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ABSTRACT 

Before disposing of transuranic radioactive waste in the Waste Isolation 
Pilot Plant (WIPP), the United States Department of Energy (DOE) must 
evaluate compliance with applicable long-term regulations of the United 
States Environmental Protection Agency (EPA). Sandia National Laboratories 
is conducting iterative performance assessments (PAS) of the WIPP for the DOE 
to provide interim guidance while preparing for a final compliance 
evaluation. This volume of the 1992 PA contains results of uncertainty and 
sensitivity analyses with respect to the EPA's Environmental Pro tec t ion  
Standards f o r  Management and Disposal o f  Spent Nuclear Fuel ,  High- Level and 
T r a n s u r a n i c  R a d i o a c t i v e  W a s t e s  (40 CFR 191, Subpart B). Additional 
information about the 1992 PA is provided in other volumes. Volume 1 
contains an overview of WIPP PA and results of a preliminary comparison with 
40 CFR 191, Subpart B. Volume 2 describes the technical basis for the PA, 
including descriptions of the linked computational models used in the Monte 
Carlo analyses. Volume 3 contains values for input parameters used in 
consequence and probability modeling. Volume 5 contains uncertainty and 
sensitivity analyses of gas and brine migration for undisturbed performance. 
Finally, guidance derived from the entire 1992 PA is presented in Volume 6 .  

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

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

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

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

\~ Volume 2: Technical Basis 
'\ 

Volume 3: Model Parameters 

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

, 
Volume 5: Uncertainty and Sensitivity Analyses of Gas and Brine Migration 

I for Undisturbed Performance 

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

The Waste Isolation Pilot Plant (WIPP) is planned as a research and 
development facility to demonstrate the safe disposal of transuranic 

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

Department of Energy (DOE). Before disposing of waste in the WIPP, the 
DOE must evaluate compliance with applicable long-term regulations of 

the United States Environmental Protection Agency (EPA), including 40 
CFR 191, Subpart B (Environmental Radiation Protec t ion  Standards f o r  t he  

Management and D i s p o s a l  o f  S p e n t  Nuc lear  F u e l ,  H i g h - L e v e l  and 

Transuranic Radioact ive  Wastes)  (EPA, 1985) and 40 CFR 268.6 ( P e t i t i o n s  

t o  Allow Land Disposal o f  a  Waste Prohibited Under Subpart C o f  Part 

268)  (EPA, 1986), which is the regulation implementing the Resource 

Conservat ion  and Recovery Act (RCRA) that states the conditions for 

disposal of specified hazardous wastes. Performance assessment (PA) 
will form the basis for evaluations of compliance with these 

regulations. 

The WIPP Performance Assessment Department of Sandia National 

Laboratories (SNL) is performing iterative preliminary PAS to provide 
guidance to the WIPP Project while preparing for final compliance 

evaluation. This volume is part of a multi-volume report documenting 
the third preliminary performance assessment for the WIPP, completed in 
December 1992. Preparation for preliminary performance assessments 

began with the December 1989 Draf t  Forecast o f  t he  Final Report f o r  t he  

Comparison t o  40 CFR Part 191,  Subpart B f o r  t he  Waste I s o l a t i o n  P i l o t  

P l a n t  (Bertram-Howery et al. , 1989) and Per formance  Assessment  

Me thodo l  ogy  Demonstration: Methodology Development f o r  Evaluat ing  

Compliance w i t h  EPA 40 CFR 191, Subpart B ,  f o r  t h e  Waste I s o l a t i o n  P i l o t  
P lant  (Marietta et al., 1989). The 1990 report (Bertram-Howery et al., 
1990) and two supporting volumes (Rechard et al. , 1990 ; Helton et al. , 
1991) presented preliminary results of evaluations that addressed only 
the long-term performance criteria for disposal specified in the 

radioactive-waste disposal standards (40 CFR 191, Subpart B ,  EPA, 1985). 
The 1991 version of the report (WIPP PA Division, 1991a, 1991b, 1991~; 
Helton et al., 1992) presented preliminary evaluations for comparison 

with the regulatory requirements of 40 CFR 191, Subpart B .  Results of 

the 1992 performance assessment are not suitable for final compliance 

evaluations because portions of the modeling system and data base are 
incomplete, and the level of confidence in the defensibility of the 
performance estimates has not been established. Results are, however, 

suitable for providing interim guidance to the WIPP Project as it moves 
toward final compliance evaluations. 
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Previous volumes of the December 1992 Preliminary Performance 

Assessment have provided an overview of the performance assessment and 
results of a preliminary comparison with Subpart B of 40 CFR 191 (Volume 
l), a description of the technical basis for probability and consequence 
modeling (Volume 2), and the data base of parameter values used in 

modeling (Volume 3). This volume contains the results of uncertainty 
and sensitivity analyses performed with respect to 40 CFR 191B. These 

analyses provide quantitative and qualitative insights on the 

relationships between uncertainty in the models and data used in the 

performance assessment and the resultant uncertainty in the results of 
the performance assessment. Additional uncertainty and sensitivity 

analyses of gas and brine migration for undisturbed conditions relevant 
to compliance evaluations for 40 CFR 268.6 are contained in Volume 5. 
Finally, Volume 6 contains guidance to the WIPP Project based on the 
1992 performance assessment. 

Uncertainty and sensitivity analysis is an important part of the 

WIPP PA and contributes to the overall analysis in the following areas: 
(1) assessment of the uncertainty in performance assessment results that 
must be used in regulatory compliance evaluations, (2) identification of 

modeling areas where reductions in uncertainty can increase confidence 
in performance assessment results, and (3) partial verification that the 

computational models used in the performance assessment system are 

operating properly. Because uncertainty and sensitivity analyses are 
inherently conditional on the models, data distributions, and techniques 

used to generate them, they cannot provide insight about parameters not 
sampled, conceptual and computational models not used in the analysis in 

question, or processes that have been oversimplified in the analysis. 
As discussed further in Volume 6 ,  qualitative judgment about the 
modeling system must be used in combination with the results of analyses 
presented in this volume to set priorities for additional data 
acquisition and model development. 

Organization of this volume is as follows: 

Chapter 2 provides an overview of the structure of the WIPP PA, 
including an introduction to the Kaplan and Garrick (1981) ordered- 

triple representation for risk. The definition of scenarios, the 
determination of scenario probabilities, and the calculation of 

scenario consequences are described in the context of the ordered- 

triple representation for risk. Additional information about the PA 

methodology is provided in Chapters 3 and 4 in Volume 2 of this report. 
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Chapter 3 provides information about the imprecisely known variables 
selected for sampling in the 1992 PA. Detailed information about 

parameter values is provided in Volume 3 of this report. 

Chapter 4 contains a discussion of the modeling of undisturbed 

performance using a rectangular cross-section representation of the 

entire repository. Results are presented in terms of cumulative gas 

and brine migration and other two-phase flow performance measures. 

Radionuclide transport is not modeled because no brine that has been in 

contact with waste reaches the accessible environment during 10,000 yr 

of undisturbed performance. Discussions of two-phase flow and creep 

closure and detailed information about the BRAGFLO and SANCHO codes 

used in the modeling are provided in Chapter 7 and Appendices A and B 
in Volume 2 of this report. 

Chapter 5 contains a discussion of the modeling of disturbed 

performance ( i . . ,  scenarios in which the waste-disposal region is 

intruded by an exploratory borehole) using a cylindrical representation 

of a single panel. Results in this chapter are presented in terms of 

cumulative gas and brine migration and other two-phase flow performance 

measures. Uncertainty and sensitivity analyses using radionuclide 

releases as the primary performance measure are discussed in Chapter 8. 

Modeling for disturbed performance uses the BRAGFLO and SANCHO codes, 

and also uses the PANEL code to model radionuclide mobilization in the 

waste-emplacement panel. PANEL is described in Chapter 7 and Appendix 
A in Volume 2 of this report. 

Chapter 6 contains a discussion of the modeling of groundwater flow and 
radionuclide transport in the Culebra Dolomite Member of the Rustler 

Formation above the repository. Radionuclide transport in the Culebra 

occurs only in human intrusion scenarios. Modeling is done using the 

SECO flow and transport codes, as described in Chapter 7 and Appendix C 
in Volume 2 of this report. 

Chapter 7 contains a discussion of the modeling of the release of 
radionuclides directly at the ground surface during the drilling of an 

exploratory borehole that intrudes into the waste - disposal region. As 

modeled, particulate waste is brought to the surface in the drilling 

fluid both as cuttings (material intersected by the drill bit) and 

cavings (material eroded from the borehole wall by the circulating 

drilling fluid). Cuttings and cavings are collectively referred to as 

cuttings in this report. Modeling is done using the CUTTINGS code, as 

described by Berglund (1992) and Chapter 7 in Volume 2 of this report. 
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Chapter 8 contains uncertainty and sensitivity analysis results for 

radionuclide releases both from cuttings and groundwater transport. 
Alternative conceptual models are examined for transport in the 

Culebra, including transport in a single-porosity, fracture-only medium 
and transport in a dual-porosity, fracture plus porous-matrix system. 

For dual-porosity transport, releases are examined with and without the 
physical effect of clay linings in fractures and with and without 
chemical retardation by sorption. Cases considered here are a more 
complete set of those for which results were presented in Chapter 5 of 
Volume 1 of this report for preliminary comparison with the Containment 

Requirements of 40 C F R  1 9 1 B .  Dual-porosity transport with both 
chemical and physical retardation in matrix and clay linings is the 
conceptual model believed by the WIPP PA Department to provide the most 
realistic representation for transport in the Culebra. Experimental 

and field data are not sufficient at this time to eliminate alternative 
conceptual models, and other cases are therefore analyzed here for 

comparison. 

Chapter 9 summarizes the results of the 1992 uncertainty and 
sensitivity analyses for 40 CFR 1 9 1 B ,  and identifies overall importance 

of individual parameters. 



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 

where 

Si = a set of'similar occurrences, 

psi = probability that an occurrence in the set Si will take place, 

cSi = a vector of consequences associated with Si, 

nS = number of sets selected for consideration, 

and the sets Si have no occurrences in common (i.e., the Si are disjoint 

sets). This representation formally decomposes the outcome of a performance 

assessment into what can happen (the Si), how likely things are to happen 

(the psi), and the consequences of what can happen (the CSi). The Si are 

typically referred to as "scenarios" in radioactive waste disposal. 

Similarly, the psi are scenario probabilities, and the vector CSi contains 

environmental releases for individual isotopes, the normalized EPA release 

for all isotopes, and possibly other information associated with scenario Si. 

The set R in Eq. 2.1-1 is used as the conceptual model for the WIPP 

performance assessment. 

Although the expression in Eq. 2.1-1 provides a logical conceptual 

representation for risk, the set R by itself can be difficult to examine. 
For this reason, the risk results in R are often summarized with 

complementary cumulative distribution functions (CCDFs). These functions 

provide a display of the information contained in the probabilities psi and 

the consequences cSi. With the assumption that a particular consequence 

result cS in the vector CS has been ordered so that c S ~  5 cSi+l for i=l, . .  . I 

nS-1, the associated CCDF is shown in Figure 2.1-1. A consequence result of 

particular interest in performance assessments for radioactive waste disposal 

is the EPA normalized release to the accessible environment (EPA, 1985). As 

indicated in Figure 2.1-1, the EPA places a bound on the CCDF for normalized 

release to the accessible environment. 
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cS: Consequence Value 
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Figure 2.1-1. Estimated complementary cumulative distribution function 
(CCDF) for consequence result cS (Helton et a1 . , 1991) . The 
open and solid circles at the discontinuities indicate the 
points included on (solid circles) and excluded from (open 
circles) the CCDF. 
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2.1 Conceptual Model 

In practice, the outcome of a performance assessment depends on many 

imprecisely known variables. These imprecisely known variables can be 

represented by a vector 

where each x j  is 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: 

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 cS, 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 

where Dj is the distribution for the variable x j  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 x j .  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 

is generated according to the specified distributions and restrictions, where 
nK is the size of the sample. A performance assessment is then conducted for 
each sample element xk, which yields a sequence of risk results of the form 
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for k=l, . . . , nK. Each set R(x~) is the result of one complete performance 

assessment conducted with a set of inputs (i.e., xk) that the review process 
producing the distributions in Eq. 2.1-4 concluded was possible. Further, 

associated with each risk result R(xk) 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., l/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(xk) shown in Eq. 2.1-6. This yields a distribution of CCDFs of 
the form shown in Figure 2.1-2. 

An important distinction exists between the uncertainty that gives rise 
to a single CCDF in Figure 2.1-2 and the uncertainty that gives rise to the 

distribution of CCDFs in this figure. A single CCDF arises from the fact 
that a number of different occurrences (e.g., borehole intrusions) have a 

real possibility of taking place. This type of uncertainty is referred to as 
stochastic variation or uncertainty in this report. A distribution of CCDFs 
arises from the fact that fixed, but unknown, quantities (e.g., hydrologic 

properties) are needed in the estimation of a CCDF. The development of 
distributions that characterize what the values for these fixed quantities 

might be leads to a distribution of CCDFs. In essence, a performance 
assessment can be viewed as a very complex function that estimates a CCDF. 
As there is uncertainty in the values of some of the variables operated on by 
this function, there will also be uncertainty in the dependent variable 
produced by this function, where this dependent variable is a CCDF. 

Both Kaplan and Garrick (1981) and a recent report by the International 
Atomic Energy Agency (IAEA, 1989) distinguish between these two types of 
uncertainty. Specifically, Kaplan and Garrick distinguish between 
probabilities derived from frequencies and probabilities that characterize 
degrees of belief. Probabilities derived from frequencies correspond to the 
probabilities psi in Eq. 2.1-1, while probabilities that characterize degrees 
of belief (i. e. , subjective probabilities) correspond to the distributions 
indicated in Eq. 2.1-4. The IAEA report distinguishes between what it calls 
Type A uncertainty and Type B uncertainty. The IAEA report defines Type A 

uncertainty to be stochastic variation; as such, this uncertainty corresponds 
to the frequency-based probability of Kaplan and Garrick and the pSi of Eq. 

2 .l-1. Type B uncertainty is defined to be uncertainty that is due to lack 
of knowledge about fixed quantities; thus, this uncertainty corresponds to 

the subjective probability of Kaplan and Garrick and the distributions 

indicated in Equation 2.1-4. Expressed another way, Type A uncertainty 
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Figure 2.1-2. Distribution of complementary cumulative distribution functions 
(CCDFs) for normalized release to the accessible environment 
obtained in the 1991 WIPP performance assessment including both 
cuttings removal and groundwater transport with gas generation 
in the repository and a dual-porosity transport model in the 
Culebra Dolomite (Helton et al., 1992, Figure 2.1-2). 
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designates variability in a population; Type B uncertainty designates a lack 
of knowledge about this population and how to appropriately calculate 

associated results of interest. For the WIPP performance assessment, Type A 

uncertainty refers to all possible patterns of disruption that could occur 

over a 10,000 yr period, and Type B uncertainty refers to our lack of 
knowledge on how to characterize these patterns and calculate their 

consequences. This distinction has also been made by other authors, 

including Vesely and Rasmuson (1984), Pate-Cornell (1986), Parry (1988), 

Helton (1993b), and Helton and Breeding (1993). 

As already indicated, the ordered-triple representation shown in 

Eq. 2.1-1 is used as the conceptual model for the WIPP performance 

assessment. In consistency with this representation, the scenarios Si, 

scenario probabilities psi and scenario consequences cSi used in the 1991 
preliminary WIPP performance assessment are discussed in Sections 2.2, 2.3 

and 2.4, respectively. Several specific definitions used for R in the 1992 
WIPP performance assessment are then presented in Section 2.5. 

The WIPP performance assessment endeavors to maintain a distinction 

between stochastic (i.e., Type A) uncertainty and subjective (i.e., Type B) 
uncertainty. The effect of stochastic uncertainty is represented by the 

probabilities psi discussed in Section 2.3. The characterization of the 

subjective uncertainty in the inputs to the 1992 WIPP performance assessment 

is discussed in Chapter 3. The primary focus of this report is the impact of 

subjective uncertainties on the outcomes of the 1992 WIPP performance 

assessment. These impacts will be investigated in Chapters 4 through 8. A 

concluding discussion is given in Chapter 9. 

2.2 Definition of Scenarios 

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

The WIPP performance assessment uses a two-stage procedure for scenario 
development (Chapter 4 of Volume 2). The purpose of the first stage is to 
develop a comprehensive set of scenarios that includes all occurrences that 

might reasonably take place at the WIPP. The result of this stage is a set 
of scenarios, called summary scenarios, that summarize what might happen at 
the WIPP. These summary scenarios provide a basis for discussing the future 
behavior of the WIPP and a starting point for the second stage of the 
procedure, which is the definition of scenarios at a level of detail that is 

appropriate for use with the computational models employed in the WIPP 
performance assessment. The scenarios obtained in this second stage of 

scenario development are referred to as computational scenarios. The 
development of summary scenarios is directed at understanding what might 
happen at the WIPP and answering completeness questions. The development of 

computational scenarios is directed at organizing the actual calculations 
that must be performed to obtain the consequences cSi appearing in Eq. 2.1-1, 
and as a result, must provide a structure that both permits the c S ~  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.., the subsets Si of S). The following 
discussion describes the computational scenarios used in the 1992 WIPP 
performance assessment. 

The development of summary scenarios for the 1992 WIPP performance 
assessment led to a set S of the form shown in Eq. 2.2-1 in which all 
disruptions were due to drilling intrusions (Chapter 4 of Volume 2). As a 

result, computational scenarios were defined to provide a systematic coverage 
of drilling intrusions. Specifically, computational scenarios were defined 
on the basis of (1) number of drilling intrusions, (2) time of the drilling 
intrusions, (3) whether or not a single waste panel is penetrated by two or 
more boreholes, of which at least one penetrates a pressurized brine pocket 

and at least one does not, and (4) activity level of the waste penetrated by 
the boreholes . 

The construction of computational scenarios started with the division of 
the 10,000-yr time period appearing in the EPA regulations into a sequence 
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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 [ti-1, ti] for i=l, 2, . . . ,  
nT (i. e. , an El or E2-type scenario as described 
in Section 4.2.3.2 of Volume 2.)) 

(2.2-3) 

and 

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

where 

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

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

S(l,n) = (x: x an element of S(n) for which the jth borehole 
encounters waste of activity level R ( j )  for j=l, 
2, . . . ,  nBH, where nBH is the total number of 
boreholes associated with a time history in S(n)) 

(2.2-6) 

and 

~+-(l;t~-~,ti) = (x: x an element of s+-(ti-l,ti) for which the jth 
borehole encounters waste of activity level R (j ) 
for j=l, 2, . . . , nBH, where nBH is the total 
number of boreholes associated with a time history 
in S+-(ti-l,ti)), (2.2- 7) 



2.2 Definition of Scenarios 

where 

nT 
I = [Q(l), R(2), . . . ,  R(nBH)] and nBH = X n(i). (2.2- 8) 

i=l 

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

The definitions of s+-(ti-l,ti) and S+-(l;ti-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(l,n). However, vectors of this form can be incorporated into the 
definitions of S+-(ti-1,ti) and S+-(liti-l,tl) - . Specifically, let 

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

Then, 

where nul(i) only if n is a vector of the form defined in Eq. 2.2-5 with 
n(i)22. The computational scenarios Si+-(l,n) and S+-(liti-1,ti) can be 
defined analogously for the vector I indicated in Eq. 2.2-8. In Section 2.3, 
conservative relations are presented (i.e., Eqs. 2.3-3 and 2.3-4) that bound 
the probabilities for S+-(ti-1,ti) and S+-(l;ti-1,ti) and are used in the 

construction of CCDFs of the form appearing in Figure 2.1-2. In Section 2.4, 
S+-(ti-1,ti) and S+-(l;ti-l,ti), i = 1, . . . ,  nT, are assigned the groundwater 
releases (i.e., Eqs. 2.4-13 and 2.4-14) associated with 

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 

s1+-(2,0, . . . ,  0) through snT+-(0,0, . . . ,  2) are redundant and will be omitted in 
the remainder of this report. 
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Additional information on the construction of computational scenarios for 

the 1992 WIPP performance assessment is available elsewhere (Chapter 5 of 
Volume 2). 

2.3 Determination of Scenario Probabilities 

As discussed in Chapter 5 of Volume 2 and Helton (1993a), probabilities 

for computational scenarios were determined under the assumption that the 
occurrence of boreholes through the repository follows a Poisson process with 

a rate term A. The probabilities pS(n) and pS(l,n) for the computational 

scenarios S(n) and S(l,n) are given by 

14 t 
15 n(i> 

19 ps(n) = i=l [ 8: i-1 A ( ~ ) ~ ~ ]  /n(i)! }exp[-sF o ~(t)dt] 

2 'I 
21 
22 and =a 
25 

87 
$8 ~s(l,n) = (3; p4(j)] ps(n). (2.3-2) 

1 
j! where n and I are defined in Eqs. 2.2-5 and 2.2-8, respectively, and pL1 is 

the probability that a randomly placed borehole through a waste panel will 

encounter waste of activity level R .  Examples of probabilities pS(n) 
calculated as shown in Eq. 2.3-1 are given in Section 2.5. 

The probabilities ~s+-(t~-l,ti) and ps+-(l;ti_l,ti) for the computational 

scenarios s+-(ti-l,ti) and s+-(I;ti-l,ti) are given by 

and 
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where 

aR(t) = [aBPl]X(t)/aTOT, 

p~(t) = [aTOTl - aBPl]X(t)/aTOT, 

aBP1 = area (m2) of pressurized brine pocket under waste panel 1, 

aTOT1 = total area (m2) of waste panel 1, 

aTOT = total area (m2) of waste panels, 

and 

nP = number of waste panels. 

For the 1992 WIPP performance assessment, each of the areas aTOT1 and aBP1 is 

assumed to be the same for all waste panels. This assumption is conservative 

in the sense that it increases the probability of ElE2-type scenarios as 
defined in Eq. 2.2-4 as the probability of the necessary pattern of drilling 

intrusions is zero for a waste panel that is underlain by no pressurized 
brine pocket or entirely underlain by a pressurized brine pocket. 

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

random in time and space). 

2.4 Calculation of Scenario Consequences 

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

There are too many computational scenarios (e.g. , S(n) and S(l,n)) to 

perform a detailed calculation for each scenario with the models summarized 

in Table 2.4-1. For example, 3003 scenarios of the form S(n) are required to 
reach a cumulative probability of 0.9994 when X = 3.28 x 10-4 yr-l and five 

time intervals of length 2000 yr are used (Helton et al., 1992, Table 2.3-1). 
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Construction of a CCDF for comparison against the EPA release limits requires 

the estimation of cumulative probability through at least the 0.999 level. 
Thus, depending on the value for the rate X in the Poisson model for drilling 

intrusions, this may require the inclusion of computational scenarios 
involving as many as 10 to 12 drilling intrusions, which results in a total 

of several thousand computational scenarios. Further, this number does not 
include the effects of different activity levels in the waste. To obtain 
results for such a large number of computational scenarios, it is necessary 

to plan and implement the overall calculations very carefully. The following 
describes the approach used in the 1992 WIPP performance assessment (Helton 

and Iuzzolino, 1993). 

As 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 [ti-1, ti], i = 1, 2, . . . , nT, 
in the definition of computational scenarios. The following results can be 
calculated for each time interval: 

rCi = EPA normalized release to the surface environment for cuttings 
removal due to a single borehole in time interval i with the 
assumption that the waste is homogeneous (i.e., waste of 
different activity levels is not present), (2.4-1) 

rCij = EPA normalized release to the surface environment for cuttings 
removal due to a single borehole in time interval i that 
penetrates waste of activity level j ,  (2.4-2) 

rGWli = 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) 

rGW2i = 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 (e. g. , at 1000 yr for the time interval [O, 2000 yr] ) . For the 
calculation of rGWli and rGW2i in the 1992 WIPP performance assessment, the 

accessible environment is assumed to begin 2.65 km from the center of the 
waste panels (i.e., at the land-withdrawal boundary as shown in Figure 1-2 of 

Volume 1 of this report). 
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Figure 2.4-1. Models used in 1992 WIPP performance assessment to calculate 
scenario consequences. The names for computer models (i.e., 
computer codes) are shown in capital letters. 
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Table2.4-1. Summary of Computer Models Used in the 1992 WlPP Performance Assessment to 
Calculate Scenario Consequences 

Model Description 

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

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

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

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

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

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 radionuclide inventory. Additional information: WlPP 
PA Division 1991 b, Section 5.3. 

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

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

SANCHO Solves quasistatic, large deformation, inelastic response of two-dimensional solids 
with finite element techniques. Used in the 1992 performance assessment to 
determine porosity of the waste as a function of time and cumulative gas 
generation. Additional information: Section 1.4.7 of Volume 3, Stone et al., 1985. 
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I n  gene ra l ,  r C i ,  r C i j ,  r G W l i  and r G W 2 i  w i l l  be vec tors  containing a la rge  

v a r i e t y  of  i n f o r m a t i o n ;  however, f o r  n o t a t i o n a l  s i m p l i c i t y ,  a  v e c t o r  

representa t ion  w i l l  no t  be used. For the  1992 WIPP performance assessment, 

the c u t t i n g s  r e l ease  t o  the  access ib le  environment ( i  . e .  , r C i  and rC i j )  i s  

determined by t h e  CUTTINGS program, and t h e  groundwater r e l e a s e  t o  the 

a c c e s s i b l e  environment ( i . . ,  r G W l i  and rGW2i) i s  determined through a 

sequence of l inked ca lcu la t ions  involving the BRAGFLO, PANEL, SECO-FLOW and 

SECO-TRANSPORT programs. 

The c u t t i n g s  r e l e a s e s  

co r respond  t o  t h e  c u t t i n g s  r e l e a s e s  a s s o c i a t e d  wi th  t h e  computational 

scenar ios  

S ( l , O ,  . . . ,  O) ,S(O, l ,  . . . ,  0 ) ,  . . . ,  S(O,O, . . . ,  1 )  (2.4-6)  

under the  assumption t h a t  a l l  waste i s  of the same average a c t i v i t y  l e v e l  

S imi la r ly ,  the  groundwater r e l eases  

correspond t o  the  groundwater r e l eases  associa ted  with the preceding f i v e  

scena r ios ,  while 

correspond t o  t h e  groundwater r e l eases  associa ted  with the computational 

scenar ios  

S + - ( 2 , 0 ,  . . . ,  0 ) ,  S + - ( 0 , 2 ,  . . . ,  0 ) ,  . . . ,  S+-(O,O, . . . ,  2 ) .  (2.4-9)  

I n  l i k e  manner, r C l j  corresponds t o  the cu t t ings  r e l ease  associa ted  with the 

computat ional  s c e n a r i o  S ( j ;  0  0 ) ;  rC2j corresponds t o  the cut t ings  

r e l e a s e  associa ted  with S ( j ;  0 , 1 ,  . . . ,  O), and so on. 

The r e l e a s e s  r C i ,  r C i j ,  r G W l i  and r G W 2 i  a r e  used t o  c o n s t r u c t  the 

r e l eases  associa ted  with the many individual  computational scenarios t h a t  a r e  

used i n  t h e  c o n s t r u c t i o n  of a  CCDF f o r  comparison with the EPA re lease  

l i m i t s .  The following assumptions a r e  made: 
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(1) With the exception of ElE2-type scenarios, no synergistic effects 
result from multiple boreholes, and thus, the total release for a 
scenario involving multiple intrusions can be obtained by adding the 
releases associated with the individual intrusions. 

(2) An ElE2-type scenario can take place only when the necessary 
boreholes occur within the same time interval [ti-1, ti]. 

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

The preceding assumptions are used to construct the releases for individual 

computational scenarios. 

For cuttings removal, Assumption (1) is the only pertinent assumption. 
As the only release associated with cuttings removal is the direct removal of 

cuttings and spallings to the surface, this assumption seems reasonable; the 

relatively small cross-sectional area intersected by a drilling intrusion 

makes the interaction of two or more drilling intrusions very unlikely. 

Further, should such an intersection occur, the assumption is conservative in 

the sense that it would tend to overestimate the total size of the release. 

For E2-type scenarios, Assumption (1) is again the only pertinent assumption. 
When one, and only one intrusion occurs into each of several waste panels, 

this assumption seems to be appropriate as there is little reason to believe 

that the release taking place from one waste panel would affect the release 

taking place from another waste panel. If anything, the assumption in this 
case would be conservative due to the limited amount of brine in the region 

surrounding the waste panels that is available for the potential transport of 

radionuclides up an intruding borehole; specifically, a single borehole may 

experience more brine flow than each of several boreholes. For several 

drilling intrusions into the same waste panel, Assumption (1) is probably 
conservative due to the limited amount of brine available for radionuclide 

transport and the possible inventory limits on the releases of some 

radionuclides. Assumptions (2) and (3) relate to ElE2-type scenarios. 

Assumption (2) places a limit on how far apart in time two drilling 

intrusions can occur and still give rise to an ElE2-type scenario. Such a 

limitation seems reasonable due to both the plugging of boreholes by natural 

processes and the depletion of the brine in a pressurized brine pocket. If 
anything, the relatively long time intervals (e.g., 2000 yrs) used in the 

WIPP performance assessment in conjunction with this assumption lead to 

overestimates of the probability of ElE2-type scenarios. Further, given this 

assumption, the relationships used in the WIPP performance assessment tend to 

overestimate the probability of an ElE2-type scenario. Assumption (3) should 

have a neutral effect on the analysis as multiple drilling intrusions do not 
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affect the am0ur.t of brine available for radionuclide transport up the 
intruding boreholes and the effect of the increased borehole cross-sectional 
area is small compared to the uncertainties that result from borehole 
permeability and elemental solubilities. 

The normalized releases rCi, rCij and rGWli 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 

cs(n) = Z (rC + rGWl 
j =1 m(j > m(j))* 

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

The vector 

is uniquely determined once the vector n appearing in the definition of S(n) 
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(l,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 

cS(l,n) = Z + rGWl 
j =1 

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

For S+-(ti-l,ti), the normalized release to the accessible environment, 
- , can be approximated by cs+-(ti-l,t1) 
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where it is assumed that all waste is of the same average activity for 
cuttings removal. Similarly, the normalized release cs+-(l;ti-l,ti) for 
s+-(l;ti-l,ti) can be approximated by 

which incorporates the activity level of the waste. The approximations for 

cS+-(ti-l,ti) and cs+-(I;ti-l,ti) in Eqs. 2.4-13 and 2.4-14 are based on 
exactly two intrusions in the time interval [ti-l,ti]. More complicated 
expressions could be developed to define releases for multiple ElE2-type 

intrusions. However, due to the low probability of such patterns of 
intrusion (e. g. , the probabilities for 2 and 22 boreholes in Table 2-6 of 

WIPP PA Division (1991b) for the time interval [O, 2000 yr] with 100 yr of 
administrative control are 0.009022 and 0.009315, respectively), the use of 
such expressions would have little impact on the CCDFs used for comparison 

with the EPA release limits. 

The construction process shown in Eqs. 2.4-10 and 2.4-13 to obtain the 
normalized releases cS(n)and ~ S + - ( t ~ - ~ , t i )  for scenarios S(n) and 
s+-(ti-1,ti) is illustrated in Table 3-4 of Volume 3. Further, the 

construction process shown in Eqs, 2.4-12 and 2.4-14 to obtain normalized 
releases cS(l,n) and CS+- (I; ti-l, ti) for scenarios S(l,n) and s+-(I; ti-l, ti) is 

illustrated in Table 3-5 of Volume 3. 

2.5 Performance Assessment Representations Used in 1992 

As discussed in conjunction with Eq. 2.1-1, the outcome of a performance 
assessment can be represented by a set R of ordered triples. Sections 2.2, 

2.3 and 2.4 provide general descriptions of the manner in which the 
individual elements of these triples are defined in the 1992 WIPP performance 
assessment. Due to computational constraints and the desire to present 

results obtained with different modeling assumptions, the set R is actually 
defined in two different ways in the 1992 WIPP performance assessment. 

The computational cost of performing groundwater transport calculations 

precluded the consideration of a large number of intrusion times in the 1992 
WIPP performance assessment. Specifically, the decision was made to consider 
intrusions at only a single time ( i . . ,  1000 yr) for the initiation of 

groundwater transport. A relatively early intrusion time was selected 
because of the reduced releases that occur for later intrusion times due to 

both increased radioactive decay and reduced time for groundwater transport 
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to the accessible environment. This decision led to scenarios defined on the 

basis of the time intervals [O, 2000 yr] and [2000, 10,000 yr], with the rate 
term (i-e., X(t)) in the Poisson model for drilling intrusions assumed to be 

zero after 2000 yr. This definition produced a set R1 defined by 

where the intervals indicated in Eq. 2.2-2 are 

[O, 2000 yr], [2000, 10,000 yr] (2.5-2) 

and the vector n appearing in Eq. 2.2-5 is of the form 

The scenarios S(n), S+-(ti-1, ti), S(l,n) and S+-(I; ti-1, ti) in Eqs. 2.2-3, 

2.2-4, 2.2-6 and 2.2-7 are then defined accordingly. 

As already indicated, the rate term X(t) in the Poisson model for 
drilling intrusions is assumed to be zero for t > 2000 yr. With this 

assumption, the expressions in Eqs. 2.3-1 and 2.3-3 for scenario probability 
become 

and 

respectively. As a reminder, the assumption of 100 yr of administrative 

control in which no drilling intrusions can occur is equivalent to assuming 
that X(t) = 0 for 0 I t I 100 yr. Thus, the assumptions of 100 yr of 

administrative control and a constant value X for X(t) in the time interval 
[loo, 2000 yr] leads to the scenario probabilities 
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[ (1900 ~)~('k(l) ! ] exp [ -190011 if n(2) = 0 
pS(n(l),n(2)) = (2.5-6) 

0 if n(2) # 0 

and 

where a1 and P,e are defined in conjunction with Eq. 2.3-3 with X(t) = A. 
Examples of the scenario probabilities pS(n(l),n(2)) defined in Eqs. 2.5-4 

and 2.5-6 are given in Tables 2.5-1 and 2.5-2, respectively. Further, the 
time -dependent X used in the determination of the probabilities in Table 

2.5-1 is based on the time-dependent drilling rate shown in Figure 2.5-1. In 
particular, the drilling rate in Figure 2.5-1 is expressed in units of 

drilling intrusions per square kilometer per 10,000 yr (i .e. , l/(km2 x 104 

yr) or (km2 x lo4 yr)-l). As used in this report, X has units of drilling 
intrusions per year (i . e . , l/yr or yr-l) and is obtained by multiplying the 

drilling rate in Figure 2.5-1 by 0.126 km2 and performing the indicated 
division by lo4 where 0.126 km2 is the area of emplaced waste used in the 
1992 WIPP performance assessment. 

The scenario consequences cSi for R1 appearing in Eq. 2.5-1 are 

constructed as shown in Eqs. 2.4-10 through 2.4-14 for the scenarios Si that 
have nonzero probabilities. 

Once R1 is determined, the information contained in the probabilities 
psi and consequences c S ~  can be summarized in CCDFs as shown in Figure 2.1-1. 
The set R1 and its associated CCDFs are determined with the assumption that 
X(t)=O for t > 2,000 yr. Except for small effects due to the approximations 
used for the probabilities of the scenarios s+-(0, 2001)) and s+-(2000, 
10,000), the same CCDFs result when X(t) is unchanged (i.e., X(t) is not set 

to 0 for t > 2000 yr) but the environmental releases rC2, rC2j, rGW2 and 
rGW22 for intrusions in the time interval [2000, 10,000 yr] are set to 0. 

The calculation of releases to the accessible environment due to 
cuttings removal was significantly less computationally demanding than the 

calculation of releases due to groundwater transport. As a result, the 
decision was made to consider the effects of cuttings removal at a sequence 
of intrusion times rather than only at the single intrusion time considered 
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Table 2.5-1. Probabilities for Scenarios lnvolvirlg Multiple Intrusions over 10,000 yr for the Time- 
Dependent X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 
[O, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set 
R1 defined in Eq. 2.5-1. 

Prob with 
Scenarios XSOb 

- 

Prob with 
X+OC 

0 intrusions 
(# Scenarios = 1) 

S(O,O) 8.703E-01 
Prob 0 intrd 8.703E-01 
Cum Probe 8.703E-01 

1 intrusions 
(# Scenarios = 2) 

s(1 ,o) 1.1 99E-02 
S(O,1) 1.090E-01 

Prob 1 intr 1.209E-01 
Cum Prob 9.912E-01 

2 intrusions 
(# Scenarios = 3) 

S(2,O) 8.253E-05 
S(1,l) 1.500E-03 
s(0,2) 6.820E-03 

Prob 2 intr 8.403E-03 
Cum Prob 9.996E-01 

3 intrusions 
(# Scenarios = 4) 

S(3,O) 3.789E-07 
S(Z1) 1.033E-05 
s(1,2) 9.392E-05 
S(0,3) 2.846E-04 

Prob 3 intr 3.892E-04 
Cum Prob 1.000E+00 

Prob with 
Scenarios X#Ob 

4 intrusions 
(# Scenarios = 5) 

S(4,O) 1.304E-09 
S(3,1) 4.743E-08 
s(2,2) 6.467E-07 
S(1,3) 3.91 9E-06 
S(Q4) 8.907E-06 

Prob 4 intr 1.352E-05 
Cum Prob 1.000E + 00 

5 intrusions 
(# Scenarios = 6) 

S(5,O) 3.593E-12 
S(4,l) 1.633E-10 
S(3,2) 2.969E-09 
S(Z3) 2.699E-08 
S(1,4) 1.227E-07 
s(o,5) 2.230E-07 

Prob 5 intr 3.758E-07 
Cum Prob 1.000E+00 

6 intrusions 
(# Scenarios = 7) 

S(6,O) 8.246E-15 
S(5,1) 4.498E-13 
S(42) 1.022E-11 
s(3,3) 1.239E-10 
S(2,4) 8.447E-10 
S(1,5) 3.072E-09 
s(O,6) 4.654E-09 

Prob 6 intr 8.704E-09 
Cum Prob 1.000E +00 

Prob with 
~ 4 0 ~  

a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [O, 2000 yr], 
and [2000, 10,000 yr], respectively. 

b Scenario probability calculated with X z O  over the time interval [loo, 10,000 yr]. 
c Scenario probability calculated with XzO over the time interval [loo, 2000 yr] and X=O over the time 

interval [2000, 10,000 yr]. 
d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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1 Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time- 
2 Dependent X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 
3 [O, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set 
4 R1 defined in Eq. 2.5-1. (concluded) 

- - - 

Prob with 
Scenarios X+Ob 

7 intrusions 
(# Scenarios = 8) 

S(7,O) 1.622E-17 
S(6,l) 1.032E-15 
s(5,2) 2.81 5E-14 
S(4,3) 4.266E-13 
S(384) 3.878E-12 
S(25) 2.1 15E-11 
S(1,6) 6.409E-11 
S(O,7) 8.323E-11 

Prob 7 intr 1.728E-10 
Cum Prob 1.000E+00 

8 intrusions 
(# Scenarios = 9) 

~ ( 8 ~ 0 )  2.793E-20 
S(7,1) 2.031E-18 
S(6,2) 6.462E-17 
s(5,3) 1.175E-15 
S(4,4) 1.335E-14 
s(3,5) 9.709E-14 
S(2,6) 4.41 3E-13 
S(1,7) 1.1 46E-12 
S(Ot8) 1.302E-12 

Prob 8 intrd 3.002E-12 
Cum Probe 1.000E +00 

- 

Prob with 
X+OC 

- - - 

Prob with 
Scenarios XfOb - 

9 intrusions 
(# Scenarios = 10) 

S(9,O) 4.274E-23 
s(8,1) 3.497E-21 
S(7,2) 1.271 E-19 
S(6,3) 2.697E-18 
S(5,4) 3.677E-17 
S(4,5) 3.343E-16 
S(W) 2.026E-15 
S(Z7) 7.893E-15 
s(1 ,8) 1 .?WE-1 4 
S(0,9) 1.81 2E-14 

Prob 9 intr 4.635E-14 
Cum Prob 1.000E+00 

10 intrusions 
(# Scenarios = 11) 

S(10,O) 5.886E-26 

S(9,l) 5.350E-24 
~ ( 8 2 )  2.1 89~ -22  
S(7,3) 5.306E-21 
S(6,4) 8.440E-20 
S(5,5) 9.207E-19 
S(4,6) 6.975E-18 
S(3,7) 3.623E-17 
S(2,8) 1.235E-16 
S(1,9) 2.495E-16 
S(0,lO) 2.268E-16 

Prob 10 intr 6.441 E-16 
Cum Prob 1.000E + 00 

Prob with 
X-oc 

a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [O, 2000 yr], 
and [2000, 10,000 yr], respectively. 

b Scenario probability calculated with X z O  over the time interval [loo, 10,000 yr]. 
c Scenario probability calculated with XzO over the time interval [loo, 2000 yr] and X = O  over the time 

interval [2000, 10,000 yr]. 
d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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1 Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for X = 3.78 x 10-4 
2 yr-1, 100 yr Administrative Control, and the Time Intervals [O, 2000 yr], [2000, 10,000 yr]. 
3 The scenarios shown in this table are contained in the set R1 defined in Eq. 2.5-1, and 
4 X = 3.78 x lo-4 yr-1 is the largest drilliug rate considered in the 1992 WlPP PA. 

