e.,
censoring) the effects of individual variables and, as a result, are leading
to regression models with low R2 values.

* The results presented in Figure 4.5-3 are for gas generation in the
repository, which does have an effect on the time required to fill the pore
space in a waste panel with brine. This effect is more important for
isotopes such as Am-241 that have short half-lives than for isotopes with
longer half-1lives. The effects discussed in this paragraph can be seen
more clearly in Figure 5.1-7, which presents the same results but without
the assumption of gas generation in the repository.
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Table 4.5-1 also contains analyses for the integrated releases of individual
isotopes at one-quarter, one-half and the full distance to the accessible
environment. The regressions are very poor, with most analyses leading to
final regression models with R2 values less than 0.5. The reason for this is
simple: most of the releases are zero. As already discussed, SALPERM
(Salado permeability) causes approximately half the releases to the Culebra
to be zero. Further, retardation prevents all isotopes from reaching the
accessible environment for most sample elements. The limited releases due to
transport within the Culebra as illustrated are Figures 4.4-1, 4.4-2 and
4.5-4.

Rank regressions for scenario §+-(2,0,0,0,0) are presented in Table 4.5-2.
The individual regression analyses in Table 4.5-2 generally have higher R2
values than the corresponding analyses in Table 4.5-1 for scenario
5(1,0,0,0,0), which is not surprising given the larger number of nonzero
releases for scenario $¥-(2,0,0,0,0). As previously discussed in conjunction
with Figures 4.5-1 through 4.5-3, the most important variables for release to
the Culebra are BHPERM (borehole permeability) and the solubilities for the
individual elements (i.e., SOLU, SOLNP, SOLAM, SOLTH and SOLPU). As an
example, Figure 4.5-5 contains the scatterplot for BHPERM and total
normalized release to the Culebra and shows the well-defined trend between
increasing values for BHPERM and increasing releases to the Culebra. After

BHPERM and the solubilities, the most important variable is BPPRES (brine
pocket pressure).

The matrix distributions coefficients (i.e, MKDU, MKDNP, MKDTH and MKDPU)
tend to be the most important variables for integrated release at various
points along the transport path in the Culebra. The R2 values tend to
decrease as the length of the transport path increases due to both an
increasing number of variables that can affect the results and an increasing
number of zero releases. The scatterplots in Figure 4.5-6 for integrated
radlonuclide transport in the Culebra for one-quarter the distance to the
accessible environment provide a graphical representation for what is
happening. The top two scatterplots are for Am-241 and Pu-239 versus their
matrix distribution coefficients MKDAM and MKDPU. Effectively, all the
releases for these two isotopes are zero even though transport is for only
one-quarter the distance to the accessible environment (i.e., the largest
integrated release values for Am-241 and Pu-239 are less than 10-19 and 10-9,
respectively). The lower two scatterplots for U-234 are more interesting.
The U-234 releases tend to decrease as MKDU (matrix distribution coefficient
for U) increases until a switch is reached at a value of approximately

10-3 m3/kg for MKDU, after which the integrated release values for U-234 are
zero (i.e., < 10'10). Further, given that there is a nonzero release for U-
234, this release tends to increase as BHPERM (borehole permeability)
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TABLE 4.5-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO s +-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A
DUAL-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.36 (+) -- - - -- - -
2 BHPERM 0.74 (+)
3 BPPRES 0.78 (+)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.65 (+) FKDNP 0.18 (-) MKDNP 0.55 (-) MKDNP 0.26 (-)
2 BHPERM 0.78 (+) MKDNP 0.34 (-) GRCORI 0.36 (-)
3 BPPRES 0.82 (+) BHPERM 0.41 (+)
4 EHPH 0.85 (+)
5 GRCORI 088 (-)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.74 (+) MKDPU 0.16 (-) MKDPU 016 (-) - -
2 BHPERM 0.85 (+) FKDPU 0.28 (-)
3 CULPOR 035 (-)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.74 (+) CULPOR 0.15(-) MKDPU 017 (-) - -
2 BHPERM 0.85 (+) MKDPU 025 (-)
3 FKDPU 0.35(-)
Dependent Variable: Integrated Discharge Th-230
1 SOLTH 0.69 (+) MKDU 0.30 (-) MKDU 032 (-) MKDU 0.35 (-)
2 BHPERM 0.82 (+) MKDTH 0.45 (-) MKDTH 0.43 (-) CULFRSP 0.46 (+)
3 CULFRSP 0.53 (+) CULFRSP  0.52 (+) CULCLIM 0.55 (+)
4 DBDIAM 058 (+) CULCLIM 058 (+) MKDTH 0.61 (-)
5 FKDPU 0.63 (-) FKDPU 063 (-)
6 CULCLIM 0.68 (+)
7 BHPERM 0.72 (+)
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for 1991 Preliminary Comparison

Uncertainty and Sensitivity Analysis Results

TABLE 4.5-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO S*-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A

DUAL-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND

INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra Quarter Distance Half Distance Fuli Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-233
1 BHPERM 0.43 (+) MKDU 0.46 (-) MKDU 048 (-) MKDU 041 (-)
2 SOLU 0.58 (+) GRCORI 0.53 (-) SOLNP 0.55 (+) SOLNP 0.49 (+)
3 BPPRES 0.70 (+) SOLNP 0.60 (+) FKDNP 0.60 (-) FKDNP 0.54 (-)
4 SOLNP 0.74 (-) BHPERM 0.66 (+)
5 CULFRSP 0.71 (+)
6 MKDNP 0.75 (-)
7 FKDNP  0.77 (-)
Dependent Variable: Integrated Discharge U-234
1 BHPERM 0.47 (+) MKDU 0.62 (-) MKDU 0.61 (-) MKDU 0.61 (-)
2 SOLU 0.60 (+) CULFRSP 0.67 (+) SOLNP 0.68 (+) SOLNP 0.68 (+)
3 BPPRES 0.72 (+) BHPERM 0.71 (+) CULCLIM  0.71 (+)
4 CULCLIM 0.74 (+)
5 EHPH 0.77 (-)
Dependent Variable: EPA Sum for Total Integrated Discharge
1 BHPERM 0.46 (+) MKDU 0.26 (-) MKDU 0.25 (-} MKDU 0.24 (-)
2 SOLAM 0.57 (+) CULFRSP 0.40 (+) CULFRSP 043 (+) CULFRSP 0.44 (+)
3 BPPRES 0.66 (+) GRCORI  0.46 (-) GRCORI 049 (-) GRCORI 0.51 (-)
4 SOLPU 0.69 (+) BHPERM 0.52 (+) BHPERM 0.55 (+) SOLNP 0.58 (+)
5 BPSTOR 0.73 (+) SOLNP 0.58 (+) FKDPU 0.60 (-)
6 SOLU 0.76 (+) FKDPU 0.63 (-) MKDNP 0.64 (-)
7 MKDNP 0.68 (-) SOLNP 0.68 (+)
8 FKDNP  0.71 (-)
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Figure 4.5-5. Scatterplot for Borehole Permeability (BHPERM) versus Total Normalized Release to

the Culebra Dolomite for Scenario S *-(2,0,0,0,0) with Gas Generation in the
Repository and Intrusion Occurring at 1000 Yrs.

increases. The variable BHPERM is important because it influences both how
much U-234 is released to the Culebra and when this release occurs.
Specifically, large values for BHPERM result in earlier releases to the
Culebra, which allows more time for groundwater transport.

Additional perspective on the variables affecting total release to the
accessible environment for scenario $*t-(2,0,0,0,0) is provided by the
scatterplots appearing in Figure 4.5-7. Of the four variables shown in this
figure, only MKDU (matrix distribution coefficient for U) and CULFRSP
(Culebra fracture spacing) are selected in the corresponding regression
analysis shown in Table 4.5-2 (i.e., the analysis for "EPA Sum for Total
Integrated Discharge" at "Full Distance"). As examination of the
scatterplots for these variables shows, zero releases tend to be associated
with large values of MKDU and the larger releases tend to be associated with
the larger values of CULFRSP, which is consistent with the negative
regression coefficient determined for MKDU and the positive regression
coefficient determined for CULFRSP. The scatterplots for BHPERM (borehole
permeability) and CULFRPOR (Culebra fracture porosity) show that both these
variables have a positive effect on total release to the accessible
environment (i.e., there is a tendency for the release to increase as each of
these variables increases). However, neither of these variables is selected
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in the corresponding regression analysis presented in Table 4.5-2 due to the
large number of zero releases randomly interspersed over their ranges as a
result of the effects of other variables. Thus, total release to the
accessible environment for scenario $+-(2,0,0,0,0) provides another example
of the fact that, when complex patterns of behavior are present, it is not
possible to blindly rely on regression analyses to reveal what is going on.
An earlier example of this type of complex behavior was provided by the

effect of SALPERM (Salado permeability) on the release to the Culebra for
scenario S$(1,0,0,0,0).

The sensitivity analysis results in Tables 4.5-1 and 4.5-2 are for
groundwater releases to the accessible environment resulting from intrusions
occurring at 1000 yrs (i.e., for scenarios S$(1,0,0,0,0) and S*t-(2,0,0,0,0)).
Due to the increasing number of zero releases, additional sensitivity
analyses for releases to the accessible environment due to intrusions
occurring at later times are not particularly revealing. However, due to the
larger number of nonzero releases, it is interesting to consider the releases
from the repository to the Culebra at additional times.

The total normalized releases to the Culebra due to intrusions occurring at
different times are summarized in Figure 4.4-4. Further, the brine flows
that carry these releases from the repository to the Culebra are summarized

in Figure 4.4-8. Stepwise regression analyses for the brine flows and
radionuclide releases summarized in these figures are given in Table 4.5-3.
For the E2-type scenarios (i.e., $(1,0,0,0,0), ..., S(0,0,0,0,1)), both the

brine flows and the normalized releases are dominated by SALPERM (Salado
permeability), BHPERM (borehole permeability) and MBPERM (marker bed
permeability). For the ElE2-type scenarios (i.e., S¥-(2,0,0,0,0) through
s*+-(0,0,0,0,2)), the brine flows are dominated by BHPERM, BPPRES (brine
pocket pressure) and DBDIAM (drill bit diameter), and the normalized releases
are dominated by BHPERM, BPPRES and solubilities for individual elements
(e.g., SOLAM, SOLPU, SOLU). For releases into the Culebra overall, SALPERM
is the most important variable for E2-type scenarios, and BHPERM is the most
important variable for ElE2-type scenarios.

The elements Np, Pu and U were assigned two solubilities (i.e., SOLNP4,
SOLNP5, SOLPU4, SOLPU5, SOLU4 and SOLU6), with only one solubility being used
in each sample element as determined by the variable EHPH (index variable
used to select the relative areas of the stability regimes for different
oxidation states of Np, Pu and U) (Trauth et al., 1991). Specifically, EHPH
has a value between O and 1 for each sample element. As indicated in Table
3-1 and discussed in more detail in Section 3.5-5 of Vol. 3, solubilities
(i.e., SOLNP, SOLPU and SOLU) are then assigned in the following manner for
calculations with the PANEL program for each sample element:
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4.5 Sensitivity Analysis for Groundwater Releases

TABLE 4.5-3. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
TOTAL BRINE RELEASE AND TOTAL NORMALIZED RELEASE TO THE CULEBRA
DOLOMITE WITH GAS GENERATION IN THE REPOSITORY

Total Brine Total Release Total Brine Total Release
Step Variable R2 Variable R2 Variable R2 Variable R2
Time of Intrusion: 1000 yrs
Scenario: 5(1,0,0,0,0) Scenario: S*-(2,0,0,0,0)
1 SALPERM 0.58(+) SALPERM 0.58(+) BHPERM 0.81(+) BHPERM 0.46(+)
2 BPPRES 0.94(+) SOLAM 0.57(+)
3 DBDIAM 096(+) BPPRES 0.66(+)
4 SOLPU 0.69(+)
5 BPSTOR  0.73(+)
6 SOLU 0.76(+)
Time of Intrusion: 3000 yrs
Scenario: 5(0,1,0,0,0) Scenario: S*-(0,2,0,0,0)
1 SALPERM 0.59(+) SALPERM 0.59(+) BHPERM 0.81(+) BHPERM 0.49(+)
2 MBPERM 0.63(+) BPPRES 0.94(+) BPPRES 0.62(+)
3 DBDIAM 0.96(+) SOLPU 0.69(+)
Time of Intrusion: 5000 yrs
Scenario: 5(0,0,1,0,0) Scenario: S*-(0,0,2,0,0)
1 SALPERM 0.54(+) SALPERM 0.54(+) BHPERM 0.82(+) BHPERM 0.51(+)
2 BHPERM 0.58(+) BHPERM 0.58(+) BPPRES 0.94(+) BPPRES 0.64(+)
3 DBDIAM 0.96(+) SOLPU 0.70(+)
4 SOLU 0.73(+)
Time of Intrusion: 7000 yrs
Scenario: 5$(0,0,0,1,0) Scenario: $*-(0,0,0,2,0)
1 MBPERM 0.39(+) MBPERM 0.40(+) BHPERM 0.83(+) BHPERM 0.60(+)
2 BHPERM 0.49(+) BHPERM 0.50(+) BPPRES 0.92(+) BPPRES 0.71(+)
3 DBDIAM 0.95(+) SOLPU 0.75(+)
4 SOLU 0.77(+)
Time of Intrusion: 9000 yrs
Scenario: 5$(0,0,0,0,1) Scenario: S*-(0,0,0,0,2)
1 - - - - BHPERM 0.78(+) BHPERM 0.72(+)
2 BPPRES 0.83(+) BPPRES 0.78(+)
3 DBDIAM 0.85(+) SOLU 0.80(+)
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SOLNP4 if EHPH < 0.485
SOLNP =

SOLNP5 if EHPH = 0.485,

SOLPU4 if EHPH < 0.539
SOLPU =

SOLPUS if EHPH = 0.539

and

SOLU4 if EHPH < 0.299
SOLU =

SOLU6 if EHPH = 0.299.

Three scatterplots and one box plot showing the effects of these assignments

on release to the Culebra for scenario §t-(2,0,0,0,0) are given in Figure
4.5-8.

The scatterplots are for EHPH (index variable used to select the relative
areas of the stability regimes for different oxidation states of Np, Pu and
U) versus normalized release of Np, Pu and U to the Culebra. The vertical
lines in the scatterplots indicate where the transition from the use of the
solubility for one oxidation state to the solubility for the other oxidation
state takes place. Although EHPH provides no ordering on the solubilities
actually used for a given oxidation state, there should be a general shift in
the locations of the points associated with the two oxidation states for a
given element if the solubility for one oxidation state tends to produce
larger releases than the solubility for the other oxidation state. The three
scatterplots give little indication of such a shift. Use of SOLNP5 produces
somewhat larger releases for Np than use of SOLNP4, although the effect is
not very striking given the large overall variation in release size.
Basically, the ranges associated with the individual solubilities are so
large and overlap to such an extent that the effects of the different oxida-
tion states are lost. The box plot in Figure 4.5-8 provides a more compact
representation of the information contained in the scatterplots and clearly
shows the great extent to which the releases predicted with the solubilities
for different oxidation states overlap. As indicated in the figure, the
number of observations used in the construction of each box plot depends on
how many times the corresponding solubility was used in the original sample

of size 60 (e.g., 29 observations were used in the construction of the box
plot for Npt4),

The distribution of CCDFs for normalized release to the accessible
environment due to groundwater transport is shown in the lower left frame of
Figure 4.1-2. This is not a particularly interesting distribution as only 4
CCDFs out of a total of 60 are nonzero within the probability and consequence
ranges under consideration. For comparison, Figure 4.5-9 shows the
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Figure 4.5-9. Distribution of Complementary Cumulative Distribution Functions for Normalized

Release to the Culebra Dolomite with Gas Generation in the Repository. The CCDFs in
this figure are for release to the Culebra, not release to the accessible environment;

the corresponding CCDFs for release to the accessible environment are given in the
lower two frames of Figure 4.1-2.

corresponding distribution of CCDFs for normalized release to the Culebra.
The CCDFs appearing in Figure 4.5-9 are constructed in the same manner as the
CCDFs for release to the accessible environment due to groundwater transport
shown in Figure 4.1-2 (see Vol. 2, Chapters 2 and 3) except that releases to
the Culebra rather than releases to the accessible environment are used as
the consequences associated with the individual scenarios. In contrast to the
4 nonzero CCDFs in Figure 4.1-2 for normalized release to the accessible
environment due to groundwater transport, Figure 4.5-9 contains 58 nonzero
CCDFs for normalized release to the Culebra. However, only 4 of the CCDFs in
Figure 4.5-9 for release to the Culebra cross the EPA release limits. Thus,
transport in the Culebra with a dual-porosity model is causing a substantial
reduction in radionuclide release to the accessible environment from what is
already a small release from the repository.

Distributions of CCDFs of the form shown in Figure 4.5-9 can also be
considered in sensitivity studies by performing regression-based analyses for
the exceedance probabilities associated with individual release values on the
abscissa. Specifically, each value on the abscissa has 60 exceedance

probabilities associated with it, where 60 is the sample size being used in
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4.6 Sensitivity Analysis for CCDFs

the present analysis. Regression coefficients or partial correlation
coefficients can be calculated which relate the variability in the exceedance
probabilities associated with a particular release value to the sampled
variables listed in Table 3-1. The coefficients calculated in this manner
can then be plotted above the corresponding releases. The result of such an
analysis for the CCDFs shown in Figure 4.5-9 is presented in Figure 4.5-10.
The upper frame contains partial rank correlation coefficients, and the lower
frame contains standardized rank regression coefficients. The results
obtained for individual values on the abscissa are connected to form the
curves displayed in the figure. To control the number of curves, a varilable
was required to have a partial rank correlation coefficient with an absolute
value of at least 0.4 for some release value to be included in the figure.

The results appearing in Figure 4.5-10 were calculated with the PCCSRC
program (Iman et al., 1985).

As examination of Figure 4.5-10 shows, SALPERM (Salado permeability) and
LAMBDA (rate constant in Poisson model for drilling intrusions) are the two
most important variables with respect to the exceedance probabilities for
small release values, with the values for these probabilities tending to
increase as SALPERM and LAMBDA increase. The variables BHPERM (borehole
permeability) and SOLPU (solubility of Pu) are less important than SALPERM
and LAMBDA for the exceedance probabilities for small release values but
become more important for the exceedance probabilities for larger release

values, with the values for these probabilities again tending to increase as
BHPERM and SOLPU increase.

