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ABSTRACT

This volume documents model parameters chosen as of JTuly 1992 that were used by the Per-
formance Assessment Department of Sandia National Laboratories in its 1992 preliminary per-
formance assessment of the Waste Isolation Pilot Plant (WIPP). Ranges and distributions for
about 300 modeling pa-ameters in the current secondary data base are presented in tables for
the geologic and enginzcred barriers, global materials (e.g., fluid properties), and agents that
act upon the WIPP disposal system such as climate variability and human-intrusion boreholes.
The 49 parameters sampled in the 1992 Preliminary Performance Assessment are given special

‘emphasis with tables and graphics that provide insight and sources of data for each parameter.



This volume of the report should be referenced as:

Sandia WIPP Project. 1992. Preliminary Performance Assessment for the Waste Isolation Pilot Plant, Decem-
ber 1992. Volume 3: Model Parameters. SAND92-0700/3. Albuquerque, NM: Sandia National Laboratories.
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PREFACE

This volume documents model parameters that were used in sensitivity and uncertainty studies by the Performance
Assessment (PA) Department of Sandia National Laboratories in its 1992 preliminary comparison of the Waste Isola-
tion Pilot Plant (WIPP) with the Environmental Protection Agency's (EPA's) Environmental Standards for the Man-
agement and Disposal of Spent Nuclear Fuel, High-Level, and Transuranic Radioactive Wastes (40 CFR 191).

Besides the DOE Project Integration and Site Offices in New Mexico, which oversee the project, the WIPP currently
has two major participants: Sandia National Laboratories in Albuquerque, New Mexico, which functions as scientific
investigator; and Westinghouse Electric Company, which is responsible for the management of WIPP operations.
The specific tasks of Sandia are (1) characterizing the disposal system and surrounding region and responding to spe-
cific concerns of the State of New Mexico, (2) assessing the performance of the WIPP (e.g., assessing regulatory
compliance with 40 CFR 191, Subpart B, except the Assurance Requirements), (3) performing analytic, laboratory,
field experiments, and applied research to nuclear waste disposal in salt, relevant to support tasks 1 and 2 (disposal
system characterization and performance assessment), and (4) providing ad hoc scientific and engineering support
(e.g., supporting environmental assessments such as Resource Conservation and Recovery Act (RCRA, 1976) and the
National Environmental Policy Act (NEPA, 1969). This volume helps fulfill the performance assessment task.

For the performance assessment, the PA Department at Sandia maintains a data base, the secondary data base (SDB),
which contains interpreted data from many primary sources. The data are used to form a conceptual model of the
WIPP disposal system. The SDB provides a set of parameter values (median, range, and distribution type where
appropriate) and the source of these values. As better information becomes available, the parameter values reported
herein will be updated. Thus, this volume is only a snapshot of the data that supports parameters in the SDB com-
piled as of April 1992. Updated parameter reports will be issued annually as a separate volume of the Preliminary
Performance Assessment for the Waste Isolation Pilot Plant. Aprevious data report was published in December 1991
(WIPP PA Division, 1991).

The 1992 comparison and background information on the comparison are reported in Volumes 1, 2, and 4 of this
report;

SNL (Sandia National Laboratories) WIPP PA Departmment. 1992. Preliminary Performance Assess-
ment for the Waste Isolation Pilot Plant, December 1992—Volume 1: Third Comparison with 40 CFR
191, Subpart B. SAND92-0700/1. Albuquerque, NM: Sandia National Laboratories.

SNL (Sandia National Laboratories) WIPP PA Department. 1992. Preliminary Performance Assess-
ment for the Waste Isolation Pilot Plant, December 1992—Volume 2: Technical Basis. SAND92-
0700/2. Albuquerque, NM: Sandia National Laboratories.

SNL (Sandia National Laboratories) WIPP PA Department. 1993. Preliminary Performance Assess-
ment for the Waste Isolation Pilot Plant, December 1992—Volume 4: Sensitivity Analyses for 40 CFR
191, Subpart B. SAND92-0700/4. Albuquerque, NM: Sandia National Laboratories.