Prob with 
Scenarios Xf Ob 

0 intrusions 
(# Scenarios = 1) 

S(OjO) 2.378E-02 
Prob 0 intrd 2.378E-02 
Cum Probe 2.378E-02 

1 intrusions 
(# Scenarios = 2) 

s(1 ,o) 1.707E-02 
s(o,1) 7.185E-02 
Prob 1 intr 8.892E-02 
Cum Prob 1.127E-01 

2 intrusions 
(# Scenarios = 3) 

S(2,O) 6.123E-03 
s(1 ,I)  5.156E-02 
s(o,2) 1.085E-01 

Prob 2 intr 1.662E-01 
Cum Prob 2.789E-01 

3 intrusions 
(# Scenarios = 4) 

S(3,O) 1.464E-03 
S(2,l) 1.850E-02 
s(1,2) 7.789E-02 
S(O,3) 1.093E-01 

Prob 3 intr 2.072E-01 
Cum Prob 4.861 E-01 

Prob with 
X+OC 

Prob with 
Scenarios XfOb 

4 intrusions 
(# Scenarios = 5) 

S(4,O) 2.627E-04 
S(3,l) 4.424E-03 
s(2,2) 2.794E-02 
S(1,3) 7.844E-02 
S(O,4) 8.257E-02 

Prob 4 intr 1.936E-01 
Cum Prob 6.797E-01 

S(5,O) 
S(4,l) 
S(3,2) 
S(2,3) 
5(1,4) 
S(O,5) 

Prob 5 intr 
Cum Prob 

5 intrusions 
(# Scenarios = 6) 

3.770E-05 
7.937E-04 
6.683E-03 
2.81 4E-02 
5.924E-02 
4.989E-02 
1.448E-01 
8.245E-01 

6 intrusions 
(# Scenarios = 7) 

S(6,O) 4.508E-06 
S(5,1) 1.139E-04 
S(42) 1.199E-03 
s(3,3) 6.731 E-03 
S(2,4) 2.126E-02 
s(1,5) 3.580E-02 
S(O,6) 2.51 2E-02 

Prob 6 intr 9.022E-02 
Cum Prob 9.147E-01 

Prob with 
X+OC 

a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [O, 2000 yr] 
and [2000, 10,000 yr], respectively. 

b Scenario probability calculated with X=3.78 x 10-4 r-1 over the time interval [loo, 10,000 yr]. 

over the time interval [2000, 10,000 yr]. 
J c Scenario probability calculated with X =3.78 x 10- yr-1 over the time interval [loo, 2000 yr] and X =O 

d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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1 Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for X=3.78 x 10-4 
2 yr-l, 100 yr Administrative Control, and the Time Intervals [O, 2000 yr], [2000, 10,000 yr]. 
3 The scenarios shown in this table are contained in the set R1 defined in Eq. 2.5-1, and A = 

4 3.78 x lo-4 yr-1 is the largest drilling rate considered in the 1992 WlPP PA. (concluded) 
- ~ 

Prob with 
Scenarios X+Ob 

7 intrusions 
(# Scenarios = 8) 

s(7,o) 4.621 E-07 
s(6,1) 1.362E-05 
S(5,2) 1.721 E-04 
5(4,3) 1.207E-03 
S(3,4) 5.084E-03 
S(23) 1.284E-02 
S(1,6) 1.803E-02 
S (0,7) 1.084E-02 

Prob 7 intr 4.81 9E-02 
Cum Prob 9.629E-01 

8 intrusions 
(# Scenarios = 9) 

S(8,O) 4.145E-08 
S(7,1) 1.396E-06 
s(6,2) 2.058E-05 
s(5,3) 1.733E-04 
s(4,4) 9.120E-04 
S(3,5) 3.072E-03 
S(2,6) 6.467E-03 
S(1,7) 7.780E-03 
S(O,8) 4.095E-03 

Prob 8 intrd 2.252E-02 
Cum Probe 9.854E-01 

- - 

Prob with 
X+OC 

Prob with 
Scenarios X+Ob - 

9 intrusions 
(# Scenarios = 10) 

S(9,O) 3.305E-09 
S(8,l) 1.252E-07 
S(7,2) 2.109E-06 
S(6,3) 2.072E-05 
S(5,4) 1.309E-04 
s(4,5) 5.51 1 E-04 
S(3,6) 1.547E-03 
S(2,7) 2.791 E-03 
S(1,8) 2.938E-03 
S(0,g) 1.375E-03 

Prob 9 intr 9.356E-03 
Cum Prob 9.948E-01 

10 intrusions 
(# Scenarios = 1 1) 

S(10,O) 2.371 E-10 
S(9,l) 9.985E-09 
S(8,2) 1.892E-07 
s(7,3) 2.124E-06 
S (64) 1.565E-05 
S(5,5) 7.908E-05 
S (4,6) 2.775E-04 
s(3,7) 6.676E-04 
S(2,8) 1.054E-03 
S(1,9) 9.863E-04 
S(0,lO) 4.153E-04 

Prob 10 intr 3.498E-03 
Cum Prob 9.983E-01 

Prob with 

78 
79 a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [O, 2000 yr] 
80 and [2000, 10,000 yr] , respectively. 
81 b Scenario probability calculated with X=3.78 x 10-4 r-1 over the time interval [loo, 10,000 yr]. J 82 c Scenario probability calculated with X =3.78 x 10- yr-1 over the time interval [ I  00, 2000 yr] and A =O 
83 over the time interval [2000, 10,000 yr]. 
84 d Probability of indicated number of intrusions. 
85 e Cumulative probability for all scenarios. 
86 
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10' 

lntrusion Rate - - - - - - - - 
Integrated Intrusion 

Time (yrs) 

Figure 2.5-1. Example time-dependent rate term used in Poisson model for 
drilling intrusions in the 1992 WIPP performance assessment 
(Volume 3, Appendix D, Figure D-45). The rate X(t) as used in 
this chapter has units of yr-l and is obtained by multiplying 
the rate indicated in this figure by 0.126 km2 (i. e. , the area 
of emplaced waste) and performing the indicated division by 
104; further, X(t) is set to zero for the first 100 yrs when 
100 yrs of administrative control is assumed. The rate X(t) 
was a sampled variable in the 1992 WIPP performance assessment; 
this figure shows the drilling rate with the largest integrated 
value ( i . . ,  expected number of drilling intrusions) over 
10,000 yr. In this and other similar figures, a hyperbolic 
sine transformation is used to generate the scales on the 
abscissa and ordinate; this transformation allows the plotting 
of zero, which is not possible when a logarithmic 
transformation is used. 
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for the initiation of groundwater transport. In particular, a set R2 defined 

by 

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

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

and the vector n appearing in Eq. 2.2-5 is of the form 

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

[O, 150 yr]) effectively becomes [loo, 150 yr]. 

The set R2 is used to show only the effects of cuttings removal. As a 
result, the only scenarios used in the definition of R2 are of the form S(n) 
and S(l,n) shown in Eqs. 2.2-3 and 2.2-6. The probabilities pS(n) and pS(l,n) 
for these scenarios with a time-dependent rate term (i.e., X(t)) in the 
Poisson model for drilling intrusions are defined in Eqs. 2.3-1 and 2.3-2, 
respectively, with the times ti, i=O, 1, . . . ,  6, equal to 

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

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

The scenario consequences c S ~  for R2 appearing in Eq. 2.5-8 are 

constructed as shown in Eqs. 2.4-10 and 2.4-12. As R2 is used to show only 

the effects of cuttings removal to the accessible environment, the term 

rGWlm(j ) corresponding to the groundwater release in Eqs. 2.4-10 and 2.4-12 

is assumed to equal zero. 
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Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time- 
Dependent X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 
[O, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 

yr]. The scenarios shown in this table are contained in the set Rp defined in Eq. 2.5-8. 

Prob with Prob with 
Scenarios Xf Ob X+Oc 

0 intrusions 
(# Scenarios = 1) 

S(O,O,O,O,O,O) 8.703E-01 9.863E-01 
Prob 0 intrcl 8.703E-01 9.863E-01 
Cum Probe 8.703E-01 9.863E-01 

1 intrusion 
(# Scenarios = 6) 

S(1 ,O,O,O,O,O) 1.572E-03 1.782E-03 
S(0,l ,O,O,O,O) 1.572E-03 1.782E-03 
S(0,0,1,0,0,0) 4.601 E-04 5.215E-04 
S(O,O,O, 1 ,O,O) 4.503E-03 5.103E-03 
S(0,0,0,0,1,0) 3.009E-02 4.395E-03 
S(O,O,O,O,O,l) 8.273E-02 0.000E + 00 
Prob 1 intr 1.209E-01 1.358E-02 
Cum Prob 9.912E-01 9.999E-01 

2 intrusions 
(# Scenarios = 21) 

s(2,0,~,0,~,0) 1.420E-06 1.609~-06 
S(1,1,0,0,0,0) 2.840E-06 3.219E-06 
S(1,0,1,0,0,0) 8.312E-07 9.420E-07 
S(1,0,0,1,0,0) 8.134E-06 9.219E-06 
S(1,0,0,0,1,0) 5.436E-05 7.940E-06 
S(1,O,O,O,O,1) 1.495E-04 0.000E + 00 
s ( ~ , ~ , 0 , ~ , ~ , ~ )  1.420E-06 1.609E-06 
S(0,1,1,0,0,0) 8.312E-07 9.420E-07 
S(0,1,0,1,0,0) 8.134E-06 9.219E-06 
S(0,1,0,0,1,0) 5.436E-05 7.940E-06 
S(O,1 ,09090, 1) 1.495E-04 0.000E + 00 
s(o,O,2,o,o,o) 1.21 6E-07 1.379E-07 
S(0,0,1,1,0,0) 2.381 E-06 2.698E-06 
S(0,0,1,0,1,0) 1.591 E-05 2.324E-06 
S(0,0,1,0,0,1) 4.374E-05 0.000E + 00 
S(0,0,0,2,090) 1.1 65E-05 1.320E-05 
s(o,o,O, 1 ,l ,o) 1.557E-04 2.274E-05 
S(0,0,0,1,0,1) 4.281E-04 0.000Et00 

Prob with Prob with 
Scenarios Xf Ob X+Oc 

S(0,0,0,0,2,0) 5.203E-04 9.794E-06 
S(0,0,0,0,1,1) 2.861 E-03 0.000E + 00 
S(0,0,0,0,0,2) 3.933E-03 0.000E t o 0  
Prob 2 intr 8.403E-03 9.353E-05 
Cum Prob 9.996E-01 1.000E + 00 

3 intrusions 
(# Scenarios = 56) 

S(3,0,0,0,0,0) 8.550E-10 9.690E-10 
S(2,1,0,0,0,0) 2.565E-09 2.907E-09 
S(2,0,1,0,0,0) 7.507E-10 8.509E-10 
S(2,0,0,1,0,0) 7.347E-09 8.326E-09 
S(2,0,0,0,1,0) 4.91 OE-08 7.172E-09 
S(2,0,0,0,0,1) 1.350E-07 0.000Et00 
S(1,2,0,0,0,0) 2.565E-09 2.907E-09 
S(l,l,l,O,O,O) 1.501 E-09 1.702E-09 
S ( l q l  so9 1 ,090) 1.469E-08 1.665E-08 
S(1,1,0,0,1,0) 9.820E-08 1.434E-08 
( 1  00 ,O l )  2.700E-07 0.000E t o 0  
S(1,0,2,0,0,0) 2.1 97E-10 2.490E-10 
S(10 1 1  0 ,  4.300E-09 4.874E-09 
1 0 1 0 1 0 2.874E-08 4.198E-09 
S(l,O,l,O,O,l) 7.902E-08 0.000E + 00 
S(1,0,0,2,0,0) 2.1 04E-08 2.385E-08 
S(l,O,O,l,l,O) 2.813E-07 4.1 08E-08 
S(l,O,O,l,O,l) 7.733E-07 0.000Et00 
S(1,0,0,0,2,0) 9.400E-07 1.769E-08 
1 ,O,O,O,l,l) 5.168E-06 0.000Et00 
S(1,0,0,0,0,2) 7.104E-06 0.000E + 00 
S(0,3,0,0,0,0) 8.550E-10 9.690E-10 
S(0,2,1,0,0,0) 7.507E-10 8.509E-10 
S(0,2,0,1,0,0) 7.347E-09 8.326E-09 
S(0,2,0,0,1,0) 4.910E-08 7.172E-09 
S(O,2,0,0,0,1) 1.350E-07 0.000E + 00 
S(0,1,2,0,0,0) 2.197E-10 2.490E-10 
S(O l1  1 0 0 )  4.300E-09 4.874E-09 
( 0  1 0 1  0 2.874E-08 4.198E-09 
( 0 1  ,l,O,O,l) 7.902E-08 0.000E t o 0  

a S(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 
intervals [O, 150 yr], 1150, 200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000 
yr], respectively. 

b Scenario probability calculated with Xi.0 over the time interval [ I  00, 10,000 yr]. 
Scenario probability calculated with Xi.0 over the time interval [loo, 2000 yr] and X=O over the time 
interval [2000, 10,000 yr]. 

d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time- 
Dependent X Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals 
[O, 150 yr], [ I  50, 200 yr], [200, 500 yr], [500, 1500 yr], [ I  500, 4500 yr] and [4500, 10,000 
yr]. The scenarios shown in this table are contained in the set R2 defined in Eq. 2.5-8. 
(concluded) 

Prob with Prob with 55 Prob with Prob with 
Scenarios x + O ~  X+OC 56 Scenarios X+Ob X+OC 

60 

S(0,1,0,2,0,0) 2.1 04E-08 2.385E-08 61 S(0,0,0,0,1,3) 4.310E-06 0.000E+00 
, ,  1 ,  2.813E-07 4.108E-08 62 S(0,0,0,0,0,4) 2.962E-06 0.000E + 00 
S(Ojl gOl190y1) 7.733E-07 0.000E + 00 63 prOb 4 intr 1.352E-05 1.478E-09 
S(0,1,0,0,2,0) 9.400E-07 1.769E-08 
S ( 0  0 0 1  1 5.168E-06 0.000E+00 64 Cum 1.000E + 00 1.000E + 00 

S(0,1,0,0,0,2) 7.1 04E-06 0.000E +00 65 

S(0,0,3,0,0,0) 2.1 44E-11 2.430E-11 66 5 intrusions 
S(0,0,2,1,0,0) 6.293E-10 7.133E-10 67 (# Scenarios = 252) 
S(0,0,2,0,1,0) 4.206E-09 6.1 43E-10 prob 5 intr 3.758E-07 4.072E-12 
S(O,O,2,0,0,1) 1 .I 56E-08 0.000E+00 69 cum prOb 1.000E + 00 1.000E + 00 
S(0,0,1,2,030) 6.158E-09 6.980E-09 ,, . . . ~ . ,  

I U  
S ( O 0  1 0 8.232E-08 1.202E-08 6 intrusions 
S(001 I I )  2.263E-07 0.000E+00 72 
S(0,0,1,0,2,0) 2.751 E-07 5.1 78E-09 (# Scenarios = 462) 

S(o7o,1,o,1 ,I) 1.51 3E-06 0.000E + 00 73 6 intr 8.704E-09 9.346E-15 
S(0,0,1,0,0,2) 2.079E-06 0.000E+00 74 Cum Prob 1.000E + 00 1.000E + 00 . . . . . . , 

S(0,0,0,3,0,0) 
S(0,0,0,2,1 ,O) 
s(0,0,0,2,0,1) 
s(0,0,0,1,2,0) 
S(O,O,O,l ,I ,I) 
S(0,0,0,1,0,2) 
s(0,0,0,0,3,0) 
~(0,0,0,0,2,1) 
~(0,0,0,0,1,2) 
S(0,0,0,0,0,3) 
Prob 3 intf l  
Cum Probe 

7 intrusions 
(# Scenarios = 792) 

Prob 7 intr 1.728E-10 1.839E-17 
Cum Prob 1.000E + 00 1.000E + 00 

8 intrusions 
(# Scenarios = 1287) 

Prob 8 intr 3.002E-12 3.1 65E-20 
Cum Prob 1.000E + 00 1.000E + 00 

9 intrusions 

4 intrusions 87 (# Scenarios = 2002) 
(# Scenarios = 126) 88 Prob 9 intr 4.635E-14 4.844E-23 

S(4,0,0,0,0,0) 3.861 E-13 4.376E-13 89 Cum Prob 1.000E + 00 1.000E + 00 

S(3,1 ,O,O,O,O) 1.545E-12 1.751 E-12 
91 10 intrusions 
92 (# Scenarios = 3003) 
93 Prob I 0  intr 6.441 E-16 6.671 E-26 

~ ( 1 1 ,  ,100) 7.769~-12 8.805~-12 94 Cum Prob 1.000E + 00 1.000E + 00 
95 

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

b Scenario probability calculated with X z O  over the time interval [loo, 10,000 yr]. 
c Scenario probability calculated with X z O  over the time interval [loo, 2000 yr] and X = O  over the time 

interval [2000, 10,000 yr]. 
d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for A = 3.78 x 
1 o - ~  yr-1, 100 yr Administrative Control, and the Time Intervals [O, 150 yr], [ I  50, 200 yr], 
[200, 500 yr], [500, 1500 yr], [ I  500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown 
in this table are contained in the set R2 defined in Eq. 2.5-8, and X = 3.78 x 10-4 yr-l is 
the largest drilling rate considered in the 1992 WlPP PA. 

Prob with 
Scenarios X+Ob - 

0 intrusions 
(# Scenarios = 1) 

S(O,O,O,O,O,O) 2.378E-02 
Prob 0 intrd 2.378E-02 
Cum Probe 2.378E-02 

1 intrusion 
(# Scenarios = 6) 

S(1,0,0,0,0,0) 4.491 E-04 
S(0,1,0,0,0,0) 4.491 E-04 
S(O,O,l ,O,O,O) 2.695E-03 
S(O,O,O,l ,O,O) 8.982E-03 
S(0,0,0,0,1,0) 2.695E-02 
S(0,0,0,0,0,1) 4.940E-02 
Prob 1 intr 8.892E-02 
Cum Prob 1 .127E-01 

Prob with 
A-tOC 

2 intrusions 
(# Scenarios = 21) 

S(2,0,0,0,0,0) 4.240E-06 8.699E-05 
S(1,1,0,0,0,0) 8.480E-06 1.740E-04 
S(1,0,1,0,0,0) 5.088E-05 1.044E-03 
s(1,0,0,1 ,o,o) 1.696E-04 3.480E-03 
S(1,0,0,0,1,0) 5.088E-04 1.740E-03 
S(1,0,0,0,0,1) 9.328E-04 0.000E t o 0  
S(0,2,0,0,0,0) 4.240E-06 8.699E-05 
S(0,1,1,0,0,0) 5.088E-05 1.044E-03 
s(0,1,0,1 ,o,o) 1.696E-04 3.480E-03 
~ ( ~ , ~ , ~ , ~ , ~ , ~ )  5.088E-04 1.740E-03 
S(0,1,0,0,0,1) 9.328E-04 0.000E+00 
S(O,O,2,0,0,0) 1.526E-04 3.1 32E-03 
s(o,o,1,1 ,O,o) 1 .018E-03 2.088E-02 
S(0,0,1,0,1,0) 3.053E-03 1.044E-02 
S(0,0,1,0,0,1) 5.597E-03 0.000E+00 
S(0,090,2,0,0) 1.696E-03 3.480E-02 
s(o,o,o,1,1 ,o) 1 .018E-02 3.480E-02 
~(0,0,0,1,0,1) 1.866E-02 0.000E + 00 
S(090,0,0,2,0) 1.526E-02 8.699E-03 

Prob with Prob with 
Scenario3 X+Ob x+Oc 

S(0,0,0,0,1,1) 5.597E-02 0.000Et 00 
S(0,0,0,0,0,2) 5.130E-02 0.000E+00 
Prob 2 intr 1.662E-01 1.256E-01 
Cum Prob 2.789E-01 9.637E-01 

3 intrusions 
(# Scenarios = 56) 

S(3,0,0,0,0,0) 2.669E-08 5.475E-07 
S(2,1,0,0,0,0) 8.006E-08 1.643E-06 
S(2,0,1,0,0,0) 4.804E-07 9.856E-06 
S(2,0,0,1,0,0) 1.601 E-06 3.285E-05 
S(2,0,0,0,1,0) 4.804E-06 1.643E-05 
S(2,0,0,0,0,1) 8.807E-06 0.000E +00 
S(1,2,0,0,0,0) 8.006E-08 1.643E-06 
( 1  100,O) 9.608E-07 1.971 E-05 
1 1 0 0 0  3.203E-06 6.571 E-05 
( 1  0 0 1  0 9.608E-06 3.285E-05 

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

b Scenario probability calculated with X = 3.78 x yr-1 over the time interval [loo, 10,000 yr]. 
c Scenario probability calculated with X = 3.78 x 10-4 yr-l over the time interval [loo, 2000 yr] and A=O 

over the time interval [2000, 10,000 yr]. 
d Probability of indicated number of intrusions. 
e Cumulative probability for all scenarios. 
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Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for X = 3.78 x 
10-4 yr-1, 100 yr Administrative Control, and the Time Intervals [O, 150 yr], [150, 200 yr], 
[ZOO, 500 yr], [500, 1500 yr], [ I  500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown 
in this table are contained in the set R2 defined in Eq. 2.5-8, and X = 3.78 x yr-l is 
the largest drilling rate considered in the 1992 WlPP PA. (concluded) 

Prob with 
Scenarios Xf Ob 

sio,o,z,l ,o,oi 
S(0,0,2,0,1 ,O) 
.5(0,0,2,0,0,1) 
~(0,0,~,2,0,0) 
S(O,O,l,l ,I ,O) 
S(O,O,l,l ,O,l) 
~(0,0,1,0,2,0) 
~ ( O , O , ~ , O , ~ , ~ ~  
~(0,0,1,0,0,2) 
S(0,0,0,3,0,0) 
S(0,0,0,2,1 ,O) 
~(0,0,0,2,0,1) 
~(0,0,0,1,2,0) 
S(O,0,0,1 ,l ,I) 
s(0,0,0,1,0,2) 
S(0,0,0,0,3,0) 
~(0,0,0,0,2,1) 
s(0,o,o,o,l,2) 
S(0,0,0,0,0,3) 
Prob-3 intr 
Cum Prob 

Prob with 
X+OC 

4 intrusions 
(# Scenarios = 126) 

S(4,0,0,0,0,0) 1.260E-10 2.585E-09 
S(3,1,0,0,0,0) 5.039E-10 1.034E-08 

55 Prob with Prob with 
56 Scenarios XSOb X+OC 

68 

61 S(0,0,0,0,1,3) 4.024E-02 0.000E t o 0  
62 S(0,0,0,0,0,4) 1.845E-02 0.000E +00 
63 Prob 4 intr 1.936E-01 5.390E-03 
64 Cum Prob 6.797E-01 9.991 E-01 
65 
66 5 intrusions 

(# Scenarios = 252) 
Prob 5 intr 1.448E-01 7.735E-04 
Cum Prob 8.245E-01 9.999E-01 

6 intrusions 
(# Scenarios = 462) 

Prob 6 intr 9.022E-02 9.250E-05 
Cum Prob 9.1 47E-01 1.000E t 00 

7 intrusions 
(# Scenarios = 792) 

Prob 7 intr 4.81 9E-02 9.482E-06 
Cum Prob 9.629E-01 1.000E t 00 

8 intrusions 
(# Scenarios = 1287) 

Prob 8 intr 2.252E-02 8.504E-07 
Cum Prob 9.854E-01 1.000E t 00 

9 intrusions 
(# Scenarios = 2002) 

Prob 9 intr 9.356E-03 6.780E-08 
Cum Prob 9.948E-01 1.000E t 00 

10 intrusions 
(# Scenarios = 3003) 

Prob 10 intr 3.498E-03 4.865E-09 
Cum Prob 9.983E-01 1.000E + 00 

a S(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time 
intervals (0, 150 yr], [I 50, 200 yr], [ZOO, 500 yr], and [500, 1500 yr], [ I  500, 4500 yr], and [4500, 10,000 
yr], respectively. 

b Scenario probability calculated with X = 3.78 x yr-l over the time interval [loo, 10,000 yr]. 
c Scenario probability calculated with X = 3.78 x 10-4 yr-1 over the time interval [loo, 2000 yr] and X=0 

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

The sets R1 and R2 in Eqs. 2.5-1 and 2.5-8 provide two different 

summaries of the results of the WIPP performance assessment based on 
different partitioning of the sample space S shown in Eq. 2.2-1. These sets 
actually depend on both the partitioning of S into the scenarios Si and the 
determination of the scenario probabilities psi and the scenario consequences 

cSi. Thus, a full specification of R1 and R2 would also contain subscripts 

indicating the manner in which the probabilities psi and the consequences c S ~  
are determined. To avoid the use of unnecessarily cumbersome notation, such 

subscripting is not employed in this presentation. However, the manner in 
which the psi and cSi are defined for use with the risk representations R1 
and R2 is indicated in Chapter 8 when analysis results are presented. 



I 3. LlNCERTAlN VARIABLES SELECTED FOR SAMPLING 
2 

3 

4 The 1992 WIPP performance assessment selected 49 imprecisely known 

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

6 correspond to the elements xj, j=l, 2, . . . ,  nV = 49, of the vector x shown in 
7 Eq. 2.1-2. The distributions indicated in Table 3-1 and shown more 

8 explicitly in Figure 3-1 correspond to the distributions appearing in Eq. 
9 2.1-4 and characterize subjective, or type B, uncertainty. The variables in 

10 Table 3-1 and the rationale for their distributions are discussed extensively 

1 1  in Volume 3 of this report, which can be consulted for more detailed 

12 information than is presented here. 

13 

14 

15 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables 
16 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) 
18 
19 Variable Definition 

BCBRSAT Residual brine saturation for Salado Formation (Sir) (dimensionless). Used in 
BRAGFLO. Range: 0.0 to 0.4. Median 0.2. Distribution: Uniform. Additional 
information: Section 2.3.1, Volume 3. Variable 13 in Latin hypercube sample 
(LHS). 

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

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

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

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

BPPRES Initial pressure (p) of pressurized brine pocket in Castile Formation (Pa). Used in 
BRAGFLO. Range: 1.3 x 107 to 2.1 x 107. Median: 1.7 x 107. Distribution: 
Piecewise linear. Additional information: Popielak et al., 1983, p. H-52; Lappin et 
al., 1989, Table 3-1 9; Section 4.3.1, Volume 3. Variable 19 in LHS. 
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Chapter 3: Uncertain Variables Selected for Sampling 

1 Table 3-1. Variables Sampled in 1992 WlPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 
8 

5 Variable Definition 
- - 

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

BPAREAFR Fraction of waste panel area underlain by a pressurized brine pocket 
(dimensionless). Used in CCDFPERM in calculation of probability of E i  E2-type 
scenarios. Range: 0.24 to 0.568. Median: 0.40. Distribution: Piecewise Linear. 
Additional information: Section 5.1, Volume 3. Variable 24 in LHS. 

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

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

CULFRPOR Fracture porosity (Of) in Culebra (dimensionless). Used in SECO-FLOW and 
SECO-TRANSPORT. Range: 1 x 10-4 to  1 x 10-2. Median: 1 x 10-3. 
Distribution: Lognormal. Additional information: Tables 1-2 and E-6, Lappin et 
al., 1989; Section 2.6.2, Volume 3. Variable 33 in LHS. 

CULFRSP Fracture spacing (28) in Culebra (m). Used in SECO-TRANSPORT. Range: 6 x 
10-2 to 8. Median: 4 x 10-1. Distribution: Piecewise uniform. Additional 
information: Beauheim et al., 1991 b. Variable 34 in LHS. 

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

CULCLYP Porosity of clay lining fractures in Culebra (dimensionless). Used in SECOTP. 
Range: 0.05 to 0.5. Median: 0.275. Distribution: Uniform. Additional 
information: Section 2.6.2, Volume 3. Variable 36 in LHS. 
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1 Table 3-1. Variables Sampled in 1992 WlPP Performance Assessment (adapted from Tables 
2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued) 

5 Variable Definition 

CULPOR 

CULTRFLD 

DBDIAM 

FKDAM 

FKDNP 

FKDPU 

FKDRA 

Matrix porosity (om) in Culebra (dimensionless). Used in BRAGFLO and SECO- 
TRANSPORT. Range: 5.8 x 10-2 to 2.53 x 10-1. Median: 1.39 x 10-1. 
Distribution: Piecewise uniform. Additional information: Table 4.4, Kelley and 
Saulnier, 1990; Table E-8, Lappin et al., 1989; Section 2.6.2, Volume 3. Variable 
43 in LHS. 

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

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

Fracture distribution coefficient ( b )  for Am in Culebra (m3/ kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 9.33 x 101. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
37 in LHS. 

Fracture distribution coefficient ( b )  for Np in Culebra (m3/kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 1. Distribution: Piecewise 
loguniform. Additional information: Section 2.6.4, Volume 3. Variable 38 in LHS. 

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

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

Fracture distribution coefficient ( b )  for Th in Culebra (m3/kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 x 101. Median: 1 x 10-1. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
40 in LHS. 



Chapter 3: Uncertain Variables Selected for Sampling 

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

Variable Definition 

FKDU 

GRCORHF 

GRCORI 

GRMICHF 

GRMlCl 

LAMBDA 

MBPERM 

MBPOR 

Fracture distribution coefficient (Kd) for U in Culebra (m31kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 .  Median: 7.94 x 10-3. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
41 in LHS. 

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

Gas generation rate for corrosion of steel under inundated conditions (mol/m2 
surface area steel* s). Used in BRAGFLO. Range: 0 to 1.3 x 10-8. Median: 
6.3 x 10-9. Distribution: Piecewise uniform. Additional information: Same as 
GRCORHF. Variable 2 in LHS. 

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

Gas generation rate due to microbial degradation of cellulosics under inundated 
conditions (mollkg cellulosics~s). Used in BRAGFLO. Range: 0 to 1.6 x 10-8. 
Median: 3.2 x 10-9. Distribution: Piecewise uniform. Additional information: 
Same as GRCORHF. Variable 5 in LHS. 

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

Permeability (k) in intact anhydrite marker beds in Salado Formation (m2). Used 
in BRAGFLO. Range: 1 x 10-2l to 1 x 10-16. Median: 5.0 x Distribution: 
Piecewise loguniform. Correlation: 0.3 rank correlation with SALPERM. 
Additional information: Section 2.4.2, Volume 3. Variable 15 in LHS. 

Porosity ( 4 )  in intact anhydrite marker beds in Salado Formation 
(dimensionless). Used in BRAGFLO. Range: 1 x 10-3 to 3 x Median: 1 x 
10-2, Distribution: Piecewise uniform. Additional information: Section 2.4.4, 
Volume 3. Variable 16 in LHS. 



Chapter 3: Uncertain Variables Selected for Sampling 

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

5 Variable 
6 

8 MBPRES 
9 

10 

11 

12 MKDAM 
13 

14 

15 

16 

17 MKDNP 
18 

19 

20 

21 

22 MKDPU 
23 

24 

25 

26 

27 MKDRA 
28 

29 

30 

31 

32 MKDTH 
33 

34 

35 

36 MKDU 
37 

38 

39 

40 

41 SALPERM 
42 

43 

44 

45 

46 

47 SOLAM 
48 

49 

50 

51 

Definition 

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

Matrix distribution coefficient (Q) Am in Culebra (m3/kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 x 1 02. Median: 1.86 x 10-1. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
44 in LHS. 

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

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

Matrix distribution coefficient (Q) for Ra in Culebra (m3/kg). Used in SECO- 
TRANSPORT. Range: 1 x 10-4 to 1 x 101. Median: 1 x 10-2. Distribution: 
Piecewise loguniform. Additional information: Section 2.6.4, Volume 3. Variable 
49 in LHS. 

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

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

Permeability (k) in intact halite component of Salado Formation (m2). Used in 
BRAGFLO. Range: 1 x 10-24 to 1 x 10-19. Median: 2 x 10-21. Distribution: 
Piecewise loguniform. Correlation: 0.3 rank correlation with MBPERM. 
Additional information: Gorham et al., 1992; Howarth et al., 1991; Beauheim et 
al., 1991a; Section 2.3.5, Volume 3. Variable 10 in LHS. 

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



Chapter 3: Uncertain Variables Selected for Sampling 

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

Variable Definition 

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

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

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

SOLTH Solubility of Th in brine (mol/R). Used in PANEL. Range: 5.5 x 10-16 to 
2.2 x 10-6. Median: 1 x 10-10. Distribution: Piecewise loguniform. Additional 
information: Same as SOLAM. Variable 29 in LHS. 

SOLU Solubility of U in brine (mol/R). Used in PANEL. Range: 1 x l0-~5 to 1. Median: 
5.4 x 10-4. Distribution: Piecewise loguniform. Additional information: Same as 
SOLAM. Variable 30 in LHS. 

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

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

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

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

5 Variable Definition 

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

As discussed in conjunction with Eq. 2.1-5, a Latin hypercube sample 
(McKay et al., 1979; Iman and Shortencarier, 1984) of size nK = 70 was 

generated from the variables listed in Table 3-1. The restricted 
pairing technique developed by Iman and Conover (1982) was used to 
induce the correlations between variables indicated in Table 3-1 and 

also to assure that the correlations between other variables were close 
to zero. The values used for each variable in the Latin hypercube 

sample are shown in Figure 3-1. 

Once the sample indicated in Eq. 2.1-5 was generated from the 
variables in Table 3-1, the individual sample elements xk, k=l, . . . ,  70, 
were used in the generation of the risk results shown in Eq. 2.1-6. An 

overview of this process is provided in Sections 2.2, 2.3 and 2.4. 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 (following Figure 
3- 1) . Of the cases listed in Table 3 - 2, number 13, which is a dual- 
porosity transport model in the Culebra Dolomite with chemical sorption 
in both the dolomite matrix and clay-lined fractures, is believed by the 
WIPP performance assessment team to be the most credible and is 
presented as the best-estimate analysis in the 1992 WIPP performance 
assessment (see Section 2.2.4 of Volume 2 of this report). The other 

cases listed in Table 3-2 can be viewed as sensitivity studies that 
explore various perturbations on this best-estimate analysis. 