4.6 Sensitivity Analysis for CCDFs

The most general result of the 1991 WIPP performance assessment is the
distribution of CCDFs shown in Figure 2.1-2, which include the releases due
to both cuttings removal and groundwater transport to the accessible
environment. As discussed in conjunction with Figures 4.5-9 and 4.5-10, a
sensitivity analysis can be performed for the CCDFs in Figure 2.1-2 by
analyzing the variability associated with the exceedance probabilities for

individual normalized releases. The result of this analysis is shown in
Figure 4.6-1.

As examination of Figure 4.6-1 shows, the variability of the CCDFs in Figure
2.1-2 is dominated by LAMBDA (rate constant in Poisson model for drilling
intrusions) and DBDIAM (drill bit diameter). Of the two variables, LAMBDA is
the more important and almost completely dominates the variability in the
CCDFs. 1In particular, the partial rank correlation coefficients and
standardized rank regression coefficients shown for LAMBDA in Figure 4.6-1

are very close to one. For perspective, plots of R2 values for regression
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Figure 4.5-10.
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4.6 Sensitivity Analysis for CCDFs

Partial Rank Correlation Coefficients and Standardized Rank Regression Coefficients
for Exceedance Probabilities Associated with Individual Complementary Cumulative
Distribution Functions in Figure 2.1-2 for Normalized Release to the Accessible
Environment Including Both Cuttings Removal and Groundwater Transport with Gas
Generation in the Repository and a Dual-Porosity Transport Model in the Culebra

Dolomite.
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models using just LAMBDA (upper frame) and both LAMBDA and DBDIAM (lower
frame) are shown in Figure 4.6-2. Except for a few downward spikes, the R2
values for regression models using only LAMBDA are close to one. Further,
the downward spikes are substantially reduced and the R2 values move close to
one for regression models using both LAMBDA and DBDIAM.

The spikes involving DBDIAM (drill bit diameter) in Figure 4.6-1 are quite
striking and merit additional discussion. These spikes are the result of the
discretization of the waste into 5 activity levels as shown in Table 2.4-4
for the calculation of cuttings removal. The effect of this discretization
can be seen in the structure of the CCDFs in Figure 2.1-2. As illustrated in
Figure 4.6-3, the individual CCDFs in Figure 2.1-2 have 4 plateaus and 4
associated regions of rapid decrease. The first plateau corresponds to no
intrusion. The region of rapid decrease between the first and second plateau
corresponds to cuttings releases dominated by waste of activity level 1. The
second plateau corresponds to a range of releases between releases dominated
by activity level 1 and releases dominated by activity level 2. The region
of rapid decrease between the second and third plateau corresponds to
releases dominated by waste of activity level 2. This pattern continues for
the other plateaus. The cuttings release for activity level 5 falls midway
between the releases for activity levels 2 and 3 (see Vol. 2, Table 3-3) but
does not have a large impact on the structure of the CCDF because the
conditional probability of encountering waste of activity level 5 (i.e.,
0.0588 as shown in Table 2.4-4) is less than the conditional probability of
encountering waste of activity level 3 (i.e., 0.2242). The regions of rapid
decrease between plateaus tend to be more stretched out when DBDIAM (drill
bit diameter) is large. In particular, DBDIAM affects the location at which
the transition from rapid decrease to a plateau occurs but does not affect
the height of the plateau, which is determined entirely by LAMBDA (rate
constant in Poisson model for drilling intrusions). With respect to Figure
4.6-1, the maximums for DBDIAM are occurring within the regions of rapid
descent while the minimums are occurring within the plateaus, which are
determined by LAMBDA. The use of more activity levels would eliminate the
plateaus and regions of rapid decrease in the CCDFs in Figure 2.1-2 and thus
would also eliminate the spikes associated with DBDIAM in Figure 4.6-1.
However, although this added resolution would produce smoother CCDFs, it

would not cause a significant change in the distribution of CCDFs shown in
Figure 2.1-2.
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5. EFFECT OF ALTERNATIVE CONCEPTUAL MODELS

As described in Table 3-2, several alternative conceptual models were

considered as part of the 1991 WIPP performance assessment. A summary
of the results obtained with these alternative models is presented in

this chapter.

5.1 Effect of Waste Generated Gas

The analyses presented in Chapter 4 were performed with the assumption that
the production of waste-generated gas would take place due to corrosion and
microbial action. The variables GRCORH, GRCORI, GRMICH, GRMICI, STOICCOR,
STOICMIC, VMETAL and VWOOD in Table 3-1 relate to the generation of such gas.
The presence and impact of waste-generated gas is a topic of considerable
interest and uncertainty (Brush, 1990) in the WIPP performance assessment,
with 1991 being the first year in which gas pgeneration was incorporated into
the annual performance assessment.

To help provide perspective on the impact of gas generation, the analyses
presented in Chapter 4 were repeated for scenarios §(1,0,0,0,0) and
5+-(2,0,0,0,0) for the same Latin hypercube sample used in Chapter 4 but with
an assumption of no gas generation. Results obtained with and without gas
generation are compared in Figure 5.1-1, which contains scatterplots for
brine flow into the Culebra and total normalized release into the Culebra
with and without gas generation for scenarios 5(1,0,0,0,0) and
5+-(2,0,0,0,0).

As examination of Figure 5.1-1 shows, the presence or absence of gas
generation can have a significant impact on radionuclide release to the
Culebra. For scenario 5§(1,0,0,0,0), many sample elements result in no
release to the Culebra when gas generation in the repository is assumed to
take place. As shown in Figure 4.5-1, the variable SALPERM (Salado
permeability) acts as a switch in the presence of gas generation, with no
releases to the Culebra occurring for values of SALPERM less than
approximately 5 x 10-21 n2.  The removal of gas generation also removes the
effect of SALPERM as a switch, which can be seen in the two upper frames in
Figure 5.1-1 in the appearance of points indicating nonzero flows and
releases above what were zero values for analyses performed with gas
generation. Due to the low values for SALPERM, the additional nonzero brine
flows into the Culebra in the absence of gas generation are small (see upper
left frame in Figure 5.1-1). However, little relationship exists between the
size of these brine flows and the actual releases into the Culebra (see upper
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Scatterplots of Total Brine Flow (m3) and Total Normalized Release from the Repository
to the Culebra Dolomite with and without Gas Generation in the Repository for
Scenarios $(1,0,0,0,0) and S*-(2,0,0,0,0) with an Assumed Intrusion Time of 1000 Yrs.

For plotting purposes when a logarithmic scale is used, numbers less than 10-6 are
assigned a value of 10-6.
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5.1 Effect of Waste Generated Gas

right frame in Figure 5.1-1). 1In addition, the nonzero brine flows and

radionuclide releases that result for scenario $(1,0,0,0,0) increase in the
absence of gas generation, which is indicated by the presence of points above
the diagonal lines in the upper two frames of Figure 5.1-1.

For scenario S*-(2,0,0,0,0), the presence or absence of gas generation has
little effect on whether or not a release to the Culebra occurs. However,
the absence of gas generation does increase the size of the release (see
lower right frame in Figure 5.1-1). As most of the brine flow into the
Culebra is coming from a pressurized brine pocket in the Castile Formation
for the scenario §t-(2,0,0,0,0), gas generation has only a limited effect on
this flow (see lower left frame in Figure 5.1-1).

Releases of individual isotopes to the Culebra and to the accessible
environment due to groundwater transport are summarized in Figures 5.1-2 and
5.1-3. As examination of these figures shows, transport in the Culebra
results in substantial reductions in the releases for the individual
isotopes. In particular, Am-241 and Pu-239 are important contributors to the
release into the Culebra but make little contribution to the release to the
accessible environment.

The radionuclide releases summarized in Figures 5.1-2 and 5.1-3 were
calculated with the assumption that no gas generation takes place in the
repository. The corresponding results for gas generation in the repository
appear in Figures 4.4-7 and 4.4-2, respectively. As already discussed, the
releases in Figures 4.4-7 and 4.4-2 tend to be smaller than those in Figures
5.1-2 and 5.1-3 due to the effect that gas generation has on reducing brine
inflow to the repository from the Salado Formation.

The CCDFs summarizing groundwater transport releases to the accessible
environment for gas generation in the repository and a dual-porosity
transport model in the Culebra are given in the lower left frame of Figure
4.1-2. 1f the no-gas-generation results presented in this section had been
calculated for all ten scenarios appearing in Figure 4.4-1, then the
equivalent distribution of CCDFs could be obtained for no gas generation, and
comparison of the two CCDF distributions would provide an indication of the
effect of gas generation on the actual results (i.e., CCDFs) used in
comparisons with the EPA release limits. However, to reduce computational
costs, the no-gas-generation calculations presented in this section were only
performed for scenarios $(1,0,0,0,0) and S*-(2,0,0,0,0). As a result, it is
not possible to generate a distribution of CCDFs with the available results
for groundwater transport to the accessible environment that is equivalent to
the one appearing in Figure 4.1-2.
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Figure 5.1-2. Normalized Releases for Individual Isotopes into the Culebra Dolomite with Intrusion
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6 Figure5.1-3. Normalized Releases for Individual Isotopes to the Accessible Environment Due to
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Chapter 5: Effect of Alternative Conceptual Models

Another possibility for comparing CCDFs constructed with and without gas
generation in the repository is to use only the results for scenarios
$(1,0,0,0,0) and S*+-(2,0,0,0,0) (i.e., the results for intrusions occurring
at 1000 yrs), which is equivalent to assuming that the rate constant X in the
Poisson model for drilling intrusions is equal to zero after 2000 yrs. Such
an assumption is actually consistent with recommendations obtained in an

external review of potential human disruptions at the WIPP (Hora et al.,
1991).

Distributions of CCDFs constructed in this manner for release with and
without gas generation in the repository are shown in Figure 5.1-4. As
comparison of the results in Figure 5.1-4 shows, both the inclusion and
exclusion of gas generation produce distributions of CCDFs that are
substantially below the EPA release limits, although the CCDFs obtained
without gas generation tend to be somewhat closer to the limits.

As shown in Figure 4.4-1, intrusions occurring after 1000 yrs result in
smaller releases than intrusions occurring at 1000 yrs due to increased time
for radioactive decay and reduced time for groundwater transport. As a
result, consideration of a constant-valued, nonzero A in the Poison model for
drilling intrusions out to 10,000 yrs is unlikely to shift the CCDFs in
Figure 5.1-4 up by more than a factor of 5 and an upward shift of 2 is more
reasonable. Further, due to the low probability of compounding a large
number of independent intrusions in different time intervals, the shift of
the CCDFs to the right by more than a factor of 2 or 3 for a constant-valued,
nonzero A out to 10,000 yrs is also unlikely.

Sensitivity analyses for total brine release and total normalized release to
the Culebra for scenarios S(1,0,0,0,0) and S*-(2,0,0,0,0) with no gas
generation in the repository are presented in Table 5.1-1. For scenario
§(1,0,0,0,0), brine release is dominated by SALPERM (Salado permeability),
BHPERM (borehole permeability) and SALPRES (Salado pressure), and normalized
release is dominated by SOLAM (solubility of Am) and SALPERM. For scenario
st-(2,0,0,0,0), brine release is dominated by BHPERM, BPPRES (brine pocket
pressure) and DBDIAM (drill bit diameter), and normalized release is
dominated by SOLAM, BHPERM, SOLPU (solubility of Pu) and BPPRES.

The corresponding analyses for brine releases and normalized releases with
gas generation are presented in Table 4.5-3 for intrusions occurring at 1000
yrs. For the analyses for scenario S$(1,0,0,0,0) with gas generation, the
results are dominated by SALPERM (Salado permeability) due to its previously
discussed role as a switch. In contrast, additional important variables are
identified in the analyses for scenario 5(1,0,0,0,0) in Table 5.1-1 because
SALPERM does not introduce a discontinuity into the results in the absence

5-6
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Figure 5.1-4. Comparison of Complementary Cumulative Distribution Functions for Normalized
Release to the Accessible Environment with Gas Generation in the Repository (upper
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Dual-Porosity Transport Model in the Culebra Dolomite and the Rate Constant X in the
Poisson Model for Drilling Intrusions Equal to Zero After 2000 Yrs.
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TABLE 5.1-1.  STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR TOTAL
BRINE RELEASE AND TOTAL NORMALIZED RELEASE TO THE CULEBRA DOLOMITE
WITH NO GAS GENERATION IN THE REPOSITORY AND INTRUSION OCCURRING
1000 YRS AFTER REPOSITORY CLOSURE

Scenario: 5(1,0,0,0,0) Scenario: S*-(2,0,0,0,0)
Total Brine Total Release Total Brine Total Release
Step  Variable R2 Variable R2 Varlable R2 Variable R2

SALPERM 0.51(+) SOLAM  042(+) BHPERM  0.82(+) SOLAM  0.62(+)
BHPERM 0.69(+) SALPERM 0.65(+) BPPRES  0.95(+) BHPERM 0.71(+)
SALPRES 0.79(+) DBDIAM  0.97(+) SOLPU  0.77(+)

BPPRES  0.81(+)

W N =

of gas generation. The analyses for scenario S*-(2,0,0,0,0) with and without
gas generation are similar. However, there is a reversal in the order of
importance of BHPERM (borehole permeability) and SOLAM (solubility of Am) for
normalized release to the Culebra, with BHPERM being the most important
variable in the presence of gas generation and SOLAM being the most important
variable in the absence of gas generation. This switch in order of
importance probably results because the presence of gas generation delays the
release of material to the Culebra and thus allows more time for the decay of
Am-241 before it can be released to the Culebra.

Sensitivity analyses of the groundwater transport results for individual
isotopes for scenarios S§(1,0,0,0,0) and S*-(2,0,0,0,0) with no gas generation
in the repository are presented in Tables 5.1-2 and 5.1-3 for release to the
Culebra and for transport one-quarter, one-half and the full distance to the
accessible environment. The results presented in these tables are generally
similar to those presented in Tables 4.5-1 and 4.5-2 for results obtained
with gas generation in the repository, although the analyses for scenario
5(1,0,0,0,0) in Table 5.1-2 tend to have larger R2 values than those in Table
4.5-1 due to the absence of the effect of SALPERM (Salado permeability) as a
switch. As shown in Table 5.1-2, the appropriate elemental solubility is the
most important variable with respect to the release of each radionuclide to
the Culebra, and the appropriate elemental matrix distribution coefficient is
the most important variable for the transport of each isotope in the Culebra.

As for the analyses with gas generation in the repository, the examination of
scatterplots helps supplement the sensitivity results contained in Tables
5.1-2 and 5.1-3. Scatterplots for the release of Pu-239 to the Culebra
without gas generation in the repository are presented in Figure 5.1-5. The
top two frames are for scenario 5(1,0,0,0,0). As the top left frame shows,
SALPERM (Salado permeability) does not act as a switch for releases to the

Culebra in the absence of gas generation; for comparison, the corresponding
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5.1 Effect of Waste Generated Gas

TABLE 5.1-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5(1,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL iN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.81(+) CULFRSP 0.11 (+) FKDAM 0.27 (+) - -
2 SALPERM 0.90(+) MKDAM 0.47 (-)
3 BHPERM  0.92(+) CULFRPOR 0.53 (+)
4 SALPRES 0.93(+)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.77(+) FKDNP 0.22 (-) MKDNP 0.50 (-) MKDNP 0.26 (-)
2 EHPH 0.86(+) MKDNP 0.32 (-) FKDNP 037 (-)
3 SALPERM 0.90(+)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.92(+) MKDPU 0.17 (-) MKDPU 028 (-) - -
2 SALPERM 0.94(+) FKDPU 0.30 (-) FKDPU 0.37 (+)
3 BHPERM  0.95(+) CULFRPOR 0.46 (+)
4 CULFRSP  0.52 (+)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.91(+) MKDPU 0.14 (-) MKDPU 019 (-) - -
2 SALPERM 0.94(+) FKDPU 0.24 (-) FKDPU 0.29 (+)
3 BHPERM 095(+) CULPOR 0.34 (-) CULFRSP  0.36 (+)
4 CULFRPOR 0.43 (+)
Dependent Variable: Integrated Discharge Th-230
1 SOLTH 0.94(+) MKDU 0.42 (-) MKDU 043 (-) MKDU 0.38 (-)
2 SALPERM 0.96(+) MKDTH 0.64 (-) MKDTH 0.58 (-) CULFRSP 0.49 (+)
3 BHPERM 0.97(+) CULFRSP 0.72 (+) CULFRSP  0.68 (+) MKDTH 0.57 (-)
4 SALPRES 0.97(+) CULCLIM 0.77 (+) CULCLIM  0.73 (+) CULCLIM 0.63 (+)
5 FKDPU 0.80 (-) FKDPU 0.76 (-)
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Chapter 5: Effect of Alternative Conceptual Models

TABLE 5.1-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5(1,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-233
1 SOLU 0.34(+) MKDU 0.64 (-) MKDU 059 (-) MKDU 0.47 (-)
2 SALPERM 0.42(+) SOLNP 0.73 (+) SOLNP 0.65 (+) SOLNP 0.54 (+)
3 SALPRES 0.49(+) CULFRSP 0.79 (+) FKDNP 0.71 (-) FKDNP 0.58 (-)
4 FKDNP 0.82 (-) CULFRSP  0.74 (+) CULFRSP 0.63 (+)
Dependent Variable: Integrated Discharge U-234
1 sSoLU 0.29(+) MKDU 0.81 (-) MKDU 0.72 (-) MKDU 0.70 (-)
2 SALPERM 0.37(+) CULFRSP 0.87 (+) CULFRSP  0.75 (+)
3 SALPRES 0.43(+) CULCLIM 0.89 (+) CULCLIM  0.78 (+)
Dependent Variable: EPA Sum for Total Integrated Discharge
1 SOLAM 0.42(+) MKDU 0.38 (-) MKDU 0.36 (-) MKDU 0.29 (-)
2 SALPERM 0.65(+) CULFRSP 0.54 (+) CULFRSP 0.54 (+) CULFRSP 0.48 (+)
3 SOLNP 0.60 (+) SOLNP 0.61 (+) SOLNP 0.55 (+)
4 FKDNP 0.65 (-) FKDNP 0.59 (-)
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5.1 Effect of Waste Generated Gas