The present volume documents parameter values used in models described in Volume 2; in turn, sensitivity and
uncertainty analyses employing the models of Volume 2 are reported in Volumes 1 and 4.

Transforming data into distributions of model parameters is a major PA Department task. Although the PA Depart-
ment is responsible for comparing the WIPP with 40 CFR 191, Subpart B, the majority of data used for these compar-
isons is supplied by experimenters and analysts characterizing the disposal system and surrounding regional geology
as noted in the acknowledgments.

In addition to individual contributors who established current data, earlier contributors are also acknowledged. Much
of the data provided prior to 1991 is summarized in Systems Analysis, Long-Term Radionuclide Transport, and Dose
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Assessments, Waste Isolation Pilot Plamt (WIPP), Southeastern New Mexico; March 1989, edited by Lappin et al.
(1989). Because of this report's wide circulation, we found it convenient to refer to this report as a data source,
although in many cases it only summarizes others' work. Its selection as a source is not meant to diminish the contri-
butions of the original authors. However, Lappin et al. (1989) is the first report in which ranges were assigned for
many parameters, so it does provide a primary reference for these ranges. Furthermore, some of the data has not yet
been published and thus Lappin et al. (1989) may be the only source until documentation is complete.

We appreciate the time and suggestions supplied by the final peer reviewers: D. R. Anderson (6342), E. D. Gorham
(6119), R. C. Lincoln (6345), and J. R. Tillerson (6121). In addition, the editorial help on the text and over 100 illus-

trations provided respectively by J. Chapman and D. Pulliam of Tech Reps, Inc., Albuquerque, New Mexico, greatly
improved the report.
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1. INTRODUCTION

1.1 Purpose and Organization of Report

The purpose of this volume is to describe parameters of mathematical models chosen as of July 1992 for use by
the Performance Assessment (PA) Department of Sandia National Laboratories in its 1992 evaluation of the long-
term performance ("performance assessment”) of the Waste Isolation Pilot Plant (WIPP). In this volume, perfor-
mance assessment refers to the prediction of all long-term performance. For example, the models and parameters can
be used to compare WIPP performance with the requirements of the Environmental Protection Agency's (EPA’s)
Environmental Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level, and Transuranic
Radioactive Wastes (40 CFR 191), with long-term safety goals for individual exposure (doses) that may be necessary
for environmental impact statements (National Environmental Policy Act [NEPA, 1969]), and with long-term
requirements of hazardous waste regulations (Resource Conservation and Recovery Act of 1976 [RCRA, 1976]).

About 300 distinct parameters are listed in this report for use in the consequence and probability models used in
simulations of the WIPP. Data bases, sources, and reasoning that supported the choices of probability distributions
for each of the 300 parameters were described in the 1991 counterpart of the present volume (i.e., WIPP PA Division,
1991, Vol. 3). In the present volume, emphasis is placed upon sources and reasoning behind the 49 parameters that
were sampled in the 1992 PA calculations for purposes of sensitivity and uncertainty analyses; these 49 parameters
are given extended discussion in the form of data tables andgraphics. Most of these parameters specify the physical,
chemical, or hydrologic properties of the rock formations (geologic barriers) in which the WIPP is placed; a substan-
tial number of the parameters specify physical, chemical, or hydrologic properties of the seals, backfill, and waste
form (engineered barriers); and some pertain to future climatic variability or future episodes of exploratory drilling at
the WIPP. Dimensions of selected engineered features of the WIPP underground facility are also listed, although
these dimensions are not counted as part of the 300 parameters.

The EPA Standard, 40 CFR 191, explicitly acknowledges the uncertainties associated with scientific predictions,
especially when predictions cover thousands of years, and mandates that this uncertainty be reported when making
comparisons with the Standard, Subpart B. One of several sources of uncertainty in scientific predictions is uncer-
tainty in the values of the parameters in mathematical models used to make those predictions; consequently, this
report also lists estimates of the range and distribution (uncertainty) of the parameters.