In addition to the variation between the cases listed in Table 3-2, 
the sampling-based approach to the treatment of subjective uncertainty 

also produces uncertainty and sensitivity results for the individual 
cases. In Chapter 8, box plots and distributions of CCDFs are used to 

display the effect of subjective uncertainty on the cases listed in 
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+ Sampled Value 

BCBRSAT: BROOKS-COREY RESIDUAL BRINE 
SATURATION 

TRl-6342-2735-0 

+ Sampled Value 

-. - 

0.0 0.2 0.4 0.6 0.8 1.0 
BCFLG: BROOKS-COREY MODEL RELATIVE 

WEIGHT 
TRl-6342-2737-0 

+ Sampled Value 

BCEXP: BROOKS-COREY EXPONENT 
TRl-6342-2736-0 

+ Sampled Value 

BCGSSAT: BROOKS-COREY RESIDUAL GAS 
SATURATION 

TRl-6342-2738-0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. 
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+ Sampled Value 

BHPERM: BOREHOLE PERMEABII-ITY (10-12m2) 
TRl-6342-27390 

+ Sampled Value 

0.0 1 .o 2.0 
BPSTOR: BRINE POCKET BULK STORATlVlTY 

(m 3 / ~ a )  
TRl-6342-2742-0 

1.3 1.5 1.7 1.9 2.1 
BPPRES: BRINE POCKET PRESSURE (lo7 Pa) 

TRl-6342-2741-0 

m 
a m 
0 0.6 
r 
a 

+ Sampled Value 

0.2 0.3 0.4 0.5 0.6 
BPAREAFR: BRINE POCKET AREA FRACTION 

TRI-6342-27404 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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BRSAT: INITIAL BRINE SATURA1-ION OF WASTE 
TRl-6342-2743-0 

0.0 
0.0 0.002 0.004 0.006 0.008 0.010 
CULFPPOR: CULEBRA FRACTURE POROSITY 

TRl-6342-2747-0 

INDEX FOR RECHARGE AMPLITUDE FACTOR 
TRl-6342-2144-0 

+ Sampled Value 

0.0 
0.0 2.0 4.0 6.0 2.0 
CULFRSP: CULEBRA FRACTURE SPACING (m) 

TRl-6342-2748-0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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0.0 ~ ~ ' " " " " ' " " " " " " " " " ~ " " ' " " " ' " ' " " ' ~  
0.0 0.1 0.2 0.3 0.4 0.5 
CULCLYF: CULEBRA CLAY FILLING FRACTION 

l " " " " ' " ' I - " " "  

CUMULATIVE PROBABILITY 
+ Sampled Value 

Variable 43 in LHS 

CULPOR: CULEBRA MATRIX POROSITY 
TRl-6342-2749-0 

+ Sampled Value 
Variable 36 in LHS 

0.0 0.1 0.2 0.3 0.4 0.5 
CULCLYP: CULEBRA CLAY POROSITY 

TA16342-27&0 

CULTRFLD: CULEBRA INDEX FOR 
TRANSMlSSlVlTY FIELD 

TRl-6342-27W0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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+ Sampled Value 

Variable 22 in LHS 

0.0 
0.3 0.4 0.5 1 

DBDIAM: DRILLBIT DIAMETER (m) 
TRl-6342-2751-0 

+ Sampled Value 

1u4 10-3 10-2 I -  lo0  lo1  I@ 103 
FKDNP: CULEBRA FRACTURE DISTRIBUTION 

COEFFICIENT ~p (rn3/kg) 

+ Sampled Value 

10'3 I lo0  101 I@ 103 
FKDAM: CULEBRA FRACTURE DISTRIBUTION 

COEFFICIENT Am (rn3/kg) 
TRl-6342-2752-0 

+ Sampled Value 
0.8 - 

1 
m 
a 
$ 0.6 
u 
n 
W 
I + 0.4 
4 
3 

3 
0 0.2 

0.0 
10-3 1 0 2  I lo0 101 102 103 

FKDPU: CULEBRA FRACTURE DISTRIBUTION 
COEFFICIENT Pu (m3/kg) 

TRI-6342-27540 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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FKDRA: CULEBRA FRACTURE DISTRIBUTION 
COEFFICIENT Ra (m3/kg) 

TRl-6342-2755-0 

1 .o 

0.8 t 
2 
m s 
0 0.6 
a a 
W 

0.4 
Q 
2 
3 
I 
3 
0 0.2 

+ Sampled Value 

Variable 41 in LHS 

0.0 
I o - ~  I 0-3 I 0-2 10-I I o0 

FKDU: CULEBRA FRACTURE DISTRIBUTION 
COEFFICIENT U (m3/kg) 

TRl-6342-27570 

+ Sampled Value 

FKDTH: CULEBRA FRACTURE DISTRIBUTION 
COEFFICIENT Th ~m~/ka)  

+ Sampled Value 

GRCORHF: HUMID/INUNDATED CORROSION GAS 
GENERATION RATE RATIO 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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+ Sampled Value + Sampled Value 

GRCORI: INUNDATED CORROSION 
GAS GENERATION RATE (rnol/rn2s) 

TRl-6342-2759-0 

+ Sampled Value 

GRIMICI: INUNDATED MICROBIAL 
GAS GENERATION RATE (rnoVkg s) 

TRl-6342-2761-0 

GRMICHF: HUMIDIIMJNDA-TED MICROBIAL 
GAS GENERATION RATE RATIO 

TFl14342-27600 

1 .o 

0.8 - 
=! 
m s 
0 0.6 
a: 
a 
W 

0.4 
55 
3 

5 
0 0.2 

+ Sampled Value 

0.0 
0.0 0.1 0.2 0.3 0.4 

LAMBDA: INDEX FOR RATE IN 
POISSON DRILLING MODEL 

TRl-6342-2762-0 

F i g u r e  3 - 1 .  D i s t r i b u t i o n s  u s e d  f o r  s a m p l e d  v a r i a b l e s  i n  1 9 9 2  WIPP 
p e r f o r m a n c e  assessment .  ( c o n t i n u e d )  



+ Sampled Value 

MBPERM: MARKER BED PERMEABILITY (m2) 
TRl-6342-27650 

1 .o 

0.8 - 
J 
m 
a 
$ 0.6 
CT 
a 
W > 

2 Om4 
3 z .  
3 
0 0.2 

+ Sampled Value 

0.0 
12 12.2 12.4 12.6 12.8 13.0 

SALPRES: SALAD0 PRESSURE (MPa) 

TRl-6342-2772-0 
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+ Sampled Value 

MBPOR: MARKER BED POROSITY 
TR1-6342-27640 

+ Sampled Value 

CT 
a 

MKDAM: CULEBRA MATRIX DISTRIBUTION 
COEFFICIENT Am (m3/kg) 

TR1-6342-27650 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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CUMULATIVE PROBABILITY 

+ Sampled Value 
0.8 - Variable 46 in LHS 

m 

10" IO-~ 10-I lo0  10' l o 2  
MKDNP: CULEBRA MATRIX DISTRIBUTION MKDPU: CULEBRA MATRIX DISTRIBUTION 

COEFFICIENT Np (rn3/kg) COEFFICIENT Pu (rn3/kg) 
TRl-6342-2766-0 TRl-6342-2767-0 

+ Sampled Value 

+ Sampled Value 

MKDRA: CULEBRA MATRIX DISTRIBUTION 
COEFFICIENT Ra (rn3/kg) 

TRl-6342-2768-0 

+ Sampled Value 

MKDTH: CULEBRA MATRIX DISTRIBUTION 
COEFFICIENT Th (rn3/kg) 

TRl-6342-2769-0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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1 .o 

0.8 
+ Sampled Value 

- 
2 
m < m 
0 0.6 
a 
a 
9 - 
k 0.4 
4 
3 

5 
0 0.2 

0 . 0  - 1  . 1 1 . # . . . I  1 . I . . I . . )  . . . . .. 
1 u4 1 0 4  1 o - ~  10-1  I oO 

MKDU: CLILEBRA MATRIX DISTRIBUTION 
COEFFICIENT U (m3/kg) 

TRl-6342-27704 

SOLAM: SOLUBILITY Am (molll) 
TRl-6342-2773-0 

+ Sampled Value 

SALPERM: SALAD0 PERMEABILITY (m2) 

+ Sampled Value 

SOLNP: SOLUBILITY Np (moIA) 
TR1-6342-27744 

F i g u r e  3 - 1 .  D i s t r i b u t i o n s  u s e d  f o r  sampled v a r i a b l e s  in  1992 WIPP 
performance assessment. (cont inued)  
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1 .o 

CUMULATIVE PROBABILITY 

0.8 + Sampled Value 
- 
2 Variable 27 in LHS 
m s 
0 0.6 
d n 
W 
1 2 0.4 
-I 
3 
I 
3 
0 0.2 

0.0 10-16 10-14 10-12 10-10 10-8 10-6 104 

SOLPU: SOLUBILITY Pu (moVI) 
TRI-6342-27750 

SOLRA: SOLUBILITY Ra (moltl) 
TRI-6342-2776-0 

+ Sampled Value 

1 .o 1 .o 

c 0.8 
+ Sampled Value 

- 0.8 - 
-r =i m m 
2 a 
0 0.6 

m 
0 0.6 

a n 
W 

E 
W 

1 $ 0.4 5 0.4 
-I 
3 

4 
I 

3 

3 
0 0.2 f 

0 0.2 

0.0 10-16 10-14 10-12 10-10 108 10-6 0.0 10-14 10-12 0-10 
I O - ~  iu6 1 u4 10-2 lo0  

SOLTH: SOLUBILITY Th (molll) SOLU: SOLUBILITY U (rnolll) 
TRI-6342-2777-0 TRl-6342-2778-0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 



+ Sampled Value 

STOICCOR: STOlCHlOMETRlC COEF 
FOR CORROSION OF STEEL 

TRl-6342-2779-0 

+ Sampled Value 

TZPORF: SCALE FACTOR FOR DISTURBED 
ZONE POROSITY 

TRI-6342-2701-0 
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+ Sampled Value 

STOICMIC: STOICHOMETRIC COEF FOR 
MICROBIAL DEGRADATION OF 
CELLULOSE 

TRI-6342-27m 

CUMULATIVE PROBABILITY 

+ Sampled Value 

Variable 9 in LHS 

VMETAL: METAL VOLUME FRACTION 
TRl-6342-2782-0 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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0.0 
0.2 0.3 0.4 0.5 

VWOOD: WOOD VOLUME FRACTION 
TRl-6342-2783-0 

+ Sampled Value 

Figure 3-1. Distributions used for sampled variables in 1992 WIPP 
performance assessment. (continued) 
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Table 3-2. Further, the impact of individual variables are investigated 
with sensitivity analysis techniques based on scatterplots, regression 
analysis and partial correlation analysis. Scatterplots are also used 
to compare results obtained with the different analysis cases listed in 

Table 3-2. 

Before concluding this chapter, it is perhaps worth emphasizing that 
the WIPP performance assessment uses two different experimental designs 

in the treatment of uncertainty. The division of the sample space S in 
Eq. 2.2-1 into the scenarios Si indicated in Eq. 2.1-1, and more 

explicitly in Tables 2.5-1 through 2.5-4, is an experimental design 
based on importance sampling and is used to assure that the exceedance 
probabilities associated with the EPA release limits (i.., 0.1 and 

0.001) are approximately estimated (Helton and Iuzzolino, 1993). Such 

designs are used in analyses where it is important to include the 

effects of low probability, but possibly high consequence, occurrences. 
The generation of a Latin hypercube sample of size 70 from the 49 

variables in Table 3-1 is a type of random design. Such designs, 
especially Latin hypercube sampling, are often used in 
uncertainty/sensitivity studies because of their efficient 

stratification across the range of each variable under consideration. 
Thus, the WIPP performance assessment is using an experimental design 

based on importance sampling to incorporate the effects of stochastic 
uncertainty and an experimental design based on Latin hypercube sampling 
to assess the effects of subjective uncertainty. In particular, the use 

of a Latin hypercube sample of size 70 to assess the effects of 
subjective uncertainty has no effect on the estimation of the 0.1 and 

0.001 exceedance probabilities in the individual CCDFs used in 
comparison with the EPA release limits. 

Additional information on the uncertainty and sensitivity analysis 
techniques in use is available elsewhere (Chapter 3 in Volume 2; Helton 

et al., 1991). 
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Table 3-2. Alternative Modeling Assumptions Considered in the 1992 WlPP Performance 
Assessment. "CUT-rINGS" refers to direct releases at the ground surface during 
drilling. "GW TO ACC ENV" refers to releases at the subsurface boundary of the 
accessible environment due to groundwater transport in the Culebra Dolomite 
Member of the Rustler Formation. 

CU-TTINGS + 
GW TO CULEBRA - 

CUlTINGS +GWTOACC ENV + - - + 
CUlTINGS+GWTOACCENV + - + + 



4. UNDISTURBED PERFORMANCE (REPOSITORY/SHAFT) 

4.1 Model Geometry 

For undisturbed performance of the repository/shaft system, BRAGFLO 
simulates two-phase flow1 in a geometry very similar to that used in previous 
gas and brine migration analyses (Case 3 in WIPP PA Department, 1992) related 
to the Resource Conservation and Recovery Act (RCRA) (EPA, 1986). This model 
represents the three-dimensional repository (Figure 4.1-1) using a two- 

dimensional rectangular grid oriented vertically north-south through the 
disposal system (Figure 4.1-2). This grid preserves the initial excavated 
volume of various regions and their original excavated heights. Major 

assumptions made in the construction of this grid include: 

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

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

The four shafts are consolidated into a single shaft at the location 

of the Waste Shaft. The volume and cross-sectional area of the 

consolidated shaft equals that of the four shafts. The single modeled 
shaft is divided vertically into two segments with a single seal in 

between. Thickness of the shaft seal is assumed to vary between 10 
and 50 m. 

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

37 

38 
39 1. The BRAGFLO computational model is described in detail in Appendix A in 
40 Volume 2 of this report, and in literature cited therein; a discussion of 
41 multiphase flow through porous media, which BRAGFLO models, is provided in 
42 Section 7.2 in Volume 2 of this report. 
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s1omge 
WBOW HBnUlng Buldng s1omge 

Area 
WBOW HBnUlng Buldng 
(Elevalm 3439 IIAMSL) 

Figure  4 . 1 - 1 .  Proposed WIPP r e p o s i t o r y  showing t h e  10 w a s t e - d i s p o s a l  r e g i o n s  
( p a n e l s )  ( a f t e r  Waste Management Technology Depar tment ,  1987) .  



Cell-Center 
C X(m) 
r- 
0 31749.29 = 21749.29 

m * 
q s ~ a a f i z  
g e e k p g  m m m m  

9 

4.1 Model Geometry 

Figure 4.1-2. Plan view of the geometry of the two-dimensional vertical 
cross-section model used for modeling undisturbed performance 
of the repository/shaft system. 
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Stratigraphic layers are assumed to be parallel and horizontal; the 
repository elevation actually follows the marker beds at the WIPP, 
which are slightly undulatory and dip less than 1 degree to the 

southeast. The elevation of the repository, excavated at a constant 
stratigraphic horizon, drops about 7 m between the Waste Shaft and the 

southernmost panel. The model does not include this change in 
elevation. 

Figure 4.1-2 shows the model grid in the vertical (z) , north-south (x) 
plane. The region extends vertically 645 m from the top of the Culebra 
Dolomite Member of the Rustler Formation to the bottom of the Salado 
Formation. The total north-south length is approximately 47 km. 
Stratigraphic units included in the model are the Culebra Dolomite, the 

intact halite of the Salado Formation, MB138, anhydrites A and B lumped into 
a single anhydrite layer, MB139, a disturbed rock zone (DRZ) surrounding the 

waste-emplacement and experimental areas, and a transition zone immediately 
above the DRZ that provides a potential pathway to MB138. 

The width of the elements (the out-of-plane [y] dimension in 
Figure 4.1-2) varies significantly in the x direction, from as little as 9.74 
m at the location of the shaft to as much as 62 km in the intact Salado 
Formation. The y dimension, however, does not vary vertically. For example, 

the Ay value for cell 20 (49.53 m), which is comparatively small because of 
the small excavated volume, remains the same regardless of the vertical (z) 
location specified by the node number. Figures 4.1-3 and 4.1-4 show a scaled 

plan view of the grid in the horizontal (x-y) plane containing the 
repository. 

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

The y dimension at the ends of the mesh, south of the waste block and 

north of the experimental region backfill, increases in a cylindrical manner 
away from the model to simulate some of the three-dimensional behavior using 
a two-dimensional model. Close to the repository, flow paths will have 

complex orientations determined by the variable geometry of the excavations; 
fluid flow will be primarily horizontal and mostly through the anhydrite 

layers. Farther away from the repository, at a distance perhaps several 
times the maximum horizontal dimension of the repository (about 1.7 km), flow 
will be nearly radial. All flow is assumed to result from the disturbances 
introduced by the repository; i.e., there is no regional flow field that 
predates excavation of the repository. Flow to and from the repository in 
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Figure 4.1-3. Scaled view of layer 12 of Figure 4.1-2. Cells representing 
the repository and its immediate vicinity are too small to plot 
individually at this scale. 
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the surrounding region can be approximated with the two-dimensional model if 
the y dimension of the grid blocks increases away from the repository by a 
factor of approximately 27rr, where r is the distance from the center of the 
grid (Voss, 1984). 

In a strict sense, the 27rr relationship is valid only if it is applied to 
the entire mesh. Such a mesh represents a vertical cylinder that allows a 
two-dimensional model to simulate radial flow in a three-dimensional 
cylinder. In the mesh used for undisturbed performance of the repository/ 
shaft system, only the north and south ends of the modeled regions are 

treated in this fashion, and the results are not expected to be precise in 
modeling all flow north and south of the repository/shaft system. However, 
as a first approximation, this procedure accounts for the radial increase in 
pore volume away from the central region. This radial increase in pore 
volume is important because brine and gas will not flow in only two 
dimensions (x and z) as they flow from (or towards) the repository. Rather, 
at a distance of a few kilometers from the repository (approximately the 

disposal-unit boundary), flow will be radial into (or from) an increasingly 
larger pore volume. 

4.2 Material Properties 

Material properties for undisturbed performance of the repository/shaft 
system are discussed in detail throughout Volume 3 of this report and are 

summarized in Chapter 6 of Volume 3, The following material properties that 
apply specifically to undisturbed performance of the repository/shaft system 

are discussed below in the indicated sections: 

permeability (Sections 4.1.2.1 and 4.1.2.4), 

porosity (Section 4.1.2.2), 

specific storage (Section 4.1.2.3), 

brine and gas saturations (Sections 4.1.2.4), 

capillary pressure (Section 4.1.2.4). 

Radionuclide transport is not modeled for the undisturbed case because 
releases into the Culebra Dolomite Member of the Rustler Formation do not 

occur (see Section 4.4), and therefore, parameter values for radionuclide 
inventory and solubilities are not input for the undisturbed performance 
calculations. 



Chapter 4: Undisturbed Performance (Repository/Shaft) 

4.2.1 Permeability 

4.2.1.1 PERMEABILITY RANGES 

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

Halite is assigned a range of permeability values from 1.0 x 10-24 to 
1.0 10-19 ,2. 

The shaft seal is assigned a range from 3.3 x to 3.3 x m2. 

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

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

The Culebra is assigned a value of 2.1 x 10-14 m2 

The waste is assigned a value of 1.0 x 10-l3 m2. 

The permeability range for the anhydrite interbeds (1.0 x 10-21 to 1.0 x 
10-l6 m2) is larger than that estimated for undisturbed anhydrite, but does 
not explicitly take into account pressure dependent fracturing of these 
interbeds. Interbed fracturing as a result of gas pressurization is not 
modeled in the 1992 calculations. Implications of not modeling interbed 
fracturing are uncertain. The phenomenon will be modeled in future PAS. 

4.2.1.2 CULEBRA PERMEABILITY 

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

4.2.2 Porosity 

4.2.2.1 FIXED (TIME-INVARIANT) POROSITY 

Assumed porosity values for materials in the undisturbed repository/shaft 
simulation that do not change with respect to time are listed below and shown 
in Figure 4.2-2: 
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Figure 4.2-1. Permeability values for the undisturbed repository/shaft 
system . 
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Cell No. 

= 0.001 to 0.03 (4 undisturbed) 

= 0.01 
. . . . . . . . . ...... ... ... .. ... .,.... ........... ....... . ..... .:. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . = $ undisturbed + U (0.06 - ( undisturbed) . . . . . . . . . . . . . . . . . . . . . . . . . , 

where U = 0 to1 

. . 
= 0.058 - 0.253 

0 = 0.660, initial value at t = 0 

Figure 4.2-2. Time-invariant porosity values for the undisturbed repository/ 
shaft system. 
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. Halite, the anhydrite interbeds, and the transition zone are 

assigned a range of porosity values from 0.001 to 0.03. 

The shaft seal is assigned a value of 0.01. 

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

ddisturbed = dundisturbed + U(".06-dundisturbed) 9 (4.2-1) 

where U is a number uniformly distributed between 0 and 1, and 
dundisturbed is the porosity range of the undisturbed halite (0.001 

to 0.03). This relationship forces the DRZ porosity, ddisturbed, to 
fall within a range bounded by dundisturbed and 0.06, which is the 

maximum DRZ porosity considered (see WIPP PA Division 1991c, Section 

2.3.7). 

A porosity value of 0,075 is assigned to the entire shaft (except 
the shaft seal) and the seals for the waste storage area, and the 
backfill for both the waste storage and experimental areas. 

The Culebra is assigned a range from 0.058 to 0.253 

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

4.2.2.2 TIME-VARYING POROSITY 

Background 

In the 1991 and previous BRAGFLO simulations of the repository/shaft 

system (WIPP PA Division, 1991b; WIPP PA Department, 1992), porosity in the 
waste-emplacement panels was assumed to be constant in time. The effect of 
halite creep on waste-panel porosity was not accounted for. The porosities 
assigned to the waste panel for each of the 1991 realizations were determined 
in an external calculation (WIPP PA Division, 1991~). These porosities were 
calculated as the post-compaction pore volume required to store all of the 

waste-generated gas at lithostatic pressure in a brine-free repository. 

These "lithostatic equilibrium" porosities varied with sampled values for 

waste composition, gas-generation rates, and stoichiometry. Although these 

externally calculated porosities did not limit panel pressure to lithostatic, 
they may have overestimated the void volume available for gas for cases where 

the panel does not re-expand significantly beyond the closed state. 
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Another shortcoming of the 1991 approach was that the external 
calculation of porosities correlated porosity only to the theoretical gas- 
generation potential, which is the amount of gas that would be generated if 

all ferrous metal and cellulosic material was completely consumed (see 
Sections 1.4.1 and 3.3 of Volume 3 of this report for additional information 

about the gas-generation model). In some realizations, brine availability 
limits the amount of gas generated to less than the theoretical potential and 
not all ferrous metal or cellulose is consumed. Modeling studies using the 

finite element program SANCHO~ for simulating quasistatic, large-deformation, 
inelastic response of two-dimensional solids indicate that low gas-generation 
rates result in more rapid closure and lower porosities at full compaction. 

1992 Approach for Accounting for Time-Dependent Panel Porosity 

The 1992 BRAGFLO calculations include a simple first attempt at 
accounting for time-dependent panel porosity. This time dependence is 

indirect in the sense that results from this application of SANCHO indicate 
that panel porosity varies with the amount of gas generated and the pore 
pressure in the waste area, each of which in turn varies with time. 

The discussion that follows describes the implementation of the SANCHO 
halite deformation results in BRAGFLO for the 1992 PA calculations. The 

SANCHO results and data of importance for use in BRAGFLO, discussed in detail 
below, are 

moles of gas generated, 

time after sealing of repository, 

30 panel pressure, and 
31 

32 panel porosity. 
33 

34 The porosity contours appearing in Figure 7-2 in Volume 2 of this report 
35 result from interpolation of the SANCHO results that describe the dependence 

36 of panel porosity on cumulative moles of gas produced and time after sealing. 

37 The direct (not interpolated) SANCHO porosity results are presented in kigure 

38 4.2-3. "Noise" visible in the solutions are an artifact of the approach used 

39 

40 
41 2. The SANCHO computational model is described by Stone et al., 1985, and 
42 summarized in Appendix B in Volume 2 of this report; a discussion of room 
43 closure, which SANCHO models, is provided in Section 7.3 in Volume 2 of 
44 this report. SANCHO is also discussed in Sections 1.4.1 and 1.4.7 of I 

45 Volume 3 of this report. 
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Figure 4.2-3. SANCHO results: porosity as a function of time for f=1.0, 0.6, 
0.4 and 0.2; piecewise constant gas-generation rates; porosity 
based on SANCHO definition of porosity (ratio of void volume to 
instantaneous room volume); f is the fraction of the piecewise 
constant gas-generation rate and potential, where f=1.0 is 
defined as the sum of the corrosion rate (1 mole/drum-yr for 
1050 yr) and the biodegradation rate (1 mole/drum-yr for 550 
yr) (Brush, 1991; memorandum by Beraun and Davies in Appendix A 
of Volume 3 of this report). 

12 to model separation at the surface between the waste/backfill and the 
13 overlying halite as pressure in the room exceeds lithostatic, and are not 

14 attributed to a physical process. This "noise" has been filtered out of the 

15 SANCHO solution prior to its use in BRAGFLO. Smoothed SANCHO results form 

16 the basis of accounting for the effect of halite creep on waste room porosity 

17 and are used within BRAGFLO. 

18 

19 The difference in definition of porosity by SANCHO and BRAGFLO requires 
20 further manipulation of the data presented in Figure 4.2-3. In SANCHO, as 
21 the halite creeps, the numerical mesh deforms; in BRAGFLO, the mesh 
22 dimensions are fixed with time. In the SANCHO room model, the porosity (4' 
23 of Figure 4.2-3) is therefore defined as the ratio of the void volume to the 
24 current total volume of the panel. In BRAGFLO, the porosity (4, Eq. 4.2-2) 
25 is therefore defined as the ratio of the void volume to the initial volume of 
26 the panel. If the mass and volume of the solids contained within the 
27 deforming panel does not change with time, the two differently defined 
28 porosities can be related by 
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A derivation of Eq. 4.2-2 is provided in Appendix B. The porosities as 
defined by SANCHO (Figure 4.2-3) are converted to porosity as defined by 
BRAGFLO by using Equation 4.2-2 and are presented in Figure 4.2-4. 

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

Because SANCHO and BRAGFLO simulate fundamentally different processes 
(large-scale quasistatic deformation of solids versus multi-phase fluid flow 
in nondeforming porous media), some differences have arisen in the conceptual 
models for the disposal system used in applications of the two codes. 
Differences between the SANCHO and BRAGFLO conceptualizations used in the 
1992 PA that have important implications for the representation of time- 
varying porosity are as follows: 

Figure 4.2-4. SANCHO results: porosity as a function of time for f=1.0, 0.6, 
0.4, 0.2 and 0.1; piecewise constant gas-generation rates and 
potentials; porosity based on BRAGFLO definition of porosity 
(ratio of void volume to initial room volume); f is defined in 
Figure 4.2-3. 
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This application of SANCHO models the behavior of a single room in an 

infinite array of rooms, simulating behavior of the middle rooms in a 
panel; BRAGFLO models the behavior of the entire repository for 

undisturbed conditions and an axisymrnetric cylindrical-equivalent 

single panel for disturbed conditions. 

In the SANCHO room model, pressure and gas generation rates within the 

waste storage area are spatially uniform; in BRAGFLO, they vary 

spatially. 

In the SANCHO room model, the void space is completely occupied by 

waste-generated gas; in BRAGFM, this space is occupied by two fluid 

phases, brine and gas. 

In the SANCHO room model, gas was not allowed to flow into or out of 

the waste area; in BRAGFLO, gas and brine flow into or out of the 

waste area. 

In the SANCHO room model, gas is generated at a constant rate for each 

reaction (corrosion and biodegradation) for fixed periods of time; in 

BRAGFLO, gas generation is not constant: it varies with degree of 

brine saturation in the waste area and continues until all of the 

corrodible metal and cellulose or brine are consumed. 

This application of the SANCHO room model simulates undisturbed 

repository performance for 2000 yr; these BRAGFLO simulations describe 

both undisturbed and disturbed performance for 10,000 yr. 

Modeling Assumptions 

The differences discussed above between the conceptual models used in the 
applications of the two codes led to difficulties in using the SANCHO 

porosity results in BRAGFLO. Specifically, the implementation of time- 
varying porosity in BRAGFLO for the 1992 PA required the following 

assumptions : 

Halite creep is assumed to affect the porosity of the waste storage 

area until the time of maximum repository pressure. Results were 

produced for cases in which pressure in the room increases from its 

initial level at various rates, dependent on gas-generation rates. 

Stress gradients between the host halite and the waste-filled room 

were not determined when waste-room pressure fell as gas escaped. 
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Rather than speculate on the halite response during decreasing waste- 

panel pore pressure, porosity in BRAGFLO is held constant at the value 

it has when pressure begins to fall. Porosity is maintained at this 

value unless and until pressure rises above its previous temporary 

maximum. This treatment of porosity may somewhat underestimate the 

degree of closure (overestimate porosity) by neglecting continuing 

creep closure. However, errors introduced by this treatment are 

believed to be small because reexpansion of the room is a relatively 

slow process compared to room closure/ consolidation, which is largely 

complete before pressures rise sufficiently to cause increases in 

porosity. Figure 4.2-4 indicates rather modest rates of increases in 
porosity after maximum consolidation, particularly at the lower gas- 

generation rates, compared to the dramatic decrease in porosity prior 

to maximum closure. As discussed in the following section, 

significant increases in waste-area porosity resulting from the 

reversal of creep closure require pressures in excess of lithostatic. 

As long as repository pore pressure is close to or below lithostatic, 

porosity in the waste panel is close to its fully compacted value. 

Limiting waste-panel porosity at this value somewhat limits the void 
volume available to store inflowing brine and generated gas. 

The effect of halite deformation on the porosity of material in a 

disposal room is assumed to be representative of the effect on the 

porosity of material in an excavated panel or the entire disposal 

region. It is recognized that the stress fields surrounding a single 

room do differ depending on where in the panel the room is located. 

The gross response of the halite resulting from the spatially varying 

deviatoric and room stress on porosity is assumed to be independent of 
the size or geometry of the WIPP excavation when implemented in 

BRAGFLO . 

In this application of SANCHO, pore pressure and gas-generation rate 
do not vary spatially within the waste-filled room. In BRAGFLO, pore 

pressure and gas-generation rate vary spatially throughout the waste- 

disposal region. Porosity in the panels is assumed to be spatially 

invariant in BRAGFLO despite spatial variations in pressure and gas- 

generation rate because the effective (representative) porosity is 

correlated to the effective panel pore pressure and gas-generation 

rate. This correlation is implemented by volume-averaging BRAGFLO 

pore pressures and gas-generation rates within the disposal region and 

using the average values to determine the porosity within the waste at 

any point in time. 

It is assumed that interpolation of the data in Figure 4.2-3 yields 

valid porosity results. The porosity surface (Figure 7-1 in Volume 2 
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of this report) and the data of Figure 4.2-3 were generated under 

specific constant rates of gas generation by corrosion and 

biodegradation and resulting pressure histories. It is assumed that 

all pressure and gas-generation histories that can be constructed 

within the bounds of the SANCHO results will yield valid predictions 

of the effect of halite deformation on waste-storage area porosity. 

Results of the SANCHO simulations indicate that room porosity varies 

with the gas-generation rate and the time. This is reasonable, 

because in this application of SANCHO, brine is assumed not to be 

present and gas cannot escape from the room. However, in BRAGFLO, 

where both brine and gas occupy void space and can flow into or out of 

the waste-storage area, the specification of time and gas-generation 

rate will not in general result in a unique porosity. The difficulty 

in using the porosity dependency from the no-flow, single-phase fluid 

system of SANCHO in the multiphase system of BRAGFLO is that Figure 

4.2-4 fails to account for the change in pressure due to the flow of 

brine and gas into or out of the waste room. In addition, because 

this application of SANCHO did not include a brine phase, any effect 

the presence of brine in the waste area might have had on halite creep 

is not captured explicitly. If it is reasonable to assume that the 

halite responds in part to the degree of back pressure in the waste- 

storage area as well as the waste-storage area pore-pressure history, 

then it follows that the porosity associated with the no-flow single- 

phase system of SANCHO will differ from the porosity in the flowing 

two-phase system of BRAGFLO, at the same time following sealing and 

given the same gas-generation rate. 

The results from the SANCHO room model strictly apply only to the case 

where the pore space in the waste-disposal room is occupied by gas and the 

gas remains in this volume. Additional SANCHO simulations are required to 

describe more adequately the deformation of the halite when the pore space in 

the waste area is occupied by both brine and gas and each phase is capable of 

flowing into or out of the waste. An improved way of dealing with these 

inconsistencies is planned for future performance assessments. As 

implemented for 1992, the use of SANCHO results in BRAGFLO are based on the 

following assumptions about the SANCHO modeling. 

Halite deformation can be correlated in part to pore-pressure history 

and is independent of the fluid that occupies the pore space. 

Halite deformation is independent of the amount of brine present in 

the pore space within the room. 
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Porosity is parameterized in terms of the rate of gas generation and 

pore pressure, but not in terms of the amount of gas present in the 
pore space of the waste panel as calculated by BRAGFLO because gas may 

flow out of panel in BRAGFLO but is confined to the room in these 
SANCHO simulations. 

The validity of these assumptions and their impact on repository 
performance are uncertain and still under evaluation. As a result, this 

extension of the SANCHO-calculated porosities into BRAGFLO should be viewed 
as an initial attempt to describe the effect of halite deformation on waste- 
storage area porosity for two-phase flow modeling. 

The SANCHO results described in this section represent only a small 

portion of the types of calculations that have been addressed with this code. 
Although the closure inputs for the BRAGFLO calculations were derived 

assuming a single disposal room in an infinite array of rooms, calculations 

for a full panel of empty rooms are being completed by the Waste Isolation 
Pilot Plant (WIPP) Disposal Room Systems Department at Sandia National 
Laboratories (SNL). These calculations will be a first step in examination 
of the error introduced by using single room closure to approximate the 

response of larger portions of the repository. The results will be used to 
examine both porosity variations within a given room and porosity variations 

from room to room. Calculations for other two-dimensional representations of 
the repository or its components are equally feasible, depending on the 
required computer time. Computer time for WIPP closure solutions over 

hundreds of years is a pressing constraint on mechanical closure analyses 
because of the complex finite-element mesh that must be constructed to 

represent disposal room components. 

A number of calculations with SANCHO also are being completed by the WIPP 
Disposal Room Systems Department at SNL to examine the consequences of a 
human intrusion on post-intrusion closure. Other studies will examine 
various features of the room model, including the effect of existing cracks 
in halite and interbeds on gas pressurization. The effect on closure caused 

by different waste forms will be examined. Although the current SANCHO 
calculations did not include any fluid flow, calculations are also being 
completed coupling the mechanical response of the room with single-phase 

brine flow, and this coupling will be further extended to two-phase fluid 
flow. 

How SANCHO Pore Pressure Data Are Used 

In SANCHO a unique pore-pressure history exists for each gas-generation 
rate. These pressure histories are presented in Figure 4.2-5. This 
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Figure 4.2-5. SANCHO results: pressure as a function of time for f=1.0, 0.6, 
0.4 and 0.2; constant gas-generation rates for corrosion and 
biodegradation; f is defined in Figure 4.2-3. 

relationship permits the unique determination of porosity given the gas- 

generation rate and the pore pressure instead of time, as is shown in Figure 

4.2-6. In light of the assumptions mentioned above, the data presented in 

Figure 4.2-6 are used directly in BRAGFLO. The discussion that follows 
describes how the data in Figure 4.2-6 are used in the 1992 version of 

BRAGFLO . 

First, the current fraction of gas potential is calculated by summing 

across all waste the cumulative moles of gas generated and normalizing this 
sum to the moles of gas that would have been generated under the baseline 

gas-generation conditions assumed in the SANCHO calculations. These 
conditions are 

for corrosion: 1 mole gas/(drum*yr) for 1050 yr, and 

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

To avoid extrapolation of data, this fraction is constrained to fall between 
a value of 1.0 and 0.1. 
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PRESSURE (MPa) 
TRl-6342-2581-0 

2 Figure 4.2-6. Modified SANCHO results as used in BRAGFLO: porosity as a 
3 function of pressure for constant gas-generation rates; 
4 porosity based on initial room brine; f is defined in Figure 
5 4.2-3. 
6 

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

8 in BRAGFLO by 

where the summation is over all waste grid blocks. 

Third, the porosity associated with the BRAGFLO-calculated gas-generation 
rate fraction (f) and volume-averaged pressure is determined by linear 
interpolation of the data displayed in Figure 4.2-6. The gas-generation rate 
fraction is calculated by first accumulating the amount of gas generated in 
the waste over a given period of time, dividing by the length of time to give 

an average rate, and finally normalizing to the rates associated with f=1.0. 

These rates are given previously in this section and also in Figures 4.2-3 
through 4.2-7. Some restrictions on the selection of the porosity are made 
to further avoid extrapolation of the data. These restrictions, depicted on 

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

The maximum expanded porosity of the waste is limited to a value of 

0.34, which occurs at a pore pressure of 21.4 MPa, at Point A in 
Figure 4.2-7. 

A bounding curve of porosity versus pore pressure, P (Pa), is con- 

structed by connecting the points of maximum pressure for each of the 
gas-generation rate curves. The equation for this bounding curve is 

where 0.1 < 4 < 0.34, 0 < P < 22 MPa, and using the positive root. 

If the pore pressure during a BRAGFLO simulation exceeds the maximum 

pressure associated with the current gas-generation fraction, then the 

dependence of porosity on pressure is restricted to this bounding curve. 
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The curves are followed along the direction of low to high pressure 

only. The porosity results of SANCHO are generated only as waste pore 

pressure increases. The response of the halite to decreases in pore 

pressure is not simulated. This is not due to a limitation in SANCHO, 

but rather to scheduling constraints. Rather than speculate on a 

possible hysteresis effect, porosity is assumed to remain constant if 

waste pore pressure decreases and does not vary again until pressure 
exceeds the level at which it first began to decrease (Figure 4 .2 -8 ) .  

If the direction path in which the data were generated is not 

preserved, physically unreal situations can result. For instance, 

consider the 10% base gas-generation curve at a pressure of 1 MPa 
(f = 0.1 on Figure 4 . 2 - 7 ) .  If the pressure were to decrease and the 
curve were followed, the porosity would actually increase even though 

pressure was well below lithostatic. Similarly, if the pressure were 
well above lithostatic and began to fall but still remained above 

lithostatic, the porosity from Figure 4.2-6 would decrease when in 
fact it would be expected still to increase but perhaps at a 

decreasing rate. 

PRESSURE 
TRI-6342-2151-0 

Figure 4 .2 -8 .  Hypothetical porosity/pressure path showing porosity treatment 
when pressure has a maximum. 
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Time-Step Considerations 

Porosity is determined using the values of gas generation and pressure as 

outlined above at the beginning of a time step. In BRAGFLO, the initial 

values at a time step are converged values at the end of the previous time 

step. The porosity so determined is assumed to remain fixed across the 

current time step even though pressure and gas generation (via saturation) 

change during the intra-time iterations. The porosity is then updated at the 

start of the next time step. This explicit treatment of porosity is 

necessary because the more desirable implicit dating of porosity currently 

produces convergence difficulties for some of the input sets. In implicit 

dating, porosity would change with pressure and saturation during the intra- 

time-step iterations, and thus would change continuously across the time step 

rather than in step changes at the beginning of each time step, as in the 

explicit treatment. The more accurate implicit treatment is expected to be 

included in the 1993 PA BRAGFLO calculations. 

4.2.3 Specific Storage 

The mathematical relationship defining specific storage is 

where Ss is specific storage (m-I), 4 is porosity, P is fluid compressibility 
(pa-I), and a is rock compressibility (pa-I). It is assumed that a is 

related to porosity change according to 

where p is the fluid pressure in Pa. 

BRAGFLO actually uses a modified rock compressibility, a', 

Therefore, given the values for Ss, p ,  g, 4 ,  and P ,  then a and a' can be 
computed. In the 1992 PA calculations, the following parameter values were 

used: 
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Ss = 1.0~10-6 m-1 (anhydrite) 
Ss = 1.4~10-6 m-1 (halite) 
p = 1230kg/m3 

g = 9.79 m/s2 
= [0.001-0.031. 

4.2.4 Relative Permeability 3 and Capillary pressure4 

In modeling two -phase phenomena, characteristic curves for surrogate 

materials using either the modified Brooks-Corey formulae (Equations 4.2-8 to 
4.2-11) (Brooks and Corey, 1964) or the van Genuchten-Parker formulae 
(Equations 4.2-12 and 4.2-15) (van Genuchten, 1978; Parker et al., 1987) are 
used (see Section 2.3.1 of Volume 3 of this report). The Brooks-Corey 
relative permeability model is used for two-thirds of the calculations and 

the van Genuchten-Parker model is used for the remaining one-third of the 
calculations. An index parameter (0 or 1) is sampled with these 
probabilities, so that either one model or the other is used in any one 
realization. The rationale for treating model uncertainty (Brooks-Corey vs. 
van Genuchten-Parker) in this manner is discussed in the memorandum by Webb 
dated April 30, 1992, in Appendix A of Volume 3 of this report. 

The modified Brooks-Corey relationships used are as follows 

Capillary pressure, PC, is given by 

37 2.3.1 of Volume 3 of this report). Se is the effective saturation in the 
38 modified Brooks-Corey model: 
39 

40 

41 

42 3. Relative permeability is a function of saturation of the phase of interest. 
43 It is a value between 0 and 1 that is multiplied by the absolute 
44 permeability to yield the effective permeability for that phase. Relative 
45 permeabilities are empirical fits of pressure drop and flow data to 
46 extensions of Darcy's law, and measurements taken at different degrees of 
47 saturation result in differing relative permeabilities (see Section 7.2 of 
48 Volume 2 and Section 2.3.1 of Volume 3 of this report). 
49 

50 4. Capillary pressure differences arise when immiscible phases exist 
51 simultaneously in a porous network (see Section 7.2 of Volume 2 and Section 
52 2.3.1 of Volume 3 of this report). 
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where S1 is the liquid saturation, Sgr and Sir are the residual gas 
saturation and residual liquid (brine) saturation, respectively, and X is the 

pore size distribution parameter. 

Relative permeability to liquid, kr,l, and to gas, kr,g, are given by 

and 

The capillary pressure relationship, Equation 4.2-8, is used throughout the 

entire saturation region (0. I S1 5 1. ) even though, as discussed by Corey 
(1986), this relationship may not be appropriate at the higher liquid 

saturations when Se > 1.0. 

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

Capillary pressure is 

where m = X/(l+X), and Po is a capillary pressure constant discussed later. 

Relative permeability is 

and 

where the effective saturation, Se, is now defined as 
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where Sls is the maximum wetting phase saturation; a value of SlS = 1 is 
used. 

The same sampled values of relative permeability parameters are used for 
halite, anhydrite, the transition zone, and the DRZ. The waste, seals and 

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

The choice of the characteristic curve model has important implications 

on the expected behavior of multiphase flow in porous media. The most 
obvious effect stems from differences in the capillary pressure curve at high 

values of brine saturation. The Brooks-Corey model assumes an irreducible 
gas saturation, Sgr. When the gas saturation is below this residual value, 
the capillary pressure is assumed to remain at some fixed, non-zero value, 
known as the threshold capillary pressure. According to this model, in order 
for gas to penetrate a brine-filled pore, the gas pressure must first exceed 

this threshold value. This constraint effectively prohibits gas from flowing 
into a liquid-saturated medium until it overcomes this "barrier" to flow. 

In the van Genuchten-Parker model, there is no residual gas saturation, 
and the capillary pressure is zero when the medium is fully brine saturated. 

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

conditions using the Brooks-Corey model. 

The characteristic curve model also affects brine flow, especially with 
the van Genuchten-Parker model when m is small (see Figure 4.2-9). Capillary 
pressures then rise steeply as the gas saturation increases from zero, and 
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Figure 4.2-9. Capillary pressure and relative permeability functions (from 
memo from Webb to Anderson, 1992; in Appendix A of Volume 3). 
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the relative permeability curves are very steep at high brine saturations. 

Sampled values of m that are small effectively prevent brine from flowing 

when even a small amount of gas is present. With the Brooks-Corey model, 

even the smallest sampled values of X have no inhibitory effect on brine flow 

until the gas saturation is below the residual value. 