TABLE 5.1-3. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO S+-(2,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A
DUAL-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.84(+) - - FKDAM 0.30 (+) - -
2 BHPERM  0.93(+) MKDAM 0.53 (-)
3 BPPRES  0.94(+) CULFRPOR 0.58 (+)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.77(+) FKDNP 0.21 (-) MKDNP 0.50 (-) MKDNP 0.24 (-)
2 EHPH 0.84(+) MKDNP 0.35 (-) FKDNP 0.34 (-)
3 BHPERM  0.88(+)
4 BPPRES  0.91(+)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.90(+) MKDPU 0.28 (-) MKDPU 033 (-) - -
2 BHPERM 0.94(+) FKDPU 0.39 (-) FKDPU 0.41 (+)
3 BPPRES  0.95(+) CULFRSP  0.47 (+)
4 DBDIAM  0.96(+)
5 EHPH 0.96(+)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.90(+) MKDPU  0.17 (-) MKDPU 0.26 (-) -- -
2 BHPERM 0.94(+) FKDPU 0.33 (-) FKDPU 0.36 (+)
3 BPPRES  0.95(+)
4 DBDIAM  0.96(+)
5 EHPH 0.96(+)
Dependent Variable: integrated Discharge Th-230
1 SOLTH 0.90(+) MKDU 0.40 (-) MKDU 0.41 (-) MKDU 0.38 (-)
2 BHPERM 0.95(+) MKDTH 0.63 (-) MKDTH 0.58 (-) CULFRSP 0.50 (+)
3 CULFRSP 0.72 (+) CULFRSP  0.67 (+) MKDTH 0.59 (-)
4 CULCLIM 0.78 (+) CULCLIM  0.74 (+) CULCLIM 0.65 (+)
5 CULDISP  0.80 (+) FKDPU 0.76 (-)
6 FKDPU 0.82 (-)
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Chapter 5: Effect of Alternative Conceptual Models

TABLE 5.1-3. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5t-(2,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A

DUAL-POROQSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND

INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-233
1 SOLU 0.25 (+) MKDU 0.63 (-) MKDU 0.59 (-) MKDU 0.48 (-)
2 BHPERM 0.39 (+) SOLNP 0.71 (+) SOLNP 0.65 (+) SOLNP 0.55 (+)
3 SOLNP 0.50 (-) CULFRSP 0.78 (+) FKDNP 0.71 (-) CULFRSP 0.60 (+)
4 BPPRES 0.58 (+) FKDNP 0.80 (-) SOLU 0.75 (-) SOLU 0.65 (-)
CULFRSP  0.78 (+) FKDNP 0.69 (-)
Dependent Variable: Integrated Discharge U-234
1 SOLU 0.20 (+) MKDU 0.79 (-) MKDU 071 (-) MKDU 0.70 (-)
2 BHPERM 0.36 (+) CULFRSP 0.86 (+) SOLNP 0.77 (+) SOLNP 0.75 (+)
3 CULCLIM 0.89 (+) CULFRSP  0.81 (+) SOLU 0.78 (-)
4 SOLU 0.86 (-)
Dependent Variable: EPA Sum for Total Integrated Discharge
1 SOLAM 0.62 (+) MKDU 0.37 (-) MKDU 0.36 (-) MKDU 0.30 (-)
2 BHPERM 0.71 (+) CULFRSP 0.53 (+) CULFRSP  0.56 (+) CULFRSP 0.49 (+)
3 SOLPU 0.77 (+) SOLNP 0.60 (+) SOLNP 0.62 (+) SOLNP 0.56 (+)
4 BPPRES 0.81 (+) FKDNP 0.65 (-) FKDNP 0.60 (-)
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Scenario: 5(1,0,0,0,0), Assumed Intrusion Time: 1000 yrs
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Figure 5.1-5. Scatterplots for Normalized Release of Pu-239 to the Culebra Dolomite without Gas

Generation in the Repository for Variables SALPERM (Salado permeability), BHPERM
(borehole permeability) and SOLPU (solubility for Pu) and Scenarios S(1,0,0,0,0) and
5+-(2,0,0,0,0) with an Assumed Intrusion Time of 1000 Yrs.
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Chapter 5: Effect of Alternative Conceptual Models

scatterplot for gas generation in the repository appears in the upper left
frame of Figure 4.5-1 and shows the importance of SALPERM in the presence of
gas generation. Rather, as shown in the upper right frame of Figure 5.1-5,
the release of Pu-239 to the Culebra for scenario $(1,0,0,0,0) in the absence
of gas generation is completely dominated by SOLPU (solubility for Pu). The
lower two frames in Figure 4.5-1 are for scenario St-(2,0,0,0,0). As the
right frame shows, the release of Pu-239 to the Culebra for scenario
§+-(2,0,0,0,0) is also dominated by SOLPU. The lower left frame is for
BHPERM (borehole permeability) and indicates little, if any, visually
identifiable relationship between release to the Culebra and BHPERM, although
BHPERM is the second variable picked in the regression analysis in Table
5.1-3 for the release of Pu-239 to the Culebra for scenario St-(2,0,0,0,0).
Although BHPERM is an important variable for the release of some isotopes for
scenario S*-(2,0,0,0,0) (e.g., see Figure 4.5-2 and 4.5-3 for the gas

generation case), its effect is being overwhelmed for Pu-239 by the large
range assigned to SOLPU.

Scatterplots for the release of U-234 to the Culebra without gas generation
are presented in Figure 5.1-6. The top two frames are for scenario
5(1,0,0,0,0). With a little thought, it is easy to understand the pattern
shown in the scatterplots contained in these two frames. The upper right
frame is for SOLU (solubility for U) and shows the U-234 release to the
Culebra initially increasing with SOLU and then flattening off for larger
values of SOLU. As shown in Figure 2.4-2, this flattening off corresponds to
an inventory-imposed limit (i.e., 0.3 EPA units) on the amount of U-234
available for release to the Culebra. However, there is a great deal of
variability in the actual releases associated with the flattened region in
the scatterplot for SOLPU due to the effects of SALPERM (Salado
permeability), SALPRES (Salado pressure) and BHPERM (borehole permeability).
As shown in Table 5.1-1 for scenario S$(1,0,0,0,0), increasing each of these
variables increases brine flow from the repository to the Culebra and hence
tends to increase the U-234 release. However, as shown in the upper left
frame in Figure 5.1-1, many of the resultant brine flows are small (i.e.,

< 104 m3), with the result that it is not possible to deplete the U-234
inventory in 10,000 yrs for scenario S$(1,0,0,0,0). The scatterplot for
SALPERM appears in the upper left frame of Figure 5.1-6. The releases in the
scatterplot for SALPERM that are less than 10-2 all result from small values
for SOLU; when these points are ignored, an increasing relationship between
SALPERM and U-234 release to the Culebra can be seen. A similar pattern of
relationships involving BHPERM and SOLU can be seen in the two upper
scatterplots in Figure 4.5-2 for the release of U-234 for scenario
5(1,0,0,0,0) with gas generation in the repository. However, the patterns in
Figure 4.5-2 for the gas generation case are much more diffuse due to the

many zero releases that result from the interaction of gas generation and
SALPERM.
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Scatterplots for Normalized Release of U-234 to the Culebra Dolomite without Gas
Generation in the Repository for Variables SALPERM (Salado permeability), BHPERM
(borehole permeability) and SOLU (solubility for U) and Scenarios 5(1,0,0,0,0) and

5%-(2,0,0,0,0) with an Assumed Intrusion Time of 1000 Yrs.
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Chapter 5: Effect of Alternative Conceptual Models

The lower two frames in Figure 5.1-6 are for scenario $+-(2,0,0,0,0). The
associated scatterplots show U-234 release to the Culebra increasing with
BHPERM (borehole permeability) and SOLU (solubility for U). Further, the
effect of an inventory limit on the U-234 release to the Culebra can be
clearly seen in the line of equal releases across the top of the two
scatterplots. The lower two scatterplots in Figure 5.1-6 for scenario
St-(2,0,0,0,0) show essentially the same pattern as the upper two
scatterplots for scenario $(1,0,0,0,0). However, the results for scenario
$*t-(2,0,0,0,0) are better defined than those for scenario S(1,0,0,0,0) due to
the larger brine flows through the panel and into the Culebra. A similar
pattern is also shown in Figure 4.5-2 for scenario St+-(2,0,0,0,0) for gas
generation in the repository.

Scatterplots for the release of Am-241 to the Culebra without gas generation
are presented in Figure 5.1-7. The top two frames are for scenario
§(1,0,0,0,0), and the lower two frames are for scenario $+-(2,0,0,0,0). The
patterns shown in this figure are similar to those appearing in Figure 5.1-6
for U-234. For both scenarios, the releases initially increase as SOLAM
(solubility for Am) increases and then tend to level off for larger values of
SOLAM due to inventory limitations. As shown in Figure 2.4-2, the Am-241
inventory in one waste panel at 1000 yrs is approximately 30 EPA units.

Interesting patterns appear in the scatterplots for SALPERM (Salado
permeability) and BHPERM (borehole permeability) in Figure 5.1-7 for
scenarios 5(1,0,0,0,0) and S*-(2,0,0,0,0), respectively. These two
scatterplots have two bands that result from the sampling procedure used for
SOLAM (solubility for Am). Specifically, the distribution for SOLAM was
assumed to be piecewise uniform over several subintervals of a range
extending from 5 x 10-14 to 1.4 mol/#, which leads to the clusters of values
for SOLAM that can be seen in the two scatterplots involving SOLAM in Figure
5.1-7. The top bands in the scatterplots for SALPERM and BHPERM are
associated with the larger values for SOLAM; similarly, the lower bands are
associated with the smaller values for SOLAM. TIf SOLAM had been sampled from
a loguniform distribution over the range 5 x 10-14 to 1.4 mol/#, the bands
appearing in the scatterplots for SALPERM and BHPERM would be less apparent,
although it is possible that they would still be present due to the leveling
off of the releases to the Culebra because of inventory limitations. This
behavior provides an excellent example of the fact that whether or not a
particular variable appears to be important often depends on the ranges
assigned to other variables. 1In this case, SALPERM and BHPERM have well-
defined effects when SOLAM is restricted to values below or above the point
at which inventory limits are important (i.e., SOLAM * 10-/ mol/f). However,
the scatterplots for the two variables would show a much more diffuse pattern

if SOLAM had been sampled from a loguniform distribution on the interval [5 x
10-14, 1.47.
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S$*-(2,0,0,0,0) with an Assumed Intrusion Time of 1000 Yrs.
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Chapter 5: Effect of Alternative Conceptual Models

The corresponding scatterplots for Am-241 release to the Culebra with gas
generation are shown in Figure 4.5-3. As comparison of the scatterplots in
Figures 4.5-3 and 5.1-7 shows, gas generation and no gas generation lead to
similar patterns of behavior, although the results shown in Figure 5.1-7 for
releases in the absence of gas generation are considerably sharper than those
shown in Figure 4.5-3 for releases in the presence of gas generation. 1In
particular, the releases with gas generation shown in Figure 4.5-3 are both
smaller and more diffuse than the releases without gas generation shown in
Figure 5.1-7 as a result of both less brine inflow to the repository from the
Salado Formation and more time for radioactive decay.

The presence or absence of gas generation in the repository only affects
release to the Culebra. The groundwater transport analyses for both cases
were performed with the same dual porosity transport model in the Culebra and
the same sample elements. Thus, the same patterns of behavior shown in
Figures 4.5-6 and 4.5-7 for transport in the Culebra with gas generation also
hold for transport without gas generation. In particular, as shown by the
scatterplot for U-234 in the lower left frame of Figure 4.5-6 for scenario
§+-(2,0,0,0,0) and transport one-quarter the distance to the accessible
environment, retardation resulting from the matrix distribution coefficients
(i.e., MKDAM, MKDNP, MKDPU, MKDTH, MKDU) is very effective in preventing
individual isotopes from being transported to the accessible environment. As
shown by the upper two frames in Figure 4.5-6, the retardations for Am-241

and Pu-239 effectively cutoff transport in the Culebra with the dual-porosity
model.

5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite

Although a dual-porosity transport model is believed to be an appropriate
representation for radionuclide transport in the Culebra, the use of a
single-porosity transport model has also been proposed (Reeves et al., 1987).
To help provide perspective on the impact of a single-porosity rather than a
dual-porosity transport model in the Culebra, the analyses presented in
Chapter 4 were repeated with a single-porosity transport model.

The CCDFs for groundwater transport to the accessible environment that result
from the use of a single-porosity transport model are presented in Figure
5.2-1. The upper left frame displays the CCDFs for the individual sample
elements; the corresponding distribution of CCDFs from the analysis with a
dual-porosity transport model is shown in the lower left frame of Figure
4.1-2. As comparison of the CCDFs in Figures 5.2-1 and 4.1-2 shows, use of a
single-porosity transport model results in considerably larger releases than
the use of a dual-porosity transport model.
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Chapter 5: Effect of Alternative Conceptual Models

The upper right frame in Figure 5.2-1 shows the mean and selected percentile
curves for the distribution of CCDFs shown in the upper left frame. The mean
CCDF obtained with the dual-porosity transport model is also shown. As
comparison of the two mean curves shows, use of the single-porosity model
results in a significant increase in the mean CCDF for radionuclide release
to the accessible environment. Due to the large variability in the
individual CCDFs, the mean CCDFs tend to be dominated by the few larger
CCDFs. As a result, simply comparing mean CCDFs probably underestimates the
impact of the single-porosity transport model. However, although the single-
porosity transport model results in larger releases to the accessible
environment than the dual-porosity transport model, none of the individual
CCDFs in Figure 5.2-1 cross the EPA release limits.

The two lower frames in Figure 5.2-1 summarize the CCDFs for total release to
the accessible environment. As comparison of the results in the upper and
lower frames of Figure 5.2-1 shows, release to the accessible environment is
still dominated by cuttings removal when the single-porosity transport model
is used, although the CCDFs closest to the EPA release limits are determined
primarily by groundwater transport releases (i.e., compare the CCDFs closest
to the EPA release limits in the upper left and lower left frames of Figure
5.2-1). For comparison, the CCDFs due to cuttings releases only are shown in
the upper left frame of Figure 4.1-2. The lower right frame in Figure 5.2-1
contains the mean CCDFs for total release to the accessible environment,
including releases due to groundwater transport and cuttings removal, for
single- and dual-porosity transport models in the Culebra. As comparison of
these two CCDFs shows, the assumption of a single-porosity transport model
does cause an upward shift in the mean CCDF.

An alternate comparison of the effects of single-porosity and dual-porosity
transport models in the Culebra for scenarios $(1,0,0,0,0) and S*+-(2,0,0,0,0)
is shown in Figure 5.2-2. As the scatterplots in this figure show, the
single-porosity transport model causes the releases associated with the
individual sample elements to be shifted upward. For many sample elements,
zero releases with the dual-porosity transport model are nonzero releases
with the single-porosity transport model. This effect is most pronounced for
scenario $¥-(2,0,0,0,0). As shown in Figure 4.5-4, the presence of gas
generation in the repository results in no releases to the Culebra for many
sample elements for scenario 5(1,0,0,0,0), with the result that the transport
model in use for the Culebra has no effect on the predicted release to the
accessible environment for these sample elements.

The total normalized releases to the accessible environment due to
groundwater transport with a single-porosity transport model in the Culebra
for individual scenarios are summarized in Figure 5.2-3. The corresponding
results for the dual-porosity transport model appear in Figure 4.4-1. As
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Scenario: 5(1,0,0,0,0), Assumed Intrusion Time: 1000 yrs

10°
1072
107
1076
10°8

10-10

Release with Single Porosity: S (1,0,0,0,0)

10-12

Single/Dual Porosity, Gas
L A L e L N AL | S o L L S
X

T
X X x
2 X X X

SRARLLELLL AL

il gl sl

™y
sl ol 2t

3

i :

3

- ~«— 39 Observations 4

YaBTTTOT T BRI G EUTIT BT TTITY ST TRTT EENERTIY EETETRTITY B YUITT EETER U SAARTR T R Rty BTy
1012 10°10 108 10°¢ 1074 1072 10°

Release with Dual Porosity: S (1,0,0,0,0)

TRI-6342-1638-0

Scenario: $1-(2,0,0,0,0), Assumed Intrusion Time: 1000 yrs

10 °
1072
107
1076
1078

10-10

Release with Single Porosity: § *~(2,0,0,0,0)

10-12

Figure 5.2-2.

Single/Dual Porosity, Gas

ey r—rr Ty Y T vy M DR Vs B B
X x x X x X x
E X X X %
x X

= -~
X =

3 X 3

E X 3

L x .

F E

L X

™
Load 1

T
ul

- ~«— 3 Observations
E RTINS T BN BT RITT SR IR R STTY TS UNT T AT B ATy I ETENTT T BT 1 WEIE T | EETTIT S ENY
10712 1010 1078 106 1074 102 100

Release with Dual Porosity: S * ~(2,0,0,0,0)
TRI-6342-1639-0

Scatterplots Comparing Total Normalized Release to the Accessible Environment Due
to Groundwater Transport with Gas Generation in the Repository and Intrusion
Occurring at 1000 Yrs for Single-Porosity and Dual-Porosity Transport Models in the
Culebra Dolomite. For plotting purposes, values less than 10-12 are set to 10-12.

5-21



O o NOO LW

Chapter 5: Effect of Alternative Conceptual Models

Assumed
Scenatio ;[};:zs(l:rr;) Single Porosity, Gas
S (1,0,0,0,0) 1000 = I .
5$%7(2,0,0,0,0) 1000 CTek x A
S (0,1,0,0,0) 3000 E B o x _
$77(0,2,0,0,0) 3000 T xS
S (0,0,1,0,0) 5000 T ko xmxxxox -
§'7(0,0,2,0,00 5000 C T M x ]
S (0,0,0,1,0) 7000 L x X xwx xx i
§%7(0,0,0,2,0) 7000 —— ]
S (0,0,0,0,1) 9000 I i
5$%7(0,0,0,0,2) 9000 - - i

108  10® 104 102 10° 102
Release to Accessible Environment

TRI-6342-1688-0

Figure 5.2-3. Total Normalized Release to the Accessible Environment Due to Groundwater Transport

with Gas Generation in the Repository and a Single-Porosity Transport Model in the
Culebra Dolomite.

already discussed, the releases in Figure 5.2-3 for the single-porosity model
are considerably larger than the releases in Figure 4.4-1 for the dual-
porosity transport model. The transport model used in the Culebra does not
affect cuttings removal. Thus, the cuttings removal results used in the
construction of the total releases to the accessible environment are the same
regardless of the transport model used in the Culebra. The total releases
for individual scenarios due to cuttings removal and groundwater transport
with a single-porosity transport model are summarized in Figure 5.2-4. The
corresponding results for the dual-porosity transport model are given in
Figure 4.4-3. As comparison of Figures 5.2-4 and 4.4-3 shows, total releases
to the accessible environment are not completely dominated by cuttings
removal when the single-porosity transport model is used, which is the case
for the dual-porosity transport model. In particular, the groundwater
transport releases for ElE2-type scenarios (i.e., $t-(2,0,0,0,0),

$+-(0,0,0,0,2)) are often considerably larger than the corresponding releases
due to cuttings removal.