The organization of this volume is as follows:

» The remainder of Chapter 1 presents conventions used in the data tables, and background information on the
selection of distributions, performance assessments, and the WIPP. Chapter 1 is arranged so that information
specific to the data is presented first, followed by more general information (e.g., background on the WIPP
consequence models).

» Chapter 2 provides consequence-model parameters for geologic barriers.
» Chapter 3 provides consequence-model parameters for the engineered barriers and source terms.

» Chapter 4 provides consequence-model parameters for global materials such as fluid properties (e.g., Salado
Formation brine compressibility) and properties of agents that act upon the WIPP disposal system such as cli-
mate variability and human-intrusion boreholes.

» Chapter 5 provides parameters for human-intrusion probability models.

» Chapter 6 lists the specific parameters that were varied for the December 1992 preliminary comparison of the
WIPP with 40 CFR 191, Subpart B.
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e Appendix A is a compilation of memoranda from principal investigators; each memorandum documents either
data or recommendations concerning the choice of a parameter’s distribution or use of the parameter in a con-
sequence model.

+ Appendix B is tabulated data for existing wells near the WIPP site (i.e., data on Well ID, location, and forma-
tions penetrated).

» Appendices C and D provide graphic and tabular representations of certain parameters that are not conve-
niently placed in the main body of the report.

+ Following the cited references is a table of conversion factors between SI and common English units; a glos-
sary of terms; and a list of variables, acronyms, and initialisms.

1.2 Conventions

Chapters 2 through 5 provide data and information used in the PA Department’s 1992 mathematical models of
the WIPP system. The parameter sheets, graphs, and discussions in these chapters may use standard terms of proba-
bility theory and statistics or non-standard terms to characterize model parameters; brief explanations of these terms
are provided below, along with a key to the parameter sheets.

1.2.1 Probability Distribution Functions

For a continuous parameter, say X, the probability density function (pdf) is a function f(x) > 0 with the properties

b
Jf (x) dx = probability that uncertain parameter X lies in interval (a,b):

a
+ oo

J f(x)dx = 1.

—o0

The cumulative distribution function (cdf) associated with f(x) is defined by

X

F(x) = J f (s) ds = probability that uncertain parameter X is less than or equal to x.

—o0

Probability density functions (pdfs) and cdfs can be similarly defined for uncertain parameters that take on a
denumerable number of values, x;, i=1,2, .... The sequence {f;}, i=1,2, ..., such that f; > 0 and

6=t
-1

1
is the discrete analogue of the continuous pdf, and '

F(x) = Y f

a]lxi<x

is the discrete analogue of the continuous cdf.

Examples of common, analytic, continuous and discrete probability distributions are shown in Table 1.2-1.
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1 1.2.2 Empirical Distribution Functions
2
4 Empirical cdfs are histograms or piecewise constant functions based on percentiles derived from a set of mea-
5 surements (data), or a set of subjective estimates of experts. For independent measurements (data) of some quantity,
6 the empirical cdf is an unbiased estimator of the unknown population cdf of that quantity (Blom, 1989, p. 216); this
Z property does not rigorously apply to empirical cdfs derived from subjective estimates of experts.
9

10

11 1.2.3 Range

12

13 The range of a distribution is denoted by (a,b), the pair of numbers in which a and b are respectively the mini-

15 Mum and maximum values that can reasonably be taken by the uncertain parameter X.

16

17

:g 1.2.4 Mean and Sample Mean

20

24 The mean value (or, simply, mean) of a distribution is one measure of the central tendency of a distribution; it is

22 analogous to the arithmetic average of a series of numbers. The population mean, [, is defined by
23

24

25 - - -

26 n= J' xf (x) dx for continuous distributions, or

27
28
29
30 Y. x;f; for discrete distributions.