Threshold capillary pressures are determined from the correlation with 

permeability in all regions. The van Genuchten-Parker capillary pressure 

constant, po, is calculated by equating the capillary pressure from each of 

the two models at an effective saturation of 0.5, and solving the expression 

for Po. In the waste, in the DRZ, and in all excavated regions, capillary 

pressure is assumed to be zero. Zero capillary pressure for these regions is 

necessary because the capillary pressure curves are not defined for 

imbibition into a medium that has less than residual brine saturation. Any 

regions where the brine saturation starts out or may become less than 

residual (e.g., as a result of brine-consuming reactions that occur due to 

reactions in the waste region) were modeled with zero capillary pressure. 

However, if a maximum capillary pressure is specified and used at brine 

saturations less than residual, assuming zero capillary pressure is not 

necessary. Though this latter approach was not taken in the 1992 performance 

assessment it may be adopted for future calculations so that non-zero 

capillary pressure can be used without causing numerical problems when brine 

saturations below residual are encountered. 

4.3 Initial and Boundary Conditions 

A major difference between the 1992 and 1991 PA calculations for 

undisturbed conditions is in the treatment of initial conditions. The 

primary objective of taking a new approach in modeling initial conditions has 

been to establish a more realistic pressure distribution in the formations 

surrounding the waste at the time the repository will be sealed. This time 

is referred to here as time zero. The 1992 undisturbed calculations achieve 

more realistic time-zero conditions by varying the initial conditions in the 

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

Before the 1992 calculations, it was always assumed that excavated 

regions were initially at atmospheric pressure with some arbitrary degree of 

brine saturation (various combinations of saturations were considered), while 

all other regions were fully brine saturated at hydrostatic pressure 

(relative to a sampled pressure at the level of MB139). These assumptions 

were unrealistic and produced results that may have been unrealistic for the 

following reasons: 
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Brine in the DRZ above the waste could immediately drain down into the 

waste, presumably having been suspended there while the repository was 
excavated and filled. In many cases, brine from the DRZ was 
sufficient to corrode all ferrous metal in the waste, without any 
brine from the far field reaching the waste. 

The assumed pressure distribution imposed a large pressure gradient 
from the Salado halite to the shaft, which at time zero resulted in 

improbably large quantities of brine flowing from the halite into the 
shaft, despite the low permeability of the halite. 

The unrealistically high initial pressures surrounding the repository 
retarded migration of brine or gas from waste for much longer periods 

of time than could reasonably be expected, although the exact effect 
is unpredictable. 

Higher external pressures could raise the pressure in the waste more 
quickly, in part because of the higher pressure gradient near the 

waste, and in part because a faster influx of brine would cause gas 
generation by corrosion to occur more rapidly. 

In reality, brine will seep in continually from the surrounding 
formations during the disposal phase of the WIPP. Water in the brine will 

evaporate into the well-ventilated atmosphere of the excavations or will be 
pumped out as standard mining practice if it accumulates anywhere. Thus, 
formations surrounding the excavations will be dewatered and depressurized 

while the panels are in use. Therefore, the initial conditions used in 

BRAGFLO now reflect the impact that the time between excavation and sealing 
of the panels will have on fluid saturations and pressures in the surrounding 

formations. 

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

Except for the waste, the excavated regions, and the Culebra, the 
pressure distribution at 50 yr before time zero is hydrostatic 

relative to the pore pressure of MB139, which is sampled from a range 

of 12 to 13 MPa. 

Pressure at 50 yr before time zero in the waste and excavated regions 
is atmospheric, and the waste pressure is reset to this value at the 

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

I. Don't allow brine inflow from 
the Culebra during 
initialization 

II. Simulate the panels, seals, 
backfill, shaft, and 
experimental region as empty, 
newly excavated, gas-filled 
cavities 

Ill. Simulate DRZ as initially 
pressurized, but partially 
fractured 

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

V. Instantly add the waste at 50 yr 

VI. Adjust parameters for the DRZ 
and excavated regions 

VIII. Resume calculation at 50 yr; 
this is the time normally called 
t=O 

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

4 -  30 

Set Culebra permeability to zero 

Set initial porosity to 1.0 
Set initial brine saturation to 0.0 
Set initial pressure to 1 atm 
Set residual brine and gas saturation to 0.0 
Set permeability to 1.0~10-10 m2 
Set initial pressure to hydrostatic relative to sampled 
value of MB139 pore pressure 
Set permeability to 1 .ox1 0-17 m2 
Set initial porosity to volume average of sampled value of 
intact far field anhydrite and intact halite porosities (since DRZ) 
has both) 
Set initial brine saturation to 1.0 
Set capillary pressure to 0.0 (so gas and brine pressures are 
same) 
Brine pressure in the excavation will increase slightly (-0.5%) 
Brine will drain down from DRZ, approaching residual saturation 
DRZ pressure will drop precipitously, approaching equal waste 
pressure 
Let no creep closure occur 
Reset waste pressure to 1 atm 
Set brine saturation of waste to sampled "initial" brine 
saturation 
Set waste residual brine and gas saturations to their sampled 
values 
Set waste permeability to 1.0~10-13 m2 
Set waste porosity to "initial" value calculated from sampled 
values of volume fractions of metal and combustibles 
Set reactant concentrations to "initial" values 
Change porosity to final sampled values (except for creep 
closure and rock compressibility, simulating time-dependent 
porosity is beyond current modeling capability) 
Adjust brine saturation so brine content of DRZ is unchanged; 
add gas to fill added pore volume 
Reset DRZ and excavated region pressure to 1 atm 
Reset brine saturation in excavated regions 
Set DRZ permeability to 1 .Ox1 0-15 m2 to account for fracturing 
Set Culebra permeability to 2.1~10-l4 m2 
Begin creep closure of repository 
Allow gas generation to begin in waste 
Pressures outside waste, DRZ, and excavated regions start from 
50-yr values (t = 0) 
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Pressure in the Culebra at 50 yr before time zero is 1.053 MPa, and 

the far-field pressure is held at that value over the 10,050-yr 

calculation. (The Culebra has a fixed-pressure boundary condition, 

whereas the rest of the mesh uses a no-flow boundary condition.) 

The starting brine saturation is 1.0 everywhere except in the waste 

and other excavated regions, where the brine saturation starts at 0.0. 

At the end of the 50-yr period, the waste is assigned its sampled 

value of initial brine saturation, which ranges from 0.0 to 0.14. 

The initial condition calculations themselves begin with initial 

conditions similar to those used in 1991; perhaps the greatest difference is 

simply in interpretation. What was called time zero in 1991 is now called 

-50 yr; this is the time of initial excavation. The performance calculations 

begin at time zero (50 yr after the initial condition calculation as 

started); this corresponds to the time of sealing of the repository. 

During the initial conditions calculation, the permeability of the 

excavated regions is assumed to be very high (1 x 10-10 m2), to simulate 

cavities. At the end of the 50-yr period, any brine that has flowed into the 

excavated regions is ignored, since it will have evaporated or will have been 

pumped out of the repository. The sampled initial brine saturation in the 

waste is introduced. Pressures in all the excavated regions are reset to 

atmospheric. Pressures there are generally barely above atmospheric (by a 

few hundred pascals) after the 50-yr emplacement period; they are reset to 

atmospheric to reestablish realistic conditions at time zero, since at the 

time of sealing, the excavated regions should be at atmospheric pressure. 

Except in the DRZ, pressures in all the surrounding formations, including the 

transition zone and the intact ahydrite interbeds, remain as they are at the 

end of the 50-yr period. 

In the DRZ, at least the residual saturation of brine, and possibly more, 

will remain, the rest having drained into the excavated region that will 

later be filled with waste. At time zero, the brine remaining in the DRZ is 

left there; however, the porosity is assumed to change from the initial 

intact halite value to the final sampled DRZ porosity. This porosity change 

increases the void volume. In order to conserve the volume of brine in the 

DRZ, the additional void volume is assumed to be filled with gas. The 

pressures in the DRZ will typically be slightly above atmospheric at time 

zero. If the pressures were left at those values when additional gas is 

introduced at time zero, it could result in a gas-drive condition that would 

cause brine to be expelled suddenly from the DRZ into the waste at time zero. 

To prevent this unrealistic behavior, the pressure in the DRZ is also reset 

to atmospheric at time zero. 
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The previously excavated regions will contain no brine except for the 
initial brine brought in with the waste. The surrounding formations will be 
depressurized and dewatered to the extent expected after being exposed to 
ventilated air at atmospheric pressure for 50 yr. All surrounding formations 
are fully saturated with brine at time -50 yr. Generally, at time zero, they 

will still be fully brine-saturated (except for the DRZ). Except for the 
DRZ, brine saturation in surrounding formations is not modified to reflect a 
change in porosity at time zero. 

The calculations proceed from this calculated initial condition for the 

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

4.4 Results and Discussion (Undisturbed Performance) 

General observations are described in this section that pertain to all 
of the calculations. Detailed statistical analyses that specific results 

relate to specific parameter values will be discussed in a later section. 

The plots presented in this section show results as a function of time 
for all 70 realizations (vectors) on a single plot. These results enable 
trends to be easily observed if present. Although the plots are sometimes 

cluttered, they are useful for illuminating general behavior and allowing 
comparisons to be made among all of the realizations. 

4.4.1 Repository Behavior 

Pressures in the repository (Figure 4.4-1) invariably rise from the 
initial value of one atmosphere, primarily because of gas generation. The 

rise is not always monotonic. In many of the vectors, the pressure in the 
waste peaks relatively early, in 1000 to 2000 yr, then levels off at a 

slightly lower value. This leveling off may be the result of gas breaking 
through a lower-permeability barrier, such as the shaft seal, or it may occur 

simply as gas generation ceases. Either the reactants are fully consumed or 
no more brine can make its way into the waste to allow gas generation to 

continue. The peak pressure among all vectors was about 22 MPa. In the 
vectors in which the pressure peaked early, the peak was almost always 
greater than the far-field pore pressure, so even if gas did not break 

chrough any kind of barrier, the pressure would always tend to decrease. In a 
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Figure 4.4-1. Volume average gas pressure in waste. 

few vectors, the pressure rose continually over the 10,000-yr performance 

period, in some cases to pressures in excess of lithostatic (14.8 MPa), 

without ever peaking. This behavior is expected when the gas-generation rate 

is low, but the initial brine content of the waste is high enough to sustain 

reactions continuously without additional brine influx from outside the 

repository. At 10,000 yr, the range of pressures in the waste is very large, 

from 4 MPa to 19 MPa. For those realizations in which final pressures are at 

the lower end of the range, little gas has been generated and all of the 

surrounding formations have extremely low permeability, thereby preventing 

brine inflow from equalizing pressure with the far field. For those 

realizations in which pressures are at the upper end of the range, gas 

generation has been vigorous, resulting in pressures well above lithostatic. 

Because of the implementation of the porosity surface (see Section 7.3 
in Volume 2, of this report), pore volume (Figure 4.4-2) or porosity in the 
waste behaves similarly among all realizations. In all cases, the porosity 

drops from the initial value of 66% during the first few hundred years, as 

the repository creeps shut. The porosity reaches a minimum between 12% and 

218, depending on the rate at which the pressure in the repository increases, 

primarily as a result of gas generation. In the extreme case, in which the 
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Figure 4 .4 -2 .  Pore volume i n  waste .  

p re s su re  r i s e s  r ap id ly  t o  about 2 1  MPa, the  r epos i to ry  reopens t o  a  p o r o s i t y  

of 34%,  which i s  t h e  maximum p o r o s i t y  r e s u l t i n g  from reopening t h a t  is  

allowed i n  t h e  c u r r e n t  implementation of t he  po ros i ty  s u r f a c e .  Most vec to r s  

show much l e s s  expansion,  genera l ly  t o  p o r o s i t i e s  of 15% t o  21%. I n  t h e  

o t h e r  ex t reme,  p r e s s u r e s  i n  the  r epos i to ry  remain so  low t h a t  almost no 

i n f l a t i o n  occur s ,  and the  po ros i ty  a t  10,000 y r  i s  s t i l l  only 1 2 . 6 % .  Note 

t h a t  i n  the  cu r ren t  model, po ros i ty  cannot decrease when p res su re  decreases .  

This expla ins  why, a f t e r  t he  i n i t i a l  expansion t h a t  t y p i c a l l y  occurs  between 

500 and 1500 y r ,  t he re  is  no decrease i n  pore volume, d e s p i t e  t he  f a c t  t h a t  

i n  many r e a l i z a t i o n s  pressures  i n  t h e  r epos i to ry  decrease a f t e r  t h a t .  See 

Sec t ion  4 . 4 . 3  f o r  f u r t h e r  d iscuss ions  of t he  e f f e c t s  of creep c l o s u r e .  

Although the  average b r ine  s a t u r a t i o n  i n  the  waste v a r i e s  g r e a t l y  from 

vec to r  t o  vec to r  (Figure 4 . 4 - 3 ) ,  the  v a r i a t i o n s  with time show n e a r l y  t h e  

same t r ends  i n  a l l  of t h e  r e a l i z a t i o n s .  There is  an i n i t i a l  pe r iod  when t h e  

b r i n e  s a t u r a t i o n  increases  r a p i d l y ,  peaking i n  500 t o  1500 y r .  This  r i s e  i n  

b r i n e  s a t u r a t i o n  i s  a  d i r e c t  r e s u l t  of t he  r ap id  drop i n  p o r o s i t y .  As t h e  

pore volume dec reases ,  gas ,  but  not  b r i n e ,  i s  compressed, and a s  a  r e s u l t  t he  

b r i n e  s a t u r a t i o n  inc reases .  During t h i s  same pe r iod ,  b r i n e  volume (o r  mass) 

g e n e r a l l y  d e c r e a s e s ,  a s  a  r e s u l t  of  consumpt ion  by c o r r o s i o n  (See  
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Figure 4.4-3. Waste average brine saturation. 

Figure 4.4-4). Brine saturation increases initially in large part because 

porosity reduction resulting from creep closure occurs at a faster rate than 

brine consumption by corrosion. Once creep closure effectively ceases, in 

most cases within 500 yr, brine saturation is no longer influenced by 

porosity changes, although brine inflow causes brine saturation to continue 

to rise for as much as 1000 more years. Thereafter, the brine saturation 

generally decreases--rapidly at first, at a slower rate later--as brine is 

consumed by corrosion. Corrosion consumes as much as 29,000 m3 of brine, as 

shown in Figure 4.4-5. Some brine may flow out of the waste; the maximum 

among the 70 realizations was 11,000 m3 (Figure 4.4-6), but in 87% of the 
vectors, less than 2000 m3 flows from the waste. Only in one vector is less 

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

than by outflow. 

The rate and amount of gas generation varies greatly, as shown in Figure 

4.4-7. Among the 70 realizations, the quantity of gas generated varies over 

more than an order magnitude, from 2 x 106 m3 to 32 x 106 m3 of hydrogen, at 
reference conditions (30°C, 1.01325 x lo5 Pa). In almost all cases, gas 

generation ceases in less than 10,000 yr. (The curves in Figure 4.4-7 become 

flat at that point.) Apparently, gas generation as modeled ceases because 
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0  
0 1 2 3 4 5 6 7 8 9 1 0  

TIME (1 o3 yr) 
TRI-6342-2498-0 

Figure 4.4-4. Brine volume in waste 

Figure 4.4-5. Total cumulative brine consumed by corrosion. 
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- 4 - 6 .  Cumulative net brine flow from waste. 

TlME (1 o3 yr) 
TRl-6342-2505-0 

Figure 4.4-7. T o t a l  c u m u l a t i v e  g a s  g e n e r a t e d  f r o m  c o r r o s i o n  a n d  
biodegradation. 
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Figure 4.4-8. Iron content remaining in waste 

brine is no longer available for corrosion or biodegradation in those cells 

where iron and cellulosics remain. As shown in Figure 4.4-8, iron is still 

present in the waste in 53 of the 70 realizations after 10,000 yr, yet the 

rate of gas generation by corrosion (Figure 4.4-9) has decreased greatly from 

the rate at earlier times. Similarly, cellulose is still available in 17 

realizations after 10,000 yr (see Figure 4.4-10) even though the 

biodegradation gas-generation rate has dropped nearly to zero for all 

realizations, as shown in Figure 4.4-11. 

4.4.2 Conditions Outside of the Waste 

As discussed in Volume 2, Section 4.2.3.1, the dominant pathways for 

contaminated brine flow from the waste to the accessible environment are: (1) 
along MB139 to the shaft and up the shaft to the Culebra; (2) through 

degraded drift and shaft seals to the shaft and up the shaft to the Culebra; 

and (3) along MB139 laterally outward toward the accessible environment. In 

addition, the anhydrite layers above the repository could provide a pathway 

for brine flow in the same manner as MB139. 

Because BRAGFLO models only flow and does not simulate transport, it is 

difficult to state with certainty where contaminated brine has flowed. 
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F i g u r e  4 . 4 - 9 .  Rate  of gas  g e n e r a t i o n  by c o r r o s i o n .  
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TIME (1 o3 yr) 
TRl-6342-2502-0 

Figure  4 . 4 - 1 0 .  B i o l o g i c a l  c o n t e n t  remaining i n  was te .  
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TIME (lo3 yr) 
TRI-6342-25M-0 

Figure 4 .4-11.  Rate of gas generation from biodegradation.  

However, Figures 4.4-12 t o  4.4-17 s t rongly  suggest t h a t  no contaminated b r ine  

has  flowed up t h e  s h a f t .  F igures  4 . 4 - 1 8  t o  4 . 4 - 2 0  s u g g e s t  t h a t  no 

contaminated b r ine  has reached the  access ib le  environment by way of l a t e r a l  

outward flow through the  anhydri te  l ayers  o r  marker beds. 

For contaminated br ine  t o  flow up the s h a f t ,  i t  must f i r s t  flow e i t h e r  

through the  d r i f t  s e a l s  and b a c k f i l l  and in to  the s h a f t ,  or  through the  DRZ 

above and below the  waste ( s e e  Figure 4 . 1 - 2 ) .  As Figure 4.4-12 shows, 

although some br ine  ( l e s s  than 300 m3) has flowed from the  waste i n t o  the  

s e a l s  and b a c k f i l l  ( i n  only four r e a l i z a t i o n s ) ,  none has flowed from the  

s e a l s  and b a c k f i l l  in to  the s h a f t  (Figure 4 .4-13) .  In  f a c t ,  a s  shown i n  

Figure 4 .4-13,  f o r  the  assumptions used in the  1992 P A ,  t he re  was flow between 

these two regions i n  only two r e a l i z a t i o n s ,  and i t  was from the  s h a f t ,  r a t h e r  

than i n t o  the s h a f t .  I n  more than 60 r e a l i z a t i o n s ,  there  was no flow between 

these two regions.  

These r e s u l t s  do not preclude the  flow of contaminated b r ine  from the  

waste through the  DRZ and in to  the s h a f t .  However, Figure 4.4-14 shows only 

a  momentary (from the perspective of the 10,000-yr regula tory  period) flow of 

b r ine  from the  DRZ in to  the s h a f t  and i n  only two of the  r e a l i z a t i o n s .  Brine 
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Figure 4.4-12. Cumulative brine flow from waste to seals. 

TIME (1 o3 yr) 

Figure 4.4-13. Cumulative brine flow from seals and backfill into shaft 
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TlME (1 o3 yr) 

Figure 4.4-14. Cumulative flow from DRZ into shaft. 

TlME (1 o3 yr) 
TRl-6342-2515-0 

Figure 4.4-15. Cumulative brine flow from transition zone into shaft 



CUMUL BRINE FLOW FROM 
CULEBRA INTO SHAFT (1 o3 m3) 

CUMUL BRINE FLOW 
FROM MB138 INTO SHAFT (m3) 
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Figure 4 .4-18.  Cumulative b r ine  flow from i n t a c t  h a l i t e  i n t o  the  s h a f t .  

0 1 2 3 4 5 6 7 8 9 1 0  

TIME (1 o3 yr) 
TRl-6342-2512-0 

Figure 4.4-19.  Cumulative b r ine  flow upward through the  s h a f t  s e a l .  
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0 1 2 3 4 5 6 7 6 9 1 0  

TIME (1 o3 yr) 
TRl-6342-251 a0 

Figure 4 .4-20 .  Cumulative b r ine  flow south out of anhydri te  l aye r s  A and B .  

flow from the  t r a n s i t i o n  zone and MB138 i n t o  the s h a f t  does occur i n  a  few 

r e a l i z a t i o n s  (Figures 4.4-15 and 4 . 4 - 1 6 ) ,  but  i t  i s  unl ike ly  t h a t  t h a t  br ine  

has come from the waste ,  s ince  these beds a r e  seve ra l  meters above the waste,  

and the  waste i s  never f u l l y  sa tu ra t ed  with b r ine  (Figure 4 . 4 - 3 ) .  Figure 

4.4-17 shows t h a t  t he re  i s  a  l a rge  ne t  flow of b r ine  from the Culebra i n t o  

the  s h a f t  i n  a l l  bu t  one r e a l i z a t i o n ,  and i n  t h a t  one r e a l i z a t i o n ,  the br ine  

flow comes from the  h a l i t e ,  and not  from the s h a f t  s e a l  (Figure 4 .4 -18) .  

F i n a l l y ,  Figure 4.4-19 shows upward flow of b r ine  through the s h a f t  s e a l .  I n  

only one r e a l i z a t i o n  was the re  any p i t i v e  upward flow, and i t  amounted t o  

only 0.26 m3 of b r i n e .  I n  a l l  o ther  cases ,  there  was e i t h e r  no flow through 

the  s e a l ,  o r  t he re  was flow downward. Thus, it appears h ighly  unl ike ly  t h a t  

any b r i n e  o r i g i n a t i n g  i n  the waste could have flowed up and out  of the  s h a f t  

and i n t o  t h e  Culebra. 

In  Figures 4.4-12 t o  4.4-16,  two r e a l i z a t i o n s  d i sp lay  behavior t h a t  i s  

markedly d i f f e r e n t  from a l l  t h e  r e s t .  I n  these  two r e a l i z a t i o n s ,  the 

a n h y d r i t e  p e r m e a b i l i t y ,  a  sampled parameter ,  i s  h ighe r  than i n  a l l  the 

o t h e r s ,  having values of 9 .5  x 10-17 m 2  and 4 . 1  x  1 0 - l 7  m2. Apparently, t h i s  

permeabil i ty  i s  j u s t  high enough t o  allow s u f f i c i e n t  i n f lux  of b r ine  from the 

f a r  f i e l d  t o  f lood the po r t ion  of the s h a f t  below the s h a f t  s e a l .  Brine 
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flows into the shaft from MB138 and the transition zone and from the shaft 

into the seals, backfill region, and the DRZ. This occurs only in these two 
realizations. It does not occur in the realization having the next highest 

anhydrite permeability, 1.0 x 10-17 m2, even though none of the other sampled 
parameters in this realization differs radically from the other two 

realizations. Evidently, the model is quite sensitive to anhydrite 
permeability when the permeability is greater than 1.0 x 10-17 m2. 

It is more difficult to establish that contaminated brine has not flowed 
laterally out the anhydrite layers beyond the WIPP boundaries without more 

detailed examination of the results, but an indirect argument can be made. 

First, note that since the likelihood of contaminated brine flowing into the 

shaft is negligible, it is even less likely that it could have flowed beyond 

the shaft to the north. (As Figure 4.1-2 shows, the shaft intersects all of 
the anhydrite layers, which are the only significant lateral flow paths.) As 

for the southern direction, Figure 4.4-20 shows that there was no brine flow 

south laterally out the anhydrite A and B layer. While there was some flow 
to the south out MB138 in some realizations (Figure 4.4-21), it is unlikely 

that this brine came from the waste. In order for contaminated brine to flow 
out the top of the waste, the repository must be saturated with brine, with 

the remaining gas at the residual gas saturation of 0.07. As Figure 4.4-3 
showed, brine saturation never exceeded 60%, and was generally less than 40%. 

Therefore, contaminated brine flow out the top of the repository and 

laterally out MB138 is highly unlikely. In most realizations, there was a 
large flow of brine toward the repository through MB138. The only remaining 
possibility for lateral migration of contaminated brine is south out MB139. 
Among the nine realizations having a positive southward brine flow (Figure 
4.4-22) , the maximum cumulative southward flow was less than 1800 m3. 
Assuming radial plug flow and a minimum porosity of 0.001, the farthest this 
amount of brine could have flowed south out MB139 is 626 m. In Figure 
4.4-22, some of the curves (especially the bottom two) increase after passing 
through a minimum typically within the first 1000 yr. This indicates that 
even though the cumulative net brine flow is inward (toward the waste), there 
can still be a large outward flow of contaminated brine. In the worst case - 
the bottom curve - 6600 m3 of brine flows out of the waste into MB139. 

However, in this particular realization, the porosity of MB139 is 0.0041 and 
the maximum gas saturation of MB139 is only 0.065, so the 6600 m3 still flows 

out no farther than 626 m. (The distance of 626 m is the distance to the far 
end of the farthest grid block into which contaminated brine could have 

flowed.) In fact, this quantity of brine would not have flowed past the WIPP 
site boundary even with the minimum MB139 porosity of 0.001 and an improbable 

gas saturation throughout MB139 of 50%. Thus, it is unlikely that any 

contaminated brine could have flowed laterally beyond the WIPP site 



4.4 Results and Discussion (Undisturbed Scenario) 

Figure 4 . 4 - 2 1 .  Cumulative brine flow south out of MB138. 

Figure 4 . 4 - 2 2 .  Cumulative brine flow south out of MB139. 
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boundaries (approximately 2400 m beyond the repository) in the undisturbed 

scenario. 

4.4.3 Creep Closure Effects 

The same set of 70 calculations that was described above was repeated 
with the only change being that creep closure of the waste was not allowed to 

take place dynamically. Instead, the porosity of the waste was held constant 
at a partially closed state (except for very small pressure-dependent 
compressibility effects). These calculations were done to determine what 

effect creep closure dynamics, as currently implemented, have on the results. 
These calculations will be referred to as "fixed-porosity" calculations to 

indicate that dynamic closure was not modeled, even though the repository is 
actually assumed to have crept to a final-state porosity. 

The overall effect of modeling creep closure dynamically was minor. 

Pressures in the waste are generally higher without dynamic closure, but only 
because the fixed value of porosity is lower than the porosity calculated 
dynamically. Higher pressures result in gas flowing farther out the 

anhydrite layers. However, potentially contaminated brine still does not 
reach the disposal-unit boundary when a fixed porosity is used. 

With creep closure modeled dynamically, the panel porosity was initially 
66% and dropped as creep progressed, leveling off at 12% to 21%. In the 

fixed-porosity calculations, the waste panel porosity was initially 19%, 
which is the median final-state porosity of the waste. (See Table 3.4-1 in 

Volume 3 of this report.) The porosity was allowed to vary only as a result 
of the non-zero compressibility of the waste; because the value used for 
compressibility of the waste is very small (1.6 x pa-I), the porosity 
increased only 1.1 percentage points even under the maximum pressures (Figure 
4.4-23). This analysis helps to illustrate the significance of creep closure 
in assessing the performance of the WIPP. Although only the early time 

dynamics are accounted for in the current implementation, that is the period 
during which the greatest changes occur and during which transient effects of 

closure should have the greatest impact on the performance of the WIPP. 

Pressure profiles from the fixed-porosity runs (Figure 4.4-24) are very 
similar to the calculations that include closure. The most apparent 

differences are in the peak pressures, which now are as high as 34 MPa, 
compared with 22 MPa with creep closure. Pressures are generally higher when 

the creep closure process is not modeled. This occurs because, as mentioned 

above, the porosity used in the fixed-porosity calculations is lower 
initially but the brine volume is the same, so with less pore volume in which 
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Figure 4.4-23 .  Waste porosity without creep closure 

TIME (lo3 yr) 
TRl-6342-249S-0 

Figure 4 .4 -24 .  Panel pressure without creep closure. 
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to store the gas, pressures increase much more rapidly and go much higher, 

even though the amount of gas generated is roughly the same. Note that the 
pressure profiles and the pore volume profiles are identical in shape. The 
porosity is calculated as an exponential function of pressure, but because 
the compressibility is so low the function is essentially linear in pressure. 

Most of the results from the BRAGFLO fixed-porosity calculations are 
nearly identical to the results that included creep closure dynamics. 

Compared with the 10,000-yr regulatory period, creep closure transients are 
brief; a nearly constant final closed state is reached in only a few hundred 

yr (as currently modeled). Most flow phenomena in the vicinity of the 
repository take place at very low rates because of the low permeabilities of 
the surrounding strata. Only the chemical reactions (corrosion and 

biodegradation) occur rapidly. The initial brine volume was the same (for a 
given realization) in both calculations, and the low inflow and outflow rates 

changed that volume little over the first few hundred years, so the extent of 
the reactions was largely unaffected by the different porosities in the two 
sets of calculations. Thus, profiles of the remaining iron and cellulose 

content of the waste (Figures 4.4-25 and 4.4-26), and the total cumulative 
gas generated (Figure 4.4-27), look very similar in both the closure and 
fixed-porosity calculations (Figures 4.4-8, 4.4-10, and 4.4-7, respectively). 

After a few hundred years, conditions in the fixed-porosity calculations are 
very close to those in the closure runs, because by then porosities in the 

creep closure calculations have reached stable values that range from about 
13% to 25%, similar to those in the fixed-porosity calculations (19%). The 
exceptions are those few realizations in which the pressure rose rapidly and 
sufficiently high in the closure calculations to result in significant 

reinflation. In these, the stable final-state porosities are much higher 
(26% to 34%) than the porosities used in the fixed-porosity calculations, so 
pressures and other responses differed more substantially in the two sets of 
calculations. 

Where the two calculations differed most was in the pressure-sensitive 
fluid-flow behavior, including gas flow out the Culebra, MB138, and the 
anhydrite A and B layer, and brine flow out MB139. Differences resulted from 
the lower average porosity in the fixed-porosity calculations, which produced 

higher pressures in the waste. The higher pressures forced gas farther out 

the gas flow paths, and pushed brine farther out MB139. However, the maximum 

volume of brine that flowed laterally out MB139 (3540 m3) was still not 
enough to reach the accessible environment boundary, even if the porosity of 

MB139 had been 0.001 (the low end of the sampled range) in the realization 

producing the highest brine flow. 
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Figure 4 .4 -25 .  Iron content remaining in the waste without creep closure. 

TlME (1 o3 yr) 
TRl-6342-24850 

Figure 4 .4 -26 .  Cellulosic content remaining in the waste without creep 
closure. 
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TIME (1 o3 yr) 
TRI-6342-2496-0 

Figure 4.4-27. Total cumulative gas generated from corrosion and 
biodegradation, without creep closure. 

4.4.4 Comparisons with 1991 Results 

The 1992 undisturbed performance calculations can be compared with two 

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

The implementation of creep closure in the 1992 performance assessment 
resulted in significant differences in repository behavior, particularly in 
the pressure histories. Whereas peak pressures in the 1992 calculations are 
around 22 MPa, in the previous analyses they peaked at 17 MPa in the panel- 

scale calculations and 16 MPa in the full-repository (undisturbed) 
calculations. This resulted from the lower porosities obtained from creep 

closure. With creep closure, final waste porosities ranged from 13% to 34%. 

In the previous analyses without creep, closure porosities ranged from 33% to 
60%. Waste pore volumes were nearly constant through time in all previous 

calculations, the only variation resulting from compressibility of the waste. 
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There was, however, no net effect on performance. Neither in previous 

analyses nor in the 1992 PA was there any release of contaminated brine to 
the accessible environment in the undisturbed scenario. This result could 

change when pressure-dependent fracturing of anhydrite interbeds is 

implemented in the model in 1993, because pressures exceeding lithostatic 

could cause greater migration through fractured marker beds. However, 

because of the high degree of nonlinearity in the model, it is impossible to 

predict with any certainty what effect fracturing will have until the 

calculations are performed. 



5. DlSTllRBED PERFORMANCE 

5.1 Repository/Shaft 

5.1 .I Model Geometry 

The model geometry for disturbed performance (i.e. , scenarios in which 

the waste-disposal region is intruded by an exploratory borehole) of the 

repository/shaft system modeled by BMGFLO~ differs from that used for 
undisturbed performance (Section 4.1), and is based on a radial-panel 

approximation scaled to match the initial excavated volume of a single 

equivalent panel. The model uses axisymmetric geometry with the intruding 

borehole as the axis of symmetry (Figure 5.1-1) to represent one of the ten 

waste-disposal panels (labeled 1 through 10 in Figure 4.1-1) and the 
surrounding stratigraphy (also shown in Figure 4.1-1). Differences between 

this model geometry and the rectangular geometry used to simulate undisturbed 

performance reflect the different purposes of the two sets of analyses, and 

result in performance estimates from the two geometries that are not in all 

regards directly comparable. 

Several assumptions are implicit in the axisymmetric model: 

As Figure 4.1-1 shows, the intruding borehole is located along the 

axis of symmetry of the cylindrically shaped equivalent panel. Strata 

directly above and below the panel are also represented by cylindrical 

elements. Strata adjacent to the panel are ring-shaped cylindrical 

elements surrounding the panel cylinder. 

The volume of the equivalent panel equals approximately one-tenth of 

the total storage volume of the repository. This smaller volume is 

based on the assumption that the panel seals will prevent fluid flow 

between each of the ten panels; therefore only one of the repository's 

ten panels is compromised by a borehole intrusion. The volume of this 

equivalent panel is assumed to equal the volume of one of the eight 

full-size waste-emplacement panels. The impact of allowing no flow 

between panels following human intrusion will be examined in future 

PAS. 

.The BRAGFLO computational model is described in Appendix A of Volume 2 of 
this report and in the literature cited therein. A discussion of multiphase 
flow through porous media, which BRAGFLO models, is provided in Section 7.2 
in Volume 2 of this report. 
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Figure 5.1-1. Schematic representation of the axisymmetric cylindrical model 
u s e d  f o r  c a l c u l a t i n g  d i s t u r b e d  p e r f o r m a n c e  o f  t h e  
repository/shaft system. 



Because flow of radionuclides up the exploratory borehole is the 
dominant radionuclide transport mechanism, radionuclide transport 
through the panel seals towards the existing shafts can be ignored. 

Therefore, the drift and shaft systems are omitted entirely from the 
model, and the mesh resolution is coarse in the strata surrounding the 

repository. 

Figure 5.1-2 shows a vertical slice of the axisymmetric model. The 

region extends vertically 695 m from the top of the Culebra Dolomite Member 
of the Rustler Formation down to a hypothetical brine reservoir in the 

Castile Formation underlying the repository. The total radius is 
approximately 26 km. Stratigraphic units included in the model are the 
Culebra Dolomite, the intact halite of the Salado Formation, MB138, 

anhydrites A and B lumped into a single anhydrite layer, MB139, a disturbed 
rock zone (DRZ) surrounding the waste-storage area, and a transition zone 
above the DRZ overlying the waste-storage area. 

5.1.2 Material Properties 

Material properties for disturbed performance of the repository/shaft 
system are discussed in detail in Volume 3 of this report. The following 

material properties, which apply specifically to disturbed performance of the 
repository/shaft system, are discussed below in the following order: 

permeability, 

porosity , 

specific storage, 

relative permeability, 

brine and gas saturations, 

capillary pressure, 

Castile Formation brine reservoir pressure and storativity, 

radionuclide inventory, and 

radionuclide solubility 

All of the above material properties except radionuclide inventory and 

radionuclide solubility are used by BRAGFLO. These two material properties 
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calculating disturbed performance of the repository/shaft 
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are input to the PANEL computational model, which is used to model 

radionuclide dissolution and mixing with brine flow up the intrusion 
borehole. PANEL is discussed further in Section 7.4 in Volume 2 of this 

r,eport . 

5.1.2.1 PERMEABILITY 

Permeability Ranges 

Assumed permeability values for the disturbed repository/shaft, shown in 

Figure 5.1-3, are listed below in order of increasing permeability 

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

The anhydrite interbeds (MB138, MB139, and anhydrite A and B) and the 
transition zone above the DRZ overlying the waste-disposal panel are 

assigned a range from 1.0 x to 1.0 x 10-l6 m2. 

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

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

1.0 x 10-l3 m2 is assigned to the waste 

1.0 x 10-ll m2 is assigned to the Castile brine reservoir 

The Castile Formation (except for the brine reservoir) is assigned a 
permeability of zero. This is necessary to prevent the pressure in the brine 

reservoir from decaying before an intrusion occurs. 

As discussed in Section 4.2.1, the permeability range for the anhydrite 

interbeds (1.0 x to 1.0 x 10-l6 m2) is extended to reflect some 
increase in permeability associated with fracturing. The interbed fracturing 

process, however, is not modeled in the 1992 calculations. 

Culebra Permeability 

For each of the 70 transmissivity fields used in the 1992 PA analysis, an 

area-weighted hydraulic conductivity was computed for the repository/shaft 

calculations. The conductivity was estimated for a circular region 5 km in 

radius centered at the intrusion borehole location. 

For undisturbed calculations, this region is a 5-km-radius region centered 
about the waste storage area. 
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Figure 5.1-3. Permeability values for the disturbed repository/shaft system. 



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

where k is intrinsic permeability (m2), K is hydraulic conductivity (m/s) , p 
is fluid viscosity (Paws), p is fluid mass density (kg/m3), and g is the 

gravitational constant (m/s2). The median value of hydraulic conductivity 
was used and fluid properties for Culebra brine were obtained from the 

property data base. The following values were used: 

I 17 

I 
18 K = 2.24 x 10-7 m/s, 
19 

I 
I 

I 20 p = 0.001 Pa-s, 
I 

I 21 

I 22 p = 1090 kg/m3, and 
23 

I 

1 24 g = 9.79 m/s2. 
I 

25 

26 resulting in an intrinsic permeability, k ,  of 2.1 x 10-l4 m2. 
\ 

27 

28 5.1.2.2 POROSITY 

Fixed (Time-Invariant) Porosity 

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

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

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

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

The waste prior to closure modeling is assigned a value of 0.660. 
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~ i ~ u r e  5.1-4. Porosity values for the disturbed repository/shaft system. 



1 Variable (Time-Varying) Porosity 
2 

3 The 1992 calculations for the first time take into account time-varying 
4 changes in panel porosity caused by creep closure of the panel. Input is 
5 from the computer code SANCHO. The reader is referred to Section 4.2.2.2 for 

6 a complete discussion of how the SANCHO porosity results are incorporated 
7 into BRAGFLO. Observations applying specifically to the disturbed 
8 repository/shaft environment appear as footnotes to the text in Section 

9 4.2.2. 

10 

11 

12 5.1.2.3 SPECIFIC STORAGE 
13 

14 Specific storage values for the disturbed repos itory/shaft sys tem are 
15 calculated based on the relations presented by Equations 4.2-5, 4.2-6, and 

16 4.2-7 (Section 4.2.3). 

17 

18 

19 5.1.2.4 RELATIVE PERMEABILITY~ AND CAPILLARY  PRESSURE^ 
20 

21 In modeling two-phase phenomena, characteristic curves using either the 
22 Brooks-Corey formulae (Brooks and Corey, 1964) or the van Genuchten-Parker 

I 23 formulae (van Genuchten, 1978; Parker et al., 1987) are used (see Section 
24 2.3.1 of Volume 3 of this report). The Brooks-Corey relative permeability 

25 model is used for two-thirds of the calculations and the van Genuchten-Parker 

26 model is used for the remaining one-third of the calculations. An index 

27 parameter (0 or 1) is sampled with these probabilities, so that either one 
28 model or the other is used in any one calculation. 
29 

30 Relative permeability parameters are varied and are the same for all 
31 materials except the waste and DRZ, which use a fixed set of values and the 
32 Brooks-Corey model. Residual brine and gas saturations range from 0.0 to 

33 
34 

35 

36 3.Relative permeability is a function of the saturation. It is a value between 
37 0 and 1 that is multiplied by the absolute permeability to yield the 
38 effective permeability. Relative permeabilities are empirical fits of 
39 pressure drop and flow data to extensions of Darcy's law, and measurements 
40 taken at different degrees of saturation result in differing relative 
41 permeabilities (see Chapter 7 of Volume 2 and Section 2.3.1 of Volume 3 of 
42 this report). 