Releases of individual isotopes to the Culebra with gas generation in the
repository for scenarios $(1,0,0,0,0) and 5¥-(2,0,0,0,0) are summarized in
Figure 4.4-7. The resultant releases to the accessible environment due to
groundwater transport with a single-porosity transport model are summarized
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5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite
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Figure 5.2-4. Total Normalized Release to the Accessible Environment Due to Cuttings Removal and

Groundwater Transport with Gas Generation in the Repository and a Singie-Porosity
Transport Model in the Culebra Dolomite.

in Figure 5.2-5; the corresponding releases for a dual-porosity transport
model are summarized in Figure 4.4-2. As already discussed in conjunction
with Figures 5.2-1 through 5.2-4, the single-porosity model results in larger
total releases to the accessible enviromment due to groundwater transport
than the dual-porosity transport model. As comparison of Figures 4.4-2 and
5.2-5 shows, this pattern also holds for the individual isotopes, with the
single-porosity model consistently producing larger releases for the
individual isotopes than the dual-porosity transport model.

Sensitivity analyses of the groundwater transport results for individual
isotopes for scenarios $(1,0,0,0,0) and S*-(2,0,0,0,0) with gas generation in
the repository and a single-porosity transport model in the Culebra are
presented in Tables 5.2-1 and 5.2-2 for transport one-quarter, one-half and
the full distance to the accessible environment. For convenience, these
tables also contain the corresponding sensitivity analysis results for

release to the Culebra, although these results have appeared previously in
Tables 4.5-1 and 4.5-2.

As discussed in Section 4.5, SALPERM (Salado permeability) acts as switch for
scenario $(1,0,0,0,0) that determines whether or not a release from the
repository to the Culebra will take place, with the result that the analyses
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Figure 5.2-5. Normalized Releases for Individual Isotopes to the Accessible Environment Due to
Groundwater Transport with Intrusion Occurring at 1000 Yrs, Gas Generation in the
Repository and a Single-Porosity Transport Model in the Culebra Dolomite.
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TABLE 5.2-1.

5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite

STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR

SCENARIO 5(1,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A SINGLE-
POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra*  Quarter Distance Half Distance Full Distance

Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241

1 SALPERM 0.59(+) SALPERM 0.20 (+) SALPERM 0.55 (+) SALPERM 0.20 (+)

2 FKDAM 0.35 (-) FKDAM 0.35 (-)
Dependent Variable: Integrated Discharge Np-237

1 SALPERM 0.53(+) MBPERM 0.21 (+) SALPERM 0.47 (+) SALPERM 0.24 (+)

2 FKDNP 0.31 (-)
Dependent Variable: Integrated Discharge Pu-239

1 SALPERM 0.56(+) FKDPU 0.16 (-) SALPERM  0.47 (+) SALPERM 0.19 (+)

2 SALPERM 0.31 (+) MBPERM  0.52 (+) FKDPU 0.27 (-)
Dependent Variable: Integrated Discharge Pu-240

1 SALPERM 0.56(+) SALPERM 0.22 (+) SALPERM 053 (+) SALPERM 0.13 (+)

2 FKDPU 0.38 (-) MBPERM  0.59 (+) FKDPU 0.26 (-)
Dependent Variable: Integrated Discharge Th-230

1 SALPERM 0.55(+) SALPERM 0.3 (+) SALPERM 0.53 (+) SALPERM 0.54 (+)
Dependent Variable: Integrated Discharge U-233

1 SALPERM 0.59(+) SALPERM 0.7 (+) SALPERM 056 (+) SALPERM 0.52 (+)
Dependent Variable: Integrated Discharge U-234

1 SALPERM 0.59(+) SALPERM 0.57 (+) SALPERM  0.56 (+) SALPERM 0.56 (+)
Dependent Variable: EPA Sum for Total Integrated Discharge

1 SALPERM 0.58(+) SALPERM 0.57 (+) SALPERM 0.57 (+) SALPERM 0.57 (+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 4.5-1.
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2 TABLE5.2-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR

3 SCENARIO 5+-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A SINGLE-
4 POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION

5 OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE
6
8
9

Release to Culebra*  Quarter Distance Half Distance Full Distance

15 Step  Variable R2 Variable R2 Variable R2 Variable R2

18 Dependent Variable: Integrated Discharge Am-241

20 1 SOLAM  0.36 (+) FKDAM  0.59 (-) FKDAM 023 (-) FKDAM  0.38 (-)
21 2 BHPERM 0.74 (+) CULFRPOR 0.65 (-) CULFRPOR 0.44 (-) CULFRPOR 0.50 (-)
22 3 BPPRES  0.78 (+) GRMICH 051 (+)

23 4

CULFRPOR 0.58 (-)

25  Dependent Variable: Integrated Discharge Np-237

SOLNP 065 (+) FKDNP  0.56 (-) FKDNP 049 (-) FKDNP 054 (-)
BHPERM 0.78 (+) SOLNP  0.63 (+) SOLNP 058 (+) SOLNP  0.64 (+)
BPPRES 0.82 (+) SOLAM  0.68 (+) SOLAM 0.63 (+) SOLAM  0.68 (+)
EHPH 0.85 (+) BHPERM 0.72 (+) BHPERM  0.67 (+)

GRCORI  0.88 (-)

N W=

Dependent Variable: Integrated Discharge Pu-239

1 SOLPU 074 (+) FKDPU  0.59 (-) FKDPU 024 (-) FKDPU  0.39 (-)
2 BHPERM 0.85 (+) CULTRFLD 0.63 (-)

ELEHELERRLEL

Variable: Integrated Discharge Pu-240

39

40 1 SOLPU 0.74 (+) FKDPU 0.63 (-) FKDPU 0.25 (-) FKDPU 048 (-)

41 2 BHPERM 0.85 (+) CULTRFLD 0.67 (-)

42

43 Dependent Variable: Integrated Discharge Th-230

45 1 SOLTH 0.69 (+) FKDTH 0.26 (-) FKDTH 0.29 (-) FKDTH 033 (-)

2 BHPERM 082 (+) SOLTH 0.37 (+) BHPERM 0.39 (+) BHPERM 0.43 (+)

47 3 BHPERM  0.47 (+) SOLTH 0.48 (+) BPPRES 0.52 (+)

48 4 BPPRES  0.54 (+) CULFRPOR 0.55 (-) CULFRPOR 0.58 (-)

49 5 CULFRPOR 0.61 (-) BPPRES 0.62 (+) SOLTH 0.64 (+)
6

DBDIAM  0.67 (+) DBDIAM 0.68 (+) DBDIAM  0.69 (+)
51
83
54  *Analysis results in this column are the same as those presented in the corresponding column of
55  Table 4.5-2.

57
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5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite

TABLE 5.2-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO S+-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A SINGLE-
POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND INTRUSION
OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-233
1 BHPERM 0.43 (+) BHPERM 0.32 (+) BHPERM 0.32 (+) BHPERM 0.30 (+)
2 SOoLU 0.58 (+) BPPRES 0.45 (+) FKDU 0.45 (-) FKDU 0.46 (-)
3 BPPRES 0.70 (+) SOLU 0.57 (+) SOLU 0.55 (+) SOLU 0.55 (+)
4 SOLNP 0.74 (-) FKDU 0.68 (-) BPPRES 0.65 (+) BPPRES 0.64 (+)
5 CULFRPOR 0.75 (-) CULFRPOR 0.71 (-) CULFRPOR 0.71 (-)
6 CULDISP 0.79 (+) CULDISP 0.75 (+) CULDISP 0.74 (+)
Dependent Variable: Integrated Discharge U-234
1 BHPERM 0.47 (+) BHPERM 0.31 (+) BHPERM 0.31 (+) BHPERM 0.30 (+)
2 SOLU 0.60 (+) BPPRES 0.44 (+) FKDU 0.43 (-) FKDU 044 (-)
3 BPPRES 0.72 (+) SOLU 0.55 (+) BPPRES 0.53 (+) SOLU 0.53 (+)
4 FKDU 0.64 (-) SOLU 0.62 (+) BPPRES 0.62 (+)
5 CULFRPOR 0.71 (-) CULFRPOR 0.69 (-) CULFRPOR 0.69 (-)
6 CULDISP 0.75 (+) CULDISP 0.73 (+) CULDISP 0.73 (+)
Dependent Variable: EPA Sum for Total Integrated Discharge
1 BHPERM 046 (+) BHPERM 0.39 (+) BHPERM 0.38 (+) BHPERM 0.37 (+)
2 SOLAM 0.57 (+) BPPRES 0.54 (+) BPRES 0.51 (+) BPPRES 0.50 (+)
3 BPPRES 066 (+) FKDU 0.61 (-) FKDU 058 (-) FKDU 0.58 (-)
4 SOLPU 0.69 (+) CULFRPOR 0.68 (-) CULFRPOR 0.66 (-) CULFRPOR 0.65 (-)
5 BPSTOR 0.73 (+) SOLU 0.75 (+) SOLU 0.73 (+) SOLU 0.72 (+)
6 SOoLu 0.76 (+) FKDNP 0.80 (-) FKDNP 0.78 (-) FKDNP 0.77 (-)
7 BPSTOR 0.82 (+) CULDISP 0.81 (+) CULDISP 0.80 (+)
8 CULDISP 0.84 (+) BPSTOR 0.83 (+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 4.5-2.
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Chapter 5: Effect of Alternatlve Conceptual Models

presented in Table 5.2-1 are dominated by SALPERM. Due to the greater number
of nonzero releases to the Culebra, the analyses in Table 5.2-2 for scenario
$+-(2,0,0,0,0) are considerably more interesting than those in Table 5.2-1
for scenario 5(1,0,0,0,0). The variables BHPERM (borehole permeability),
BPPRES (brine pocket pressure) and CULFRPOR (Culebra fracture porosity) tend
to be important for all isotopes for scenario S¥-(2,0,0,0,0). Further, the

appropriate solubilities and fracture distribution coefficients are important
for the individual isotopes.

Scatterplots for the release of Pu-239, U-234 and Am-24]1 to the Culebra with
gas generation in the repository are given in Figures 4.5-1, 4.5-2 and 4.5-3,
respectively, and help provide insights into the regression-based sensitivity
analyses for release to the Culebra. Scatterplots can also provide insights
on the analyses for transport in the Culebra with a single-porosity model.
Scatterplots for the normalized release of Pu-239 and Am-241 to the
accessible environment for scenario S¥-(2,0,0,0,0) are given in Figure 5.2-6.
The top two scatterplots in Figure 5.2-6 are for Pu-239 and show that the
release decreases with increasing values for FKDPU (fracture distribution
coefficient for Pu) and increases with increasing values for SOLPU
(solubility for Pu). However, the releases are small, with only 7 sample
elements resulting in release values that exceed 10-9. Thus, even for
single-porosity transport, the fracture distribution coefficient FKDPU is
leading to retardations that prevent Pu-239 from reaching the accessible
environment by groundwater transport.

The stepwise regression analysis presented in Table 5.2-2 for the release of
Pu-239 to the accessible environment (i.e., the analysis for "Integrated
Discharge Pu-239" at "Full Distance") selected only the variable FKDPU
(fracture distribution coefficient for plutonium) with an R2 value of 0.39,
which is not a particularly good regression result. Examination of the two
scatterplots in Figure 5.2-6 for Pu-239 provides considerably more
information. 1In particular, these plots show not only the effect of FKDPU
but also the effect of SOLPU (solubility for Pu), which was not identified in
the regression analysis. This is another example of an analysis in which one
variable (i.e., FKDPU) acts as a switch and causes all results to be
effectively zero (i.e., < 10'9) after a some value for the switch variable
(i.e., FKDPU = 101 m3/kg). This switch produces a more complex pattern of
relationships than can be captured by a simple regression model. It is
sometimes possible to design regression models that will represent patterns
of this type but the effort requires a priori knowledge of the relationships
involved.

The lower two scatterplots in Figure 5.2-6 are for Am-241 and show that the
release decreases with increasing values for FKDAM (fracture distribution
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5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite

Pu-239 Release to Acc Env: §$*7(2,0,0,0,0)

Am-241 Release to Acc Env: $77(2,0,0,0,0)
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Scatterplots for Normalized Release of Pu-239 and Am-241 to the Accessible

Environment for Scenario S*-(2,0,0,0,0) for Groundwater Transport with Gas
Generation in the Repository, a Single-Porosity Transport Model in the Culebra
Dolomite and Intrusion Occurring at 1000 Yrs.
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Chapter 5: Effect of Alternative Conceptual Models

coefficient for Am) and increases with increasing values for BHPERM (borehole
permeability). The scatterplot for SOLAM (solubility for Am) was not
included because the scatterplot for BHPERM showed a stronger relationship.
Due to the short half-life of Am-241 (i.e., 432 yr), high values for BHPERM
facilitate the release of Am-241 to the Culebra before it is lost due to
radioactive decay. As with Pu-239, the two scatterplots in Figure 5.2-6 are
more revealing of the factors that control the release of Am-241 to the

accessible environment than the corresponding regression analysis in Table
5.2-2.

Scatterplots for the normalized release of U-234 to the accessible
environment for scenario St-(2,0,0,0,0) are given in Figure 5.2-7. The top
two scatterplots are for BHPERM (borehole permeability) and SOLU (solubility
for U) and show that the release to the accessible environment increases as
each of these variables increases. The equal release values appearing at the
top of these two scatterplots correspond to the entire inventory of U-234 in
a single waste panel (see Figure 2.4-2). Thus, the larger values for BHPERM
and SOLU are leading to the release of the entire U-234 inventory to the
accessible environment. The lower scatterplot in Figure 5.2-7 is for FKDU
(fracture distribution coefficient for U). As examination of this plot
shows, the relatively low distribution coefficient values assigned to uranium
(i.e., 0 to 1 m3/kg) result in little retardation, with the result that both
BHPERM and SOLU have a more pronounced effect on the U-234 releases to the
accessible environment than FKDU. 1In contrast, the scatterplots in Figure
5.2-6 show more pronounced relationships between FKDPU (fracture distribution
coefficient for Pu) and FKDAM (fracture distribution coefficient for Am) and
the corresponding releases to the accessible environment for Pu-239 and Am-

241 due to the larger values assigned to FKDPU and FKDAM relative to those
assigned to FKDU.

Scatterplots similar to those appearing in Figures 5.2-6 and 5.2-7 could also
be generated for scenario 5§(1,0,0,0,0). However, they would be less
revealing due to both the smaller releases into the Culebra and the large
number of zero releases induced by the role of SALPERM (Salado permeability)
in determining whether or not any release into the Culebra will take place.

As indicated by the regressions in Table 5.2-2, there is a negative
relationship between CULFRPOR (fracture porosity in Culebra) and integrated
discharge in the Culebra. This pattern of decreasing transport with
increasing values for CULFRPOR is illustrated by the scatterplot appearing in
Figure 5.2-8 for CULFRPOR versus total release to the accessible environment
for groundwater transport with a single-porosity model in the Culebra. The
negative effect indicated for CULFRPOR in Figure 5.2-8 for single-porosity
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5.2 Effect of Single-Porosity Transport Model in Culebra Dolomite

U-234 Rele ase to Acc Env: $*7(2,0,0,0,0)
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Scatterplots for Normalized Release of U-234 to the Accessible Environment for

Scenario S1-(2,0,0,0,0) for Groundwater Transport with Gas Generation in the
Repository, a Single-Porosity Transport Model in the Culebra Dolomite and Intrusion

Occurring at 1000 Yrs.
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Scerario S*-(2,0,0,0,0) with Gas Generation in the Repository, a Single ~arosity
Transport Model in the Culebra and Intrusion Occurring at 1000 Yrs.

transport is the reverse of the positive effect indicated for CULFRPOR in
Figure 4.5-7 for dual-porosity transport. As shown in these two figures,
increasing CULFRPOR decreases release for a single-porosity transport model
and causes the reverse effect for a dual-porosity transport model. For the
single-porosity transport model, the negative effect of CULFRPOR results
because increasing CULFRPOR decreases groundwater velocity, with a resultant
decrease in radionuclide transport. The positive effect for the CULFRPOR for
the dual-porosity transport model will be explained in Section 5.4 after
results for dual-porosity transport without chemical retardation have been
presented.

5.3 Effect of No Gas Generation and Single-Porosity
Transport Model in Culebra Dolomite

The best estimate analyses presented in Chapter 4 include gas generation in
the repository and a dual-porosity transport model in the Culebra. As shown
in Sections 5.1 and 5.2, relaxing these assumptions leads to larger releases
to the accessible environment due to groundwater transport, although the
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5.3 Effect of No Gas Generation and Single-Porosity Transport Model
In Culebra Dolomite

total release is not significantly affected due to the dominance of the
cuttings releases. For perspective, this section presents the results of
analyses performed with no gas generation in the repository and a single-
porosity transport model for the Culebra.

Scatterplots comparing releases to the accessible environment with and
without gas generation in the repository and with a single-porosity transport
model in the Culebra are shown in Figure 5.3-1 for scenarios $§(1,0,0,0,0) and
5%t-(2,0,0,0,0). As examination of this figure shows, no gas generation
results in larger releases than those obtained with gas generation. This
effect is particularly pronounced for scenario $(1,0,0,0,0) due to the large
number of zero releases to the Culebra that occur in the presence of gas
generation. As discussed in conjunction with Figure 4.5-1, this effect is
due to the role of SALPERM (Salado permeability) as a switch in the presence
of gas pgeneration.

The releases to the accessible environment for individual isotopes calculated
with no gas generation in the repository and a single-porosity transport
model in the Culebra for scenarios 5(1,0,0,0,0) and St-(2,0,0,0,0) are
summarized in Figure 5.3-2. The corresponding releases for gas generation in
the repository and a dual-porosity transport model in the Culebra are shown
in Figure 4.4-2. As is the case for the total release, the releases for the
individual isotopes are substantially increased with the assumption of no gas
generation and a single-porosity transport model for the Culebra. Even so,
the releases for the individual isotopes shown in Figure 5.3-2 tend to be
small, with only a few sample elements producing individual isotope releases
for scenario $+¥-(2,0,0,0,0) that exceed 1.