31 all x.

32 !

33 .

34 The sample mean, denoted by x, is the arithmetic average of values in an empirical data set. A sample mean can
35 also be assigned to empirical cdfs derived from subjective estimates of experts.

36

37

38 . .

30 1.2.5 Median and Sample Median

40

M The median value of a cdf is denoted by x5 and is that value in the range at which 50% of all values lie above

:2 and below (i.e., the 0.5 quantile). Sample medians, here denoted by X 50, can be obtained directly from empirical cdfs

44 1nthe obvious way.

45

46

2; 1.2.6 Variance and Coefficient of Variation

49

50 The variance of a distribution, 02, is the second moment of the distribution about its mean, i.e.,
51

52 oo

53 2 2 . s e

54 c° = J' (x —p)” £ (x) dx for continuous disributions, or

55 —o

56

57 2 . .. .

58 Y (x;—wf; for discrete distributions.

59 allx,

60

61 .. . .. . . . .
62 The standard deviation, o, is the positive square root of the variance. The coefficient of variation, the ratio of
63 standard deviation to mean, ¢/|L, is a convenient measure of the relative width of a distribution.

64

65

66

oo

—oo
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The sample variance of a set of measurements of parameter X, say X, X5, X3, .. Xy is the sum
N
1 -2
— X -x) .
&1 2 %V

The sample variance of independent measurements of some quantity is an unbiased estimator of the population
variance of that quantity (Blom, 1989, p. 197). (A variance can also be formally calculated for empirical cdfs derived
from subjective estimates of experts; this is not a sample variance, however.)

1.2.7 Categories of Distributions

Distributions used in this report are grouped into five categories:

1. Continuous analytical distributions: beta, normal, lognormal, uniform or loguniform (Figure 1.2-1a),
2. Discrete analytical distributions: Poisson (Figure 1.2-1b), binomial,
3. Constructed empirical distributions based on measurements (Figure 1.2-1b),
4. Constructed empirical distributions based on expert judgment (“Subjective Estimates,” Figure 1.2-1b),
5. Miscellancous categories (null distributions): constant, spatial, and table.
CONTINUOUS DISTRIBUTIONS
Four continuous, analytical distributions frequently used in this report are described below.
Normal

Normal designates the normal pdf, a good approximation to the distribution of many physical parameters. The
normal distribution arises naturally from the central limit theorem (Johnson and Kotz, 1970a, p. 40; Miller and Fre-
und, 1977, p. 104). For purposes of performance assessment, the distribution is arbitrarily truncated at the 0.01 and
0.99 quantities (i.e., the probability that the parameter will be smaller or larger is 1%), which corresponds to x +
2.33s, where s is the sample standard deviation.

Lognormal

Lognormal designates a lognormal pdf, a distribution of a variable whose logarithm follows a normal distribu-
tion. The distribution is arbitrarily truncated at the 0.01 and 0.99 quantiles.

Uniform

Uniform designates a pdf that is constant in the interval (a,b) and zero outside of that interval.
Loguniform

Loguniform designates a loguniform pdf, a distribution of a variable whose logarithm follows a uniform distribu-
tion.

(page date: December 29, 1992) 1-7 (database version: X-3.06PR)
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(b) Discrete and Constructed Distribution Plots

Figure 1.2-1. Examples of distribution plots (concluded).
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DISCRETE DISTRIBUTIONS

A frequently used discrete distribution is the Poisson distribution (Figure 1.2-1b). The Poisson pdf is often used
to model processes taking place over continuous intervals of time, such as the arrival of telephone calls at a switch
station (queuing problem) or the number of imperfections per unit length produced in a bolt of cloth. The Poisson pdf
was used in the 1991 probability model for human intrusion by exploratory drilling. The 1992 probability model for
human intrusion incorporates effects of deterrence of markers and monuments; this model is based on generalized
Poisson distributions (see Section 1.4.2).