I 

I 43 

44 4.Capillary pressure differences arise when the gas and brine phases flow 
I 45 simultaneously through a porous network (see Chapter 7 of Volume 2 and 

46 Section 2.3.1 of Volume 3 of this report). 
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0.4. The Brooks-Corey parameter, A ,  ranges from 0.2 to 10.0. The van 

Genuchten-Parker parameter m is calculated from m=A/l+A. The choice of the 
characteristic curve model has important implications for the expected 

behavior of multiphase flow in porous media (see discussion in Section 

4.2.4). 

Threshold capillary pressures are determined from the correlation with 
permeability in all regions, as described in Section 2.3.1 of Volume 3 of 

this report. The van Genuchten-Parker capillary pressure constant, Po, is 
calculated by equating the capillary pressure from each of the two models at 
an effective saturation of 0.5, and solving the expression for Po. In the 

waste, in the DRZ, and in all excavated regions, the capillary pressure is 
assumed to be zero. In the 1992 performance assessment, zero capillary 

pressure for these regions is assumed because the capillary pressure curves 
are not defined for imbibition into a medium that has less than residual 

brine saturation. Any regions where the brine saturation starts out or may 
become less than residual (e.g., as a result of brine-consuming reactions) 

were modeled with zero capillary pressure. However, assuming zero capillary 
pressure may not be necessary in future calculations (see Section 4.2.4). 

5.1.2.5 CASTILE BRINE RESERVOIR PRESSURE AND STORATIVITY 

In disturbed performance of the repository/shaft system, an exploratory 
borehole can penetrate a pressurized brine pocket in the Castile Formation 

underlying the repository (see Section 4.3.3.2 in Volume 2 of this report). 
In order to calculate the effects of Castile brine flow through the waste I 

following intrusion, brine pressure and storativity are required inputs. 
Initial pressure is assumed to range between 12.6 and 21.0 MPa; storativity 
is assumed to range between 0.2 and 2.0 m3/pa. , 

5.1.2.6 RADIONUCLIDE INVENTORY 

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

Radionuclide solubility varies by element. The lowest value is -16.5 
log(mo1ar) for plutonium and the highest value is 1.26 log(mo1ar) for radium. 



Complete information on radionuclide solubilities is provided in Section 

3.3.5 of Volume 3 of this report. 

5.1.3 Initial and Boundary Conditions 

As with the calculations for undisturbed conditions, a major difference 

between the 1992 and 1991 PA calculations for disturbed conditions of the 

repository/shaft system is in the treatment of initial conditions (Section 

4.3). The primary objective of taking a new approach in modeling the initial 

conditions has been to establish a more realistic pressure distribution in 

the formations surrounding the waste at the time the repository will be 

sealed. This time is referred to here as time zero. The 1992 calculations 

achieve more realistic time-zero initial conditions by varying the initial 

conditions in the repository over a 20-yr period immediately preceding time 

zero. 

As explained in Section 4.3, it was previously assumed that excavated 

regions were initially at atmospheric pressure with some arbitrary degree of 

brine-saturation, while all other regions were fully brine-saturated at 

hydrostatic pressure. In reality, brine will seep in continually from the 

surrounding formations during the operational phase of the WIPP. Water in 

the brine will evaporate into the well-ventilated atmosphere of the 

excavations, or will be pumped out as a standard mining practice if it 

accumulates anywhere. Thus, formations surrounding the excavations will be 

partially dewatered and depressurized during the operation. 

The operational phase for disturbed conditions is now modeled more 

explicitly, as detailed in Table 5.1-1. The important features of conditions 

during the operational phase are as follows: 

Because the disturbed-performance calculations are performed on a 

panel scale (Section 5.1.1), the operational phase is assumed to last 

20 yr rather than the 50-yr period used for the repository-scale 

undisturbed calculations (Section 4.3). The 20-yr time period was 

chosen to incorporate some of the effects of other panels. While a 

single panel will not be likely to be open for 20 yr (except for the 

North and South Equivalent Panels), adjacent panels will be undergoing 

excavation or completing operations while each panel is being filled, 

and the formations surrounding a panel will be disturbed during 

operation. 

Except for the waste, the excavated regions, and the Culebra, the 

pressure distribution at 20 yr before time zero is hydrostatic 
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Table 5.1-1. Startup Procedure for Disturbed Calculations 

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

II. Simulate DRZ as initially 
pressurized, but partially fractured 

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

IV. Instantly add the waste at 20 yr 

V. Adjust parameters for the DRZ 
and Culebra 

VI. Resume calculation at 20 yr, 
this is the time normally called 
t=O 

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

- - - - -- 

1) Set initial waste porosity to 1.0 
2) Set initial waste brine saturation to 0.0 
3) Set initial waste pressure to 1 atm 
4) Set initial waste residual brine and gas saturation to 0.0 
5) Set initial permeability to 1 .Ox1 0-lO m* 

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

2) Set initial permeability to 1 .ox1 0-17 m2 
3) Set initial porosity to volume average of sampled value of 

intact far field anhydrite and intact halite porosities (since 
DRZ has both) 

4) Set initial brine saturation to 1.0 
5) Set capillary pressure to 0.0 (so gas and brine pressures are 

same) 

1) Waste pressure will increase slightly (--0.5%) 
2) Brine will drain down from DRZ, leaving residual saturation 
3) DRZ pressure will drop precipitously, to equal waste pressure 
4) Let no creep closure occur 

1) Reset waste pressure to 1 atm 
2) Set brine saturation of waste to sampled "initial" brine 

saturation 
I 

3) Set waste residual brine and gas saturations to their sampled I 

values 
4) Set waste permeability to 1 .ox1 0-I 3 m2 
5) Set waste porosity to "initial" value calculated from sampled 

I 

values of volume fractions of metal and combustibles 
6) Set reactant concentrations to "initial" values 

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

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

3) Reset DRZ pressure to 1 atm 
4) Set DRZ permeability to 1.0 x 10-15 m2 to account for 

fracturing 

1) Begin creep closure 
2) Allow gas generation to begin 
3) Pressures outside waste and DRZ start from 20- yr values 



relative to the pore pressure of MB139, for which a sampled range of 

12 to 13 MPa is used. 

Pressure at 20 yr before time zero in the waste and excavated regions 

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

end of the 20-yr period. 

Pressure in the Culebra at 20 yr before time zero is 1.053 MPa, and 

the far-field pressure is held at that value over the 10,020-yr 

calculation. (The Culebra has a fixed-pressure boundary condition, 

whereas the rest of the mesh uses a no-flow boundary condition.) 

The starting brine saturation will be 1.0 everywhere except in the 
waste panel (there are no other excavated regions in disturbed 

scenarios except maybe the borehole, but it doesn't exist until 1000 
yr have elapsed), where the brine saturation starts at 0.0. 

At the end of the 20-yr operational period, the waste is emplaced 

instantaneously and assigned its sampled value of initial brine 

saturation, which will range from 0.0 to 0.14. 

The initial-condition calculations themselves begin with initial 

conditions similar to those used in 1991; perhaps the greatest difference is 

simply in interpretation. What was called time zero last year is now called 

-20 yr; this is the time of initial excavation. The performance calculations 

begin at time zero (20 yr after the initial-condition calculation has 

started); this corresponds to the time of sealing of the repository. 

For the initial-conditions calculation, the permeability of the excavated 

regions is assumed to be very high (1 x m2) to simulate cavities. At 

the end of the 20-yr operational period, any brine that has flowed into the 

excavated regions is ignored, since it will have evaporated or will have been 

pumped out of the repository. The sampled initial liquid saturation in the 

waste is introduced. Pressures in all the excavated regions are reset to 

atmospheric. Pressures there will generally be barely above atmospheric (by 

a few hundred pascals); they are reset to atmospheric to reestablish 

realistic conditions at time zero, since at the time of sealing, the 

excavated regions should really be at atmospheric pressure. With the 

exception of the DRZ pressures in all the surrounding formations, including 
the transition zone and the anhydrite interbeds, remain as they are at the 

end of the 20 yr. 

In the DRZ, at least the residual saturation of brine, and possibly more, 
will remain, the rest having drained into the excavated region that will 

later be filled with waste. At time zero, porosity is assumed to change from 
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the initial intact halite value to the final sampled DRZ porosity. This 

porosity change increases the void volume. In order to conserve the volume 

of brine in the DRZ, the additional void volume is assumed to be filled with 

gas. The pressures in the DRZ will typically be slightly above atmospheric 

at time zero. If the pressures were left at those values when additional gas 

is introduced at time zero, it could result in a gas-drive condition that 

would cause brine to be expelled suddenly from the DRZ into the waste at time 

zero. To prevent this unrealistic behavior, the pressure in the DRZ is also 

reset to atmospheric at time zero. 

The previously excavated regions will contain no brine except for the 

initial liquid brought in with the waste. The surrounding formations will be 

depressurized and dewatered to the extent expected after being exposed to 

ventilated air at atmospheric pressure for 20 yr. All surrounding formations 

are fully saturated with brine at time -20 yr. Generally, at time zero, they 

will still be fully brine-saturated (except for the DRZ). Except for the 

DRZ, the brine saturation in surrounding formations is not modified due to a 

change in porosity at time zero. 

The calculations proceed from this calculated initial condition for the 

10,000-yr performance period. The most important effect of these more 

realistic initial conditions is that less brine will flow into the excavated 

regions (including the waste), since the initial "surge" of brine that occurs 

upon excavation has been eliminated, and the pressure gradients in the 

immediate vicinity of excavations have been greatly reduced. 

5.2 Results and Discussion (Disturbed Performance) 

As with the results of the undisturbed performance calculations, some 

general descriptions of the results for disturbed performance calculations 

are provided here. Plots showing the time dependence of various results 

include all 70 realizations (vectors), which allows trends to be observed and 

gross behavior comparisons to be made among all the vectors. Scenarios 

analyzed (E2 and ElE2) are defined in Section 2.2 of this volume and 

described in more detail in Section 4.2.3.2 of Volume 2 of this report. 

5.2.1 E2 Scenario 

5.2.1.1 WASTE PANEL BEHAVIOR 

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

5.2-1 for all 70 realizations. In only two of the vectors does the peak 
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TIME (103yr) 
TRI-6332-2460-0 

Figure 5.2-1. E2 scenario, intrusion at 1000 yr: volume average gas pressure 
in waste. 

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

At the time of human intrusion, 1000 yr, the waste panel pressure in all 

of the vectors drops precipitously (except for two cases in which the 
pressure was so low that intrusion had no immediate effect). After 
intrusion, two general types of behavior can be seen. The more common 
response is for the pressure to continue to decrease after the intrusion. 

The other response is for the pressure to rise again relatively rapidly 
following a period of low or slowly decreasing pressure. The time lag 
between intrusion and repressurization lasts from 500 to over 8000 yr. 
During this time, gas that has filled the panel is driven up the intrusion 
borehole as brine flows into the waste through the anhydrite layers 
(principally MB139). Once the panel is filled with brine (except for 
residual gas and, in some cases, large trapped bubbles), brine begins to flow 
up the borehole, eventually filling the borehole to the Culebra. Once the 
borehole is filled with brine, the pressure in the waste reaches hydrostatic 
relative to the Culebra pressure, and then levels off. Pressure fluctuations 

can be seen in the pressure profiles in Figure 5.2-1 with a rapid buildup in 
pressure as the borehole fills with brine followed by the pressure leveling 

off at hydrostatic, approximately 7 MPa. There are two realizations in which 
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the pressure levels off at much higher values. It is not clear why in these 

two realizations, the pressures level off at such high values. The only 
parameter that distinguishes these two from the other 68 is that they have 

the highest sampled anhydrite permeabilities, which would have provided good 
communication to the higher far-field pressures. In these two vectors, there 

are no other extreme values among all other parameters that were sampled. 

However, vectors having similarly high anhydrite permeabilities did not 
result in final pressures intermediate between the two high ones (>11.1 MPa) 

and all the rest (<7.8 MPa). This may be a case where the model is extremely 
sensitive to certain combinations of sampled parameters, and the sampling was 

not sufficiently detailed in the range of parameters over which the model is 

most sensitive. 

Panel porosities follow the same trends as seen in the undisturbed 
performance calculations. From the initial waste porosity of 66%, the 
porosity drops rapidly, bottoming out at 12% to 21% in 300 to 1000 yr. All 

vectors behave quite similarly, since the creep closure process, as currently 
modeled, does not allow much deviation from a median closure rate. Only 

vector 59 shows a different response; in this case, very high pressures were 
obtained as a result of high gas-generation rates before the human intrusion 

occurred, and the panel inflated to the maximum allowed porosity, 34%. None 
of the other vectors indicated sufficient pressure before the intrusion to 
cause inflation. As Figure 4.2-7 shows, the pressure in the waste must reach 

at least 6 MPa at low gas-generation rates and as high as 18 MPa at high gas- 
generation rates before expansion of the panel is noticeable. After 

intrusion occurs, creep closure is no longer allowed; only compressibility of 
the waste affects the porosity, and that effect can barely be detected in the 

plots of waste pore volume (Figure 5.2-2). Thus, the porosity is nearly 

constant after intrusion. 

5.2.1.2 BOREHOLE INTRUSION EFFECTS 

In 14 of the 70 realizations, brine from the waste flowed up the 
borehole into the Culebra. The maximum cumulative brine flow from the waste 
was 16,300 m3. As Figure 5.2-3 shows, a group of five vectors has 
substantial flows up the borehole over the 10,000-yr performance period 

(ranging from 7200 m3 to 16,300 m3) ; another group of nine vectors had much 
lower flows (from 800 m3 to 2600 m3). Judging from the pressure profiles 

(Figure 5.2-1) there were two more vectors in which brine flow occurred into 

the borehole, but which had no release to the Culebra within 10,000 yr. In 

all of the other vectors, the panel did not fill with brine, and therefore 
there was no release up the borehole. In most of these cases, the 
permeability of the surrounding formations was simply too low to allow enough 

brine to flow in to fill the panel. 
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Figure 5.2-2. E2 scenario, intrusion at 1000 yr: pore volume in waste. 

0  
0 1 2 3 4 5 6 7 8 9 1 0  

TIME (lo3 yr) 
TRI-6342-2574-0 

Figure 5.2-3. E2 scenario, intrusion at 1000 yr: cumulative brine flow 
borehole. 
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5.2.1.3 FLOW IN ANHYDRITE LAYERS 

It is hypothetically possible for contaminated brine to flow out one of 

the anhydrite layers to beyond the WIPP boundaries. This possibility cannot 
be ruled out completely based upon these BRAGFLO simulations alone, since 

specific particles within the brine have not been tracked. However, it can 

be shown to be highly unlikely given the assumptions of these calculations 
using information on the amount of brine flow from the panel. Figures 5.2-4 

and 5.2-5 show cumulative brine flow from and toward the panel, respectively, 
in MB138. The greatest outflow was only 120 m3, which is not enough to fill 
the pore space in MB138 between the panel and the WIPP boundary. The 

quantity of brine that flowed toward the panel in MB138 varied from zero to 
8000 m3. Given the low probability of contaminated brine even reaching 

MB138, which lies nearly 12 m above the panel, it appears to be unlikely that 
contaminated brine can flow out as far as the WIPP boundary. Similarly, 

Figure 5.2-6 shows that almost no brine flows out the anhydrite A and B 

layer, while as much as 12,000 m3 may flow in (Figure 5.2-7). The most 

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

boundary. However, if the porosity is as low as can be expected, 0.001, this 

brine would travel only 935 m radially from the panel, well short of the WIPP 
boundaries. Note that MB139 is the major conduit for brine inflow; as much 

as 38,000 m3 of brine flowed into the waste via MB139 in these calculations 
(Figure 5.2-9). Based on these calculations, the only probable release 
conduit from the waste is up the borehole. Some contaminated brine may 
migrate outward along the marker beds, but not enough to constitute a release 
to the accessible environment. This assumes that the anhydrite layers do not 
fracture as the pressure in the waste increases and radial flow occurs along 
a uniform front. The effects of fracturing will be accounted for in the 1993 
PA calculations. 

5.2.1.4 EFFECTS OF CREEP CLOSURE 

The same set of 70 realizations described above was repeated with the 
only change being that creep closure of the waste was not allowed to take 

place. The objective was to determine what effect creep closure, as 

currently implemented, has on the results. With creep closure, the panel 

porosity was initially 66% and dropped to 12% to 21%. In the calculations 
without dynamic creep closure, the waste-panel porosity was initially 19%, 
which is the median final-state porosity of the waste. (See Table 3.4-1 in 

Volume 3 of this report.) The porosity was allowed to vary only as a result 
of the non-zero compressibility of the waste; because the value used for 
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Figure 5 . 2 - 4 .  E2 scenario, intrusion at 1000 yr: cumulative brine flow out 
MB138. 

Figure 5 . 2 - 5 .  

0 1 2 3 4 5 6 7 8 9 1 0  

TIME (lo3 yr) 
TRl-6342-2491-0 

E2 scenario, intrusion at 1000 yr: cumulative brine flow in 
from MB138. 
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TlME ( lo3 yr) 
TRl-W42-24860 

Figure 5.2-6. E2 scenario, intrusion at 1000 yr: cumulative brine flow out 
anhydrite layers A and B .  

TlME (1 o3 yr) 
TRl-6342-2487-0 

Figure 5.2-7. E2 scenario, intrusion at 1000 yr: cumulative brine flow in 
from anhydrite layers A and B .  
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TlME (1 o3 yr) 
TRI-6342-2400.0 

Figure 5.2-8. E2 scenario, intrusion at 1000 yr: cumulative brine flow out 
MB139. 

TlME (1 o3 yr) 

Figure 5.2-9. E2 scenario, intrusion at 1000 yr: cumulative brine flow in 
from MB139. 
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compressibility of the waste is very small (1.6 x pa-I), the porosity 
varied less than 1.2% even under high pressures (Figure 5.2-10). These 
simulations are therefore referred to as the "fixed-porosity" case. This 

analysis illustrates the significance of creep closure, to the limit of 

current modeling assumptions, in assessing the performance of the WIPP. 

Although only the early time dynamics are accounted for in the current 

implementation, it is during that time period when the greatest changes 
occur, so it should be the period during which closure should have a major 

impact on the performance of the WIPP. 

Overall, dynamically modeling creep closure results in only minor 
differences compared with using a fixed porosity. Transient behavior prior 
to the intrusion, such as pressure in the repository, may be very different. 

However, after 10,000 yr, total gas production is nearly identical, and the 
release of contaminated brine to the Culebra averages about 1% less with 

dynamic creep closure. Comparisons of results are complicated because the 
two sets of calculations must start with different initial conditions. The 
closure calculations start with 66% porosity and a sampled initial brine 

saturation in the waste, which translates into a certain initial brine 
volume. Because the rate and volume of gas production is strongly dependent 

on the initial brine volume, the fixed-porosity calculations were initialized 

with this same brine volume, rather than the same brine saturation. However, 

because the pore volume in the fixed-porosity calculations is initially much 
lower, the pressure in the waste rises more rapidly and much higher, even to 
unrealistic values. The alternative would be to start with the same initial 
brine saturation, but then the initial brine volume would be less, so 

pressures would rise much more slowly, and much less gas would be produced. 

As expected, pressure profiles from the fixed-porosity runs (Figure 

5.2-11) show some major differences prior to human intrusion. The most 
obvious differences are in the peak pressures, which now are as high as 38 
MPa, compared with 22 MPa with creep closure. Pressures are generally higher 

without dynamic closure until the intrusion occurs. This results, as 
mentioned above, because the porosity used in the fixed-porosity calculations 

is lower initially while the brine volume is the same. With less pore volume 

in which to store the gas, pressures increase more rapidly and go higher, 
even though the amount generated is roughly the same. 

Following intrusion, the waste pressures are very similar in both the 

dynamic closure and fixed-porosity results, since by then the porosities are 

of similar magnitude, much of the brine that is initially present has been 

consumed, and the gas has been vented to the same low-pressure sink (the 
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Figure 5.2-10. E2 scenario, intrusion at 1000 yr, no dynamic creep closure: 
waste porosity. 
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TIME (1 o3 yr) 
TRI-6342-2531-0 

Figure 5.2-11. E2 scenario, intrusion at 1000 yr, no dynamic creep closure: 
panel pressure. 
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Culebra). Comparison of plots of the remaining iron and cellulose content 

for the fixed-porosity runs with those for the runs that include dynamic 

creep closure reveals a greater extent of reaction early on in the fixed 

porosity set that seemed to affect about a third of the realizations (Figure 

5.2-12). However, except for lowering those particular curves, the general 

shape of most of the plots is quite similar. This further illustrates that 

the behavior in the two sets of runs differs little after intrusion. 

Plots of the total cumulative gas generated show some distinct 

differences (Figure 5.2-13), especially in the rate of gas generation (i.e., 

the slopes of the curves). However, after 10,000 yr, the amount of gas that 

has been produced is approximately the same in both the dynamic closure and 

fixed-porosity calculations. The fixed-porosity calculations started with 

higher brine saturation. Since the gas generation rate is dependent on the 

brine saturation, the rate is higher initially in the fixed-porosity runs. 

The initial reactant concentrations are the same in both calculations, as is 

the initial brine volume in the waste. Thus, the total gas produced is 

nearly the same with and without dynamic closure. 

The maximum amount of brine that flowed up the borehole is slightly less 

with dynamic closure (Figure 5.2-14). The largest cumulative brine flow up 

the borehole in the calculations with closure was 16,300 m3; in the fixed- 

porosity calculations, it was 17,800 m3. Among the nonzero flows, the 

average cumulative flow was 5490 m3 in the dynamic closure calculations and 

4850 m3 in the fixed-porosity runs. In the dynamic closure calculations, 14 
of the 70 vectors showed some positive flow of brine to the Culebra; in the 

fixed-porosity calculations, 16 vectors had some positive cumulative flow, 

although two of those amounted to less than 20 m3. Among the other 14 fixed- 
porosity nonzero-flow vectors, the average cumulative flow was 5540 m3, 

slightly more than the closure average. The net effect of including dynamic 

creep closure as it is currently implemented, therefore, is to decrease 

slightly the estimated release of contaminated brine to the Culebra, although 

the difference is very small, averaging less than 1%. 

5.2.1.5 COMPARISONS WITH THE 1991 PA RESULTS 

It is useful to compare the 1992 disturbed performance calculations with 

those from the 1991 performance assessment. Significant changes since 1991 

include some parameter value changes (in most cases, only the range of 

sampled values changed; there was still some overlap in the parameter 

ranges), and the inclusion of creep closure in 1992. In the 1991 performance 
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TIME (lo3 yr) 
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Figure 5.2-12. E2 scenario, intrusion at 1000 yr: iron and cellulosic 
content remaining with fixed porosity (5.2-12a and 5.2-12b) 
and with dynamic creep closure (5.2-12c and 5.2-12d). 
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TlME (lo3 yr) 
TRl-6342-2577-0 

TlME (1 o3 yr) 
TRl-6342-2575-0 

Figure 5.2-13. E2 scenario, intrusion at 1000 yr: total cumulative gas 
generated by corrosion and microbial degradation with fixed 
porosity (Figure 5.2-13a) and with dynamic creep closure 
(Figure 5.2-13b). 
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assessment, in the E2 scenario with an intrusion at 1000 years, there were 17 
instances of brine release up the borehole among the 60 vectors, or 28%. In 
the 1992 performance assessment, 14 of 70 vectors resulted in borehole 

releases, or 20%. The more detailed analyses described later in this report 
indicate what parameter changes or conceptual model changes produced this 

small difference in the number of releases. In 1991, the maximum release in 
an E2 scenario was about 45,000 m3; in 1992 it is 16,300 m3. Both volumes 

are small relative to brine releases from the E1E2 scenario (Section 5.2.2). 

The maximum pressure observed in the 1992 performance assessment, 22 

MPa, is higher than that obtained in 1991, when the maximum was less than 17 
MPa. However, peak pressures in excess of lithostatic were seen in only two 
vectors in 1992; except for those two, the highest pressures seen were about 
13 MPa. And except for the two vectors in which the pressure remained at 11 

to 12 MPa for most of the 10,000 yr, the pressures in the waste settled into 

a range from 1 to 7 MPa. In the 1991 performance assessment, more than 10% 

of the vectors maintained pressures higher than 7 MPa. Under "normal" 
circumstances, if the borehole fills with brine, the waste pressure should 

level off at around 7 MPa, which is hydrostatic relative to the Culebra, 
where the pressure is modeled as constant at 1.05 MPa. When pressures remain 

in excess of 7 MPa, the waste is either over-pressured with gas, or it is in 
excellent communication with the far field, where fluid pressures may exceed 
hydrostatic. 

5.2.2 E l  E2 Scenario 

5.2.2.1 WASTE PANEL BEHAVIOR 

The time dependence of pressures in the waste panel is shown in Figure 
5.2-15. Up to the time of intrusion, 1000 yr, the behavior is identical to 

that in the E2 scenario. In only two vectors does the pressure rise above 
lithostatic. In most cases, the pressure rises steadily, at widely varying 
rates, until the intrusion occurs. From that point on, the behavior differs 
greatly from the E2 scenario. In the majority of vectors, the pressure 

undergoes some rapid transients immediately following the intrusion. In some 

cases, there is a sudden depressurization when the intrusion borehole 
connects the pressurized panel with the lower-pressure Culebra. In other 

instances, the pressure in the waste is still low at the time of intrusion, 

and it increases suddenly when the borehole connects the panel with the 

pressurized Castile brine reservoir. In most of the runs, a relatively 
steady pressure is attained fairly quickly at a value intermediate between 
the pressure in the Castile and in the Culebra. These pressures range from 
about 7.5 MPa to 13.7 MPa. In about one-third of the vectors, 
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Figure 5.2-15. E1E2 scenario, intrusion at 1000 yr: panel pressure. 

there is a time lag between the intrusion and attainment of this steady 

pressure. During this period, panel pressure is not yet strongly influenced 

by the Castile pressure because of low borehole permeability, small borehole 

diameter, or sufficient gas generation in the waste to retard flow of brine 

up the borehole. Whatever the cause, it takes anywhere from a few hundred to 

several thousand years for good communication to be established between the 

Castile and the Culebra, which will occur once the borehole becomes 

completely filled with brine from the Castile to the Culebra. A few vectors 
show erratic pressure behavior over the full 10,000 yr. This behavior 

results from borehole permeabilities that are too low to keep the waste panel 

filled with Castile brine. Pressures in the waste in these realizations 

fluctuate as some brine starts to flow up the borehole from the waste, but 

then is displaced as gas generation consumes brine and newly generated gas 

refills the borehole. Given sufficient time (perhaps tens of thousands to 

hundreds of thousands of years), these pressures would eventually level out 

at hydrostatic pressure relative to the Culebra, after all gas generation 

ceases and brine from the far field refills the panel. 

Because creep closure is not modeled after the intrusion occurs, the 

waste porosities in the E1E2 scenario are nearly identical to those in the E2 

scenario. The only differences result from different pressure histories 

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

insignificant. 

5.2.2.2 BOREHOLE INTRUSION EFFECTS 

In all but two realizations, brine flows up the intrusion borehole from 
the waste (Figure 5.2-16). Cumulative nonzero brine flows at 10,000 yr 

range from 156 to 9.8 x lo5 m3. There is a strong correlation between 
borehole permeability and cumulative brine flow up the borehole. The three 

vectors with the highest brine flows also have the highest sampled borehole 
permeabilities. It is assumed that all of this brine is contaminated with 

radionuclides from the waste. As currently modeled, most of this brine would 

flow directly from the Castile to the Culebra with little mixing with the 
waste unless mixing was assumed. However, the E1E2 scenario involves lateral 

flow through the waste, rather than simply vertical flow through the waste, 
so all of the brine flowing up the borehole is assumed to flow through the 
waste. (Calculation of radionuclide releases, using PANEL [see Table 2.4-11, 
involves elemental solubility and radionuclide inventory, in addition to 

brine flow rate. ) 

The amount of brine that flows through the waste is large compared to 
the E2 scenario; the maximum cumulative flow is a factor of 60 higher. This 

TIME (lo3 yr) 
TRI-6342-2571-0 

Figure 5.2-16. E1E2 scenario, intrusion at 1000 yr: cumulative brine flow 

up the borehole. 
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has a major effect on corrosion and biodegradation. The ready availability 
of brine results in all of the iron content in the waste being consumed in 
all but five realizations, and all of the cellulose being consumed in all but 
two realizations (Figures 5.2-17 and 5.2-18). Compare this with the E2 
scenario, in which the only brine available had to flow in from the far field 

through the relatively impermeable (compared to the intrusion borehole) 
anhydrite layers. In the E2 scenario, iron remained in the waste after 
10,000 yr in 55 of the vectors (Figure 5.2-17) and cellulose was unreacted in 

30 vectors (Figure 5.2-18). 

The effect of this greater consumption of degradable materials in the 
waste is to generate more gas. Whereas the maximum cumulative gas generated 

in the E1E2 scenario is nearly identical to that in the E2 scenario (3.60 x 
106 m3 H2 at reference conditions vs. 3.64 x 106 m3) , the average cumulative 
gas generated was 2.6 x lo6 m3, compared with 2.0 x lo6 m3 in the E2 

scenario. Most vectors in the E1E2 scenario resulted in 1.4 x lo6 m3 to 3.3 

x 106 m3 H2 (Figure 5.2-19), compared to a lower and broader range of 0.6 x 
lo6 m3 to 3.1 x lo6 m3 for the E2 scenario (Figure 5.2-19b). However, 

because of the much higher brine flow rates in the E1E2 scenario, the higher 
gas-generation rates and volumes affected the release of brine up the 

borehole less than in the E2 scenario, in which the presence of gas tended 
more to interfere with the flow of brine. 

5.2.2.3 BRINE FLOW IN ANHYDRITE LAYERS 

The behavior of the anhydrite layers in the E1E2 scenario is essentially 
identical to the E2 scenario. Only in four vectors was there any net outward 

flow of brine from the waste panel, and the maximum amounted to only 68 m3. 

In all other vectors, the net cumulative flows were inward (Figures 5.2-20), 

and ranged up to 36,000 m3. The bulk of the flow (typically 65%), came in 
from MB139; about 20% came in through anhydrite A and B, and the remainder 
(about 15%) came through MB138. In considering possible lateral flow of 
contaminated brine to the accessible environment, it may be more useful to 
look at absolute outward flows, rather than net flows, since brine that has 

flowed outward may leave adsorbed contaminants even after the flow has been 
reversed. In this case, there were four vectors in which there was no 
outward flow at all. The maximum cumulative outward flow in any of the 

anhydrite layers was 2500 m3 in MB139 (Figure 5.2-21). Even at the minimum 
porosity of 0.001, under the present modeling assumptions this brine could 

have traveled out MB139 no more than 500 m. So, as with the E2 scenario, it 
is improbable that contaminated brine can reach the accessible environment 

(2500 m from the panel) by means of lateral flow through the anhydrite 
layers, assuming again that these layers do not fracture as the pressure in 
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Figure 5.2-17. E1E2 scenario, intrusion at 1000 yr: iron remaining in waste. 

0 1 2 3 4 5 6 7 8 9 1 0  

TlME (1 o3 yr) 
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Figure 5.2-18. E1E2 scenario, intrusion at 1000 yr: cellulosics remaining 
in waste. 
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TIME (1 o3 yr) 

Figure 5.2-19. E1E2 scenario, intrusion at 1000 yr: total cumulative gas 
generated by corrosion and microbial biodegradation. 

the waste increases. (However, note that the pressure in the waste exceeded 

lithostatic in only two of the vectors, so it is difficult to determine how 

much impact fracturing may have on radionuclide releases resulting from the 

E1E2 scenario. Fracturing of anhydrite layers will be included in next year's 

PA calculations.) 

5.2.2.4 EFFECTS OF CREEP CLOSLIRE 

The comments made above on the results of the E2 scenario calculations 

apply to E1E2 scenario almost without change. In the fixed-porosity 

calculations, the pressures reach similarly unrealistically high values, up 

to 38 MPa (Figure 5.2-22). The reasons are the same: The initial pore 

volume has been decreased as the initial porosity was reduced from 66% in the 

closure calculations to 19% in the fixed porosity calculations, while initial 

brine volume, rather than brine saturation, was conserved. Gas was produced 

at roughly the same rate, but with less storage volume in the panel, the 

pressure rose more rapidly. As a result of this pressure increase, the 

porosity increased, but only slightly (to a maximum of 20.2% at the maximum 

peak pressure). Unlike the E2 scenario, however, most of the reactants (iron 

and cellulose) are consumed within 10,000 yr in the E1E2 scenario, regardless 

of how the waste porosity is modeled, so the cumulative gas volume 
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Figure 5.2-20. E1E2 scenario, intrusion at 1000 yr: cumulative net brine 
flow out anhydrite A and B (Figure 5.2-20a) , MB139 (Figure 
5.2-20b), and MB138 (Figure 5.2-20c). 
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TlME (1 o3 yr) 
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Figure 5.2-21. E1E2 scenario, intrusion at 1000 yr: cumulative absolute 
brine flow out MB139. 

0 1 2 3 4 5 6 7 8 9 1 0  

TlME (1 o3 yr) 
TRl-6342-2528-0 

Figure 5.2-22. E1E2 scenario, intrusion at 1000 yr: pressure in waste, 
without dynamic creep closure. 
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generated differs very little in the fixed-porosity calculations from the 
calculations with dynamic creep closure. 

The fixed-porosity calculations resulted in cumulative brine flows up 
the borehole that were nearly identical to those from the closure 

calculations (Figures 5.2-16 and 5.2-23). Whereas the maximum cumulative 
flow in the closure calculations was 9.79 x 105 m3, it was 9.77 x 105 m3 in 
the fixed porosity calculations. The average flow in the closure 

calculations was 9.71 x lo4 m3 and 9.70 x lo4 m3 in the fixed porosity 
calculations. In both sets of runs there were only two vectors that produced 

zero brine flow to the Culebra. Despite some major effects on transient 

behavior (such as waste pressures), the current dynamic creep closure model 
has no net effect on the performance assessment compared with the fixed- 

porosity model. 

5.2.2.5 COMPARISON WITH THE 1991 PA RESULTS 

The maximum cumulative release of contaminated brine to the Culebra is 
higher than in the 1991 performance assessment: 1.24 x 106 m3, compared with 
6.75 x lo5 m3 in the 1991 performance assessment. This can be attributed 

almost entirely to the borehole permeabilities used in those particular 
vectors. As long as pressure in the Castile is high enough to drive brine 

all the way to the Culebra, and borehole permeability is high, then 
cumulative flows to the Culebra are proportional to borehole permeability. 

This observation reflects the dominant role that borehole permeability plays 

in controlling flows in an E1E2 intrusion. Confirmation of that observation 
is provided by the following results: The ratio of the maximum flow in the 

1992 performance assessment to the maximum flow in the 1991 performance 
assessment is 1.84; the ratio of the borehole permeability in the 1992 vector 

with maximum flow (1.0 x 10-11 m2) to the borehole permeability in the 1991 
vector with maximum flow (5.5 x 10-12 m2) is 1.82. Under these conditions 
(high borehole permeability and sufficiently high Castile pressure), none of 

the other sampled parameters has much impact on releases to the Culebra. 
However, when the borehole permeability is not high, other parameters come 

into play. This is apparent when one considers that the average cumulative 
flow to the Culebra calculated in the 1992 performance assessment is 126,000 
m3, whereas the average obtained last year was 70,400 m3, even though the 

ranges of borehole permeabilities and diameters and Castile pressures that 
were sampled were the same in 1992 as in 1991. 

In the 1992 performance assessment, only two of the 70 realizations 

resulted in zero flow to the Culebra. In the 1991 performance assessment, 

there were also only two realizations (out of 60) with zero flow. In both 

the 1991 and 1992 calculations, E1E2 intrusions almost always result in 
releases to the Culebra. 
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TIME (1 o3 yr) 
TRl-6342-2570-0 

Figure 5.2-23. E1E2 scenario, intrusion at 1000 yr: cumulative brine flow 
up borehole without dynamic creep closure. 



6. DISTURBED PERFORMANCE: 
CULEBRA GROUNDWATER FLOW AND TRANSPORT 

This chapter describes the implementation of the 1992 PA model for 

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

RamaRao (1992). 

6.1 Conceptual Model 

The conceptual model for flow in the Culebra Dolomite Member of the 
Rustler Formation is essentially unchanged from that used in the 1990 and 
1991 PA (Bertram-Howery et al., 1990; WIPP PA Division, 1991b, Section 
6.1). As discussed in Chapter 7 of Volume 2 of this report, conceptual 

models for transport have been modified to allow a more complete 
representation of the possible affect of clay linings in fractures on both 
physical and chemical retardation. Geologic and hydrologic information 

supporting the flow and transport models are described in Chapter 2 of 
Volume 2 of this report. Major aspects of the models are as follows. 

Single-porosity Darcian flow. Results of hydrologic tests on wells 

completed in the Culebra are consistent with the response of a 

heterogeneous medium obeying Darcy's law (Jones et al., 1992). Results 

of some well tests indicate dual-porosity response during the early 
part of the tests (Beauheim, 1987; Jones et al., 1992). This is 
interpreted to be caused by disequilibrium between pressure in 
coextensive fracture and matrix porosity sets. Because the time of 
pressure equilibration between the porosity sets is much smaller than 
the time scale of processes considered in the human-intrusion scenario, 
the Culebra is modeled as a heterogeneous single-porosity medium for 
the purpose of fluid-flow calculations. (Dual-porosity effects on 

transport are considered, however, as discussed below.) 

Two-dimensional flow. Most hydrologic test wells in the Culebra are 
completed across the entire vertical extent of the unit. Parameters 

derived from tests on these wells are therefore composite or average 
values over the vertical extent of the member. Although flow is known 

to be localized to particular elevations within the Culebra at several 
wells (Mercer and Orr, 1979), there is insufficient information to 
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characterize vertical variability of hydrologic properties within the 

Culebra. A vertically integrated two-dimensional model has therefore 
been adopted. 

No flow through upper and lower boundaries. Potentiometric differences 

between the Culebra and other members of the Rustler Formation suggest 
that vertical flow between the members is extremely slow over the WIPP 

and in much of the surrounding study area (Beauheim, 1987; Brinster, 

1991). The present conceptual model includes impermeable upper and 
lower boundaries on the Culebra. The validity of the assumption that 

leakage between the Culebra and the over- and underlying units can be 
neglected is uncertain, and the importance of possible vertical flux 
will be examined when information is available from regional three- 
dimensional hydrologic modeling being conducted by the SNL Fluid Flow 

and Transport Department. 

Flow in Nash Draw parallel to the axis of the draw. Nash Draw is 

believed to be a major sub-surface drain for the Rustler Formation west 
of the WIPP (Davies , 1989 ; Brinster, 1991). Groundwater flow in the 

draw is therefore assumed to parallel the topographic axis of the draw. 

Pressure equilibrium and flow prior to WIPP construction. Time 

constants of pressure changes due to compression of the fluid and 
matrix are small compared to time constants of fluid density changes, 
transmissivity changes, or other transient processes affecting 
pressure. For any subdomain of the Culebra, and in the absence of 
fluid sources or sinks within the subdomain, the Culebra pressure is 

assumed to be currently in equilibrium with pressures around the 
boundary of the subdomain. 

Future flow-field transients induced by external changes. The future 
state of the Culebra flow field is assumed to differ from the present 

state through regional climate change. Climate change is assumed to 
affect recharge and discharge rates external to the model domain, and 

therefore to influence flow within the model domain through a change in 
boundary pressures (memorandum by Swift in WIPP PA Division, 1991~; 

WIPP PA Division, 1991b; Swift, 1993). 

Transport decoupled from flow. In the human intrusion scenario, one or 

more boreholes create a long-term connection between the repository and 
the Culebra. Hydrologic properties of the borehole limit potential 

fluid discharge to the Culebra to approximately 80 m3/yr. This rate of 

fluid injection is assumed to have no impact on the prevailing Culebra 
flow field (Reeves et al., 1991). Fluid injected from the repository 
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is also assumed to have no effect on Culebra fluid density. Estimation 

of the Culebra flow field and estimation of radionuclide transport 
through this flow field are, therefore, considered as separate 
problems. 