Although the single-porosity transport calculations with gas generation in
the repository were performed for intrusions occurring in each of the five
time intervals under consideration, the single-porosity transport
calculations without gas generation were only performed for intrusions
occurring at 1000 yrs. Thus, it is not possible to construct a distribution
of CCDFs for single-porosity transport without gas generation in the
repository that is equivalent to the distribution shown in Figure 5.2-1 for
single-porosity transport with gas generation in the repository. However, as
discussed in conjunction with Figure 5.1-4, CCDFs can be constructed for
single-porosity transport with and without gas generation under the
assumption that the rate constant X in the Poisson model for drilling
intrusions is equal to zero after 2000 yrs. The outcome of this construction
is shown in Figure 5.3-3, with the results for gas generation appearing in
the two upper frames and the results without gas generation appearing in the
two lower frames. When considered in the context of the EPA release limits,
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5.3 Effect of No Gas Generation and Single-Porosity Transport Model
in Culebra Dolomite
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6  Figure 5.3-2. Normalized Releases for Individual Isotopes to the Accessible Environment Due to
7 Groundwater Transport with Intrusion Occurring at 1000 Yrs, No Gas Generation in the
8 Repository and a Single-Porosity Transport Model in the Culebra Dolomite.

5-35



Probability of Release > R

Probability of Release > R

o O ®N®

-

Chapter 5: Effect of Alternative Conceptual Models

With Gas Generation in the Repository
Single Porosity, Gas, 1 Time Int Single Porosity, Gas, 1 Time Int
100 IR B B B B S e B B B Bl 100 L AL IAALL B I s S S B BRL LA Bk BN B
A 5
= il 1 1
107 ¢ ol 9 e 107 9 3
= 1 A 1
— q,
102 = e 1 a 102 15
T ==t |3 b 3
— Hilt— | @ K3 - (a)
103 ¢ } b 5 103 7
[ ‘ =
i L = 10th
W S Hr It ! . o -4 L 4
107 ¢ ] i A S 10 Percentile
BRI ] S
10°% ¢ | ; | 3 * 105 ¢ E
E | ] :
1 0'6 d ul ud ul ud ull i‘ ol ol YRURTH® 10_6 i ol ud. Pl " . wl . ‘.d aod ol d ul
10-'2 109 106 103 100 103 10-12 1098 10 103 100 103
Release to Accessible Environment, R Release to Accessible Environment, R
TRI-6342-1577-0 TRI-6342-1579-0
Without Gas Generation in the Repository
Single Porosity, No Gas, 1 Time Int Single Porosity, No Gas, 1 Time Int
100 100 ARG BN BN AL B BN SRR BUAALL Sk B AL AL I
‘ § i 0 §
py-—— 1] a L N L1
107 E 9 c 1007 ¢ ‘L Mean | g
- {: 1 A 1
e et 27T 3 : . o 90th Percentile :
102 | Rl 1 4 @ 102 | ‘ 1
~ i h ‘ | 3 3 g 3
'St L T 10th
1 i (a) x Percentile (a)
103 | - B s 103 ¢ ) g
i W ] =y Median ——
104 ¢ 1B ! E g 104 | .
4 2
_ | :
1 o
105 3 10° ¢ 3
10'6 "l Pl Pl l ol ol . il ond | e 10'6 ™l . wd wd coed. i unl =i . il und ol od
102 109 106 103 109 103 10-'2 109 10€ 103 100 103

Release to Accessible Environment, R

TRI-6342-1617-0

Release to Accessible Environment, R

TRI-6342-1618-0

Figure 5.3-3.

5-36

Comparison of Complementary Cumulative Distribution Functions for Normalized
Release to the Accessible Environment with Gas Generation in the Repository (upper
two frames) and without Gas Generation in the Repository (lower two frames) for a
Single-Porosity Transport Model in the Culebra Dolomite and the Rate Constant A in the
Poisson Model for Drilling Intrusions Equal to Zero After 2000 Yrs.
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5.3 Effect of No Gas Generation and Single-Porosity Transport Mode!
in Culebra Dolomite

the assumption of single-porosity transport without gas generation produces
CCDFs that are not substantially shifted from those obtained for single-
porosity transport with gas generation. Further, all the individual CCDFs
fall below the EPA release limits for both cases.

Sensitivity analyses of groundwater transport results for individual isotopes
for scenarios $(1,0,0,0,0) and §+-(2,0,0,0,0) with no gas generation in the
repository and a single-porosity model in the Culebra are presented in Tables
5.3-1 and 5.3-2. For convenience, these tables also contain the
corresponding sensitivity analysis results for release to the Culebra,
although these results have appeared previously in Tables 5.1-2 and 5.1-3.

The groundwater transport results in Table 5.3-1 for scenario 5(1,0,0,0,0)
tend to be dominated by properties of the individual isotopes. In
particular, releases at the quarter, half and full distance to the accessible
environment tend to increase as the solubilities increase and decrease as the
distribution coefficients increase. Increasing SALPERM (Salado permeability)
and SALPRES (Salado pressure) also tends to increase the releases for the
individual isotopes. This is consistent with the role indicated for these
variables in increasing the release of the individual isotopes to the Culebra
for scenario S5(1,0,0,0,0). Increasing CULFRPOR (Culebra fracture porosity)
tends to decrease the release for the individual isotopes by reducing the
groundwater flow rate in the Culebra.

The groundwater transport results in Table 5.3-2 for scemario S*¥-(2,0,0,0,0)
are similar to those in Table 5.3-1 for scenario §(1,0,0,0,0). The releases
for the individual isotopes tend to be dominated by the appropriate
solubilities and distribution coefficients. The variables BPPRES (brine
pocket pressure), CULFRPOR (Culebra fracture porosity) and BHPERM (borehole
permeability) are often identified in the analyses for the individual
isotopes, with the releases increasing as BPPRES and BHPERM increase and
decreasing as CULFRPOR increases. The importance indicated for the
solubilities BPPRES and BHPERM results from their role in determining release
into the Culebra for scenario $t-(2,0,0,0,0).

The sensitivity analysis results obtained for groundwater transport in the
Culebra with a single-porosity model in the absence of gas generation are
similar to those previously obtained for single-porosity transport with gas
generation with the exception that SALPERM (Salado permeability) does not act
as a switch for scenario 5(1,0,0,0,0). This is not surprising because the
absence of gas generation tends to produce larger releases to the Culebra,
especlally for scenario S(1,0,0,0,0), but the presence or absence of gas
generation itself has no effect on the actual transport that takes place in
the Culebra. The patterns in the scatterplots for transport in the absence
of gas generation for scenarios 5$(1,0,0,0,0) and S§+-(2,0,0,0,0) are similar
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Chapter 5: Effect of Alternative Conceptual Models

TABLE 5.3-1.

STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR

SCENARIO 5(1,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A
SINGLE-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.81(+) FKDAM 0.60 (-) CULFRPOR 0.20 (-) FKDAM 0.35 (-)
2 SALPERM 0.90(+) CULFRPOR 0.65 (-) FKDAM 0.40 (-) CULFRPOR 0.50 (-)
3 BHPERM 092(+) MBPOR 0.68 (-) SOLAM 0.52 (+)
4 SALPRES 0.93(+) MBPERM  0.57 (+)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.77(+) FKDNP 0.52 (-) FKDNP 0.47 (-) FKDNP 0.52 (-)
2 EHPH 0.86(+) SOLAM 0.60 (+) SOLAM 0.55 (+) SOLNP 0.62 (+)
3 SALPERM 0.90(+) SOLNP 0.65 (+) SOLNP 0.62 (+) SOLAM 0.67 (+)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.92(+) FKDPU 0.66 (-) FKDPU 0.18 (-) FKDPU 0.40 (-)
2 SALPERM 0.94(+) CULTRFLD 0.69 (-)
3 BHPERM  0.95(+)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.91(+) FKDPU 0.64 (-) FKDPU 0.20 (-) FKDPU 0.53 (-)
2 SALPERM 0.94(+)
3 BHPERM  0.95(+)
Dependent Variable: Integrated Discharge Th-230
1 SOLTH 0.94(+) FKDTH 0.38 (-) FKDTH 0.42 (-) FKDTH 0.49 (-)
2 SALPERM 0.96(+) SOLTH 0.53 (+) SOLTH 0.54 (+) SOLTH 0.56 (+)
3 BHPERM  0.97(+)
4 SALPRES 0.97(+)
Dependent Variable: Integrated Discharge U-233
1 SOLU 0.34(+) SOLU 0.31 (+) SOLU 0.30 (+) SOLU 0.25 (+)
2 SALPERM 0.42(+) FKDU 0.41 (-) FKDU 0.42 (-) FKDU 0.40 (-)
3 SALPRES 0.49(+) SALPERM 0.49 (+) SALPERM 0.50 (+) SALPERM 0.49 (+)
4 SALPRES 0.58 (+) SALPRES  0.58 (+) SALPRES 0.57 (+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 5.1-2.
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5.3 Effect of No Gas Generation and Single-Porosity Transport Model

in Culebra Dolomite

TABLE 5.3-1. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5(1,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A
SINGLE-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-234
1 SOLyU 0.29(+) SoOLU 0.32 (+) SOLU 0.31 (+) SOLU 0.26 (+)
2 SALPERM 0.37(+) FKDU 0.41 (-) FKDU 0.42 (-) FKDU 0.40 (-)
3 SALPRES 0.43(+) SALPERM 0.49 (+) SALPERM 0.50 (+) SALPERM 0.49 (+)
4 SALPRES 0.57 (+) SALPRES  0.58 (+) SALPRES 0.57 (+)
5 SOLU 062 (-)
Dependent Variable: EPA Sum for Total Integrated Discharge
1 SOLAM 0.42(+) SOLU 0.18 (+) SOLU 0.20 (+) SOLU 0.21 (+)
2 SALPERM 0.65(+) FKDU 0.28 (-) FKDU 0.31 (-) FKDU 0.32 (-)
3 SALPERM 0.39 (+) SALPERM  0.40 (+) SALPERM 0.42 (+)
4 SALPRES 0.48 (+) SALPRES  0.49 (+) SALPRES 0.50 (+)
5 CULFRPOR 0.55 (-) CULFRPOR 0.56 (-) CULFRPOR 0.56 (-)
6 FKDPU 0.61 (-) FKDU 062 (-)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 5.1-2.
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Chapter 5: Effect of Alternative Conceptual Models

TABLE 5.3-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO S*-(2,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A
SINGLE-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.84(+) FKDAM 0.60 (-) CULFRPOR 0.21 (-) FKDAM 0.28 (-)
2 BHPERM 0.93(+) CULFRPOR 0.65 (-) FKDAM 0.42 (-) CULFRPOR0.47 (-)
3 BPPRES 0.94(+) MBPOR 0.69 (-) SOLAM 0.51 (+) SOLAM 0.52 (+)
4 MBPOR 0.55 (-)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.77(+) FKDNP 0.52 (-) FKDNP 0.48 (-) FKDNP 0.51 (-)
2 EHPH 0.84(+) SOLAM 0.62 (+) SOLNP 0.57 (+) SOLNP 0.61 (+)
3 BHPERM 0.88(+) SOLNP 0.68 (+) SOLAM 0.63 (+) SOLAM 0.66 (+)
4 BPPRES 091(+) BHPERM 0.71 (+)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.90(+) FKDPU 0.59 (-) FKDPU 0.22 (-) FKDPU 0.37 (-)
2 BHPERM 0.94(+) CULTRFLD 0.62 (-)
3 BPPRES  0.95(+)
4 BHDIAM  0.96(+)
5 EHPH 0.96(+)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.90(+) FKDPU 0.63 (-) FKDPU 0.21 (-) FKDPU 0.48 (-)
2 BHPERM  0.94(+)
3 BPPRES  0.95(+)
4 BHDIAM  0.96(+)
5 EHPH 0.96(+)
Dependent Variable: Integrated Discharge Th-230
1 SOLTH 0.90(+) FKDTH 0.36 (-) FKDTH 0.42 (-) FKDTH 0.51 (-)
2 BHPERM 0.95(+) SOLTH 0.54 (+) SOLTH 0.56 (+) SOLTH 0.58 (+)
3 BPPRES 0.63 (+)

* Analysis results in this column are the same as those presented in the corresponding column of

Table 5.1-3.
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5.3 Effect of No Gas Generation and Single-Porosity Transport Model
in Culebra Dolomite

TABLE 5.3-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5+*-(2,0,0,0,0) WITH NO GAS GENERATION IN THE REPOSITORY, A
SINGLE-POROSITY TRANSPORT MODEL IN THE CULEBRA DOLOMITE AND
INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY CLOSURE (concluded)

B288PE SEREJ2E8BELERRE

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable R2 Variable Variable R2 Variable R2
Dependent Variable: Integrated Discharge U-233
1 SOLU 0.25 (+) SOLU 0.24 (+) SOLU 0.22 (+) SOLU 0.15 (+)
2 BHPERM 0.39 (+) FKDU 0.40 (-) FKDU 0.41 (-) FKDU 0.30 (-)
3 SOLNP 050 (-) BPPRES 0.48 (+) BHPERM  0.48 (+) BPPRES  0.40 (+)
4 BPPRES 0.58 (+) CULFRPOR 0.56 (-) BPPRES 054 (+) BHPERM 0.46 (+)
5 BHPERM 0.60 (+) CULFRPOR 0.59 (-) CULFRPOR0.52 (-)
6 CULDISP 057 (+)
Dependent Variable; Integrated Discharge U-234
1 SOLU 0.20 (+) SOLU 0.22 (+) FKDU 0.21 (-) SOLU 0.15 (+)
2 BHPERM 0.36 (+) FKDU 0.37 (-) SOLU 0.40 (+) FKDU 0.28 (-)
3 BPPRES 0.46 (+) BPPRES 047 (+) BPPRES 0.40 (+)
4 CULFRPOR 0.52 (-) BHPERM 0.52 (+) CULFRPOR 0.47 (-)
5 BHPERM 0.57 (+) CULFRPOR 0.57 (-) BHPERM 0.53 (+)
6 CULDISP 0.59 (+)
Dependent Variable: EPA Sum for Total Integrated Discharge
SOLAM 062 (+) BPPRES 0.13 (+) SOLU 0.16 (+) SOLU 0.13 (+)
BHPERM 0.71 (+) FKDU 0.24 (-) FKDU 0.28 (-) BPPRES 0.25 (+)
SOLPU 0.77 (+) CULFRPOR 0.34 (-) BPPRES 0.39 (+) BHPERM 0.33 (+)
BPPRES 0.81 (+) SOLU 0.44 (+) BHPERM 0.47 (+) CULFRPOR 0.41 (-)

W N~ WN =

FKDNP  0.50 (-) CULFRPOR 0.54 (-) FKDU 0.48 (-)
BHPERM  0.55 (+) FKDNP 0.59 (-)

SOLAM  0.61 (+)

BPSTOR  0.65 (+)

* Analysis results in this column are the same as those presented in the corresponding column of
Table 5.1-3.
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Chapter 5: Effect of Alternative Conceptual Models

to those appearing in Figures 5.2-6 and 5.2-7 for scenario $t-(2,0,0,0,0) in
the presence of gas generation.

5.4 Effect of No Chemical Retardation and Dual-Porosity
Transport Model in Culebra Dolomite

As shown in the sensitivity analyses presented in preceding sections,
retardation resulting from assumed distribution coefficients (i.e., FKDAM,
FKDNP, FKDPU, FKDTH, FKDU, MKDAM, MKDNP, MKDPU, MKDTH, MKDU) for the Culebra
Dolomite has an important influence on radionuclide releases to the
accessible environment due to groundwater transport. At present, no site-
specific observations exist for radionuclide sorption in the Culebra
Dolomite, and the distributions characterizing the uncertainty in
distribution coefficients were developed through an internal review process
at Sandia National Laboratories (SNL) (see Section 2.6.10, Vol. 3, of this
report). Due to the indicated importance of distribution coefficients and
the absence of site-specific data, the best estimate analyses for the 1991
WIPP performance assessment (i.e., gas generation in the repository and a
dual-porosity transport model in the Culebra Dolomite) presented in Chapter 4
were repeated with the distribution coefficients set to zero in each sample
element. Under agreement with the State of New Mexico (U.S. DOE and State of
New Mexico, 1981, as modified), the effect of zero distribution coefficients
will be determined in the annual performance assessments conducted for the
WIPP until site-specific information becomes available.

As examination of the scatterplots in Figure 5.4-1 shows, releases to the
accessible environment are considerably larger when chemical retardation is
assumed to be absent. However, although the releases increase in the absence
of chemical retardation, the releases themselves are still relatively small.

In particular, only a few sample elements result in normalized releases close
to one.

As shown in Figure 4.5-4, approximately half the sample elements for scenario
5(1,0,0,0,0) result in no release to the Culebra. For these sample elements,
the release to the accessible environment will be zero regardless of the
assumptions made with respect to sorption. For scenario S*¥-(2,0,0,0,0),
essentially all sample elements result in releases to the Culebra. As
indicated by the points appearing above 10-8 in the scatterplot for scenario
$+t-(2,0,0,0,0) in Figure 5.4-1, many sample elements that produce zero
releases in the presence of chemical retardation produce nonzero releases in
the absence of chemical retardation. A similar effect can also be seen in
the scatterplot for scenario 5(1,0,0,0,0) in Figure 5.4-1.

The releases of individual isotopes to the accessible enviromment on which

Figure 5.4-1 is based are shown in Figure 5.4-2. The corresponding release
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5.4 Effect of No Chemical Retardation and Dual-Porosity
Transport Model in Culebra Dolomite
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9 Repository and an Assumed Intrusion Time of 1000 Yrs. For plotting purposes, values
0 less than 10-8 are set to 10-8.
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5.4 Effect of No Chemical Retardation and Dual-Porosity
Transport Model in Culebra Dolomite

results obtained in the presence of chemical retardation are shown in Figure
4.4-2. As already indicated by the scatterplots appearing in Figure 5.4-1,
the releases appearing in Figure 5.4-2 for transport without chemical
retardation are considerably larger than those appearing in Figure 4.4-2 for
transport with chemical retardation. Further, the major contributors to the
total release are also changed. As shown in Figure 4.4-2, U-234 is the major
contributor to the total release in the presence of chemical retardation. In
contrast, Figure 5.4-2 indicates that Pu-239, Th-230 and U-234 are all
important contributors in the absence of chemical retardation; even Am-241 is
a dominant contributor for 3 sample elements for scenario St-(2,0,0,0,0).

As shown in Figure 5.4-1, the assumption of no chemical retardation
substantially increases the releases to the accessible environment due to
groundwater transport. However, even without chemical retardation, the
potential release to the accessible environment over the 10,000-yr period
specified in the EPA standard is substantially reduced by groundwater
transport in the Culebra. The extent of this reduction is illustrated by the
scatterplots appearing in Figure 5.4-3, which show that the releases to the
accessible environment due to groundwater transport for many, if not most,

sample elements are one or more orders of magnitude less than the original
releases to the Culebra.