CONSTRUCTED DISTRIBUTIONS (DATA)

A constructed distribution of the Data type is simply an empirical cdf constructed from sets of measured data
points in the data base. For intrinsically discrete data, the empirical cdf is a piecewise-constant function resembling a
histogram. For intrinsically continuous data, the empirical cdf is always converted to a piecewise-linear function by
joining the empirical percentile points with straight lines; this is done to ensure that, in Monte Carlo sampling, the
distribution of sampled parameter values will cover all of the range of the distribution (Tiemey, 1990, p. II-5).

In some cases, the PA Department may modify constructed distributions of the Data type by extending the range
of the data set to include estimated 0.01 and 0.99 quantiles. Since the range of measurements in a data set may not
reflect the true range of the random variable underlying the measurements, the PA Department may estimate the range
by x +2.33s, where x is the sample mean and s is the sample standard deviation. (The lower limit of this estimate is
not allowed to be less than zero for an intrinsically positive variable: both the upper and lower limit are not allowed to
exceed physical limits.) This estimate of range is justified by the fact that the indicated end-points are estimates of
the 0.01 and 0.99 quantiles if the variable is normally distributed. If the variable is not normally distributed, the
quantiles will differ in inessential ways (Table 1.2-2). For any distribution with finite mean and variance, Cheby-
shev's inequality states that the probability that the random variable x lies outside the interval (x - hs, X + hs), h > 0,
is a quantity less than 1/h% (Blom, 1989, p. 121); i.e.,

P(Ix~x| 2hs) Slz . (1.2-1)
h

If the pdf of the unknown distribution is known to be unimodal and symmetric about the mean value, then the
right-hand side of Eq. 1.2-1 can be replaced with 4/(9h?%) (Gauss' inequality); i.e.,

P(|x—§|2hs)s$. (1.2-2)

CONSTRUCTED DISTRIBUTIONS (SUBJECTIVE)

Constructed distributions of Subjective type are histograms based on subjective estimates of range (the 0 and 100
percentile) and at least one interior percentile point (usually the 50 percentile or median). The subjective estimates of
percentile points are usually obtained directly from experts in the subject matter of the parameter of concern (see Sec-
tion 1.3.1). Histograms for intrinsically continuous parameters are always converted to piecewise linear cdfs by join-
ing the subjective percentile points with straight lines.

Whether a constructed distribution is of the subjective or data type should be evident from the discussion mate-
rial on a parameter sheet.
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Table 1.2-2. Probability of Parameters Lying within Range Defined by x + hs (after Harr, 1987,

Table 1.8.2)
Chebyshev's Gauss' Exponential Normal Uniform

h Inequality Inequality pdf pdf pdf

1 0 0.56 0.86 0.68 0.58
2 0.75 0.89 0.95 0.96 1.00
2.33 0.82 0.92 0.964 0.9802 1.00
3 0.89 0.95 0.982 0.9973 1.00
4 0.94 0.97 0.993 0.99993 1.00

MISCELLANEOUS CATEGORIES

Other “null” categories of distributions are described below:

Constant

When a distribution type is listed as constant, a distribution has not been assigned and a constant value is used in
all PA calculations.

Spatial

The spatial category of data indicates that the parameter varies spatially. This spatial variation is usually shown
on an accompanying figure. The median value recorded is a typical value for simulations that use the parameter as a
lumped parameter in a model; however, the value varies depending upon the scale of the model. The range of a spa-
tially varying parameter is also scale dependent.

Table
The table category of data indicates that the parameter varies with another property and the result is a tabulated

value. For example, relative permeability varies with saturation; its distribution type is listed as table (also, the
median value is not meaningful and is therefore omitted in the table).

1.2.8 Key to Parameter Sheets
Characteristics of each of the 49 parameters sampled in the 1992 PA calculations are summarized in Parameter
Sheets (Figure 1.2-2) for the convenience of the reader. Many other important parameters may also receive treatment

in these Parameter (or Data) Sheets. A key to the meaning of the entries in a Parameter Sheet is provided below.