Dual-porosity transport. Matrix and fracture porosities that are 

coextensive and communicating can result in local disequilibrium 
between radionuclide concentrations between the fracture and matrix 

(Jones et al., 1992). The time constant associated with this 
disequilibrium is determined by the rate of exchange of radionuclides 
between the porosity sets and the radionuclide storage capacity of the 
fracture and matrix. Because this equilibration time may be 
significant in comparison to the time scale of source-term 

concentration change, a dual-porosity transport model has been adopted. 
The 1992 conceptual model for dual-porosity transport differs from that 

used in 1991 in that porosity of the clay linings within fracture is 

modeled explicitly, and diffusion may occur in both the clay linings 
and the dolomite matrix (see Section 7.6 of Volume 2 of this report). 
A1 ternative conceptual models are examined with and without clay 
linings and dolomite matrix porosity (see Section 5.1 of Volume 1 of 
this report and Chapter 8 of this volume). Available information is 

insufficient to confirm or refute these alternative conceptual models 
at this time. Proposed tracer tests may provide additional information 

to support a choice of transport model (Beauheim and Davies, 1992). 

Linear equilibrium sorption of radionuclides. In addition to 
hydrodynamic processes, radionuclide concentrations in Culebra 

groundwater are assumed to be affected by geochemical interactions with 

the host rock. Reversible sorption is assumed to be the only mechanism 
on interaction of the radionuclides with the rock (Trauth et al., 

1992). Sorption is further assumed to follow a linear Freundlich 
isotherm, with different coefficients describing sorption on the 

dolomite matrix and the clay linings in fractures. Chemical 
retardation of radionuclides by sorption is believed realistic, but, by 
agreement between the DOE and the State of New Mexico, cannot be 
considered in a final compliance evaluation unless supported by 
experimental data (US DOE and the State of New Mexico, 1981, as 
modified). Experimental programs are in progress or planned to reduce 
these uncertainties, including laboratory-scale radioactive tracer 

tests in core samples (US DOE, 1992, and references cited therein) and 

nonradioactive tracer tests between well locations in the Culebra 

(Beauheim and Davies, 1992). 
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6.2 Model Geometry 

6.2.1 Regional Domain 

The regional domain (Figure 6.2-1) is 25 x 30 km, with the long axis 

oriented 38 degrees east of north. The grid (Figure 6.2-2) consists of 50 x 

57 x 1 (x,y,z) blocks and has varying spacing in the x-y plane, reflecting 
the spatial distribution of transmissivity data from wells. Grid spacing 

is finer in the central portion of the model in the vicinity of H-3, H-11, 

WIPP-13, and the shafts. Grid-block dimensions range from 50 m near the 

center of the site to approximately 2800 m at the model boundary. The 

vertical dimension of the grid is 7.7 m, and is the mean thickness of the 

Culebra Dolomite Member of the Rustler Formation in the WIPP area (LaVenue 

et al. , 1988). 

The rotated orientation of the grid and the location of a model boundary 

along the axis of Nash Draw were chosen to take advantage of the draw as a 

natural no-flow symmetry boundary. Locations and orientations of the 

regional model boundaries are the same as those used in the 1991 PA (WIPP PA 

Division, 1991b). 

6.2.2 Local Domain 

The 5.75 x 6.625 km local domain (Figure 6.2-1) is oriented with its long 

dimension north-south, and the grid (Figure 6.2-2) consists of 46 x 53 x 1 
(x,y,z) blocks, each of which is 125 x 125 m. The vertical thickness of the 

blocks is 7.7 m, and is the same as the thickness of the regional grid. The 

intrusion borehole is assumed to intersect the Culebra directly over the 

center of the disposal region (see the following Section 6.2.3 for a 

discussion of the location of this point). The local grid is positioned to 

place the intrusion borehole at a grid-block center. Fluid flow and mass 

transport in the local domain are solved using regional head solutions as 

input boundary conditions. 

6.2.3 Location of the Intrusion Borehole 

The location of the intrusion borehole in the local domain is held 

constant in all 70 realizations at a point directly above the center of the 

waste-disposal region. Specifically, the intersection of the intrusion 

borehole and the Culebra is located above the center of the central pillar 

separating the southern and northern equivalent panels (panels 9 and 10 on 

Figure 4.1-1). See Figure 3.1.2 in Volume 3 of this volume for a scale 

drawing providing coordinates for this point. 
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Figure 6.2-1. Regional and local domains for groundwater flow and transport 
calculations. 
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Figure 6.2-2. Grids for regional and local domains for gkoundwater flow and 
transport calculations. 
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The choice of a fixed location for the intrusion borehole is an 
assumption made for convenience in defining computational scenarios and 

determining scenario probabilities (WIPP PA Division, 1991b, Chapter 2). 
Spatial variability of future drilling events is assumed to be uniform, and 
the straight-line distance between the center of the waste-disposal region 

and the subsurface boundary of the accessible environment is therefore the 

mean distance between an intrusion and a regulatory release point. As 
discussed in the following paragraphs, this distance is approximately 2.4 

km. Based on the planned dimensions of the waste-disposal region (Figure 

3.1.2 in Volume 3 of this report), the actual straight-line distance from a 

randomly-located intrusion borehole to the accessible environment boundary 
may be as much as approximately 315 m more or less than this mean distance. 
As shown in Section 6.8.3 of this report, modeled flow does not occur along 

straight lines, and transport distances are therefore somewhat greater than 

the minimum distance. 

The shortest horizontal distance from waste to the accessible environment 

is a straight line south from any of the southern panels to the WIPP land- 
withdrawal boundary at the southern edge of either sections 32 or 33, T22S, 

R31E (Figure 6.2-3). Based on the surveyed location of the southern end of 
the South Drift (WEC, 1988) and the north-south dimensions of sections 29 

and 32, T22S, R31E, as scaled from the Los Medatios 7.5 minute topographic 

quadrangle (USGS, 1985a), this distance is estimated to be 2414 m (7916 ft). 
Possible sources of error in this estimate are as follows: 

Gonzales (1989) noted that the WIPP survey coordinates for the 

northeast corner of section 29, T22S, R31E give a location about 12 m 

south of that indicated by the USGS coordinates for the same point. 
Gonzales (1989) concluded that the WIPP survey was more reliable, and 

the distance reported here is based on WIPP survey coordinates. 

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

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

No estimate is made of the precision with which future excavations will 

match present design. 

Possible horizontal emplacement of remote-handled transuranic (RH-TRU 

waste) in the southern walls of the southern panels is not included in 

this estimate. 
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Figure 6.2-3. Position of the waste-emplacement panels relative to the WIPP 
boundaries and surveyed section lines (US DOE, 1989). 



Boundary and Initial Conditions 

6.3. Material Properties 

The most important hydrologic property used in modeling the flow and 

transport pathways is the transmissivity of the Culebra. In the 1992 PA, 70 
groundwater transmissivity fields (presented in Appendix C of Volume 3 of 
this report) were generated using a multiple-realization technique to 
account for spatial variability of the transmissivity field within the 
Culebra (LaVenue and RamaRao, 1992; see also Section 6.8 of this volume and 

Section 7.5 of Volume 2 of this report). Each of the 70 realizations in the 
1992 PA used a different transmissivity field and a corresponding different 
flow solution. All other hydrologic parameters were held constant, at 

values described in Volume 3 of this report. The only sampled parameter 
affecting flow within the transmissivity fields was the climate factor, 

discussed in the following section. Sampled parameters affecting 
radionuclide transport are described in Chapter 3 of this volume, and 
include distribution coefficients for each radionuclide, fracture porosity 

and spacing, matrix porosity, the fraction of fracture openings lined with 

clay, and the porosity of the clay linings. 

6.4 Boundary and Initial Conditions 

Three different types of boundary conditions were used for the regional 
domain: no-flow, time-dependent head, and fixed head. Locations in which 
these boundary conditions were applied are shown in Figure 6.4-1. As 

previously noted (Section 6.2.1), a no-flow boundary was used along a 
portion of the northwest side of the domain, coinciding with the axis of 

Nash Draw beginning 4.0 km NE of the origin of the domain at its western 
corner and continuing to 18.595 km NE. No-flow boundaries were also 
assigned to the NE portion of the domain, from 30 km NE, 17.3 km SE to 
27.240 km NE, 25 km SE. These northeastern no-flow boundary segments 
correspond to a region of low permeability in the Culebra (see Chapter 2 of 
Volume 2 of this report). 

Time-dependent heads were used to simulate possible effects of 
climatically varying recharge (see Sections 6.4.1 and 6.4.2, following), and 
were assigned to a 21.505 km "recharge strip" surrounding the northern apex 
of the regional domain. Specifically, time-dependent heads were used along 

the northwestern boundary between 18.595 km NE, 0 km SE and 30 km NE, 0 km 
SE, and along the northeastern boundary from 30 km NE, 0 km SE to 30 km NE, 

10 km SE. Heads within this strip were prescribed as a function of a 

sinusoidal climate function applied to the initial calibrated heads derived 
from the steady-state solution for each transmissivity field (see Sections 

6.4.1 and 6.4.2). 
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- a - - Time-Dependent Heads 
No-Flow Conditions 
Fixed Heads 

Figure 6.4-1. Boundary conditions for regional domain. 



Boundary and Initial Conditions 

All other boundary conditions were fixed (time-invariant) heads based on 

the steady-state solution for each transmissivity field (see Section 6.8.2), 
and therefore were different for each realization. 

As with the fixed boundary heads, initial heads within the regional 

domain were determined from the steady-state solution for each 
transmissivity field. No vertical flow (i.e., leakage) was allowed within 
the model domain. Possible effects of leakage into or out of the Culebra 

will be examined in future PAS when a three-dimensional model for regional 
groundwater flow is available. 

As previously noted, boundary and initial conditions for the local domain 
were determined by the solution of flow in the regional domain. Because the 

the local grid elements do not exactly overlay the regional grid elements, 
SECO-FLOW interpolates boundary conditions for the local grid. 

6.4.1 Climatic Variability 

As discussed in more detail in Swift (1993) and Section 2.2.3.2 of Volume 

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

as that of the present (Swift, 1993). 

The effect of climatic changes on regional boundary conditions cannot be 

modeled directly because of uncertainty in the location of present and 

future recharge and uncertainty in the hydrologic properties affecting the 
flow path from the recharge area to the regional domain boundary. Climatic 
effects are instead approximated indirectly using information about 
hydrologic conditions during past climatic conditions. Geologic evidence 
(Bachman, 1985, p. 20-21) indicates that at some time or times during the 

Pleistocene the water table was sufficiently high to sustain springs along 
the east margin of Nash Draw and a lake in Clayton Basin north of Nash Draw 
(see Figure 6.2-1). Rustler Formation outcrops in Clayton Basin have been 
identified as a possible recharge area for groundwater in the Culebra at the 
WIPP (Mercer, 1983), and the 1992 PA therefore uses the highest possible 

lake elevation in Clayton Basin as a maximum boundary head condition that 

could result from climatic change. The present elevation of the Clayton 
Basin spill point (1007 m, in section 11, T20S,R29E [USGS, 1885b1) is 

assumed to be the maximum possible lake elevation. This elevation is used 
as the maximum head elevation at the northern apex of the regional model 

domain, reached during future wet climates. Heads elsewhere along the 



Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport 

"recharge strip" are scaled upward during wet climates proportional to the 

amount head at the apex is raised. 

The choice of the elevation of the Clayton Basin spill point as the 

maximum head value represents a change from the 1991 PA, in which maximum 

heads were allowed to rise to the ground surface (1030 m), scaled according 

to the same climate function. The change was made to improve consistency 

with the confined-aquifer conceptual model. 

Scaling of heads along the recharge strip is based on the calibrated 

initial heads for each transmissivity field, a "climate factor" (CULCLIM in 

Chapter 3 of this volume) derived from a sampled index parameter, and the 

following sinusoidal function (Swift, 1991, memorandum in Appendix A of WIPP 

PA Division, 1991~). 

L 

2 
(cos ~t + - cos ~t - sin A at) 

2 2 

defines time-dependent heads in the Culebra, where 

hf(t) = head (m) in Culebra at time t (s), 

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

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

CULCLIM) , 
O = frequency (Hz) for Pleistocene glaciations: 1.7 x 10-12 Hz (5.4 x 

10-5 yr-l), 

@ = frequency (Hz) for second-order climatic fluctuations: 1.0 x 10-10 

Hz (3.2 x 10-3 yr-l), 

and 

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

This function is not used to predict future climates, but rather is 

designed to provide a simple way to examine the influence of possible 

climatic changes during the next 10,000 yr. The periodicity of the function 

is based on approximately 30,000 yr of paleoclimatic data from southeastern 

New Mexico and the surrounding region and the global record of Pleistocene 

glaciations (Swift, 1993). The glacial frequency term 8 produces a maximum 

value of the function hf(t) at 60,000 yr, and has little effect during the 

regulatory period. Most of the introduced variability results from second- 
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Figure 6.4-2. 10,000-yr history of climate function, evaluated at 1000-yr time 
steps for the maximum value of CULCLIM. 
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order fluctuations controlled by the higher-frequency term a .  This 
variability corresponds to the frequency of nonglacial climatic fluctuations 
observed in both late Pleistocene and Holocene paleoclimatic data. The 

chosen value for @ results in a sinusoidal curve with three peaks in 10,000 
years. Figure 6.4-2 illustrates the function as applied in the 1992 SECO- 
FLOW calculations, with values calculated only at the 1000 yr time steps. 

6.4.2 Time-Dependant Boundary Heads 

The recharge amplitude factor CULCLIM used in Equation 6.4-1 is a 
dimensionless scaling factor that varies uniformly between 1.07 and 1.00, 
and is derived from a sampled climate index variable that varies uniformly 

between 0 and 1 (see Section 4.4 of Volume 3 of this report). At 1500 yr 
(not simulated by the 1000 yr time steps), a maximum value of 1.07 for 
CULCLIM results in the maximum head in the grid block at the northern apex 
of the regional domain to rise from its initial elevation of 942.5 m 

(LaVenue and RamaRao, 1992) to the elevation of the spill point of Clayton 
Basin, 1007 m. Heads in other grid blocks within the "recharge strip" are 
scaled using the same value for CULCLIM, and may therefore reach a maximum 
elevation somewhat higher or lower than the head in the northernmost block, 
depending on their initial elevations. At its minimum value (1.00), CULCLIM 

results in no change in boundary heads throughout the 10,000 years. 
Intermediate values of CULCLIM result in intermediate increases in boundary 
heads. For all values of CULCLIM greater than 1.00, the maximum head 
elevation occurs at the final, 10,000 yr climatic peak. Heads in earlier 

peaks are slightly less, because of the effect of the glacial term in the 

climate function. 

6.5 Effect of Climatic Change on Groundwater Flow 

The effects of climatically varying heads along the "recharge strip" is 
different in each of the 70 realizations, because each realization uses a 
different transmissivity field (Section 6.8). Changes in groundwater flow 

are discussed here for two realizations that contained the largest sampled 

value for the climate index factor and an intermediate value. The largest 

sampled value for the climate index factor, 0.9966, occurred in realization 
11 and resulted in a value for CULCLIM of 1.068. The calculated head field 

for this realization is displayed for time zero (initial conditions) 
(Figure 6.5-la) and for 10,000 yr (Figure 6.5-lb). Vector representations 
of the specific discharge (i.e., volume of fluid moving through a unit area 
in a unit time) are shown for the corresponding velocity fields in Figures 

6.5-lc and 6.5-ld. Similar plots are shown in Figure 6.5-2 for realization 

20, which contained a sampled value for the climate index factor of 0.4519, 
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Effect of Climatic Change on Groundwater Flow 

Figure 6.5-1. Head (Figures 6 . 5 - l a ,  b) and specific discharge (Figures 
6 . 5 - l c , d )  plots f o r  the S E C O - F L O W  regional domain for 
realization 11 at time zero and 10,000 yr. This realization 
contains the largest value for CULCLIM. 
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2 F i g u r e  6 . 5 - 1 .  Head  ( F i g u r e s  6 . 5 - l a , b )  a n d  s p e c i f i c  d i s c h a r g e  ( F i g u r e s  
3 6 . 5 - l c , d )  p l o t s  f o r  t h e  SECO-FLOW r e g i o n a l  d o m a i n  f o r  
4 r e a l i z a t i o n  11 a t  t ime  z e r o  and 1 0 , 0 0 0  y r .  T h i s  r e a l i z a t i o n  
5 c o n t a i n s  t h e  l a r g e s t  v a l u e  f o r  CULCLIM. ( c o n t i n u e d )  
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Effect of Climatic Change on Groundwater Flow 

Figure 6.5-2. Head (Figures 6 . 5 - 2 a , b )  and specific discharge (Figures 
6 . 5 - 2 c , d )  plots f o r  the SECO-FLOW regional domain for 
realization 20 at time zero and 10,000 yr. This realization 
contains an intermediate value for CULCLIM. 
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Figure 6.5-2. Head (Figures 6.5-2a,b) and specific discharge (Figures 
6 . 5 - 2 c , d )  plots for the SECO-FLOW regional domain for 
realization 20 at time zero and 10,000 yr. This realization 
contains an intermediate value for CULCLIM. (continued) 
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resulting in a value for CULCLIM of 1.031. Examination of these figures 
shows that the largest increases in head occur in the northern and 
northwestern portion of the regional domain, and that most of the increase 
in groundwater flow occurs in and near Nash Draw. Some increase in 
groundwater flow is observed within the land-withdrawal boundary. CULCLIM 
does not, however, appear as an important parameter in stepwise linear 
regression analyses (see Chapter 8 ) ,  and subsurface releases of 
radionuclides are not sensitive to climatic variation of heads along the 

modeled "recharge strip." 

6.6 Flow and Transport Model Coupling 

Radionuclide transport was modeled on the same computational grid used 
for the local flow calculations. Flow fields generated from the first time 
step by SECO-FLOW were used as the initial and boundary conditions by SECO- 
TRANSPORT. The transient SECO-FLOW flow fields from subsequent time steps, 

starting at 1000 yr, were used for solute transport modeling. Radionuclide 
release from the repository to the Culebra was from a single, time-dependent 
source term located above the center of the waste-disposal region. Density 
and volume of liquid injected into the Culebra was assumed to be negligible 
relative to the total flow within the aquifer. Source-term flux was 

therefore disregarded, and did not affect flux in the flow fields. Volume 
and density affects of injecting brine into the Culebra will be examined in 
future PAS. 

SECO-FLOW solves the time-dependent partial differential equation for 
hydraulic head for a heterogeneous, isotropic aquifer, and provides the 
specific discharge (volume of fluid moving through a unit area in a unit 
time) for each grid element. Heterogeneity is introduced through each 

spatially-varying transmissivity field. SECO-TRANSPORT models radionuclide 
transport in a fractured medium under a variety of assumptions (see Section 
7.6 of Volume 2 of this report). The fluid is transported in fracture 
porosity only, and not in the matrix porosity of the dolomite or clay 
fracture linings. Matrix porosity affects diffusion into and storage in the 
matrix. Therefore, dividing the specific discharge by fracture porosity to 
obtain pore-water velocity within the fractures can result in relatively 
fast travel times to the accessible environment boundary if other processes 
(e.g., matrix diffusion and sorption) are not effective in retarding 

radionuclide transport. However, if matrix diffusion and/or sorption are 
effective in retarding radionuclide transport, travel times may be orders of 

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

Radionuclide releases into the Culebra were modeled for E2- and ElE2-type 

intrusions (see Section 4.4.2.4 of Volume 2 of this report). Solute 

concentration and rate of discharge was dependent on parametrically 

described geochemical and physical processes and interactions. The code 

PANEL (see Section 7.4 of Volume 2 of this report) calculated the solute 

concentration and pulse length. Sampled parameters affecting these 

processes were used in both PANEL and BRAGFLO, and each realization 

therefore had a specific suite of source files which consisted of a source 

term having varying pulse lengths and concentrations for each radionuclide. 

The source files, from PANEL and located on a separate CAMDAT data base, 

were imported and attached to the local velocity flow fields by the SECO- 

TRANSPORT preprocessor for the transport calculations. 

6.8 Transmissivity Fields 

The synthetic transmissivity fields generated by LaVenue and RamaRao 

(1992) represent an improvement over the fields used in 1991 (WIPP PA 

Division, 1991b), in that they more accurately characterize the uncertainty 

due to spatial variability in aquifer properties, and, therefore, result in 

better characterization of uncertainty in groundwater flow. A discussion of 

the 1992 transmissivity field results, extracted from LaVenue and RamaRao 

(1992) , follows. 

6.8.1 Ensemble Mean Transmissivities 

Each of the 70 fields were calibrated to steady-state and transient head 

data using conditionally simulated (CS) fields (presented in Appendix C of 

Volume 3 of this report) composed of an underlying kriged field to which 

different conditional random error fields were added. Thus, each of the 

calibrated CS transmissivity fields has a different spatial distribution of 

transmissivities. For example, in some cases there is a broad zone of 

higher transmissivity that extends from the DOE-1 borehole west to H-14 (see 
Figure 6.2-1 for borehole locations). In other cases, the high- 

transmissivity zone has a narrow, tortuous and in some instances, 

discontinuous nature. 

An ensemble mean calculation was performed across the realizations to 

determine the average transmissivity value at each grid block. The 

resulting ensemble transmissivity field (Figure 6.8-1) has features which 

are very similar to the 1990 kriged transmissivity field that was used as 



6.8 Transmissivity Fields 
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Figure 6.8-1. Ensemble transmissivity field resulting from a mean calculation 
performed across the realizations. 
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the basis for generating the transmissivity fields for the 1991 PA 

calculations. Outside the land-withdrawal area, the re-entry of high 
transmissivities from the Nash Draw area occurs south of the WIPP near the 

H-7 borehole in both the 1990 results and in the ensemble mean field. The 
high-transmissivity zone within the land-withdrawal boundary, as represented 

in the ensemble mean field (Figure 6.8 -2) , extends northward from the P-17 
borehole where it narrowly lies between the P-17 and H-17 boreholes. Once 
crossing the southern land-withdrawal boundary, the high-transmissivity zone 

widens significantly extending westward to the H-3 borehole. The eastern 
extent terminates approximately 100 m east of the H-11 and DOE-1 boreholes. 
The nature of the high-transmissivity zone as determined in the 1990 study 
(Figure 6.8-3) is quite similar to the ensemble mean field with a narrow 
width toward the southern land-withdrawal boundary, which widens in both the 

east and west directions as it extends northward toward the H-15 borehole. 

6.8.2 Ensemble Steady-State Head Differences 

A root-mean squared error (RMSE) between calculated and observed steady- 
state heads was calculated in order to summarize the fit of each realization 

to the steady-state data. The RMSE values at each of the boreholes that had 
steady-state observed head data were then summed within each simulation to 

obtain an average RMSE. A histogram of the average RMSE value for each of 
the 70 simulations (Figure 6.8-4) depicts a mean RMSE value within the 
simulations between 2.0 and 5.0 m. Uncertainty in the steady-state heads is 
approximately 1.5 m. The simulation with the worst steady-state head fit is 
shown to have an average RMSE value between 6.5 and 7.5 m. This particular 

realization illustrates a situation in which the difference field (added to 
the kriged field during the CS process) significantly reduced the ability of 
the code to calibrate the field to steady-state conditions within 50 
calibration steps. This situation occurs when the initial CS field 
generated has features that produce significantly high initial-head 
differences. The code then has to add more pilot points to modify the CS 
field to bring the head field into agreement with the observed data than may 
be necessary for an initial CS field which produces initial head differences 
that are low. Because a fixed number of pilot points were specified for 
calibrating to the steady-state data, some fields had smaller RMSE values 

than others. 

RMSE values were also calculated to determine average head differences 
over the ensemble of realizations at each borehole location. Figure 6.8-5 
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Values in log,,T(m2/s) 

Figure 6.8-2. Ensemble transmissivity field in the vicinity of the southern 
land-withdrawal boundary. 
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Values in log,,T(rn2/s) 

Figure 6.8-3. Calibrated transmissivities in the vicinity o f  southern land- 
withdrawal boundary. 
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contains a contour surface of the RMSE values over the model domain. The 

maximum average difference between the calculated and observed data occurs 

at the H-7 borehole where the RMSE value is -4.3 m. (Note: The sign of the 

RMSE was assigned after evaluating the ensemble differences.) The head 

differences in the southern portion of the regional domain and the central 

portion of the land-withdrawal area also have negative signs with average 

values ranging between -0.7 m and -2.8 m. The regions that have positive 

head differences occur in the area immediately adjacent to the H-11 borehole 

and in the area between the P-14 and WIPP-26 boreholes. The average head 

differences in these regions are less than 2.0 m. The difference at the H- 
17 borehole is the highest with a positive value of 3.4 m. 

The average head differences illustrated in Figure 6.8-5 indicate that 

the boundary conditions specified along the southern and western boundaries 

are not consistent with the observed heads. Several iterations were made to 

the boundary conditions prior to beginning the calibration exercise. The 

iterations were necessary due to the difficulty in matching the H-7, USGS-1, 

and H-9 observed heads while properly fitting the heads in the rest of the 

model domain. The difficulty arises from the existence of the no-flow 

region along the Nash Draw axis and the extremely flat hydraulic gradients 

in the southern area. If the specified heads are increased along the 

southern boundary to fit H-7 and USGS-1, the southern boundary converts from 

a discharge boundary to a recharge boundary. However, the Pecos River, and 

the Malaga Bend region in particular, has been determined to behave as a 

discharge region for regional flux from the Rustler (Mercer, 1983). While 

no absolute conclusions may be made yet concerning the direction of 

groundwater flow in the southern portion of the regional domain, the results 

determined in this study have indicated that there is an inconsistency 

between the observed heads in this area if regional groundwater flow is to 

the south. This may indicate a groundwater divide occurs between the H-9 

borehole and the H-8 borehole south of the model domain. 

6.8.3 Ensemble Groundwater Travel Times 

The groundwater travel time from a point above the center of the waste- 

disposal region (Section 6.2.3) to the land-withdrawal boundary was 

calculated for each of the calibrated CS fields. This groundwater travel 

time is not the same as the radionuclide transport travel times calculated 

by SECO-TRANSPORT, which are used as input to the CCDF calculations. The 

purpose of the groundwater-travel-time calculations described here is to 

characterize the transmissivity fields, not to predict transport of 

radionuclides. These travel times were calculated assuming advection of 

groundwater through a single-porosity medium without fracture flow--i.e., 
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Figure 6.8-5. Contour surface of the RMSE values over the model domain. 
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total porosity was equal to a matrix porosity of 0.16. Travel times are 

therefore substantially longer than those calculated assuming transport in 

fractures, with an average fracture porosity of 0.001. 

Matrix travel-time distributions are displayed as a cumulative 

distribution function (CDF) that represents the probability of various 

travel times occurring (Figure 6.8-6). This CDF shows, for example, that 

90% of the travel times were longer than 12,000 yr, 50% of the travel times 

were longer than 18,000 yr, and 10% of the travel times were longer than 

27,000 yr. The histogram shown in Figure 6.8-7 also conveys the narrow 

distribution of groundwater travel times. 

The travel paths that correspond to the travel times contained in the CDF 

are illustrated in Figure 6.8-8. Most of the travel paths follow a 

southeasterly direction until reaching the DOE-1 vicinity at which point the 

paths travel directly south to the land-withdrawal boundary. A few paths 

travel directly south from the starting point while several others have an 

east-southeasterly direction prior to moving south toward the land- 

withdrawal boundary. The travel paths are indicative of the southerly 

groundwater-flow direction observed today. Should significant changes occur 

in the future in the direction of the hydraulic gradient, travel paths would 

also change. 

Assuming the numerical model used to simulate a system properly accounts 

for the physics and scale of the problem of interest, the uncertainty of 

model results should decrease as the data set to which the model is 

conditioned increases. Conditioning a transmissivity field used in a model 

to observed steady-state pressure data reduces uncertainty in the 

transmissivity estimates away from the observed locations. Conditioning to 

transient-pressure data further reduces uncertainty in the transmissivity 

estimates between pressure-measurement locations due to the increase in 

information regarding the transmissivity between these two locations. The 

reduction in the uncertainty of the travel time due to the conditioning of 

the Culebra model to the transient pressure data base is illustrated in 

Figure 6.8-9 where the CDF of travel times determined from the transient- 

calibrated model (referred to herein as the TCDF) and the CDF determined 

from the steady-state calibrated model (referred to herein as the SCDF) are 

shown. The CDF of the steady-state model was calculated by removing all the 

pilot points added during transient calibration from the input data sets of 

each of the realizations. 

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

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

approximately the same; however, the median and maximum travel times are 
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6.8 Transmissivity Fields 

Travel Time (1 O3 yrs) 

Figure 6 .8-6 .  Travel time cumulative d i s t r i b u t i o n  function (CDF) determined 
from t h e  70 c a l i b r a t e d  f i e l d s  (assuming matrix porosi ty of 
1 6 % ) .  
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Travel Time (1 03 yrs) 

Figure 6.8-7. Histogram of travel times from ensemble of transient calibrated 
fields . 
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Figure 6.8-8. Travel paths that correspond to the travel times contained in 
the cumulative distribution function (CDF) shown in Figure 
6 . 8 - 4 .  



- - * - - -  P A ~ +  -.- * -  - 

6.8 Transmissivity Fields 

Ensemble of Travel 

Ensemble of Travel Times Using 
Steady-State Calibrated Fields 

0 10 20 30 40 50 60 

Travel Time (1 O3 yrs) 

Figure 6.8-9. Cumulative distribution function (CDF) of travel times 
determined from the transient-calibrated model (TCDF) and the 
CDF determined from the steady-state calibrated model (SCDF). 
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quite different. As mentioned above, 50% of the travel times in the TCDF 

were greater than 18,000 yr and 10% were greater than 27,000 yr. In the 

SCDF, 50% of the travel times are greater than 25,000 yr and 10% are greater 

than 37,500 yr. The maximum travel times for the steady-state and 

transient-calibrated fields are 57,000 yr and 33,000 yr, respectively. The 

histogram of travel times using only the steady-state calculated models also 

illustrates this point (Figure 6.8-10). 

Thus, the calibration to the transient-pressure data has significantly 

reduced the magnitude and range of observed travel times. The extension of 

the high-transmissivity zone toward the H-15 borehole and the subsequent 

effect the extension has upon the reduction in travel distance from the 

starting point (above the center of the waste-disposal region) to a region 

of higher transmissivities has reduced the uncertainty in the travel times. 

The reduction in uncertainty occurs, as stated above, because of the 

modifications to the CS transmissivity fields in the southeastern region of 

the land-withdrawal area, which are necessary to match the observed 

transient pressures in this region. 

For comparison purposes, the travel paths that correspond to the travel 

times contained in the SCDF are illustrated in Figure 6.8-11. Like the 

travel paths shown in Figure 6.8-8, most of the travel paths follow a 

southeasterly direction until reaching the DOE-1 vicinity at which time the 

paths travel directly south to the land-withdrawal boundary. A few more 

paths traveldirectly south from the starting point while several others have 

an east-southeasterly direction prior to moving south toward the land- 

withdrawal boundary. In general though, the distribution of paths seems 

very similar to those illustrated in Figure 6.8-8. 
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Travel Time (1 03 yrs) 

Figure  6 .8 -10 .  Histogram of t r a v e l  t imes  from ensemble of  f i e l d s  c a l i b r a t e d  
on ly  t o  s t e a d y - s t a t e  head d a t a .  
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Figure 6.8-11. Travel paths associated with ensemble of transmissivity fields 
calibrated only to steady-state head data. 



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

This chapter describes the implementation of the 1992 PA model CUTTINGS 

for calculating the quantity of radionuclides removed directly to the 
surface due to an intrusion event. Only exploratory drilling for 

hydrocarbons is considered. Present-day rotary drilling methods are assumed 

to persist throughout the regulatory period. Cuttings are estimated based 

on the drill-bit diameter which is a sampled variable with a CDF constructed 

from past drilling history in the Delaware Basin (Section 4.4.2 of Volume 3 

of this report). Cavings, comprised of waste material eroded from the 

borehole wall by drilling fluid, are also removed to the surface with the 

cuttings. The amount of cavings removed depends on the assumption that 

erosion occurs when the calculated drilling fluid shear stress exceeds the 

effective shear strength of the consolidated waste, as estimated from 

analogue data (Table 3.4.1 of Volume 3 of this report). The quantity of 

waste material spalled from the borehole wall when the drill bit penetrates 
a gas-pressurized waste panel has not been included because this mechanism 

is not yet sufficiently understood. Modeling and laboratory work are 

presently investigating this phenomenon. When constant As are used, the 
assumption that present-day drilling technology and practice persists for 

10,000 yr is consistent with the philosophy that the risk to future 
generations should be equally weighted with that to the present generation. 

The assumptions concerning future levels of technology made by the Futures 

Panel (memorandum by Hora in Appendix A of Volume 3 of this report) and used 

for constructing time-varying As, however, indicate a lower risk to future 

generations that is not wholly consistent with this philosophy. The volume 
of waste brought to the ground surface will depend upon the physical 

properties of the compacted, decomposed wastes, the drilling procedures 
used, and the pore pressures encountered. Because of radioactive decay, the 
radioactivity of the removed waste (in curies) will also depend upon the 
time of intrusion. 

7.1 Current Drilling Practices 

In standard rotary drilling, a cutting bit attached to a series of hollow 

drill collars and drill pipes is rotated at a fixed angular velocity and is 

directed to cut downward through the underlying strata. To remove the drill 
cuttings, a fluid is pumped down the drill pipe, through and around the 

drill bit, and up to the surface within the annulus formed by the drillpipe 

and the borehole wall (Figure 7.1-1). In addition to the removal of 
cuttings, the drilling fluid (mud) serves to cool and clean the bit, reduce 

drilling friction, maintain borehole stability, prevent the inflow of 
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Figure 7.1-1. Rotary drilling. 



Mechanisms for Waste Removal 

unwanted fluids from permeable formations, and form a thin, low-permeability 

barrier on the surface of penetrated formations. When drilling through 

salt, a saturated brine is often used as the drilling fluid to prevent 

excessive erosion of the borehole wall through dissolution (Berglund, 1990; 

Pace, 1990). For a gauge borehole, the volume of cuttings removed and 

transported to the surface is equal to the product of the drill-bit area and 

the drill depth. Thus, to estimate the total volume of waste removed due to 

the cutting action of the drill-bit, it is only necessary to know the 

compacted repository height and the drill-bit area. The cuttings volume 
calculated in this manner is a lower bound to the total quantity of waste 

removed by drilling. 

After passing through the drill bit, the drilling fluid flows up the 

annulus formed by the borehole wall and the drill collar (or drill pipe). 

In the annulus, the motion of the drilling fluid has both a vertical and 

rotational component, the latter caused by the rotating drill string. 

Depending on fluid properties, annulus geometry, and flow rates, the fluid 

flow within the annulus may be smooth and laminar or turbulent. 

7.2 Mechanisms for Waste Removal 

There are at least two mechanisms that can be identified as contributing 
to the removal of waste to the accessible environment over and above that 

transported by the direct cutting of a gauge borehole. The first is the 

erosion of the borehole wall caused by the action of the upward-flowing 

drilling fluid within the annulus. This eroded material is referred to as 

cavings. The second arises from the effect on the waste of waste-generated 
gas escaping to the lower-pressure borehole. Material released by this 

mechanism is referred to as spallings. Both of these phenomena and models 

for them are discussed in detail by Berglund (1992). In the case of 
erosion, Berglund (1992) has developed a quantitative model that is based on 

an effective shear strength for erosion of the compacted, decomposed waste. 
In the absence of specific experimental data, waste removal from the 

borehole wall into the drilling fluid due to gas flow is much more difficult 
to address. For this latter mechanism, Berglund (1992) discusses the general 
phenomenology, but no quantitative model is available. 

7.2.1 Mechanism I: Erosion within the Borehole Annulus 

Although a number of factors exist that may influence borehole erosion, 

Berglund (1992) identifies the effects of fluid shear acting on the borehole 

wall and the character of the fluid flow (laminar or turbulent) as the most 

important. To consider these effects, it is necessary to know the threshold 
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1 fluid shear stress acting on the borehole wall that will initiate erosion. 

2 This "effective" borehole shear strength for erosion must be determined by 

3 experiment and may be different for laminar and turbulent flow. In 

4 Berglund's (1992) analysis, it is assumed that borehole erosion is caused 

5 primarily by the magnitude of the fluid shear stress acting on the borehole 

wall. Other effects are generally ignored, except insofar as they may 

influence the experimentally determined effective shear strength for erosion 

of the repository material. 

In the annulus formed by the collars or drill pipe and the borehole wall, 

the flow of the drilling fluid has both a vertical and rotational component. 

Within this helical flow pattern, shear stresses are generated by the 

relative motion of adjacent fluid regions and by the action of the fluid on 

the borehole wall. It is assumed that if the fluid shear stress at the wall 

exceeds the effective shear strength for erosion of the wall material (caked 

drilling fluid or compacted repository wastes), erosion of the wall material 

will occur, increasing the diameter of the bored hole. The eroded material 

will then be passed to the surface in the flowing drilling fluid. 

Flow in the annulus between the drill pipe and borehole wall is usually 

laminar (Darley and Gray, 1988). Adjacent to the collars (Figure 1-l), 
however, the flow may be either laminar or turbulent as a consequence of the 

larger collar diameter and resulting higher mud velocities (Berglund, 1990; 

Pace, 1990). For laminar flow, the analysis lends itself to classical 

solution methods. Turbulent flow, where the flow is assumed to be axial 
with no rotational component, requires a more approximate approach. For 
both cases, erosion is assumed to be axisymmetric. The following discussion 
of these two cases is taken from Berglund (1992). 

7.2.1.1 LAMINAR FLOW 

Below Reynolds numbers1 of about 2100 for Newtonian fluids and 2400 for 
some non-Newtonian fluids (Walker, 1976), experiments have shown that the 

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

1 36 
1 381. The Reynolds number ( R e )  is defined as 
! 39 

40 - 

1 41 42 pVDe 
I $9 - (7.2-1) Re = -- 

45 

I 46 
tl 

47 
I 

48 where D, is the equivalent hydraulic diameter, 7 is the drill fluid 
I 

49 density, V is the average fluid velocity, and 7 is the average fluid 
I 

50 viscosity. 
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described using a well-defined relationship between the velocity field and 

the fluid shear stress. This type of flow is called laminar. 

Some of the early work on laminar helical flow of a non-Newtonian fluid 
in an annulus was performed by Coleman and No11 (1959), and Fredrickson 

(1960). The laminar helical flow solution procedure used in the CUTTINGS 

code is, for the most part, an adaptation of methods described in a paper by 
Savins and Wallick (1966). 

One of the principal difficulties in solving for the shear stresses 

within a helically flowing drilling fluid is the shear-rate dependence of 

the fluid viscosity. This non-Newtonian fluid behavior necessitates 
choosing a functional form for the variation of viscosity with shear rate 

for the fluid. There are several functional forms for the viscosity of 
drilling fluids that can be assumed. For example, in the oil and gas 

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

(1966). Oldroyd assumed that the viscosity varied according to the 

functional relation 

where a1 and 02 are constants, qo is the limiting viscosity at zero rate of 
shear and r is the shear rate. The viscous shear stress is described by r = 

rlr. 

Using the Oldroyd viscosity, Eq. 7.2-2, the viscous shear stress can be 

illustrated graphically as in Figure 7.2-2. This is a rate softening 
(pseudoplastic) model that has an initial slope of q0 and a limiting slope 
of q, for large shear rates, where q, (defined as qo(a2/al)) is the limiting 
viscosity at infinite rate of shear. 

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

many drilling fluids (see Figure 7.2-1). 

Savins and Wallick (1966), expanding on the work of Coleman and No11 
(1959) and Fredrickson (1960), showed that the solution for laminar helical 

flow of a non-Newtonian fluid in an annulus could be written in terms of 
three nonlinear integral equations. 