Transport calculations for no chemical retardation in the Culebra were only
performed for intrusions occurring at 1000 yrs (i.e., for scenarios
5$(1,0,0,0,0) and S*-(2,0,0,0,0)). As discussed in conjunction with Figure
5.1-4, these calculations can be used to construct CCDFs for comparison with
the EPA release limits under the assumption that the rate constant A in the
Poisson model for drilling intrusions is equal to zero after 2000 yrs. The
outcome of this construction is shown in Figure 5.4-4; the corresponding
results obtained with retardation in the Culebra appear in the upper two
frames of Figure 5.1-4. As comparison of the results in Figures 5.1-4 and
5.4-4 shows, the assumption of no retardation results in CCDFs that are
shifted considerably to the right (i.e., closer to the EPA release limits)
than the CCDFs obtained with retardation. Even so, only one of the CCDFs
obtained without retardation actually crosses the EPA release limits.

Sensitivity analyses of groundwater transport results for individual isotopes
for scenarios $(1,0,0,0,0) and S*-(2,0,0,0,0) with gas generation in the
repository and a dual-porosity transport model with no chemical retardation
in the Culebra are presented in Tables 5.4-1 and 5.4-2. For convenience,
these tables also contain the corresponding sensitivity analysis results for

release to the Culebra, although these results have appeared previously in
Tables 4.5-1 and 4.5-2.
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Scenario: 5(1,0,0,0,0), Assumed Intrusion Time: 1000 yrs
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Accessible Environment Due to Groundwater Transport for Gas Generation in the
Repository, a Dual-Porosity Transport Model in the Culebra Dolomite, No Chemical
Retardation and the Rate Constant X in the Poisson Maodel for Drilling Intrusions Equal
to Zero After 2000 Yrs.

The sensitivity analysis results in Table 5.4-1 for scenario S$(1,0,0,0,0) are
dominated by SALPERM (Salado permeability). As previously discussed and
illustrated by the scatterplots appearing in Figures 4.5-1 and 4.5-4, the
importance of SALPERM results from its role as a switch in determining
whether or not releases to the Culebra occur. Given that a release to the
Culebra occurs, the same factors operate to affect its transport to the
accessible enviromment for scenarios $(1,0,0,0,0) and $t-(2,0,0,0,0).
Therefore, as the sensitivity analysis results for scenario S+-(2,0,0,0,0) in
Table 5.4-2 are more revealing than those for scenario 5(1,0,0,0,0) in Table
5.4-1 due to the absence of SALPERM as a switch, the following discussion

will focus on the sensitivity analysis results obtained for $*-(2,0,0,0,0).

The sensitivity analysis results in Table 5.4-2 for scenario S$S¥-(2,0,0,0,0)
indicate that the most important variables for integrated transport in the
absence of chemical retardation are BHPERM (borehole permeability), BPPRES
(brine pocket pressure) and solubilities for the individual elements. These
are also the variables that dominate release to the Culebra. However, unlike
the analysis results shown in Table 5.4-2 for transport in the Culebra
without chemical retardation, the analysis results shown in Table 4.5-2 for
transport with chemical retardation are dominated by the distribution
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Chapter 5: Effect of Aiternative Conceptual Models

TABLE 5.4-1.

STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR

SCENARIO 5(1,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY AND A DUAL-
POROSITY TRANSPORT MODEL WITH NO CHEMICAL RETARDATION IN THE
CULEBRA DOLOMITE

Release to Culebra*  Quarter Distance Half Distance Full Distance

Step  Variable R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241

1 SALPERM 0.59(+) SALPERM 0.58(+) SALPERM 0.58(+) SALPERM 0.57(+)
Dependent Variable: Integrated Discharge Np-237

1 SALPERM 0.53(+) MBPERM 0.55(+) SALPERM 0.56(+) SALPERM 0.56(+)
Dependent Variable: Integrated Discharge Pu-239

1 SALPERM 056(+) SALPERM 0.56(+) SALPERM 0.56(+) SALPERNM 0.55(+)
Dependent Variable: Integrated Discharge Pu-240

1 SALPERM 0.56(+) SALPERM 0.56(+) SALPERM 0.56(+) SALPERM 0.55(+)
Dependent Variable: Integrated Discharge Th-230

1 SALPERM 0.55(+) SALPERM 0.58(+) SALPERM 0.58(+) SALPERM 0.58(+)
Dependent Variable: Integrated Discharge U-233

1 SALPERM 0.59(+) SALPERM 0.59(+) SALPERM 0.59(+) SALPERM 0.58(+)
Dependent Variable: Integrated Discharge U-234

1 SALPERM 0.59(+) SALPERM 0.58(+) SALPERM 0.59(+) SALPERM 0.59(+)
Dependent Variable: EPA Sum for Total Integrated Discharge

1 SALPERM 0.58(+) SALPERM 0.57(+) SALPERM 057(+) SALPERM 0.57(+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 4.5-1.
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5.4 Effect of No Chemical Retardation and Dual-Porosity

Transport Model in Culebra Dolomite

TABLE 5.4-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO 5+-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL WITH NO CHEMICAL RETARDATION IN THE

CULEBRA DOLOMITE AND INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY
CLOSURE

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable  R2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Am-241
1 SOLAM 0.36 (+) SOLAM 0.22 (-) CULFRSP  0.23 (+) CULFRSP 0.33 (+)
2 BHPERM 0.74 (+) BHPERM 0.47 (+) BHPERM 0.39 (+) CULCUM 0.52 (+)
3 BPPRES 0.78 (+) CULCLIM 0.61 (+) SOLAM 0.55 (+) SOLAM 0.62 (+)
4 CULFRSP 0.71 (+) CULCLIM  0.72 (+) BHPERM 0.72 (+)
5 BPPRES 0.75 (+) BPPRES 0.75 (+) BPPRES 0.75 (+)
6 CULTRFLD 0.78 (-) GRCORI 0.77 (-)
7 CULTRFLD 0.80 (-)
Dependent Variable: Integrated Discharge Np-237
1 SOLNP 0.65 (+) SOLNP 0.41 (+) SOLNP 0.37 (+) SOLNP 0.34 (+)
2 BHPERM 0.78 (+) BHPERM 065 (+) BHPERM 0.60 (+) BHPERM 0.53 (+)
3 BPPRES 0.82 (+) BPPRES 0.71 (+) BPPRES 0.66 (+) CULCLIM 0.62 (+)
4 EHPH 0.85 (+) EHPH 0.75 (+) EHPH 0.71 (+) BPPRES 0.68 (+)
5 GRCORI 088 (-) SOLAM 0.79 (+) SOLAM 0.75 (+) CULFRSP 0.73 (+)
6 CULCLIM 082 (+) CULCLIM  0.79 (+) SOLAM 0.76 (+)
7 GRCORI  0.84 (-) GRCORI 082 (-) EHPH 0.79 (+)
8 GRCORI  0.81 (-)
Dependent Variable: Integrated Discharge Pu-239
1 SOLPU 0.74 (+) SOLPU 0.70 (+) SOLPU 0.68 (+) SOLPU 0.63 (+)
2 BHPERM 085 (+) BHPERM 0.82 (+) BHPERM 0.81 (+) BHPERM 0.75 (+)
3 CULFRSP  0.83 (+) CULFRSP 0.80 (+)
4 CULCLIM  0.82 (+)
Dependent Variable: Integrated Discharge Pu-240
1 SOLPU 0.74 (+) SOLPU 0.69 (+) SOLPU 0.68 (+) SOLPU 0.62 (+)
2 BHPERM 0.85 (+) BHPERM 0.82 (+) BHPERM 0.80 (+) BHPERM 0.74 (+)
3 CULFRSP  0.83 (+) CULFRSP 0.80 (+)
4 CULCLIM 0.83 (+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 4.5-2.
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Chapter 5: Effect of Alternative Conceptual Models

TABLE 5.4-2. STEPWISE REGRESSION ANALYSES WITH RANK-TRANSFORMED DATA FOR
SCENARIO s*-(2,0,0,0,0) WITH GAS GENERATION IN THE REPOSITORY, A DUAL-
POROSITY TRANSPORT MODEL WITH NO CHEMICAL RETARDATION IN THE
CULEBRA DOLOMITE AND INTRUSION OCCURRING 1000 YRS AFTER REPOSITORY
CLOSURE (concluded)

Release to Culebra*  Quarter Distance Half Distance Full Distance
Step  Variable RZ2 Variable R2 Variable R2 Variable R2
Dependent Variable: Integrated Discharge Th-230
1 SOLTH 0.69 (+) BHPERM 0.43 (+) BHPERM 0.44 (+) BHPERM 0.31 (+)
2 BHPERM 0.82 (+) BPPRES 0.60 (+) BPPRES 059 (+) BPPRES 0.44 (+)
3 SOLU 0.65 (+) SOLU 0.65 (+) CULCLIM 0.56 (+)
4 SOLTH 0.69 (+) CULCLIM 069 (+) CULFRSP 0.62 (+)
5 CULPOR 0.73 (-) CULPOR 0.68(-+)
6 SOLTH 0.76 (+) SOLU 0.73 (+)
Dependent Variable: Integrated Discharge U-233
1 BHPERM 0.43 (+) BHPERM 0.43 (+) BHPERM 0.41 (+) BHPERM 0.28 (+)
2 SOLU 0.58 (+) BPPRES 058 (+) BPPRES 0.54 (+) CULCLIM 0.40 (+)
3 BPPRES 0.70 (+) SOLU 0.68 (+) SOLU 0.62 (+) BPPRES 0.52 (+)
4 SOLNP 0.74 (-) CULCLIM 0.72 (+) CULCLIM 068 (+) CULFRSP 0.63 (+)
5 CULPOR 0.72 (-) SOLU 0.68 (+)
6 CULFRSP 0.76 (+) CULPOR 0.73 (-)
7 SALPRES 0.75 (+)
Dependent Variable: Integrated Discharge U-234
1 BHPERM 0.47 (+) BHPERM 0.43 (+) BHPERM 0.39 (+) BHPERM 0.27 (+)
2 SOLU 0.60 (+) BPPRES 0.56 (+) BPPRES 052 (-) CULCLIM 0.39 (+)
3 BPPRES 0.72 (+) SOLU 0.68 (+) SOLU 0.62 (+) BPPRES 0.51 (+)
4 CULCLIM 0.72 (+) CULCLIM 068 (+) CULFRSP 059 (+)
5 CULPOR 0.75 (-) CULPOR 0.73 (-) CULPOR 065 (-)
6 SOLU 0.72 (+)
Dependent Variable: EPa Sum for Total integrated Discharge
1 BHPERM 0.46 (+) BHPERM 0.47 (+) BHPERM 0.43 (+) BHPERM 0.31 (+)
2 SOLAM 057 (+) BPPRES 061 (+) BPPRES  0.58 (+) CULCLIM 0.46 (+)
3 BPPRES 0.66 (+) CULCLIM 0.68 (+) CULCLIM  0.67 (+) BPPRES 0.60 (+)
4 SOLPU 0.69 (+) BPSTOR 0.71 (+) CULFRSP 069 (+)
5 BPSTOR 0.73 (+) CULPOR 0.74 (-) CULPOR 0.72 (-)
6 soLuU 0.76 (+) BHDIAM  0.77 (+)

*Analysis results in this column are the same as those presented in the corresponding column of

Table 4.5-2.
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5.4 Effect of No Chemical Retardation and Dual-Porosity
Transport Model in Culebra Dolomite

coefficients for the individual elements. The effects of the distribution
coefficients on the transport results analyzed in Table 4.5-2 are so strong
that the effects of other variables that have lesser influence on transport
are obscured. As shown in Figure 4.5-6 for transport only one-quarter the
distance to the accessible environment, transport is essentially shut off
over the 10,000-yr period under consideration due to chemical retardation in
the matrix. In contrast, the analyses of transport results obtained without
chemical retardation presented in Table 5.4-2 are able to identify the
effects of some of these other variables. 1In particular, integrated releases
tend to increase as CULCLIM (recharge amplitude factor for Culebra) and
CULFRSP (fracture spacing in Culebra) increase and decrease as CULPOR (matrix
porosity in Culebra) increases. However, the most important variables
overall in the absence of chemical retardation are those that influence
release to the Culebra (i.e., BHPERM, BPPRES and elemental solubilities).

As seen previously, the examination of scatterplots often helps provide
perspective on regression-based sensitivity analysis and sometimes reveals
relationships that are not apparent in the regression models. Other than the
previously identified role of SALPERM (Salado permeability) as a switch for
scenario §(1,0,0,0,0), examination of scatterplots for the no-retardation
calculations did not reveal any unusual patterns. However, it is still

useful to examine a few scatterplots to develop a feeling for the
relationships indicated in Table 5.4-2,

Scatterplots for normalized release of Am-241 and Pu-239 to the accessible
environment for scenario S$*¥-(2,0,0,0,0) are given in Figure 5.4-5. The
scatterplot for Am-241 involves CULFRSP (Culebra fracture spacing), which is
the first variable selected in the regression model presented in Table 5.4-2
for release to the accessible environment (i.e., for the "Full Distance”
results). The rank-regression model presented in Table 5.4-2 indicates that
release increases as CULFRSP increases and that this variable can account for
approximately 33% of the variability in the release. This result is
consistent with the pattern shown in Figure 5.4-5, where the release tends to

increase as CULFRSP increases but with considerable variability around this
trend.

The scatterplot for Pu-239 in Figure 5.4-5 involves SOLPU (solubility for
Pu), which again is the first variable selected in the regression model
presented in Table 5.4-2 for release to the accessible environment. In this
case, the rank-regression model involving only SOLPU indicates that release
increases as SOLPU increases and that SOLPU can account for approximately 63%
of the variability in the release. This increasing relationship between
release and SOLPU for Pu-239 can be readily seen in the scatterplot in
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Figure 5.4-5. Scatterplots for Normalized Release of Am-241 and Pu-239 to the Accessible
Environment Due to Groundwater Transport for Variables CULFRSP (Culebra fracture
spacing) and SOLPU (solubility for Pu) for Scenario $1-(2,0,0,0,0) with Gas Generation
in the Repository, a Dual-Porosity Transport Model in the Culebra Dolomite, No
Chemical Retardation and Intrusion Occurring at 1000 Yrs.

Figure 5.4-5. Further, as indicated by the R2 values in the regression
models in Table 5.4-2 (i.e., 0.33 for Am-241 and 0.63 for Pu-239), the
relationship in the scatterplot for Pu-239 is considerably tighter than the
one in the scatterplot for Am-241.

Scatterplots appear in Figure 5.4-6 for the release of U-234 to the
accessible environment for scenario $+t-(2,0,0,0,0) and the variables BHPERM
(borehole permeability), CULCLIM (recharge amplitude factor for Culebra) and

SOLU (solubility for U). As shown in Table 5.4-2 for the release of U-234 to
the accessible enviromment, increasing each of these variables tends to
increase the release although no single variable dominates. For example,
BHPERM is the most influential variable (i.e., is selected first in the
stepwise regression analysis with rank-transformed data) but can account for
only 27% of the observed variability. This pattern is apparent in the
scatterplots in Figure 5.4-6, where release tends to increase with each of
BHPERM, CULCLIM and SOLU but with much variability around this increasing
trend.
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Scatterplots for Normalized Release of U-234 to the Accessible Environment Due to
Groundwater Transport for Variables BHPERM (borehole permeability), CULCLIM
(recharge amplitude factor for Culebra) and SOLU (solubility of U) for Scenario
5*-(2,0,0,0,0) with Gas Generation in the Repository, A Dual-Porosity Transport Mode
in the Culebra Dolomite, No Chemical Retardation and Intrusion Occurring at 1000 Yrs.
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Chapter 5: Effect of Alternative Conceptual Models

This is a natural point at which to consider the importance of the variable
CULFRPOR (fracture porosity in Culebra). As shown in the scatterplots
appearing in Figures 4.5-7 and 5.2-8 for groundwater transport with chemical
retardation, increasing CULFRPOR increases groundwater transport when a dual-
porosity transport model is used and decreases groundwater transport when a
single-porosity transport model is used. Further, CULFRPOR is not identified
as being an important variable in the sensitivity analyses presented in Table
5.4-2 for groundwater transport with a dual-porosity transport model and mno
chemical retardation. The reason for the absence of CULFRPOR from the
analyses presented in Table 5.4-2 is easily seen from the scatterplot
appearing in Figure 5.4-7, which shows little relationship between CULFRPOR
and total release to the accessible environment.

As discussed in Section 5.2, the negative effect of CULFRPOR (fracture
porosity in Culebra) on radionuclide release for a single-porosity transport
model results from the decrease in groundwater velocity that occurs as
CULFRPOR increases. For dual-porosity transport, the presence of a positive
effect for CULFRPOR when chemical retardation takes place and the absence of
this effect when chemical retardation does mnot take place suggests that
CULFRPOR is involved in the implementation of chemical retardation for the
dual-porosity transport model. This is indeed the case, with both CULFRPOR
and CULFRSP (Culebra fracture spacing) being involved in the definition of a
"skin resistance" that controls radionuclide movement from a fracture to the

surrounding matrix for the dual-porosity transport model implemented in
STAFF2D (Huyakorn, et al., 1989).

The skin resistance in STAFF2D is defined by

b 6. B
S f
¢ = |— T~ =l (5.4-1)
bf (1 ¢f) 7D
where
¢ = skin resistance (s/m),

bg = width of clay lining in fracture (m),

bf = width of fracture (m),

¢f = fracture porosity (i.e., the sampled variable CULFRPOR in
Table 3-1),

B = half the distance between fractures (m) (i.e., one-half the
sampled variable CULFRSP in Table 3-1),
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Figure 5.4-7. Scatterplot for Fracture Porosity in Culebra Dolomite (CULFRPOR) versus Total
Normalized Release to the Accessible Environment Due to Groundwater Transport for
Scenario S*-(2,0,0,0,0) with Gas Generation in the Repository, a Dual-Porosity
Transport Model in the Culebra Dolomite, No Chemical Retardation and Intrusion
Occurring at 1000 Yrs.

r = clay tortuosity, which was fixed at 1.2 x 10-2 in the 1991
WIPP performance assessment (Vol. 3, Section 2.6.7)

and

D?® = molecular diffusion coefficient (m2/s), which was fixed at the
median elemental values shown in Table 3.3-12, Vol. 3, for the
1991 WIPP performance assessment.

As skin resistance increases, the rate of radionuclide movement from a
fracture to the surrounding matrix will decrease.