Parameter Sheets are divided by horizontal lines into four boxes. In the first box (top of page), there can be up to
seven entries.
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Parameter Sheet

Parameter: Threshold displacement pressure (p,)
Material: halite and polyhalite within Salado Formation, [Salado, Press CTD]

Definition, Units: Pa

Values: Range: (2.3 x 10°,2.3 x 10%) Median: 2.3 x 107
Distribution: Lognormal
Correlation:

Data Source(s):  Davies, P. B. 1991a. Evaluation of the Role of Threshold Pressure in Controlling Flow of
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-
3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment)
Davies, P. B. 1991b. Appendix A: “Uncertainty Estimates for Threshold Pressure for
1991 Performance Assessment Calculations Involving Waste-Generated Gas,” Pre-
liminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot
Plant, December 1991. Volume 3: Reference Data. WIPP Performance Assessment
Division. Eds. R. P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S.
Tiemey, and J. S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National
Laboratories. A-37 through A41. (Investigator Judgment)

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equation 1.4.1-6.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 Not tested
NEPA Not tested

Other Not applicable

Figure 1.2-2. Example of a parameter sheet.
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INTRODUCTION
1.2 Conventions

Parameter: The name of the parameter (e.g., “threshold displacement pressure”), followed by its mathemati-
cal symbol (e.g., “p,”) if appropriate.

Material: The materials or subsystems in which the parameter applies (e.g. “halite and polyhalite within Sal-
ado Fm.) followed by the current (1992) names for the parameter in the secondary data base (e.g., “[Salado,
Press CTD]").

Definition: A short definition of the parameter may appear in this entry if there is the possibility of confusing
the parameter with other quantities; usually, this entry is blank.

Units: The physical units in which the parameter is measured (e.g., “Pa” or Pascals). Only SI units are used in
the tables and secondary data base (except for radionuclide inventory activity, which is expressed in curies).
Occasionally, for the sake of clarity, the parameter may also be expressed in the Values entry (see below) in
terms of more familiar or intuitive units, e.g., years instead of seconds.

Values: The values entry gives a snapshot of the range and median of the distribution of the parameter; €.g., in
the values entry of the example,

Range: (23 x 10°, 2.3 x 10% Median: 2.3 x 10

Distribution: The type of the distribution of the parameter using type names defined in Section 1.2.7. For
example, “lognormal” is the continuous, analytical distribution defined in entry 5 of Table 1.2-1.

Correlation: Names of other parameters with which the parameter in question is correlated. If this entry is
blank, the parameter in question is assumed to be functionally and statistically independent of all other param-

eters.

The second box (from top of page) contains only one type of information.

Data Source(s): A list of the primary documents supplying data and information used by PA Department staff
in constructing the parameters distribution. (Documents judged to be secondary sources may be cited in Dis-
cussions that may follow each parameter sheet.) Each data-source entry is followed by a parenthetical charac-
terization of the nature of the evidence or arguments in the source: the possible categories are

1. WIPP Observational Data. Data from observational measurements made on site at the WIPP or in a Iabo-
ratory in connection with the WIPP Project. These data are usually published as a formal report or a jour-
nal article, but in some cases may take the form of an internal Sandia memorandum.

2. Non-WIPP Literature Data. General data for systems or processes that are similar to those occurring at
the WIPP. These data may be found in formal non-WIPP reports, journal articles, or handbooks.

3. Investigator Judgment. Evidence or arguments provided by Investigators within the WIPP Project after
review of available observational data and relevant literature. Investigator judgment is often necessary
because few hard quantitative data exist or existing data were measured on spatial and temporal scales that
differ from PA model requirements.

4. Expert Panel Judgment. Evidence or arguments provided by an Expert Judgment Panel, rather than an
individual Investigator, after a comprehensive review of related information (e.g., WIPP reports, relevant
literature).