Chapter 7: Disturbed Performance: Direct Releases to the Ground Surface During Drilling 

A 
Oldroyd 

7 

Shear Rate I- 

TRI-6342-1872-0 

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

These three nonlinear integral equations must be solved numerically 

(Berglund, 1992). A Fortran computer CUTTINGS code was written to perform 

the necessary computations for a solution to the problem of laminar helical 

flow in an annulus. This code was partially verified by comparing its 

results against those published by Savins and Wallick (1966). 

For the specific case of borehole erosion, once a solution to the three 

integral equations is found, the shear stress in the fluid at the wall can 

be calculated. By changing the outer radius of the hole, the fluid shear 
stress can be forced to equal the repository effective shear strength for 

erosion. The required outer hole radius is determined by iteration as shown 

in Figure 7.2-2. 

The effective shear strength for erosion equals the threshold value of 

fluid shear stress required to sustain general erosion at the borehole wall. 

Partheniades and Paaswell (1970), in discussing investigations on the 

erosion of seabed sediments and in channels, have noted that this effective 

soil shear strength is not related to the soil shear strength as normally 
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Figure 7.2-2. Iteration procedure for finding the final hole radius. 
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determined from conventional soil tests. The effective shear strength for 

erosion based on seabed data, as determined by Partheniades and Paaswell 

(1970), is on the order of 1 to 5 Pa and is thus smaller by several orders 
of magnitude than the macroscopic soil shear strength. 

7.2.1.2 TURBULENT FLOW 

For Newtonian fluids with Reynolds numbers greater than about 2100, flow 

in a circular pipe or annulus starts to become more or less random in 

character, which makes orderly mathematical analysis of the flow difficult, 

if not impossible. With increasing Reynolds numbers, this random behavior 

increases until, at a Reynolds number of about 3000, the flow becomes fully , 

turbulent. In fully turbulent flow, momentum effects dominate and the fluid 

viscosity is no longer important in characterizing pressure losses. 

For Newtonian fluids, the value to use for the viscosity is clear because 

the viscosity is constant for all rates of shear. Non-Newtonian fluids 

exhibit a changing viscosity with shear rate and present a special problem 

in calculating Re.  For fluids that exhibit a limiting viscosity at high 

rates of shear (such as the Bingham model and in our case the Oldroyd 
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model), it has been suggested (Broc, 1982) that the limiting viscosity ( q  = 

qm)  be used in calculating the Reynolds number. 

The Reynolds number for an Oldroyd fluid in an annulus can then be 

written as (Broc, 1982) 

where the hydraulic diameter is expressed as D = 2(r-ri), where r is the 

radius of the drill bit and ri is the radius of the drill collar (see Figure 

7.1-1). 

The most important influence viscosity has on the calculation of pressure 

losses in fully turbulent flow of non-Newtonian fluids appears to be in the 

calculation of the Reynolds number. A far more important parameter is the 

surface roughness past which the fluid must flow. As previously noted, the 

Reynolds number, however, does have a role in determining the onset of 
turbulence; for Newtonian fluids this critical number Re, is about 2100. 

For non-Newtonian, rate-thinning fluids, Rec tends to be greater than 2100 

but less than 2400 (Walker, 1976). For our purposes, a value of 2100 will 

be used to represent Rec for the Oldroyd fluid model. Because turbulent 

flow is more effective in generating fluid shear stresses at the borehole 

wall, this assumption is conservative. 

A transition region exists beyond Re, before the development of fully 

turbulent flow. In this regime, the flow has the character of both laminar 
and turbulent flow. However, because pressure losses increase rapidly in 
turbulent flow and affect borehole shear stresses more severely, it will be 
assumed that beyond Rec the flow is fully turbulent. 

Turbulent flow is very complex and, thus, to characterize the turbulent 
flow regime, the great bulk of analysis has concentrated on empirical 

procedures. For axial flow in an annulus, the pressure loss under turbulent 
conditions can be approximated by (Broc, 1982) 

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

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

The Fanning friction factor is empirically related to the Reynolds number 

and relative roughness by the equation (Whittaker, 1985) 

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

applies here, where D is the hydraulic diameter as defined earlier and r is 

the absolute roughness of the waste-borehole interface. 

Using a relative roughness and a calculated Reynolds number, a Fanning 

friction factor can be determined by iteratively solving Eq. 7.2-5. The 
value of the shear stress acting on the borehole wall can then be determined 

from Eq. 7.2-4. Using an iterative procedure similar to that for the 

laminar flow problem (Figure 7.2-2), the fluid shear stress can be forced to 
equal the repository shear strength for erosion (rfail) to obtain the final 

eroded borehole radius. 

In the actual solution sequence employed in CUTTINGS, the Reynolds number 

is calculated first to determine which solution regime (laminar or 
turbulent) should be initiated. For Reynolds numbers initially less than 
R e , ,  the code calculates the flow as laminar. Any increase in diameter of 
the borehole calculated during the laminar calculation will cause the 
Reynolds number to decrease as a result of a velocity decrease, ensuring 
that the calculation remains laminar. If the initial Reynolds number is 
greater than R e , ,  the turbulent formulation is used to calculate borehole 
erosion. When the turbulent calculation is complete, a check is again made 
to determine whether the Reynolds number still exceeds R e , .  If it does not, 

the laminar calculation is performed starting with a "criticaltt borehole 
radius. The critical borehole radius corresponds to a Reynolds number of 
R e ,  and is given by 
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7.2.1.3 EROSION CALCULATIONS 

The equations governing erosion based on laminar and turbulent flow were 

combined into a single Fortran computer code called CUTTINGS. Using 
appropriately selected input based on the physical properties of the waste 

and other drilling parameters, this code calculates the final eroded 

diameter of the borehole that passes through the waste. The drilling 

parameters chosen must reflect data typical of that valid near the WIPP 
repository. Berglund (1992) provides a discussion of suitable parameter 

values and model sensitivity to uncertainb in those parameters. Drill bit 

diameter (DBDIAM) is the most important parameter, and is the only parameter 

used with the CUTTINGS code that is sampled in the 1992 PA. Values for 

other model parameters are given in Berglund (1992) and Chapter 4 of Volume 
3 of this report. 

7.2.2 Mechanism II: Waste-Gas-Induced Borehole Spall 

The storage, compaction, and brine-induced corrosive degradation of 
transuranic waste is not directly analogous to any known phenomenon that has 

occurred in nature. However, considerable information exists in the 

literature on the exploration for and production of fossil fuels and the 

problems encountered during these activities. The failure, sloughing, or 

spalling of borehole walls is a common occurrence in oil and gas drilling 

and can be caused by a number of different mechanisms, including an 
encounter with a geopressurized formation. Available literature, summarized 

by Berglund (1992), supports the need to study the potential for gas-induced 

spa11 in waste. The problem is complex, involving the flow of gas in a 
moving waste matrix, changing stress states, changing porosity and 

permeability of the waste, waste failure, and, when the waste interacts with 
the drill bit, turbulent mixing of the three phases - solid waste, drilling 
fluid, and gas. Berglund (1992) describes simplifying assumptions and 

modeling approaches that could be used for the WIPP PA. Spalling has not 
been included in the 1992 PA, and implementation of any of the available 

models will require additional information about the material properties of 

decomposed and compacted wastes. Tests are planned to provide this 
information (US DOE, 1990, in revision). Until such information is 

available, estimates of releases due to spalling are speculative. Berglund 

(1992) concludes, however, that "it does not appear unreasonable that 

volumes of waste several times greater than the lower bound volume [bit area 

times waste thickness] could eventually reach the ground surface" as a 

result of spalling. The volumes of waste removed as cavings in the 1991 and 
1992 PAS are also several times greater than cuttings volumes. As shown in 
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Section 5.1 of Volume 1 and Section 8.5 of this volume, the cuttings 

releases (including cavings but not yet including spallings) control the 
location of the CCDF (and therefore regulatory compliance) if retardation by 

either matrix diffusion or sorption occurs in the Culebra Dolomite Member of 
the Rustler Formation. 

7.3 Radionuclide Inventory Available for Removal 

Figure 7.3 - 1 shows the EPA-normalized inventory of the repository, 
radionuclide by radionuclide, as a function of time (based on the most 

recent Integrated Data Base [IDB; US DOE, 19911 as reported in the 

memorandum by Peterson in Appendix A of Volume 3). Time-dependent 

inventories are shown to lo4 yr, which is the end of the regulatory period 
specified by 40 CFR 191B. All radionuclides shown in Figure 7.3-1 are 

included in the estimation for cuttings release in the 1992 PA. 

Radionuclides whose normalized inventories never exceed 10-2 during 104 yr 

cannot result in releases greater than and are not considered in 
analyses of subsurface transport for 40 CFR 191B. 

Figure 7.3-la shows that the normalized inventories of Pu-239, Pu-240, 

Am-241, U-233, U-234, Np-237, Th-229, Th-230, and Ra-226 all exceed 10-2 
during the 1 0 ~ - ~ r  period. Figure 7.3-lb shows an additional radionuclide 

with normalized inventory exceeding Pu- 238, which is significant only 
early in the regulatory period. PA modeling for 1991 examined subsurface 

transport to the accessible environment of 7 of these radionuclides (Pu-239, 
Pu-240, Am-241, U-233, U-234, Np-237, and Th-230) (WIPP PA Division, 1991c, 

Section 6.5.2.10). Subsurface transport of two of the remaining 
radionuclides is modeled in 1992, Th-229 and Ra-226. Transport of Pu-238 in 
the Culebra will not be modeled because of its short half -life (87.7 yr) . 
Pb - 210, which reaches an EPA-normalized inventory of 10-2 at late times 
approaching 105 yr, may be considered for subsurface transport in future 
dose calculations as a daughter product created in the Culebra. Groundwater 
transport of Pb-210 is not modeled here because of its low inventory at 104 
yr and short half-life (22.3 yr), and consequent low impact on 40 CFR 191B 
compliance. Transport of both Pu-238 and Pb-210 in brine brought directly 
to the ground surface following intrusion (not yet included in performance 
assessments) also has the potential to contribute to doses. 

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

calculations in the Culebra Dolomite, and Table 7.3-3 lists the activity 
levels considered in the estimation of cuttings releases. 
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Figure 7.3-1. Decay histories expressed in EPA units (i.e., the normalized 
units used in showing compliance with 40 CFR 191) for the 
present IDB inventory for a single waste panel. The total 
WIPP inventory used in the 1992 PA is ten times the values 
shown in this figure. Figure 7.3-la shows radionuclides 
included in groundwater transport calculations. Figure 
7.3-lb shows radionuclides not included in groundwater 
transport because of low inventory or short half-life. All 
radionuclides shown are included in estimates of cuttings 
releases. 
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The c u t t i n g s  r e l e a s e s  used i n  t h e  1992 WIPP performance assessment were 

ca l cu la t ed  with t h e  program CUTTINGS f o r  waste of average a c t i v i t y  l e v e l .  

Then, t h e  r e l e a s e s  f o r  a c t i v i t y  l e v e l s  1 through 5 shown i n  Table 7 .3-3  were 

obtained by mul t ip ly ing  the  average a c t i v i t y  l e v e l  r e l eases  by s c a l e  f a c t o r s  

of t he  form 

where 

ALil = projec ted  r a d i o a c t i v i t y  (ci/m2) contained i n  waste of a c t i v i t y  
level,,J? a t  time i ,  where 1 - 125 y r ,  2 - 175 y r ,  3 - 350 y r ,  4 - 
1000 y r ,  5 - 3000 y r ,  and 6 - 7250 y r ,  

and 

ALi = pro jec t ed  r a d i o a c t i v i t y  (~ i / rn2 )  contained i n  waste of average 

a c t i v i t y  a t  time i .  

For example, t h e  s c a l e  f a c t o r  

i s  used t o  convert  from a r e l ease  of average a c t i v i t y  a t  3000 y r  t o  a r e l ease  

of a c t i v i t y  l e v e l  4 a t  3000 y r .  
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r Table 7.3-1. Potentially Important Radionuclides Associated with Initial Contact-Handled Waste 
3 Inventory Used in Calculations for Cuttings Removal and Release to Culebra Dolomite 
4 (from memorandum by Peterson in Appendix A of Volume 3) 
5 

0 

8 Radionuclide t l /2 (~r )  Curies 

%4 
27 

28 

29 

36 Table 7.3-2. Simplified Radionuclide Decay Chains Used for Transport Calculations in the Culebra 
32 Dolomite (from Figure 3.3.1 of Volume 3 of this report) 
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2 Table 7.3-3. Projected Activity Levels (~ i /m2)  in the WlPP Due to Waste that is Currently Stored 
3 and May Be Shipped to the WlPP (based on Memorandum by Peterson in Appendix A 
4 of Volume 3 of this report) 
5 

e Activity Proba- Time (yr) 
lo Level Typea bilit yb 0 125 175 350 1000 3000 7250 

1 CHc 0.3968 2.7578 0.7994 0.6468 0.3884 0.2078 0.1387 0.1156 
2 CH 0.3572 27.578 7.9941 6.4683 3.8844 2.0782 1.3867 1.1559 
3 CH 0.1259 275.78 79.941 64.683 38.844 20.782 13.867 11.559 
4 -. CH 0.0060 2757.8 799.41 646.83 388.44 207.82 138.67 1 15.59 
5 RHd 0.1 141 124.70 7.7110 3.3430 1.1180 0.8210 0.7080 0.6280 

AverageforCHWaste: 70.145 20.333 16.452 9.8800 5.2860 3.5270 2.9400 

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

level Q, Q = 1,2,3,4,5. 
c CH activity levels based on 11 1,520 m2 total surface area 
d RH activity levels based on 14,360 m2 total surface area 



8. UNCERTAINTY AND SENSI'TIVIN ANALYSIS RESULTS 

8.1 Scenario Probability 

As indicated in Section 2.3, drilling intrusions into the repository are 
assumed to follow a Poisson process in the 1992 WIPP performance assessment. 

Both stationary (i.e., constant A) and nonstationary (i.e., time-dependent A) 
processes are considered. The rate term in these processes is treated as 

being uncertain; the sampled variable LAMBDA in Table 3-1 is used to identify 
the X used for each sample element. For the stationary case, the actual X 
used in the analysis is assumed to be uniformly distributed on the interval 

[O, 3.78 x yr-l] . For the nonstationary case, the X(t) 's used in the 
analysis were developed in an expert review process (memorandum by Hora, 

Appendix A, pp. A-69 to A-99, of Volume 3) and are listed in Appendix D of 
Volume 3. 

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

used in conjunction with the risk representation R1 defined in Eq. 2.5-1 are 
shown in Figure 8.1-1. Figure 8.1-1 shows scenario probabilities determined 

with both constant X's and time-dependent X's. As a reminder, the risk 
representation R1 uses time intervals of [O, 2000 yr] and [2000, 10,000 yr] 

as indicated in Eq. 2.5-2. For both the constant and time-dependent cases, 
the individual X's are assumed to equal 0 yr-l after 2000 yr. The actual 
formulas used to calculate the probabilities are given in Eqs. 2.5-4 and 
2.5-6. As examination of Figure 8.1-1 shows, scenario probability decreases 
rapidly with increasing number of drilling intrusions. Further, the use of 
the time-dependent X's results in considerably lower scenario probabilities 
for scenarios involving drilling intrusions than the use of constant X's. 

Probabilities for the scenarios 

used in conjunction with the risk representation R2 defined in Eq. 2.5-8 are 
shown in Figure 8.1-2. Figure 8.1-2 shows scenario probabilities determined 

with both constant X's and time-dependent X's. As a reminder, the risk 

representation R2 uses time intervals of [o, 150 yr], [150, 200 yr], 
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Figure 8.1-1. Uncertainty in probability of scenarios S(O,O), S(1,0), , . . ,  
S(6,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with an assumed 100 yr period of 
administrative control in which drilling intrusions cannot 
occur. 
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Figure 8.1-2. U n c e r t a i n t y  i n  p r o b a b i l i t y  o f  s c e n a r i o s  
s ( o , o , o , o , o , o ) , s ( ~ , o , o , o , o , o ) , s ( o , ~ , o , o , o , o ) ,  . . . , 
S ( O , O , O , O , O ,  1 )  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  r i s k  
representation R2 defined in Eq. 2.5-8 with an assumed 100 yr 
period of administrative control in which drilling intrusions 
cannot occur. 
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1 [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr] as 
2 indicated in Eq. 2.5-9. The formula used to calculate the probabilities is 
3 given in Eq. 2.3-1 and specializes to 
4 

t i  - t n i n i  exp [-*(tnT-tO)] (8.1-3) 
i=l 

for the constant 1 case. The differences in probability between scenarios in 
Figure 8.1-2 result from the use of unequal time intervals in scenario 

definition. 

The probabilities in Figure 8.1-2 are for exactly 1 intrusion over 10,000 
yr, with that intrusion occurring in a specified time interval. As indicated 
in Tables 2.5-3 and 2.5-4, many different combinations of drilling intrusion 
times are used in the definition of the risk representation R2 given in Eq. 
2.5-8. Because of the large number of scenarios involved, box plots of the 
form shown in Figure 8.1-2 cannot be presented for all scenarios contained in 
R2. However, due to the effects of radioactive decay, the cuttings releases 
for a scenario are often dominated by the time at which the first drilling 
intrusion occurs. For this reason, it is useful to examine the probability 
of drilling intrusions in specified time intervals regardless of the drilling 

intrusions that may occur in subsequent time intervals. Specifically, Figure 
8.1-3 presents probabilities for the scenarios 

where the notation m(i) in expressions of the form 

indicates that the number of drilling intrusions in the ith time interval 
(i.., [ti-1, ti]) equals or exceeds n(i). For example, the scenario 
S(0,11,10,10,rO,rO) appearing in Eq. 8.1-4 consists of all time histories 
contained in the sample space S defined in Eq. 2.2-1 in which 0 drilling 

intrusions occur in the time interval [O, 150 yr], 1 or more drilling 
intrusions occur in the time interval [150, 200 yr], and 0 or more drilling 
intrusions occur in each of the time intervals [200, 500 yr], [500, 1500 yr], 

[1500, 4500 yr], and [4500, 10,000 yr]. The defining formulas for the 
scenario probabilities in Figure 8.1-3 are given in Table 8.1-1. The box 

plots in Figure 8 .l-3 are displaying the uncertainty in the probability that 
the first drilling intrusion occurs in each of the time intervals used in the 

definition of the risk representation R2. As shown in Section 8.2, the size 
of the cuttings removal release decreases with time. 
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i Table 8.1-1. Probability of Scenarios S(11,20,10,10,20,10), S(0,21,10,10,10,20), ..., S(0,0,0,0,0,11) 
3 Associated with the Risk Representation Rg Defined in Eq. 2.5-8. 
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8.2 Cuttings Removal 

8.2 Cuttings Removal 

The risk representation R2 defined in Eq. 2.5-8 is used to display the 

effects of cuttings removal. The releases associated with single intrusions 

into waste of average activity at different times are summarized in Figure 

8.2-1. As discussed in Section 7.3, the releases shown in Figure 8.2-1 are 

then scaled to determine the releases associated with intrusions into waste 

of different activity levels. Further, as discussed in Section 2.4, the 

releases in Figure 8.2-1 are also used in the construction of the cuttings 

releases assigned to scenarios that involve more than one drilling intrusion. 

The cuttings releases shown in Figure 8.2-1 are initially (i.e. , at 100 
yr) centered around approximately 3.2 x EPA release units. The size of 

the release then decreases due to radioactive decay, with release being 

reduced to values centered around 5.5 x EPA release units by 3000 yr. 

An additional reduction to about 4 x 10-3 EPA release units occurs by 10,000 

Y' . 

The isotopes associated with the releases at 100 yr and 1000 yr are shown 

in Figure 8.2-2. The release at 100 yr is dominated by Pu-238, with 

additional contributions from Am-241, Pu-239 and Pu-240. Due to the short 

half -life of Pu-238 (i. e. , 88 yr) , the dominant contributor to the cuttings 
release at 1000 yr is Pu-239, with additional contributions from Am-241 and 

Pu-240. Due to the 432 yr half-life of Am-241, the cuttings releases at 

later times are dominated by Pu-239, with a small contribution from Pu-240. 

The only sampled variable that affects cuttings removal is DBDIAM 

(drillbit diameter). As shown in Figure 4.3-1 of Helton et al. (1992), an 

almost linear relationship exists between DBDIAM and the cuttings release to 

the accessible environment. The relationship is actually quadratic. 

However, due to the range of values for drillbit diameter under consideration 

(i.e., 0.267-0.444 m), the relationship is close to being linear. 

For a given set of analysis input, the risk representation R2 defined in 

Eq. 2.5-8 leads to a single CCDF for cuttings removal to the accessible 

environment. The 1992 WIPP performance assessment considered two imprecisely 

known variables that affected the CCDF for cuttings removal: drillbit 

di.ameter (DBDIAM) and the rate term in the Poisson model for drilling 

intrusions (LAMBDA). As discussed in Section 2.1, the uncertainty in these 

variables leads to a distribution of CCDFs. Actually, two cases were 

considered: constant rate terms and time-dependent rate terms. The 
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distributions of CCDFs that result for these two cases are shown in the two 

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

As examination of Figure 8.2-3 shows, the CCDFs for cuttings removal fall 
substantially below the EPA release limits. Further, the CCDFs constructed 

with the time-dependent rate terms obtained through an expert-review process 
fall below the CCDFs constructed with constant rate terms. As a reminder, 
the constant rate terms were obtained by generating a uniformly-distributed 
sample from the interval [ O ,  3.75x10-~ yr-l], where 3.75~10-4 yr-l 
corresponds to the maximum drilling rate of 30 boreholes/km~/10,000 yr 

specified by the EPA. 

The variability in the CCDFs shown in Figure 8.2-3 is due primarily to 
uncertainty in the rate term in the Poisson model for drilling intrusions 

(i.e., in the function X(t) appearing in Eq. 2.3-I), with a small additional 
contribution from drillbit diameter (DBDIAM). Sensitivity analyses based on 
partial correlation analysis or regression analysis produce results similar 
to those shown in Figures 4.6-1 and 4.6-2 of Helton et al. (1992). In 

particular, there is a strong positive correlation between exceedance 
probability and the rate term in the Poisson model for drilling intrusions 
(LAMBDA), and a positive but less strong correlation between exceedance 
probability and drillbit diameter. 

The steps appearing in the individual CCDFs in Figure 8.2-3 result from 

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

8.3 Release to Culebra 

Due to constraints imposed by computational cost, the 1992 WIPP 

performance assessment performed groundwater transport calculations only for 

intrusions occurring at 1000 yr. As discussed in Section 2.4 and in more 

detail in Chapters 4 and 5, the first step in these calculations is the use 
of the BRAGFLO model to determine time-dependent releases into the Culebra 
Dolomite. The integrated (i.e., total) values for these releases over 10,000 

yr are summarized in Figure 8.3-1 for scenarios S(1,O) and S+-(2,0), which 
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used in conjunction with the risk representation R1 defined in 
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are used in conjunction with the risk representation R1 defined in Eq. 2.5-1 
to develop CCDFs for normalized release to the accessible environment due to 
groundwater transport. 

Only 14 of the 70 sample elements used in the analysis resulted in 
nonzero releases to the Culebra for scenario S(1,O). Thus, the individual 
box plots in Figure 8.3-1 for scenario S(1,O) are based on a maximum of 14 
nonzero normalized releases. The total normalized release to the Culebra for 

scenario S(1,O) is always less than 1, with the total release being dominated 
by U-233, U-234 and Am-241. As shown by the scatterplot in Figure 8.3-2, 
zero releases to the Culebra tend to be associated with the smaller values 

for Salado halite permeability (SALPERM). This pattern occurs because the 
repository fails to fill with brine for small values of SALPERM, with the 

result that there is no brine flow, and hence no radionuclide transport, up 
an intruding borehole. 

In contrast to scenario S(1,0), only two sample elements resulted in no 

release to the Culebra for scenario s+-(2,O). As examination of Figure 8.3-1 

shows, half the sample elements have total normalized releases to the Culebra 
that exceed 0.6 EPA release units. Further, 9 sample elements have total 

normalized releases that exceed 10. As for scenario S(1,0), the total 

release tends to be dominated by Am-241, U-233 and U-234, with Pu-239 also 
making a large contribution to the total release for some sample elements. 

The larger brine flows associated with scenario S+-(2,O) permit radionuclides 
with short half-lives to be transported out of the repository before they are 
lost due to radioactive decay. Because of this, Am-241 is a larger 
contributor to the total release for scenario S+-(2,O) than it is for 

scenario S(1,O). 

As shown in Table 8.3-1, stepwise regression analysis can be used to 

investigate which of the sampled variables listed in Table 3.1 dominate the 
uncertainty in the releases to the Culebra summarized in Figure 8.3-1 for 
scenario S+- (2,O) . The results contained in Table 8.3 - 1 and other similar 
presentations in this report were calculated with the STEPWISE program (Iman 
et al., 1980) with rank-transformed data (Iman and Conover, 1979). The 
rationale for using rank-transformed data is that this transform enables the 
analysis to identify the extent to which variables tend to increase and 
decrease together, which is typically the question of interest in a 

sensitivity analysis. Further, use of the rank transform avoids some of the 

technical problems associated with other transforms (e.g., appropriately 

weighting outliers and the treatment of zeros). 

For Am-241, the uncertainty in the integrated release to the Culebra is 

dominated by BHPERM (borehole permeability) and SOLAM (solubility for Am), 
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i Table 8.3-1. Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the 

2 Culebra Dolomite over 10,000 yr for Scenario s+-(2,0) with Intrusion Occurring 1000 yr 

3 after Repository Closure. 
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5 
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63 with the release tending to increase as each of these variables increases. 

64 These positive effects result because increasing BHPERM reduces resistance to 

65 flow up the boreholes and increasing SOLAM increases the amount of Am-241 

66 that can be dissolved in brine. The regression model with BHPERM and SOLAM 

67 can account for 81% (i e .  ~2 = 0.81) of the variability in the Am-241 

68 release to the Culebra. The release patterns that result in the selection of 

69 BHPERM and SOLAM in the regression analysis for Am-241 summarized in Table 

70 8.3-1 are shown in Figure 8.3-3 for both log-transformed and rank-transformed 

71 data. The flattening associated with large values of S O W  is due to 

72 inventory limits; as shown in Figure 7.3-1, the amount of Am-241 in one waste 

73 panel at 1000 yr is approximately 40 EPA release units. The regression 

74 analysis for Am-241 in Table 8.3-1 also indicates a small positive effect for 

75 DBDIAM (drillbit diameter), which results because increasing DBDIAM increases 

76 the diameter of the intruding boreholes and thus produces a larger area 

77 through which brine flow can take place. 
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SOLAM (solubility of Am) and scenario S+-(2,O) with intrusion 
occurring 1000 yr after repository closure. 
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The radionuclides Np-237, Pu-239, Pu-240, Th-229 and Th-230 show release 

patterns similar to those shown by Am-241, although the solubility limits 
( i . . ,  SOLNP, SOLPU, SOLTH) tend to be more important than borehole 
permeability (BHPERM). In the analysis for Am-241, solubility and borehole 
permeability were of approximately equal importance. This difference in 
importance for BHPERM results from the relatively short half-life of Am-241 

(i.e., 432 yr), which makes reduced flow rates up an intruding borehole more 
important for Am-241 than for Np-237, Pu-239, Pu-240, Th-229 and Th-230 due 

to loss resulting from radioactive decay. As an example, the scatterplot for 
Pu-239 release to the Culebra versus SOLPU in Figure 8.3-4 shows less spread 
than the corresponding scatterplot for Am-241 in Figure 8.3-3. Also, the 
scatterplot for Pu-239 in Figure 8.3-4 does not suggest the presence of any 
effects due to inventory limitations as is the case for Am-241 in Figure 

8.3-3. 

The regression analysis for Ra-226 summarized in Table 8.3-1 is not very 

successful, with two variables selected and an ~2 value of only 0.33. In 

particular, the analysis indicates that the release of Ra-226 to the Culebra 

tends to increase as BHPERM (borehole permeability) increases and tends to 
decrease as SOLTH (solubility of Th) increases. The patterns that give rise 

to these selections are shown in the scatterplots in Figure 8.3-5 with both 
log-transformed and rank-transformed data. The positive effect indicated for 
BHPERM in Table 8.3-1 and Figure 8.3-5 results because increasing BHPERM 

increases brine flow out the intruding boreholes, and the negative effect 
indicated for SOLTH results because increasing SOLTH increases the amount of 

Th-230 removed from the waste panel and thus decreases the amount of Ra-226 

that will be produced within the panel by radioactive decay. The solubility 

limit for radium ( S O W )  is assigned a high range of values (i. e. , 2 to 18.2 
mol/L). As a result, all available Ra-226 goes into solution, and thus S O W  
does not show up as an important variable in the regression analysis for Ra- 

226 release to the Culebra. As examination of the box plots for Ra-226 in 
Figure 8.3-1 and the range of Ra-226 releases on the coordinates in Figure 
8.3-5 shows, the high values for S O W  result in a smaller range of release 
values for Ra-226 than is the case for the other isotopes considered in this 
study due to a complete removal of the available Ra-226. 

The scatterplots in Figure 8.3-5 suggest that a regression analysis with 
log-transformed data may indicate a stronger relationship between Ra-226 

release to the Culebra and the variables BHPERM (borehole permeability) and 

SOLTH (solubility of Th) than was observed with rank-transformed data. The 

two sample elements with zero release to the Culebra were dropped from the 

analysis and the remaining 68 sample elements were used in a regression 

analysis with log-transformed data. This produced the regression model 
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Figure 8.3-5. Scatterplots with log-transformed and rank-transformed data 
for normalized release of Ra-226 to the Culebra Dolomite over 
10,000 yr for variables BHPERM (borehole permeability) and 
SOLTH (solubility of Th) and scenario S+-(2,O) with intrusion 
occurring 1000 yr after repository closure. 
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log y = 0.762 + 0.289 log BHPERM - 0.052 log SOLTH, R~ = 0.24 (8.3- 1) 

where y is the normalized release of Ra-226 to the Culebra. Thus, the use of 

log-transformed data does not improve the regression results for Ra-226 
( i . . ,  ~2 = 0.33 with rank-transformed data and ~2 = 0.24 with log- 
transformed data). 

The regression analyses for U-233 and U-234 summarized in Table 8.3-1 

produce similar results, with release tending to increase as BHPERM (borehole 
permeability) and SOLU (solubility for U) increase. However, the regressions 
with these two variables have ~2 values of only 0.60. Scatterplots for U-233 
release to the Culebra versus BHPERM and SOLU are shown in Figure 8.3-6. The 
lines of approximately equal releases across the tops of these scatterplots 

correspond to the U-233 inventory in a single waste pane1 (i.e., 
approximately 0.4 EPA release units as shown in Figure 7.3-1) . A similar 
pattern also occurs in the corresponding scatterplots for U-234. Thus, the 
larger values for both BHPERM and SOLU result in a complete removal of U-233 
and U-234 from the waste panel, which creates a pattern that is not well- 
captured by the regression techniques in use. Similar behavior was also 
observed for U-233 and U-234 in the 1991 WIPP performance assessment (e.g., 
see Helton et al., 1992, Figures 4.5-2 and 5.1-6). 

The last regression analysis summarized in Table 8.3-1 is for the total 

normalized release to the Culebra. This analysis indicates that the total 
release tends to increase as each of BHPERM (borehole permeability) and SOLAM 
(solubility for Am) increases. The regression model with these two variables 
has an ~2 value of 0.60, which is not particularly good. As shown in Figure 
8.3-1, U-233 and U-234 are important contributors to total release. Thus, 
the low ~2 value in the regression analysis for total release is due in part 
to the inventory-related patterns shown in Figure 8.3-6 for U-233 and similar 
patterns for U-234. 

The radionuclide releases to the Culebra analyzed in Table 8.3-1 result 
from brine flow up the two intruding boreholes associated with scenario 
s+- (2,O). These flows are summarized in Figure 5.2-16. The uncertainty in 
the cumulative brine flow to the Culebra shown in Figure 5.2-16 results from 
the uncertainty in the following 21 variables contained in Table 3-1: 
BHPERM, BPPRES, BPSTOR, BRSAT, BCBRSAT, BCEXP, BCFLG, BCGSSAT, DBDIAM, 

GRCORHF, GRCORI, GRMICHF, GRMICI, MBPERM, MBPOR, SALPERM, SALPRES, STOICCOR, 
STOICMIC, VMETAL AND VWOOD. The PCCSRC program (Iman et al. , 1985) can be 
used to determine which of the sampled variables dominates the uncertainty in 
the cumulative brine flows shown in Figure 5.2-16. In particular, PCCSRC can 
be used to calculate the partial rank correlation coefficients (PRCCs) 
between the cumulative brine flow appearing above fixed times on the abcissa 
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Figure 8.3-6. Scatterplots with log-transformed data and rank-transformed 
data for normalized release of U-233 to the Culebra Dolomite 
over 10,000 yr for variables BHPERM (borehole permeability) 
and SOLU (solubility of U) for scenario s+-(2,O) with 
intrusion occurring 1000 yr after repository closure. 
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and the previously indicated variables in Table 3-1. The values for these 

PRCCs can be plotted above the corresponding times and then connected to form 
continuous curves. As shown in Figure 8.3-7, the most important variables 

identified in this analysis are BHPERM (borehole permeability), DBDIAM 
(drillbit diameter) and BPPRES (brine pocket pressure), with cumulative brine 
flow tending to increase as each of these variables increases. These 

1 

positive effects result because increasing BHPERM reduces the resistance to 
brine flow in the intruding boreholes, increasing DBDIAM increases the 
diameter of the intruding boreholes, and increasing BPPRES increases brine 
pressure within the waste panel. A small negative effect is also indicated 

for GRCORI (gas-generation rate for corrosion of steel under inundated 
conditions) between 1500 and 3000 yr, although GRCORI appears to have little 
or no effect on cumulative brine flow at later times. This pattern probably 

results from the effect of GRCORI in reducing the amount of brine in the 
waste at the assumed intrusion time of 1000 yr, with the result that more 
brine is required to enter the repository before flow up the boreholes can 
commence than might be the case otherwise. As indicated by PRCCs of 

approximately one, BHPERM is the most important variable with respect to the 
uncertainty in brine flow. 

Stepwise regression analysis can also be used to investigate brine flow 
out of a waste panel through the intruding boreholes associated with scenario 
s+-(2,O). In particular, a stepwise regression analysis for cumulative brine 
flow over 10,000 yr (i.e., for the cumulative brine flows appearing above 
10,000 yr in Figure 5.2-16 is presented in Table 8.3-2. As previously 
indicated by the PRCCs in Figure 8.3-7, BHPERM (borehole permeability) is the 
dominant variable with an ~2 value of 0.94. Further, the addition of DBDIAM 

(drillbit diameter), BPPRES (brine pocket pressure) and BPSTOR (brine pocket 
storativity) results in a regression model with an ~2 value of 0.99. These 
results indicate that brine flow is dominated by variables affecting borehole 
properties (BHPERM, DBDIAM), with small additional effects coming from 
variables that define brine pocket properties (BPPRES, BPSTOR). The 
relationship between BHPERM and cumulative brine flow is shown in the 
scatterplot in Figure 8.3-8. 

For a given set of analysis input, the risk representation R1 defined in 
Eq. 2.5-1 leads to a single CCDF for release to the Culebra. The 1992 WIPP 

performance assessment considered the following 29 imprecisely known 
variables defined in Table 3-1 that affect the CCDF for release to the 

Culebra: BHPERM, BPPRES, BPSTOR, BPAREAFR, BRSAT, BCBRSAT, BCEXP, BCFLG, 
BCGSSAT, DBDIAM, GRCORHF, GRCORI, GRMICHF, GRMICI, M B D A ,  MBPERM, MBPOR, 

SALPERM, SALPRES, SOLAM, SOLNP, SOLPU, SOLRA, SOLTH, SOLU, STOICCOR, 
STOICMIC, VMETAL and VWOOD. As discussed in Section 2.1, the uncertainty in 
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Figure 8.3-7. Partial rank correlation coefficients for cumulative flow of 
brine into a borehole over 10,000 yr for scenario S+-(2,O) 
with intrusion occurring at 1000 yr. 
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BOREHOLE PERMEABILITY (BHPERM, m2) 

Figure 8.3-8 Scatterplot for borehole permeability (BHPERM, m2) and volume 
of brine (m3) released into a borehole over 10,000 yr for 
Scenario s+-(2,O) with intrusion occurring at 1,000 yr. 
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1 Table 8.3-2 Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Flow of Brine 
2 into a Borehole Over 10,000 yr for Scenario s+-(2,O) with Intrusion at 1,000 years. 
3 

BHPERM 0.94 (+) 

3 BPPRES 0.99 (+) 

4 BPSTOR 0.99 (+) 

aSteps in stepwise regression analysis 
b~ariables listed in order of selection in regression analysis 
CCumulative ~2 value with entry of each variable into regression model, with "+"  and "-" indicating 

positive and negative regression coefficients, respectively 

these variables leads to a distribution of CCDFs. As previously noted in the 

discussion of cuttings releases, two cases were considered in the analysis 

for the rate term (i.e., A )  in the Poisson model for drilling intrusions: 

constant rate terms and time-dependent rate terms. The distribution of CCDFs 

that result for these two cases are shown in the two left frames of Figure 

8.3-9; further, summaries based on mean and percentile curves are shown in 

the two right frames. Because a sample size of 70 is used in the 1992 WIPP 

performance assessment, the individual plots in Figure 8.3-9 are based on 70 

CCDFs . 

As examination of the upper two frames in Figure 8.3-9 shows, the use of 

constant-valued rate terms in the Poisson model for drilling intrusions 

results in most CCDFs falling below the EPA release limits. Further, the 

mean and percentile curves also fall beneath the EPA release limits, although 

both the mean and 90th percentile curves come close to intercepting the 

release limit at the (10, 0.001) point. As shown in the two lower frames in 

Figure 8.3-9, the use of time-dependent rate terms in the Poisson model for 

drilling intrusions produces CCDFs that are shifted down from those obtained 

with constant-valued rate terms. In particular, the mean and goth percentile 

curves obtained with time-dependent rate terms fall approximately two orders 

of magnitude below the corresponding curves obtained with constant-valued 

rate terms. Due to the skewed nature of the distributions shown in Figure 

8.3-9 and other similar figures, it is possible for parts of the mean curve 

to be located above the goth percentile curve. Such behavior occurs when a 

distribution has a few very large values and many small values. 
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Figure 8.3-9. Distribution of CCDFs for normalized release to the Culebra 
Dolomite over 10,000 yr constructed for the risk 
representation R1 defined in Eq. 2.5-1 with constant (upper 
two frames) and time-dependent (lower two frames) rate terms 
in the Poisson model for drilling intrusions. As the release 
under consideration is to the Culebra, the CCDFs shown in this 
figure are not the CCDFs used for comparison with the bounds 
given in 40 CFR 191, Subpart B. 
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As discussed in conjunction with Figure 8.3-7, the PCCSRC program (Iman 
et al., 1985) can be used to determine which of the sampled variables 
dominates the uncertainty in the CCDFs shown in the upper left frame of 
Figure 8.3-9. In particular, PCCSRC can be used to calculate PRCCs between 
the exceedance probabilities appearing above fixed release values on the 

abcissa and the variables in Table 3.1. The values for these PRCCs can be 
plotted above the corresponding release values and then connected to form 
continuous curves. As shown in Figure 8.3-10, the three most important 

variables identified in this analysis were LAMBDA (rate constant in Poisson 
model for drilling intrusions), BHPERM (borehole permeability), and SOLAM 

(solubility for Am). No other variables were identified as having a 

substantial effect on the indicated distribution of CCDFs. The variable 
LAMBDA defines the probability of having one or more drilling intrusions and 

hence controls the initial horizontal section of the CCDFs. The variables 
BHPERM and SOLAM control the size of releases and hence determine how far the 
individual CCDFs extend to the right before they drop to the abcissa. 