For the 1991 WIPP performance assessment, the ratio bg/bf in Eq. 5.4-1 is
assumed to equal 0.1. Further, r is fixed at 1.2 x 10-2; D™ is fixed for
each element at the median value shown in Table 3.3-12, Vol. 3, and l-¢f is
close to one (i.e., ¢éf is the sampled variable CULFRPOR shown in Table 3-1,
which has a range from 1 x 10-%4 to 1 x 10'2). As a result, the skin
resistance { is proportional to the product ¢f B, which is the product
CULFRPOR*CULFRSP/2 in the notation used in this report. Thus, ¢ should
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increase, with the result that radionuclide transport in the Culebra should
also increase, as CULFRPOR and CULFRSP increase, which is exactly the pattern
that has been observed (e.g., see the scatterplots for CULFRSP and CULFRPOR
in Figure 4.5-7 and the regression analyses in Tables 5.1-2 and 5.1-3).
Further, as shown in Figure 5.4-8, a stronger relationship exists between
release to the accessible environment and the product CULFRSP*CULFRPOR (i.e.,
2 ¢éf B) than appears in Figure 4.5-7 for eilther variable by itself.

5.5 Effect of Climate Change

The 1991 WIPP performance assessment used the variable CULCLIM (recharge
amplitude factor for Culebra) to study the effects of uncertainty in the
future climate in southeastern New Mexico. Specifically, CULCLIM is used in
the relationship

hf(t) 3Am + 1 Am -1

1 .1
hp = 4 - 5 (cos Bt + 5 cos &t - sin > ot) (5.5-1)

to define time-dependent heads in the Culebra, where

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

head (m) in Culebra at time t (sec),

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

8 = frequency (Hz) for Pleistocene glaciations (i.e., 1.7 x 10-12 Hz),

® = frequency (Hz) for second-order climatic fluctuations (i.e., 2 x
10-10 Hz)

and

ct
|

time (sec), with t=0 corresponding to closure of the WIPP.

As discussed in Section 4.4 of Vol. 3, 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 yrs. The
periodicity of the function is based on approximately 30,000 yrs of
paleoclimatic data from southeastern New Mexico and the surrounding region
and the global record of Pleistocene glaciations (Swift, in press). The
glacial frequency term © produces a maximum value of the function hf(t) at
60,000 yrs, and has little effect during the regulatory period. Most of the
introduced variability results from second-order fluctuations controlled by
the higher-frequency term ®. This variability corresponds conceptually to
the frequency of nonglacial climatic fluctuations observed in both late
Pleistocene and Holocene paleoclimatic data.
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Figure 5.4-8. Scatterplot for Total Normalized Release to the Accessible Environment Due to
Groundwater Transport versus the Product of Culebra Fracture Spacing (CULFRSP, m)
and Culebra Fracture Porosity (CULFRPOR) (i.e., the product CULFRSP+CULFRPOR)
for Scenario S *-(2,0,0,0,0) with Gas Generation in the Repository, a Dual-Porosity
Transport Model in the Culebra Dolomite and Intrusion Occurring at 1000 Yrs.

As discussed in Section 6.4.2 of Vol. 2, climatic fluctuations are linked to
the groundwater-flow model through the sampled variable CULCLIM (i.e., Ap),
which is a scaling factor used to modify hydraulic heads in the Culebra
Dolomite along a portion of the northern boundary of the model domain. At
its minimum value of 1, CULCLIM results in no change in prescribed boundary
heads during the 10,000-yr period. At its maximum value of 1.16, CULCLIM
results in boundary heads varying from their estimated present values (e.g.,
880 m) to maximum values corresponding to the ground surface (e.g., 1030 m).
Intermediate values for CULCLIM result in maximum heads at elevations between
their present evaluation and the ground surface.

Considerable interest exists in the effects of c¢limatic variation.

Therefore, although the original Latin hypercube sample indicated in Eq.
2.1-5 contained CULCLIM as a variable, analyses for single- and dual-porosity
transport in the Culebra with gas generation in the repository and chemical
retardation were repeated with CULCLIM set to 1 and to 1.16.

The results of these calculations for total normalized release to the
accessible environment are summarized by the scatterplots appearing in
Figures 5.5-1 and 5.5-2 for dual- and single-porosity transport,
respectively, with the ordinate displaying the results for CULCLIM = 1 and
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Scatterplots for Total Normalized Release to the Accessible Environment Due to
Groundwater Transport with Minimum (i.e., CULCLIM = 1) and Maximum (i.e.,
CULCLIM = 1.16) Climatic Variation for Gas Generation in the Repository, a Dual-
Porosity Transport Model with Chemical Retardation in the Culebra and Intrusion
Occurring at 1000 Yrs. For plotting purposes, values less than 10-12 are set to 10-12.



—_

2

4

O O ;o ~ND

Scenario: 5$(1,0,0,0,0), Assumed Intrusion Time: 1000 yrs

5.5 Effect of Climate Change

Single Porosity, Gas, Min/Max Climate

100 S B L N AR L] S B A L) B AL

S s ]
(=} 3 E
=) E
S i

c 102 F E
(%)) i ]
S £ x
> ; 1
L 4 L 3
E | ]
G ;
b X x E
2 10° ¢ » 3
< E
Z i
@ : ]
s 108 | -«—— 38 Observations E
é ; augl oyl ol gl [EITEETET | saaaal I TEIT| gl Ll

108 107 10 1072 10°

Release with Min Climatic Var: §$ (1,0,0,0,0)

Scenario: S%-(2,0,0,0,0), Assumed Intrusion Time: 1000 yrs

TRI-6342-1648-0

Single Porosity, Gas, Min/Max Climate

8 100 E vorrrTTy LAY | LERELAARLL | MRS | MERSLARLAL | LARLM | MR | R | v X""_
O: [ _
= 3 X E
N‘ i X ;
et _2 I ]
_}_ 10 4 9 X
[} [ ]
i 3 3
s : :

4 [ .
£ 10 3 x 3
[+ N 3
£ b x ]
3 6 X ]
g 10°} E
L § ]
= L E
3 E
") 8 | ) ]
g 100 | ~«—— 3 Observations 3
) E E
g T TR ETST NI TETY R RSN TETY IR e | TN BT BRI R UTeT | m

1078 107 107 1072 10°

Release with Min Climatic Var: $ +7(2,0,0,0,0)

TRI-6342-1649-0

Figure 5.5-2. Scatterplots for Total Normalized Release to the Accessible Environment Due to
Groundwater Transport with Minimum (i.e., CULCLIM = 1) and Maximum (i.e.,
CULCLIM = 1.16) Climatic Variation for Gas Generation in the Repository, a Single-
Porosity Transport Model with Chemical Retardation in the Culebra and Intrusion
Occurring at 1000 Yrs. For plotting purposes, values less than 10-8 are set to 10-8.
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Chapter 5: Effect of Alternative Conceptual Models

the abscissa displaying the results for CULCLIM = 1.16. As shown in Figure
5.5-1, an assumption of increased rainfall, and hence increased head at the
northern recharge boundary used for the Culebra, leads to increased releases
for the dual-porosity transport model. However, these increased releases are
too small to cause a violation of the EPA release limits. In contrast, the
results in Figure 5.5-2 show that an assumption of increased rainfall has
almost no effect on the releases for the single-porosity transport model.

As shown in Figure 5.5-3, most U-234 releases to the Culebra are transported
to the accessible environment within the 10,000-yr time period specified in
the EPA standard when a single-porosity transport model is used. The v
observations shown in Figure 5.5-3 in which this does not occur tend to be
those in which uranium has one of its larger distribution coefficient values,
in which case the total release is dominated by some other isotope that has a
small distribution coefficient value. Thus, the total releases to the
accessible environment for single-porosity transport in the Culebra and
CULCLIM=1 are dominated by isotopes whose entire release to the Culebra is
transported to the accessible environmment within the 10,000-yr period in the
EPA standard. As a reminder, most releases are dominated by U-234 (see
Figure 5.2-5). Thus, although increasing CULCLIM to 1.16 will increase
groundwater flow and hence result in earlier releases to the accessible
environment, an increased release over 10,000 yrs will not take place. For
the dual-porosity transport model, the releases to the accessible environment
are substantially less than the releases to the Culebra for all isotopes
(e.g., compare the results in Figures 5.1-2 and 5.1-3). 1In this case,
increasing the groundwater flow rate will increase the release to the
accessible environment, although the total releases remain small.

Transport calculations for CULCLIM = 1 and CULCLIM = 1.16 were only performed
for scenarios S$(1,0,0,0,0) and S$*-(2,0,0,0,0). As a result, CCDFs for
comparison with the EPA release limits using nonzero intrusion probabilities
over 10,000 yrs cannot be constructed. However, as already shown in Figures
5.1-4, 5.3-3 and 5.4-3, CCDFs can be constructed for comparison with the EPA
release limits under the assumption that the rate constant A in the Poisson
model for drilling intrusions is equal to zero after 2000 yrs. The result of
this construction for dual-porosity transport in the Culebra is shown in
Figure 5.5-4. As examination of this figure shows, the CCDFs obtained for
the maximum recharge case (i.e., CULCLIM = 1.16) are shifted to the right
relative to those obtained with present-day recharge (i.e., CULCLIM = 1).
However, even for the maximum recharge, the releases due to groundwater
transport are substantially smaller than the release due to cuttings removal
summarized in the CCDFs shown in Figure 4.1-2. The small effect indicated
for CULCLIM in Figure 5.5-4 is consistent with the small effect indicated for
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Figure 5.5-3. Scatterplot for Normalized U-234 Release to the Culebra Dolomite versus Normalized
U-234 Release to the Accessible Environment Due to Groundwater Transport with
Minimum (i.e., CULCUM = 1) Climatic Variation for Scenario S *-(2,0,0,0,0) with Gas
Generation in the Repository, a Single-Porosity Transport Model with Chemical
Retardation in the Culebra and Intrusion Occurring at 1000 Yrs. For plotting purposes,
values less than 10-8 are set to 108.

CULCLIM in the scatterplot appearing in Figure 5.4-6 for the release of U-234
to the accessible environment with a dual-porosity transport model and no
chemical retardation, where the relative effect of CULCLIM is actually
greater than in the analyses presented in this section due to the absence of
chemical retardation.

The CCDFs in Figure 5.5-4 are for dual-porosity transport in the Culebra. A

similar figure could be generated for single-porosity transport. However, as
shown in Figure 5.5-2, the release results for CULCLIM = 1 and CULCLIM = 1.16
are essentially identical when the single-porosity transport model is used,
and so the resultant CCDFs would also be the same.
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6. DISCUSSION

At present, the most appropriate conceptual model for use in performance
assessment at the WIPP is believed to include gas generation due to corrosion
and microbial action in the repository and a dual-porosity (matrix and
fracture porosity) representation for solute transport in the Culebra
Dolomite. Under these assumptions, CCDFs summarizing radionuclide releases
to the accessible enviromment due to both cuttings removal and groundwater
transport fall substantially below the release limits promulgated by the EPA.
This is the case even when the current estimates of the uncertainty in
analysis inputs are incorporated into the performance assessment. Although
the results of this analysis offer encouragement with respect to the
suitability of the WIPP as a disposal facility for transuranic waste, they
should be regarded as preliminary (Table 11-1, Vol. 1).

The best-estimate performance-assessment results indicated in the preceding
paragraph are dominated by cuttings removal. The releases to the accessible
environment due to groundwater transport make very small contributions to the
total release. The variability in the distribution of CCDFs that must be
considered in comparisons with the EPA release limits is dominated by the
variable LAMBDA (rate constant in Poisson model for drilling intrusions).

The variability in releases to the accessible environmment due to individual
drilling intrusions was controlled by DBDIAM (drill bit diameter), which was
the only imprecisely known variable considered in the model for cuttings
removal. If cuttings removal continues to dominate the CCDFs for releases to
the accessible environment in future analyses, a more detailed analysis of
the variables used in the modeling of cuttings removal should be performed.

Most of the imprecisely known variables considered in the 1991 WIPP
performance assessment relate to radionuclide releases to the accessible
environment due to groundwater transport. For a single borehole (i.e., an
E2-type scenario), whether or not a release from the repository to the
Culebra even occurs is controlled by the variable SALPERM (Salado
permeability), with no releases for small values (i.e., < 5 x 10-21 n2) of
this variable. When SALPERM is small, the repository never fills with brine
and so there is no flow up an intruding borehole that can transport
radionuclides to the Culebra. Further, releases that do reach the Culebra
for larger values of SALPERM are small and usually do not reach the
accessible environment.

A potentially important scenario for the WIPP involves two or more boreholes

through the same waste panel, of which at least one penetrates a pressurized

brine pocket and at least one does not (i.e., an ElE2-type scenario). For
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these scenarios, the uncertainty in release to the Culebra is dominated by
the variables BHPERM (borehole permeability), BPPRES (brine pocket pressure),
and the solubilities for the individual elements in the projected
radionuclide inventory for the WIPP (i.e., Am, Np, Pu, Th, U). Once
radionuclides are released to the Culebra, the matrix distribution
coefficients for the individual elements are important, with releases to the
Culebra often failing to reach the accessible environment over the 10,000-yr
period specified in the EPA regulations. As an example, Pu-239 dominates the
releases to the accessible environment due to cuttings removal, is an
important contributor to the total release to the Culebra, and yet is rarely
a significant contributor to the total release to the accessible environment
due to groundwater transport as a result of the large distribution
coefficients associated with plutonium (e.g., median values for fracture and
matrix distribution coefficients are 2.02 x 102 and 2.61 x 10-1 m3/kg,
respectively). In contrast, U-234 has relatively small distribution
coefficient wvalues (e.g., median values for fracture and matrix distribution
coefficients for uranium are 7.5 x 10-3 and 2.58 x 10-2 m3/kg, respectively)
and usually dominates the releases to the accessible enviromment due to
groundwater transport.

As indicated by the preceding discussion, a small subset of the 43 variables
presented in Table 3-1 dominates the best-estimate results obtaired in the
1991 WIPP performance assessment. The most important variable overall is
LAMBDA (rate comnstant in Poisson model for drilling intrusions). As shown in
Figure 4.6-1, LAMBDA completely dominates the uncertainty in the CCDFs that
must be compared against the EPA release limits. The releases to the
accessible environment due to groundwater transport are very smalil in the
best-estimate analyses (i.e., gas generation in the repository and a dual-
porosity transport model in the Culebra), with the result that the releases
to the accessible environmment are dominated by cuttings removal. Although
the uncertainty in cuttings removal for individual boreholes is determined by
DBDIAM (drill bit diameter) in the 1991 WIPP performance assessment, the
variables that determine, or prevent, releases to the accessible environment
due to groundwater transport are more important due to the larger quantities
of radionuclides that have the potential to be released.

The following variables are important in determining radionuclide releases to
the accessible environment due to groundwater transport: solubilities for
the individual elements (i.e., SOLAM, SOLNP4, SOLNP5, SOLPU4, SOLPUS5, SOLTH,
SOLU4, SOLU6), borehole permeability (BHPERM), Salado permeability (SALPERM),
and matrix distribution coefficients (i.e., MKDAM, MKDNP, MKDPU, MKDTH,
MKDU). It is difficult to put an absolute ranking on the importance of these
variables. For example, any one of the following three conditions is
sufficient to effectively prevent radionuclide releases to the accessible
environment due to groundwater transport: (1) low solubilities, (2) low
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borehole permeability, and (3) high matrix distribution coefficients.
Further, for intrusions involving a single borehole, low values for Salado
permeability prevent releases to the Culebra and hence to the accessible
environment. The uncertainty in the WIPP performance assessment results for
groundwater transport to the accessible environment would be reduced by
better characterizations of the possible values for these variables.

The solubilities and distribution coefficients for the individual elements
are not equally important. Due to the large inventory and long half-life of
Pu-239 (see Figure 2.4-2), the solubility and distribution coefficient for
plutonium are important variables. A similar, but slightly less strong
statement, can be made for americium because of the presence of Am-241 in the
WIPP inventory. However, the properties of americium are less important than
those of plutonium due to the relatively short half-life of Am-241 (i.e., 432
yrs) relative to the 10,000-yr period that must be considered in comparison
with EPA release limits. The solubilities and distribution coefficients for
neptunium and thorium are relatively unimportant due to the small amounts of
Np-237 and Th-230 in the WIPP inventory (see Figure 2.4-2). Uranium presents
an intermediate situation. The estimated inventory of U-234 in one waste
panel is approximately 0.3 EPA units or, equivalently, 3 EPA units in the
entire repository (see Figure 2.4-2). Relatively high solubilities and low
distribution coefficients result in U-234 tending to dominate the releases to
the accessible environment even though the inventory of Pu-239 in a single
waste panel is much higher (i.e., approximately 70 EPA units). Due to large
contributions of U-234 to the total normalized release to the accessible
environment due to groundwater transport, improvements in the estimates for
the solubility and distribution coefficient for uranium could reduce the
uncertainty in the total releases due to groundwater transport. In summary
and conditional on current estimates of the waste to be disposed of at the
WIPP, the most important elements for the characterization of solubilities
and distribution coefficients for comparisons with the EPA release limits are
plutonium, uranium and americium.

After the preceding variables, the sensitivity analyses for groundwater
transport with gas generation in the repository and a dual-porosity transport
model in the Culebra identified several other variables that had lesser
effects, including CULFRPOR (Culebra fracture porosity), CULFRSP (Culebra
fracture spacing), CULCLIM (recharge amplitude factor for Culebra) and
several variables related to gas generation. The variable BPPRES (brine
pocket pressure) was also selected in analyses for ElE2-type scenarios.
Increasing each of CULFRPOR, CULFRSP, CULCLIM and BPPRES tends to increase
releases. Increasing gas generation tended to decrease releases, although
none of the individual variables related to gas generation appeared to have a
large effect. However, SALPERM (Salado permeability) acted as a switch for
releases into the Culebra for a single borehole only in the presence of gas
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generation. Increasing fracture distribution coefficients (i.e., FKDAM,
FKDNP, FKDPU, FKDTH, FKDU) tended to decrease releases due to groundwater
transport, although the effects of these distribution coefficients were
generally smaller than the effects of the corresponding matrix distribution
coefficients. Although solubilities were important, the use of solubilities
defined on the basis of oxidation states for neptunium (i.e., SOLNP4 and
SOLNP5), plutonium (i.e., SOLPU4 and SOLPU5) and uranium (i.e., SOLU4 and
SOLU6) had little effect on the releases from the repository to the Culebra,
with both oxidation states for each element producing overlapping releases.