The two lower plots in Figure 8.3-9 were generated with the same releases 
to the Culebra as the upper two plots but with time-dependent rather than 
constant rate terms in the Poisson model for drilling intrusions. Thus, the 
downward shift of the CCDFs associated with the two lower frames is 

indicative of the impact of the time-dependent rate terms developed in an 
expert review process as part of the WIPP performance assessment (Hora et 

al., 1991; memorandum by Hora in Appendix A, pp. A-69 to A-99, in Volume 3 of 
this report). 

8.4 Groundwater Transport to Accessible Environment 

As indicated in Table 8.4-1, seven alternative modeling assumptions for 
radionuclide transport in the Culebra were evaluated. Transport results 
without chemical retardation are presented in Sections 8.4.1 and 8.4.5 and 
transport results with chemical retardation are presented in Sections 8.4.2, 
8.4.3 and 8.4.4. The results in Section 8.4.1 are for no chemical 
retardation, no clay lining in fractures and no matrix diffusion, with the 
result that releases to the Culebra are transported unimpeded to the 
accessible environment. This is believed to be the most conservative set of 
assumptions for modeling radionuclide transport in the Culebra. Several 

variants on the assumption of no chemical retardation are presented in 

Section 8.4.5. The most important of these variants assumes diffusion into 

the Dolomite matrix and thus illustrates the effect of physical retardation 
( i . ,  retardation in the Dolomite matrix) in the absence of chemical 

retardation. The analyses in Sections 8.4.2, 8.4.3 and 8.4.4 with chemical 
retardation illustrate the effects of assuming fracture only (i.e., no matrix 
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Figure 8.3-10. Partial rank correlation coefficients for exceedance 
probabilites associated with individual CCDFs in Figure 8.3 - 9 
for release to the Culebra Dolomite with constant rate terms 
in the Poisson model for drilling intrusions. 
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Table 8.4-1. Alternative Modeling Assumptions for Radionuclide Transport in the Culebra Dolomite. 

,." 
GO 

8.4.1 

8.4.2 

8.4.3 

8.4.4 

8.4.5 

8.4.5 

8.4.5 

- 
+ 

+ 
+ 
- 
- 
- 

- 
+ 

- 
+ 

+ 
- 
+ 

- 

+ 
+ 

- 
+ 

+ 

No chemical sorption and no movement to dolomite matrix. lllustrates most 
conservative modeling assumptions. 
Chemical sorption in fractures only and no movement of dolomite matrix. 
Illustrates transport in fractures onlv. 

Chemical sorption in dolomite matrix only. 
Chemical sorption in fractures and dolomite matrix. Believed to be most 
realistic case. 

No chemical sorption and no movement to dolomite matrix. 

No chemical sorption with movement to dolomite matrix. lllustrates physical 
retardation in dolomite matrix. 

No chemical sorption with movement to dolomite matrix. 
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diffusion) and dual porosity ( i . . ,  diffusion into the dolomite matrix) 

transport. The case in Section 8.4.4 with chemical retardation in both the 

fractures and the dolomite matrix is believed by the WIPP performance 

assessment project to be the most appropriate model for radionuclide 

transport in the Culebra. 

8.4.1 No Chemical Retardation, No Clay in Fractures, No Matrix Diffusion 

This section presents results calculated with the assumptions that all 

fluid flow within the Culebra takes place in fractures, no clay is present in 

the fractures, and no chemical retardation occurs within the fractures. 

Thus, radionuclides released into the Culebra are transported unimpeded to 

the accessible environment. As shown by the scatterplot in Figure 8.4-1, 

these assumptions result in the releases to the accessible environment being 

essentially identical to the releases to the Culebra. Thus, the discussions 

in Section 8.3 for release to the Culebra also apply to release to the 

accessible environment for no chemical retardation and no matrix diffusion. 

In particular, the distribution of CCDFs for release to the accessible 

environment due to groundwater transport with no chemical retardation, no 

clay and no matrix diffusion are visually indistinguishable from those 

appearing in Figure 8.3-9 for release to the Culebra. 

8.4.2 Chemical Retardation, Clay-Lined Fractures, No Matrix Diffusion 

This section presents results calculated with the assumptions that all 

fluid flow within the Culebra takes place in fractures and that these 

fractures are lined with clay that can sorb radionuclides. The variable 

CULCLYF (clay-filling fraction in Culebra) determines the total thickness of 

the clay lining in fractures in the Culebra Dolomite. As indicated in Table 

3-1 and Figure 3-1, this variable was assigned a distribution in the 1992 

WIPP performance assessment that implies with a certain degree of belief 

(i.e., 0.5) that no fractures in the Culebra have a clay lining. As the 

purpose of this section is specifically to investigate the effects of clay- 

lined fractures, only calculations performed for the 35 sample elements that 

have a non-zero value for CULCLYF will be considered. The calculations 

performed for the 3.5 sample elements in which CULCLYF = 0 produce results 

identical to the results obtained for these sample elements in the 

calculations for Section 8.4.1. 

The scatterplot in Figure 8.4-2 provides a comparison of releases to the 

accessible environment calculated with and without a clay lining in the 

fractures. The significance of the presence of a clay lining is that 
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Figure 8.4-1. Scatterplot for total normalized release to Culebra over 
10,000 yr versus total normalized release to the accessible 
environment due to groundwater transport with no chemical 
retardation and no matrix diffusion for scenario S+-(2,O) used 
in conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring at 1000 yr after repository 
closure. 
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SECOTP: S+-(2,O) 

RELEASE: NO CHEM RETRD, NO CLAY, NO MATRIX DIF 

Figure 8.4-2. Scatterplot for total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
no chemical retardation and no matrix diffusion versus total 
normalized release to the accessible environment over 10,000 
yr due to groundwater transport with chemical retardation, 
clay-lined fractures and no matrix diffusion for scenario 
S+-(2,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with intrusion occurring 1000 yr after 
repository closure. 
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chemical retardation takes place in the presence of clay-lined fractures but 
is assumed not to take place in the absence of a clay lining in the 
fractures. As indicated in the preceding paragraph, this scatterplot is 
based on the 35 sample elements for which CULCLYF # 0. The large number of 
points falling below the diagonal line in Figure 8.4-2 indicate that the 
presence of a clay lining in fractures has the potential to reduce releases 
from those that would be obtained without a clay lining. This reduction is 
due to radionuclide sorption. 

As shown by the box plots in Figure 8.4-3, the releases to the accessible 
environment for this case are dominated by U-234 and U-233, with additional 

contributions from Np-237, Th-230 and Th-229. In contrast, the corresponding 
release to the accessible environment in the absence of clay-lined fractures 

is dominated by Am-241, with lesser contributions from Pu-239, U-233 and U- 
234 (i.e., see Figure 8.3-1 and discussion in Section 8.4.1). 

As indicated by the scatterplot in Figure 8.4-4 for U-233, the entire 
uranium release to the Culebra is transported to the accessible environment 
over the 10,000-yr period under consideration for most sample elements. A 
more extensive reduction between release to the Culebra and release to the 
accessible environment is shown by the scatterplot for Np-237. This 
difference in behavior results from the fracture distribution coefficients 
(FKDU and FKDNP) assigned to uranium and neptunium, which have median values 

of 0.001 and 1 m3/kg, respectively. The points in Figure 8.4-4 that indicate 
that the Np-237 release to the accessible environment exceeds the Np-237 
release to the Culebra result from the decay of Am-241 to Np-237 within the 
Culebra. As shown by the scatterplot in Figure 8.4-5, the releases of Np-237 
to the accessible environment are zero for values of FKDNP above 0.1 m3/kg. 

The higher fracture distribution coefficients assigned to americium and 
plutonium result in essentially no Am-241, Pu-239 and Pu-240 being 
transported to the accessible environment. Radium and thorium display 
patterns intermediate to those displayed by uranium and neptunium. 

As shown in Figure 8.4-6, the CCDFs for release to the accessible 
environment generated for groundwater transport with chemical retardation, 
clay-lined fractures, no matrix diffusion and constant rate terms in the 
Poisson model for drilling intrusions fall below the EPA release limits. 
Further, these CCDFs are shifted down and to the left when time-dependent 

rate terms are used. 
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Figure 8.4-3. Normalized releases to the accessible environment over 10,000 
yr due to groundwater transport with chemical retardation, 
clay lining in fractures and no matrix diffusion for scenario 
S+-(2,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with intrusion occurring 1000 yr after 
repository closure. 
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Figure 8.4-4. Scatterplots for total normalized release to the Culebra over 
10,000 yr versus total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and no matrix 
diffusion for U-233 and Np-237 for scenario s+-(2,O) used in 
conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring 1000 yr after closure. 
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Figure 8 . 4 - 5 .  
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FRACTURE DlST COEF Np (FKDNP, m3/kg) 

Scatterplot for normalized release of Np-237 to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and no matrix 
diffusion versus FKDNP (fracture distribution coefficient for 
Np) for scenario s+-(2,O) used in conjunction with the risk 
representation R1 defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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Figure 8.4-6. Distribution of CCDFs  for normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and no matrix 
diffusion for risk representation R1 defined in Eq. 2.5-1 with 
constant (upper two frames) and time-dependent (lower two 
frames) rate terms in the Poisson model for drilling 
intrusions. 
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8.4.3 Chemical Retardation, No Clay Lining in Fractures, Matrix Diffusion 

This section presents results calculated with the assumptions that 

diffusion occurs into the dolomite matrix, chemical retardation occurs in the 

dolomite matrix, and no clay lining is present in the fractures. Due to the 

absence of a clay lining, no chemical retardation occurs in the fractures. 

As shown by the scatterplot in Figure 8.4-7 for scenario S+-(2,0), these 

assumptions result in releases to the accessible environment that are 

substantially less than the releases to the Culebra. Specifically, only 21 

sample elements result in releases to the accessible environment that exceed 

1 x 10-10 EPA release units and the largest release is approximately 0.1 EPA 
release units. As shown by the box plots in Figure 8.4-8, the nonzero 

releases to the accessible environment tend to be dominated by U-233, U-234, 

Th-229, Th-230 and Ra-226, although all the releases tend to be small (i.e., 

less than 0.1 EPA release units). 

As indicated by the two scatterplots in Figure 8.4-9 for U-233, release 

to the accessible environment is controlled primarily by processes associated 

with the dolomite matrix. In particular, the left scatterplot indicates that 

U-233 releases occur only for values of MKDU (matrix distribution coefficient 

for U) that are less than approximately 10-3 m3/kg, and the right scatterplot 

indicates that releases occur only for values of CULFRSP (Culebra fracture 

spacing) that exceed 1 m. Increasing CULFRSP decreases the number of 

fractures and thus also decreases the total surface area through which 

diffusion can take place from the fractures to the dolomite matrix. As a 

result, the nonzero releases associated with the larger values of CULFRSP 

result from decreased diffusion into the dolomite matrix. The effect of 

distribution coefficients is element specific but increasing surface area for 

diffusion affects all elements. As shown in Figure 8.4-10, the occurrence of 

nonzero releases to the accessible environment is strongly associated with 

the larger values for CULFRSP. 

The CCDFs for release to the accessible environment due to groundwater 

transport with diffusion into the dolomite matrix, chemical retardation in 

the dolomite matrix, and no clay lining in the fractures are presented in 

Figure 8.4-11. As examination of this figure shows, the indicated 

assumptions lead to CCDFs that are significantly below the EPA release 

limits. Indeed, only 8 out a possible 70 CCDFs appear in the upper left 

frame when constant rate terms are used, and only 1 out of a possible 70 
CCDFs appear in the lower right frame when time-dependent rate terms are 
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8.4 Groundwater Transport to Accessible Environment 

PANEL, SECOTP: CHEM RETRD, NO CLAY, MATRIX DIF 
1d 

RELEASE TO CULEBRA : S+-(2,0) 

Figure 8.4-7. Scatterplot for total normalized release to Culebra over 
10,000 yr versus total normalized release to accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, no clay lining in fractures and matrix 
diffusion for scenario s+-(2,O) used in conjunction with the 
risk representation R1 defined in Eq. 2.5-1 with intrusion 
occurring at 1000 yr. 
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Figure 8.4-8. Normalized releases to accessible environment over 10,000 yr 
due to groundwater transport with chemical retardation, no 
clay lining in fractures and matrix diffusion for scenario 
S+-(2,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with intrusion occurring at 1000 yr after 
repository closure. 
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8.4 Groundwater Transport to Accessible Environment 

SECOTP: CHEM RETRD, NO CLAY, MATRIX DIF 
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Figure 8 . 4 - 9 .  Scatterplots for normalized release of U-233 to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, no clay lining in fractures and matrix 
diffusion versus variables MKDU (matrix distribution 
coefficient for U) and CULFRSP (Culebra fracture spacing) for 
scenario S+-(2,O) used in conjunction with the risk 
representation Rl defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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SECO'TP: CHEM RETRD, NO CLAY, MA'TRIX DIF 
1 oO 

CULEBRA FRAC'TURE SPACING (CULFRSP) 

Figure 8.4-10. Scatterplot for total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, no clay lining in fractures and matrix 
diffusion versus CULFRSP (Culebra fracture spacing) for 
scenario s+-(2,O) used in conjunction with the risk 
representation R1 defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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Figure 8.4-11. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, no clay lining in fractures and matrix 
diffusion constructed for the risk representation R1 defined 
in Eq. 2.5-1 with constant (upper two frames) and time- 
dependent (lower two frames) rate terms in the Poisson model 
for drillinn intrusions. 
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used. As a reminder, only 21 sample elements produce releases to the 

accessible environment that exceed 1 x 10-1° EPA release units for scenario 

S+-(2,0), and only 14 sample elements produce nonzero releases to the Culebra 
for scenario S(1,0), with these releases being smaller than the corresponding 

releases for scenario S+-(2,O). 

8.4.4 Chemical Retardation, Clay Lining in Fractures, Matrix Diffusion 

This section presents results calculated with the assumptions that 

diffusion occurs into the dolomite matrix, clay-lined fractures are present, 

and sorption takes place in both the dolomite matrix and the clay lining of 

the fractures. As discussed in Section 8.4.2, only half the sample elements 

used in the 1992 WIPP performance assessment have clay-lined fractures. 

Therefore, the results presented in this section involve only the 35 sample 

elements that have clay-lined fractures e . ,  those sample elements for 

which CULCLYFzO). At present, the WIPP performance assessment project 

believes this is the most appropriate set of assumptions to use for 

radionuclide transport in the Culebra. 

As a reminder, only 21 out of 70 sample elements result in releases to 

the accessible environment that exceed 1 x 10-10 EPA release units for 

chemical retardation, no clay lining in fractures and matrix diffusion. 

Thus, approximately two-thirds of the sample elements produce no release to 

the accessible environment in the absence of clay-lined fractures. As shown 

by the scatterplot in Figure 8.4-12, the releases calculated with clay-lined 

fractures tend to equal or exceed the releases calculated without clay-lined 

fractures. This pattern probably results because the clay lining of the 

fractures slows diffusion into the dolomite matrix. However, it should be 

recognized that this comparison is based on only 9 nonzero releases to the 

accessible environment out of a total of 35 sample elements that have clay- 

lined fractures. 

As 26 of the 35 sample elements with clay-lined fractures result in no 

releases to the accessible environment for scenario s+-(2,0), most of the 

resultant CCDFs for comparison with the EPA release limits are degenerate. 

The few nonzero CCDFs that do result are shown in Figure 8.4-13. As 

comparison of Figures 8.4-11 and 8.4-13 shows, the presence of matrix 

diffusion in conjunction with chemical retardation results in releases that 

fall substantially below the EPA release limits regardless of whether or not 

a clay lining is present in the fractures. 



8.4 Groundwater Transport to Accessible Environment 

SECOTP: 5'-(2,O) 

RELEASE: CHEM RETRD, CLAY, MATRIX DIF 

Figure 8.4-12. Scatterplot for total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, no clay-lined fractures and matrix 
diffusion versus total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and matrix 
diffusion for scenario S+-(2,O) used in conjunction with the 
risk representation R1 defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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Figure 8.4-13. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and matrix 
diffusion for risk representation R1 defined in Eq. 2.5-1 with 
constant terms in the Poisson model for drilling intrusions. 
The use of time-dependent rate terms in the Poisson model 
results in all CCDFs being outside the plotting limits in use. 
The plots in this figure are based on 35 sample elements 
rather than 70 sample elements as in Figure 8.4-1 and other 
similar figures. 
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8.4.5 No Chemical Retardation 

Calculations without chemical retardation were performed for three 
additional sets of assumptions: (1) clay-lined fractures and no matrix 
diffusion, (2) no clay lining in fractures and matrix diffusion, and (3) 
clay-lined fractures and matrix diffusion. The releases to the accessible 
environment for Assumption (1) were essentially identical to the results 
obtained for release to the Culebra (Section 8.3) and for release to the 

accessible environment with no chemical retardation, no clay lining in 
fractures and no matrix diffusion (Section 8.4.1). The releases to the 

accessible environment for Assumptions (2) and (3) were similar to each 
other. Further, as shown in Figure 8.4-14, the releases for Assumptions (2) 
and (3) were larger than the corresponding releases obtained with chemical 
retardation and matrix diffusion (Sections 8.4.3 and 8.4.4) and, as shown in 
Figure 8.4-15, often smaller than the releases obtained with chemical 

retardation and no matrix diffusion (Section 8.4.2). 

The releases of the individual radionuclides to the accessible 
environment due to groundwater transport with no chemical retardation, no 
clay lining in fractures and matrix diffusion are summarized in Figure 

8.4-16. As examination of this figure shows, the total release is dominated 
by Pu-239, with additional contributions from Am-241 and U-233. The 
corresponding results for chemical retardation, no clay-lining in fractures 
and matrix diffusion appear in Figure 8.4-8, while the results for chemical 
retardation, clay-lined fractures and no matrix diffusion appear in Figure 
8.4-3. As comparison with Figures 8.4-3 and 8.4-8 shows, the removal of 
chemical retardation increases the importance of Pu-239 in the release to the 

accessible environment. 

Because of the large number of zero releases, no regression-based 
sensitivity analyses were presented for groundwater transport to the 
accessible environment with chemical retardation. However, such analyses 
have the potential to be more revealing for the transport results in the 
absence of chemical retardation due to the occurrence of a larger number of 
nonzero releases. The results of such analyses for no chemical retardation, 
no clay lining in fractures and matrix diffusion are presented in Table 
8.4-1. As examination of Table 8.4-1 shows, the variable with the largest 
influence on release to the accessible environment is CULFRSP (Culebra 

fracture spacing), with release tending to increase as CULFRSP increases. 

This positive effect results because increasing CULFRSP reduces the surface 
area over which diffusion into the dolomite matrix can take place. Positive 

effects are also indicated for BHPERM (borehole permeability) and the 
solubilities of individual elements (i.e., SOLAM, SOLNP, SOLPU, SOLTH, SOLU). 
Increasing BHPERM decreases resistance to brine flow up an intruding 
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Figure 8.4-14. 

LL SECOTP: S+-(2,O) 
0 

RELEASE: CHEM RETRD, NO CLAY, MATRIX DIF 

Scatterplot for total normalized release to the accessible 
environment over 10,000 yr with and without chemical 
retardation for groundwater transport with matrix diffusion 
and no clay lining in fractures for scenario Sf-(2,O) used in 
conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring 1000 yr after repository 
closure. 



8.4 Groundwater Transport to Accessible Environment 

SECOTP: S+-(2,O) 

RELEASE: NO CHEM RETRD, CLAY, MATRIX DIF 

Figure 8.4-15. Scatterplot for total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
no chemical retardation, clay-lined fractures and matrix 
diffusion versus total normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
chemical retardation, clay-lined fractures and no matrix 
diffusion for scenario S+-(2,O) used in conjunction with the 
risk representation R1 defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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Figure 8.4-16. Normalized releases to accessible environment over 10,000 yr 
due to groundwater transport with no chemical retardation, no 
clay lining in fractures and matrix diffusion for scenario 
S+-(2,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 with intrusion occurring at 1000 yr after 
repository closure. 
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1 Table 8.4-1. Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the 
2 Accessible Environment over 10,000 yr due to Groundwater Transport with No Chemical 
3 Retardation, No Clay Lining in Fractures and Matrix Diffusion for Scenario s+-(2,O) with 
4 Intrusion Occurring 1000 yr after Repository Closure. 
5 

6 

60 Wariables listed in order of selection in regression analysis 
61 b~umulative R~ value with entry of each variable into regression model, with "+ "  and "-" indicating 
62 positive and negative regression coefficients, respectively 
63 CSteps in stepwise regression analysis 
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Variables I ~ 2 b  
Am-241 

Variable 1 ~2 
Np-237 

Variable I ~2 
Pu-239 

CULFRSP 
BHPERM 
SOLAM 
CULPOR 

CULFRSP 
BHPERM 
SOLNP 

CULFRSP 
SOLPU 
BHPERM 
CULTRFLD 

0.54(+) 
0.64(+) 
0.70(+) 
0.74 (-) 

Variable I ~2 
Pu-240 

0.56(+) 
0.64(+) 
0.68(+) 

0.42(+) 
0.64(+) 
0.71 (+) 
0.74 (-) 

CULFRSP 
SOLPU 
BHPERM 
CULTRFLD 

0.42(+) 
0.64(+) 
0.71 (+) 
0.74 (-) 

Ra-226 Th-229 
3B6-- 

Th-230 

CULFRSP 
BHPERM 
CULPOR 
CULTRFLD 

CULFRSP 
BHPERM 
SOLTH 

CULFRSP 
BHPERM 
SOLTH 

U-233 

0.60(+) 
0.69(+) 
0.72 (-) 
0.74 (-) 

0.53(+) 
0.63(+) 
0.68(+) 

0.54(+) 
0.64(+) 
0.69(+) 

CULFRSP 
BHPERM 
SOLU 

0.57(+) 
0.67(+) 
0.70(+) 

U-234 Total 

CULFRSP 
BHPERM 

CULFRSP 
BHPERM 
CULTRFLD 
SOLPU 

0.58(+) 
0.68(+) 

0.58(+) 
0.68(+) 
0.72 (-) 
0.74(+) 
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borehole, and increasing the solubilities increases the amount of dissolved 
radionuclides that can be transported by a given volume of brine. Small 
negative effects are indicated for CULPOR (matrix porosity in Culebra) and 

CULTRFLD (transmissivity field for Culebra). Increasing CULPOR increases the 
amount of radionuclide that can be held in the dolomite matrix and thus tends 
to decrease release. The variable CULTRFLD is actually the travel time to 
the accessible environment for the individual transmissivity fields used in 
the analysis. Thus, increasing CULTRFLD increases the amount of time 
required to transport a radionuclide from its release point into the Culebra 
to the accessible environment, which in turn tends to decrease the amount of 
a radionuclide that can be transported to the accessible environment over 
10,000 yr. 

Examination of scatterplots often provides an additional perspective on 
regression-based sensitivity analysis results of the form presented in Table 

8.4-1. The regression analyses in Table 8.4-1 consistently identify CULFRSP 
(Culebra fracture spacing) and BHPERM (borehole permeability) as being 
important variables, with CULFRSP being the first variable selected in every 
analysis. As an example, scatterplots for CULFRSP and BHPERM for the release 
of Am-241 to the accessible environment are presented in Figure 8.4-17. 
Consistent with the regression results in Table 8.4-1, a stronger positive 
relationship between release to the accessible environment and CULFRSP can be 
seen in Figure 8.4-17 than between release to the accessible environment and 

BHPERM. 

The analyses for Pu-239 and Pu-240 in Table 8.4-1 differ from the 
analyses for the other radionuclides in that solubility of plutonium (SOLPU) 

is indicated as being more important for release to the accessible 
environment than is solubility for the other elements (i. e . , SOLAM, SOLNP, 
SOLRA, SOLTH, SOLU). To a great extent, this importance results from the 
very large range of values (i. e. , 2.5 x 10-17 to 5.5 x 10-4 mol/L) assigned 
to SOLPU. As shown in Figure 8.4-18, there is an interplay between the 
effects of CULFRSP (Culebra fracture spacing) and SOLPU. In particular, the 
value assigned to CULFRSP is a major determinant of whether or not a release 

to the accessible environment will occur. However, given that there is a 

release, the size of this release tends to increase as SOLPU increases. 

Distributions of CCDFs for release to the accessible environment 
generated for groundwater transport with no chemical retardation, no clay 

lining in fractures and matrix diffusion are shown in Figure 8.4-19. The 
upper two frames show results for constant rate terms in the Poisson model 
for drilling intrusion, and the lower two frames show results for time- 
dependent rate terms. As already suggested by the comparison in Figure 

8.4-14, the assumptions of no chemical retardation and matrix diffusion lead 
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Figure 8.4-17. Scatterplots for normalized release of Am-241 to the 
accessible environment over 10,000 yr due to groundwater 
transport with no chemical retardation, no clay lining in 
fractures and matrix diffusion versus variables CULFRSP 
(Culebra fracture spacing) and BHPERM (borehole permeability) 
for scenario S+-(2,O) used in conjunction with the risk 
representation R1 defined in Eq. 2.5-1 with intrusion 
occurring 1000 yr after repository closure. 
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SECOTP: NO CHEM RETRD, NO CLAY, MATRIX DIF SECOTP: NO CHEM RETRD. NO CLAY, MATRIX DIF 
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Figure 8 .4-18 .  S c a t t e r p l o t s  f o r  n o r m a l i z e d  r e l e a s e  o f  Pu-239 t o  t h e  
a c c e s s i b l e  environment over  10 ,000  y r  due t o  groundwater 
t r a n s p o r t  w i t h  no chemical  r e t a r d a t i o n ,  no c l a y  l i n i n g  i n  
f r a c t u r e s  and m a t r i x  d i f f u s i o n  v e r s u s  v a r i a b l e s  CULFRSP 
(Culebra f r a c t u r e  spac ing)  and SOLPU ( s o l u b i l i t y  of plutonium) 
f o r  s c e n a r i o  S + - ( 2 , O )  used  i n  c o n j u n c t i o n  wi th  t h e  r i s k  
r e p r e s e n t a t i o n  R 1  d e f i n e d  i n  E q .  2 . 5 - 1  w i t h  i n t r u s i o n  
occu r r ing  1000 y r  a f t e r  r epos i to ry  c l o s u r e .  
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Figure 8.4-19. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to groundwater transport with 
no chemical retardation, no clay lining in fractures and 
matrix diffusion constructed for the risk representation R1 
defined in Eq. 2.5-1 with constant (upper two frames) and 
time-dependent (lower two frames) rate terms in the Poisson 
model for drilling intrusions. 
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to CCDFs that are closer to the EPA release limits than the CCDFs in Figure 
8.4-11 obtained with chemical retardation and matrix diffusion. Further, as 
suggested by the comparison in Figure 8.4-15, the assumptions of no chemical 
retardation and matrix diffusion leads to a distribution that is similar to 
the one obtained with chemical retardation, clay-lined fractures and no 
matrix diffusion, although the assumption of matrix diffusion produces more 
small releases. 

8.5 Total Release to Accessible Environment 

As shown in Eqs. 2.4-10 through 2.4-14, the total release to the 
accessible environment is obtained by combining a release due to cuttings 
removal and a release due to groundwater transport. Summaries of this total 
release, and the cuttings removal and groundwater transport components from 
which it is constructed, are given in Figures 8.5-1 and 8.5-2 for scenarios 

S(1,O) and s+-(2,O) used in conjunction with the risk representation R1 
defined in Eq. 2.5-1 and the various alternative modeling assumptions 
considered in the 1992 WIPP performance assessment. 

For scenario S(1,0), only 14 out of the 70 sample elements result in a 
release to the Culebra. Further, most of these releases (i.e., 11 out of 14) 
fall between 0.1 and 1 EPA release units. This narrow range of nonzero 
releases results from an almost complete removal of U-233 and U-234 from the 
waste (i.e., see Figures 8.3-1 and 7-4). As a result, the releases for the 
alternative modeling assumptions shown in Figure 8.5-1 for scenario S(1,O) 

tend to be dominated by the cuttings release component, although in a few 
sample elements the groundwater transport release does exceed the cuttings 

release. 

For scenario S+-(2,0), 68 out of the 70 sample elements result in 
releases to the Culebra. Further, most (i .e., 58 out of 68) exceed 0.1 EPA 
release units. As a result, scenario S+-(2,O) provides a more revealing 
comparison of releases than scenario S(1,O). Each of the alternative 
modeling assumptions without matrix diffusion produces releases that are 
dominated by the groundwater transport component. In contrast, the release 
is almost completely dominated by the cuttings component when chemical 
retardation and matrix diffusion are assumed. For no chemical retardation 

and matrix diffusion, both the groundwater component and the cuttings 
component are important contributors to the total release. 

Due to the large number of nonzero releases to the Culebra that result 
for scenario S+-(2,0), Figure 8 . 5 - 2  also provides a convenient 



8.5 Total Release to Accessible Environment 

1 '""'I """" 'I8'-"' '"" ' I  '""I '""I 

H%I 

3 GWTOACC ENV - - - - -  
4 GW TO ACC ENV - + +  - -  

RELEASE TO ACC ENV : S (1,O) 

Min {I .5x Box, Largest Obs] 
f \ 

Key: 

75 th 
I X X  f" 

Extreme Obs 
Percentile Median Mean Percentile 

TR1-6342-26250 

Figure 8.5-1. Summary of total normalized releases to the accessible 
environment over 10,000 yr for scenario S(1,O) used in 
conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring 1000 yr after repository 
closure. Box plots for results without a clay lining in 
fractures in the Culebra Dolomite are generated with 70 
observations; box plots for results with a clay lining are 
generated with 35 observations (i.., the observations in 
which CULCLYF=O have been dropped). 
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Figure 8.5-2. Summary of total normalized releases to the accessible 
environment over 10,000 yr for scenario S+-(2,O) used in 
conjunction with the risk representation R1 defined in Eq. 
2.5-1 with intrusion occurring 1000 yr after repository 
closure. Box plots for results without a clay lining in 
fractures in the Culebra Dolomite are generated with 70 
observations; box plots for results with a clay lining are 
generated with 35 observations ( i . . ,  the observations in 
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comparison of the effects of the alternative modeling assumptions. In 

particular, no chemical retardation and no matrix diffusion produce releases 

to the accessible environment that are essentially identical to the release 

to the Culebra. The assumption of chemical retardation and no matrix 

diffusion lowers the releases to the accessible environment somewhat and has 

a noticeable effect on reducing the largest releases. Further, the 

assumption of chemical retardation and matrix diffusion leads to very small 

releases, with most releases being less than 1 x 10-8 EPA release units. The 

assumption of matrix diffusion in conjunction with no chemical retardation 

produces releases that are generally larger than those obtained with chemical 

retardation and matrix diffusion and smaller than those obtained with 

chemical retardation and no matrix diffusion, although the largest releases 

for matrix diffusion in conjunction with no chemical retardation exceed the 

largest releases for chemical retardation and no matrix diffusion. 

The CCDFs constructed in the 1992 WIPP performance assessment for 
comparison with the EPA release limits are based on releases for each 

scenario that include both groundwater transport and cuttings removal 

components. As suggested by the results in Figures 8.5-1 and 8.5-2, the 

CCDFs for a particular set of modeling assumptions are often dominated by 

either the cuttings release or the groundwater release. 

Before presenting CCDFs for total releases due to both cuttings removal 

and groundwater transport, it is useful to review the cuttings removal 

results presented in Section 8.2. In particular, the CCDFs for cuttings 

removal presented in Figure 8.2-3 were constructed for the risk 

representation R2 defined in E q .  2.5-8. This representation uses the six 

time intervals in Eq. 2.5-9 in the definition of scenarios. Due to 

computational constraints, the CCDFs presented in Sections 8.4 and 8.5 for 

releases due to groundwater transport are constructed for the risk 

representation R1 defined in E q .  2.5-1, which uses the two time intervals in 
E q .  2.5-2. Further, the rate term X in the Poisson model for drilling 

intrusion is assumed to equal 0 yr-l after 2000 yr in the calculation of 

scenario probabilities for R1. In contrast, no such constraint is placed on 

the X's in the determination of scenario probabilities for R2, although some 

of the time-dependent X's obtained in the expert review process do go to zero 

before 10,000 yr (see Appendix D in Volume 3). 

The CCDFs for total release (i.., cuttings removal and groundwater 

transport) presented in this section use the risk representation R1 defined 

in E q .  2.5-1. To facilitate comparisons between groundwater releases, 

cuttings releases and total releases, CCDFs are presented in Figure 8.5-3 for 

the cuttings release to the accessible environment constructed for R1 with 
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the rate term X in the Poisson model for drilling intrusions equal to 0 yr-l 
after 2000 yr. The corresponding results for the risk representation R2 
defined in Eq. 2.5-8 with no restrictions on X are presented in Figure 8.2-3. 
As the more explicit comparison in Figure 8.5-4 shows, use of the risk 
representation R1 with constant X's produces mean and 90th percentile curves 
for cuttings removal that are shifted down and to the left by factors of 
approximately 3 or less from the corresponding curves obtained with the risk 
representation R2; similar shifts also occur for time-dependent X's. 

The CCDFs for total release to the accessible environment with no 

chemical retardation, no clay lining in fractures and no matrix diffusion are 
presented in Figure 8.5-5. For comparison, the associated releases due to 
cuttings removal only and groundwater transport only appear in Figures 8.5-3 

and 8.3-9, respectively. As a reminder, the CCDFs for release to the Culebra 
shown in Figure 8.3-9 are essentially identical to the CCDFs for release to 
the accessible environment for groundwater transport with no chemical 
retardation, no clay lining in fractures and no matrix diffusion (see Section 
8.4.1) . As comparison with Figure 8.5-3 shows, the larger releases to the 
accessible environment associated with the CCDFs in Figure 8.5-5 are due to 
groundwater transport. However, because of the zero releases associated with 
scenarios of the form S(1,0), S(2,0), . . .  for many sample elements, large 
parts of many CCDFs are still dominated by the cuttings release. This effect 

can be seen in the similarity of parts of the CCDF plots on the left side of 
Figure 8.5-5 to the corresponding plots in Figure 8.5-3. Although the 
inclusion of groundwater transport releases does cause a shift to the right 

of the cuttings removal only CCDFs in Figure 8.5-3, most CCDFs still fall 
below the EPA release limits for constant rate terms in the Poisson model for 
drilling intrusion, and all CCDFs fall considerably below the EPA release 
limits for time-dependent rate terms. 

The removal of the assumption that the rate term in the Poisson model for 
drilling intrusions is equal to 0 yr-l after 2000 yr would cause the CCDFs in 
Figure 8.5-5 and other similar figures in this section to be shifted up and 
to the right. However, as the comparisons in Figure 8.5-4 show, these shifts 
would probably not move the CCDFs up or to the right by more than a factor of 
3. The shifts in the CCDFs for groundwater transport are anticipated to be 
similar to those for cuttings removal because the scenario probabilities are 

undergoing the same change. Thus, although the use of the risk 
representation R1, defined in Eq. 2.5-1, does produce lower risk results than 
the representation R2, defined in Eq. 2.5-8, results obtained with R1 do 
provide insights in comparisons with the EPA release limits. 
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Figure 8.5-3. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr for cuttings removal constructed 
with the risk representation R1 defined in Eq. 2.5-1 with 
constant (upper two frames) and time-dependent (lower two 
frames) rate terms in the Poisson model for drilling 
intrusions. 
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Figure 8.5-4. Comparison of mean and 90th percentile curves for cuttings 
removal over 10,000 yr obtained for risk representations R1 
(Eq. 2.5-1) and R2 (Eq. 2.5-8) with constant (A) and time- 
dependent (A(t)) rate terms in the Poisson model for drilling 
intrusion. 

The CCDFs for total release to the accessible environment with chemical 
retardation, clay-lined fractures and no matrix diffusion are presented in 
Figure 8.5-6. As discussed in Section 8.4.2, these CCDFs are based on 35 
sample elements. As shown by the box plots in Figures 8.5-1 and 8.5-2, this 
analysis alternative produces releases to the accessible environment that are 
somewhat smaller than the corresponding releases to the Culebra. Further, 

when releases to the Culebra occur, they are often larger than the 
corresponding cuttings release for waste of average activity level. However, 
as is the case for all of the alternative analyses, most sample elements 
(i.e., 56 out of 70) result in no release to the Culebra for scenarios of the 
form S(1,O) , S(2,O) , . . . . The overall result is that the CCDFs in Figure 

8.5-6 tend to fall somewhat farther to the right than the CCDFs for cuttings 
removal only in Figure 8.5-3 and yet display much of the structure present in 
Figure 8.5-3 for CCDFs based on cuttings removal only. The mean and 90th 
percentile curves in Figure 8.5-6 constructed with constant values 
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Figure 8.5-5. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to cuttings removal and 
groundwater transport with no chemical retardation, no clay 
lining in fractures and no matrix diffusion for risk 
representation R1 defined in Eq. 2.5-1 with constant (upper 
two frames) and time-dependent (lower two frames) rate terms 
in the Poisson model for drilling intrusions. 
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Figure 8.5-6. Distribution of CCDFs for normalized release to the accessible 
environment over 10,000 yr due to cuttings removal and 
groundwater transport with chemical retardation, clay-lined 
fractures and no matrix diffusion for risk representation R1 
defined in Eq. 2.5-1 with constant (upper two frames) and 
time-dependent (lower two frames) rate terms in the Poisson 
model for drilling intrusions. 
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for the rate constant X in the Poisson model for drilling intrusions fall 
substantially below the EPA release limits. Further, as is the case 
throughout this analysis, the use of the time-dependent X's produces CCDFs 
that are farther from the EPA release limits than those obtained with the 
constant X's. As comparison with the results in Figure 8.5-5 for groundwater 

transport with no chemical retardation, no clay lining in fractures and no 
matrix diffusion shows, the addition of chemical retardation causes a 
noticeable shift of the CCDFs away from the EPA release limits. 

The CCDFs for total release to the accessible environment with chemical 
retardation, no clay lining in fractures and matrix diffusion are presented 
in Figure 8.5-7. As suggested by the very small releases shown in Figures 
8.5-1 and 8.5-2 for this analysis alternative, the CCDFs in Figure 8.5-7 for 

total release are essentially identical to the CCDFs in Figure 8.5-3 for 
cuttings removal only. Although not shown, the CCDFs for total release to 
the accessible environment with chemical retardation, clay-lined fractures 
and matrix diffusion are also essentially identical to the CCDFs for cuttings 

removal only in Figure 8.5-3. 

The CCDFs for total release to the accessible environment with no 

chemical retardation, no clay lining in fractures and matrix diffusion are 
presented in Figure 8.5-8. As shown in Figures 8.5-1 and 8.5-2, most 
releases due to groundwater transport for this analysis alternative are less 
than the corresponding releases due to cuttings removal, although there are 
some sample elements for which the groundwater release exceeds the cuttings 

removal release. The result is that the CCDFs in Figure 8.5-8 for total 
release are similar to the CCDFs in Figure 8.5-3 for cuttings removal only, 

with a few CCDFs for total release being shifted closer to the EPA release 
limits than the corresponding CCDFs for cuttings removal only. 

As shown in Figures 8.5-1 and 8.5-2, releases to the accessible 
environment due to groundwater transport calculated with and without a clay 
lining in fractures in conjunction with no chemical retardation and matrix 
diffusion are similar. The box plot in Figure 8.5-2 for groundwater 
transport with no chemical retardation, no clay lining in fractures and 
matrix diffusion appears to have more extreme values than the corresponding 
plot for results obtained with clay-lined fractures. This difference is due 

to the use of 35 and 70 sample elements, respectively, to generate the box 
plots for the cases with and without clay-lined fractures. As comparison of 
the box plots shows, similar mean, median and 75th percentile values are 

obtained for releases calculated with and without clay-lined fractures. As a 

result, the CCDFs for total release to the accessible environment with no 
chemical retardation, clay-lined fractures and matrix diffusion are 
essentially the same as the CCDFs in Figure 8.5-8 for total release to the 
accessible environment with no chemical retardation, no clay lining in 
fractures and matrix diffusion, and thus are not shown. 












































































































































































































































































