Sensitivity analysis results depend on both the ranges assigned to variables
and the impact that incremental changes in these variables have on the
predicted variable of interest. As a result, variables with large ranges
and/or large incremental effects can obscure the effects of other variables.
In analyses such as those presented in this report, sensitivity analysis
results are conditional on the characterizations of subjective uncertainty
assigned to the input variables selected for consideration. In particular,
as the knowledge base for individual variables is improved (i.e., as
subjective uncertainty is reduced), these variables may cease to be important
contributors to uncertainty in the outcome of a performance assessment and
thus be superseded in importance by other previously less important
variables. However, with the assumption that new sources of uncertainty are
not identified, the overall uncertainty in the results of the analysis should
decrease as the uncertainty in important variables is reduced.

Sensitivity analysis results only measure the effects of the sampled
variables and thus are conditional on the conceptual models analyzed and on
the numerical representations employed for these conceptual models.
Therefore, the following variants of the 1991 WIPP performance assessment
have also been considered to provide additional perspective on the impact of
subjective uncertainty: (1) no gas generation in the repository and a dual-
porosity transport model in the Culebra, (2) gas generation in the repository
and a single-porosity (fracture porosity) transport model in the Culebra, (3)
no gas generation in the repository and a single-porosity transport model in
the Culebra, (4) gas generation in the repository and a dual-porosity
transport model in the Culebra without chemical retardation, and (5) gas
generation in the repository, a dual-porosity transport model in the Culebra,
and extremes of climatic variation. All of these variations relate to
groundwater transport and thus do not affect releases due to cuttings
removal, which were found to dominate the results of the 1991 WIPP
performance assessment. However, these variations do have the potential to
increase the importance of releases due to groundwater transport relative to
releases due to cuttings removal. Further, these variations remove the
effects of some of the dominant variables identified in the sensitivity

analyses for gas generation in the repository and a dual-porosity transport
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model in the Culebra, and thus provide an opportunity to observe the impact
of additional variables listed in Table 3-1.

The presence of gas generation was found to reduce releases to the Culebra
for an E2-type scenario. When gas generation is present, the variable
SALPERM (Salado permeability) acts as a switch that determines whether or not
a release to the Culebra will occur. The role of SALPERM as a switch goes
away when gas generation is not considered. 1In this case, the repository is
generally brine saturated by the time the first drilling intrusion occurs
(i.e., at 1000 yrs in the 1991 WIPP performance assessment) and release to
the Culebra is dominated by the solubilities for the individual elements
(i.e., Am, Np, Pu, Th, U), with a lesser effect due to SALPERM as a result of
its influence on the amount of fluid flowing up the borehole. Sample
elements that result in zero releases to the Culebra with gas generation in
the repository result in nonzero releases without gas generation. Further,
nonzero releases in the presence of gas generation in the repository tend to
be larger in the absence of gas generation. The absence of gas generation
also results in larger releases to the Culebra for E1E2-type scenarios.

Since the absence of gas generation can result in larger releases to the
Culebra, it can also lead to larger releases to the accessible environment
due to groundwater transport. However, when the dual-porosity transport
model is used, many releases to the accessible environment are zero and even
the nonzero releases tend to be small (usually substantially less than 0.1).
As a result, total releases to the accessible environment due to cuttings
removal and groundwater transport are also dominated by cuttings removal when
no gas generation in the repository and a dual-porosity transport model in
the Culebra are assumed.

The use of a single-porosity rather than a dual-porosity transport model in
the Culebra was found to result in substantially larger releases to the
accessible environment due to groundwater transport. Specifically,
normalized releases are often several orders of magnitude higher when a
single-porosity transport model is used, and many zero releases with the
dual-porosity transport model are nonzero with the single-porosity transport
model. However, despite these increases in groundwater releases, the CCDFs
for total releases to the accessible environment constructed with results
obtained for gas generation in the repository and a single-porosity transport
model in the Culebra are below the EPA release limits, although they are
considerably above the corresponding CCDFs constructed with dual-porosity
results. Unlike results obtained with the dual-porosity transport model,
many of the groundwater releases to the accessible environment obtained with
the single-porosity transport model are larger than the corresponding
cuttings releases. For comparison, the mean CCDFs for cuttings removal,
groundwater transport with a dual-porosity transport model, and groundwater

transport with a single-porosity transport model are shown in Figure 6-1.
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As already discussed, the absence of gas generation in the repository results
in larger releases to the Culebra than the presence of gas generation, and
the use of a single-porosity transport model in the Culebra results in larger
releases to the accessible enviromment than the use of a dual-porosity model.
Thus, rather unsurprisingly, even larger groundwater-transport releases
result for no gas generation in the repository and a single-porosity
transport model in the Culebra. The analyses for no gas generation in the
repository and a single-porosity transport model in the Culebra were
performed for intrusions occurring only at 1000 yrs. Thus, it is not
possible to construct the CCDFs used for comparison with the EPA release
limits that include intrusions occurring after 1000 yrs. However, given the
releases observed for intrusions at 1000 yrs, some of the resultant CCDFs
would probably intersect the EPA release limits, although the bulk of the
CCDF distribution would be below these limits.

At present, no experimental data are available for the Culebra Dolomite that
can be used to estimate radionuclide retardation during transport by flowing
groundwater. As a result, there is significant uncertainty in what the
appropriate values should be for these quantities. The 1991 WIPP performance
assessment considered a range of elemental distribution coefficients
developed through an internal review process at SNL (Section 2.3.4, Vol. 3),
which in turn lead to retardations for use within the transport calculations.
To help provide perspective on the importance of chemical retardation, dual-
porosity transport calculations without chemical retardation were performed
for the Culebra for intrusions occurring at 1000 yrs and releases into the
Culebra predicted with gas generation in the repository. As should be the
case, these calculationd lead to larger releases to the accessible
environment than were obtained with chemical retardation. However, these
releases are still small, with few releases exceeding 0.1 EPA release units
and most releases much smaller. The releases predicted for no gas generation
in the repository and a single-porosity transport model with chemical
retardation in the Culebra are generally larger than the releases predicted
for gas generation in the repository and a dual-porosity transport model
without chemical retardation in the Culebra. The analyses for gas generation
in the repository and a dual-porosity transport model without chemical
retardation in the Culebra were performed only for intrusions occurring at
1000 yrs. Thus, with the available results, it is not possible to construct
CCDFs for comparison with the EPA release limits that include intrusions
occurring after 1000 yrs. However, given the releases observed for
intrusions at 1000 yrs, few if any of these CCDFs would intersect the EPA

release limits and most of the CCDFs would be considerably below the EPA
limits,

Summaries of the releases to the accessible environment obtained under
different modeling assumptions are provided in Figures 6-2 and 6-3 for
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E2- and ElE2-type scenarios, respectively, for intrusions occurring at 1000
yrs (i.e., for scenarios 5(1,0,0,0,0) and S*-(2,0,0,0,0) in the more explicit
notation used in the body of the report). As examination of these figures
shows, dual-porosity transport in conjunction with chemical retardation
results in releases to the accessible environment that are completely
dominated by cuttings removal. Even when dual-porosity transport in
conjunction with no chemical retardation is assumed, the median release due
to cuttings removal is larger than the median release due to groundwater
transport. In contrast, the releases to the accessible environment for

single-porosity transport are often larger than the corresponding releases
due to cuttings removal.

Mean CCDFs for releases to the accessible environment due to groundwater
transport are shown in Figure 6-4 for the various alternative conceptual
models considered in the 1991 WIPP performance assessment. For several of
the alternative conceptual models, calculations were performed only for
intrusions occurring at 1000 yrs. As a result, the CCDFs in Figure 6-4 were
constructed with the assumption that the rate constant in the Poisson model
for drilling intrusions (i.e., LAMBDA) is equal to zero after 2000 yrs., This
assumption is consistent with recommendations made in an expert review of
future human intrusions at the WIPP (Hora et al., 1991). As examination of
Figure 6-4 shows, all of the alternative conceptual models result in mean
CCDFs for release to the accessible environment that are below the EPA
release limits, although there is considerable variation in the location of
the individual CCDFs.

The final variant on the best-estimate analysis for the 1991 WIPP performance
assessment was the consideration of two extremes of climatic variation, with
one extreme resulting in boundary heads in the Culebra remaining constant at
present-day values (e.g., 880 m) and the other extreme resulting in time-
dependent fluctuations in heads along a recharge strip at the northern
boundary of the model domain that ranged from present-day values to a maximum
value corresponding to the surrounding land surface (e.g., 1030 m). As shown
in Figures 6-5 and 6-6, these variations were found to have limited effect on
the releases to the accessible environment due to groundwater transport with
either a dual-porosity or a single-porosity transport model in the Culebra.
However, additional investigations of the effects of uncertainty and
variability in future climatic conditions will be performed as alternative
conceptual models for regional groundwater recharge and flow are examined
(e.g., Beauheim and Holt, 1990). Although climatic fluctuations have little
impact on releases calculated using the current conceptual model for
recharge, results presented in this report should not be extrapolated to
other models for the location and amount of recharge to the Culebra.
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Summary of Normalized Releases to the Accessible Environment for Present-Day
Recharge (CULCLIM = 1) and Maximum Recharge (CULCLIM = 1.16) of the Culebra
Dolomite for E1E2-type Scenarios with Intrusion Occurring at 1000 Yrs (i.e., for scenario
5$%-(2,0,0,0,0)).
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Chapter 6: Discussion

A summary of the relative importance of the 45 imprecisely known variables
considered in the 1991 WIPP performance assessment (i.e., the variables
listed in Table 3-1) is presented in Table 6-1. As previously discussed, the
importance of individual wvariables is conditional on both the conceptual
model in use and the assessed uncertainty in the other variables under
consideration. The summary in Table 6-1 is based on results obtained in the
analyses for the alternative conceptual models, with special emphasis being
placed on the results obtained in the best-estimate analysis (i.e., gas
generation in the repository and a dual-porosity transport model in the
Culebra). Although this report contains many formal sensitivity analyses,
the summary results presented in Table 6-1 are not taken directly from
specific analyses but rather are based on an overall impression of the
results obtained in many individual sensitivity analyses. Alterations in the
ordering of variable importance given in Table 6-1 are possible as wvariables
are added or deleted from consideration, the assessed uncertainty in
individual variables is changed, and the conceptual model in use is refined.
Further, the selection of a specific conceptual model and its associated
numerical implementation for use in the WIPP performance assessment could
alter the relative importance of individual variables indicated in Table 6-1.
To date the uncertainty associated with plausible alternative conceptual
models has not been incorporated into a representation for the overall
uncertainty in WIPP performance-assessment results.

Annual performance assessments, including uncertainty and sensitivity
analysis, are performed for the WIPP to provide perspective on compliance
with the EPA regulations and guidance for additional research to support a
final decision on the acceptability or unacceptability of the WIPP as a
disposal facility for transuranic waste. The following insights have emerged

from these analyses and are providing guidance to current research efforts:

(1) The rate constant in the Poisson model for drilling intrusions
(LAMBDA) is a, if not the, dominant determinant of the CCDFs used for
comparison with the EPA release limits. An expert review process is
being used to develop a better understanding of this important
parameter (Hora et al., 1991; Vol. 1, Section 4.3).

(2) Given that a drilling intrusion has occurred, the interplay
between Salado permeability and gas generation is an important
determinant of both whether or not a release to the Culebra occurs and
the size of such a release should it occur. Research programs are
underway to study both Salado permeability (Saulnier, 1988 and 1991;
Wawersik and Beauheim, 1991) and gas generation in the repository
(Brush, 1990).
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2 TABLE6-1. SUMMARY OF VARIABLE IMPORTANCE IN THE 1991 WIPP PERFORMANCE

3 ASSESSMENT. The summary presented in this table is based on results obtained in the
4 sensitivity analyses associated with the alternative conceptual models, with special

5 emphasis being placed on results obtained in the best-estimate analysis (i.e., gas

6 generation in the repository and a dual-porosity transport model in the Culebra Dolomite),
7 and is conditional on these conceptual models, the numerical implementation of these

8 conceptual models in the WIPP performance assessment, the assessed subjective

9 uncertainty in the 45 variables listed in Table 3-1 and the fixed values used for other
10 variables required in the performance assessment.
12
13
14 IMPORTANT
16
17 Borehole permeability (BHPERM)

18

19 Culebra fracture porosity (CULFRPOR)
20

21 Culebra fracture spacing (CULFRSP)
22

Drill bit diameter (DBDIAM)

Fracture distribution coefficients (FKDAM, FKDNP, FDKPU, FDKTH, FKDU, with plutonium, americium
and uranium being the most important elements)

t.  Matrix distribution coefficients for individual elements (MKDAM, MKDNP, MKDPU, MKDTH, MKDU)
30 Rate constant in Poisson model for drilling intrusions (LAMBDA)

32 Salado permeability (SALPERM)

33

34  Solubilities for individual elements (SOLAM, SOLNP4, SOLNP5, SOLPU4, SOLPUS, SOLTH, SOLU4,
35 SOLUS6)

8

a8

39 SMALL EFFECTS OBSERVED
40

42 Brine pocket pressure (BPPRES)

43

44 Brine pocket storativity (BPSTOR)

45

46  Culebra dispersivity (CULDISP)

47

48  Culebra porosity (CULPOR)

49

50 Culebra transmissivity field (CULTRFLD)

s2  Gas Generation rate for corrosion of steel under inundated conditions (GRCORI). The individual variables
53 related to gas generation (GRCORH, GRCORI, GRMICH, GRMICI, STOICCOR, STOICMIC, VMETAL,

54 VWOOD) had limited identifiable impacts on analysis results. However, the presence or absence of
55 gas generation had an important effect on radionuclide release to the Culebra and on the effect that
56 Salado permeability has on this release.

57
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TABLE 6-1. SUMMARY OF VARIABLE IMPORTANCE IN THE 1991 WIPP PERFORMANCE
ASSESSMENT. The summary presented in this table is based on results obtained in the
sensitivity analyses associated with the alternative conceptual models, with special
emphasis being placed on results obtained in the best-estimate analysis (i.e., gas
generation in the repository and a dual-porosity transport model in the Culebra Dolomite),
and is conditional on these conceptual models, the numerical implementation of these
conceptual models in the WIPP performance assessment, the assessed subjective
uncertainty in the 45 variables listed in Table 3-1 and the fixed values used for other
variables required in the performance assessment. (concluded)

SMALL EFFECTS OBSERVED (continued)

Index variable used to select relative areas of the stability regimes for different oxidation states of
neptunium, plutonium and uranium (EHPH)

Marker Bed 139 permeability (MBPERM, 0.8 rank correlation with Salado permeability)
Recharge amplitude factor for Culebra (CULCLIM)

Salado pressure (SALPRES)

LIMITED OR NO EFFECTS OBSERVED

Fraction of total waste volume that is occupied by IDB (Integrated Data Base) metals and glass waste
category (VMETAL)

Fraction of total waste volume that is occupied by IDB combustible waste category (YWOOQOD)

Fraction of waste panel area underlain by a pressurized brine pocket (BPAREAFR, effect overwhelmed by
uncertainty in rate constant in Poisson model for drilling intrusions)

Gas generation rate due to microbial degradation of cellulosics under humid conditions (GRMICH)
Gas generation rate due to microbial degradation of cellulosics under inundated conditions (GRMICI)
Gas generation rate for corrosion of steel under humid conditions (GRCORH)

Initial fluid (brine) saturation of waste (BRSAT)

Marker Bed 139 porosity (MBPOR)

Stoichiometric coefficient for corrosion of steel (STOICCOR)

Stoichiometric coefficient for microbial degradation of cellulosics (STOICMIC)

Threshold displacement pressure in Marker Bed 139 (MBTHPRES)
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(3) Elemental solubilities are important determinants of the amounts
of radionuclides that can be transported from the repository to the
Culebra by brine flowing up an intruding borehole. An experimental
program is underway to determine the chemical conditions that could
exist in the repository (Brush, 1990) and the solubilities that would
exist under such conditions (Brush, 1990; Phillips and Molecke, in
review).

(4) Distribution coefficients are important determinants of
radionuclide transport in the Culebra. Laboratory experiments with
cores removed from the Culebra Dolomite are currently underway to
provide estimates of both physical and chemical retardation (Gelbard
and Novak, 1992).

(5) The use of a single- or dual-porosity transport model has

significant impact on predicted radionuclide transport in the Culebra.
Existing information, INTRAVAL evaluations and additional experiments
are being utilized to assess the appropriateness of these two models,

(6) In the absence of chemical retardation, the flow patterns in the
Culebra can have a significant impact on radionuclide transport to the
accessible environment. An extensive effort is underway to estimate
the range of transmissivity fields for the Culebra that is consistent
with available field data (Vol. 2, Section 6.2).

The following possibilities for additional investigation also arise from
the uncertainty and sensitivity analyses performed in support of the 1991
WIPP performance assessment, although they are not being pursued at
pPresent:

(1) Cuttings removal is important in the 1991 WIPP performance
assessment. The releases associated with drilling intrusions may be
increased by processes involving spalling into the borehole. Due to
the indicated importance of cuttings removal, processes that could
affect these releases need to be considered.

(2) The variable BHPERM (borehole permeability) has a significant
impact on the amount of brine that can flow up an intruding borehole
and hence on resultant radionuclide releases to the Culebra.
Additional investigation of this variable may be appropriate, although
difficult due to the dependence of BHPERM on future drilling
pPractices.

(3) The possible existence of pressurized brine pockets in the
Castile Formation below the WIPP leads to the scenarios in the current
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WIPP performance assessment with the largest releases to the
accessible environment. Realistic representation of the extent to
which such pockets exist beneath the repository would improve WIPP
performance-assessment results.

Now that the 1991 WIPP performance assessment, together with associated

uncertainty and sensitivity analyses, has been completed, the following

possible improvements to the 1992 performance assessment can be identified:

6-18

(1) Use of more resolution in the time at which drilling intrusions
occur; in particular, consideration of drilling intrusions at times
earlier than 1000 yrs to better incorporate the effects of radioactive
decay.

(2) Use of more activity levels in the waste for cuttings removal,
possibly in conjunction with a refined activity distribution that
takes into account random mixing of waste in the loading of the

repository.

(3) Use of separate calculations to determine releases i.zu the
Culebra for single boreholes that penetrate pressurized brine pockets
(i.e., El-type scenarios) and single boreholes that do not v=netrate
pressurized brine pockets (i.e., E2-type scenarios). In the 1991 WIPP
performance assessment, these releases were assumed to be th«: same but
this may not be the case in the presence of gas generation .a the
repository.

(4) Evaluation of direct releases to the surface environment due to
brine flow for scenarios that involve penetration of a pressurized
brine pocket.

(5) Improved estimation of probabilities for ElE2-type scenarios. At
present, these scenarios involve a very specific combination of plug
failures in boreholes that is not taken into account in the
calculation of their probabilities.
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