5. General Engineering Knowledge. Evidence or arguments based on engineering “rules of thumb,” i.e.,
accepted engineering rules and practice whose validity has been endorsed by years of successful applica-
tion but for which there are no consensuable (scientific) explanations.

The third box (from top of page) in a parameter sheet contains information on the use of the parameter in the sev-

eral consequence or probability models employed by the PA Department.

(page date: December 29, 1992) 1-13 (database version: X-3.06PR)



CoO~NOTOAEWN-=

INTRODUCTION
1.3 Background on Selecting Parameter Distributions

* Mathematical model: General statements on use of the parameter are supplied in this entry. In the present
volume on Model Parameters, the reader will be directed towards the appropriate subsections and equations in
Section 1.4, “Background on 1992 Probability and Consequence Models.”

* Computational models: A list of current computational models used by the PA Department that generally
require specification of the parameter, starting with the name of the model that uses the parameter in the 1992
Preliminary Performance Assessment.

The last box of a Parameter Sheet (bottom of page) states the ranking of the sensitivity of a parameter with
respect to sensitivity studies addressing three standards or regulations: 40 CFR 191, Subpart B; 40 CFR 268
(RCRA); and NEPA. The rankings are based largely on limited, formal sensitivity analyses performed in past years.
Sensitivity analyses conducted during 40 CFR 191 studies are described in Helton et al., 1991, 1992; the 40 CFR 191
entries in the last box of a parameter sheet are based on rankings established in these studies. A recent sensitivity
analysis conducted specifically for the 40 CFR 268 (RCRA) models (WIPP PA Department, 1992) was used to estab-
lish the entries under 40 CFR 268 in the last box of the parameter sheets. In these kinds of analyses, a parameter’s
sensitivity can be measured by the frequency-of-appearance and relative position of the parameter in rank-regression
tables (see Helton et al., 1991, pg. I11-45). A sampled parameter that does not appear in a rank-regression table could
be termed insensitive; a parameter that appears frequently in the tables could be called sensitive, etc. This suggests
the following notation for the ranking of a parameter.

* Not applicable: To mean that the parameter is judged not to be uncertain (or imprecisely known); the param-
eter is usually a high-precision constant such as a dimension of an engineered feature or a universal physical
constant.

* Not tested: To mean that the parameter is judged to be uncertain but has not yet been selected for sampling,
i.e., tested, in a sensitivity study. (See Chapter 6 for procedures used in selecting parameters for sampling in
sensitivity studies.)

¢ Low: To mean that the parameter has been tested in sensitivity studies and either did not appear, or appeared
infrequently and in low-order, in the studies’ rank-regression tables.

e Medium: To mean that the parameter has been tested in sensitivity studies and appeared frequently in the
studies’ rank-regression tables. :

* High: To mean that the parameter has been tested in sensitivity studies and has consistently appeared as one
of the top-ranking entries in the studies’ rank-regression tables.

1.3 Background on Selecting Parameter Distributions

1.3.1 Requests for Data from Sandia Investigators and Analysts

When evaluating long-term performance, the PA Department follows a well-defined procedure for acquiring and
controlling the data used in consequence and probability models. A data base, called the secondary data base, con-
tains the interpreted data and in essence embodies the PA Department’s conceptual model(s) of the disposal system
(Rechard, 1992). The data provided in this report are from the secondary data base as of April 1992 and are used in
the 1992 preliminary performance assessment of the WIPP (Volume 1 of this report).

The major sources of the data are the task leaders and investigators at Sandia and Westinghouse Electric Corpo-
ration.
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IDENTIFY NECESSARY DATA

Each year, the PA Department identifics data that are necessary to perform the calculations for the preliminary
performance assessment. Members of the department may informally compile data from published reports, personal
communications with investigators, and other sources.

REQUEST MEDIAN VALUE AND DISTRIBUTION

The PA Department then requests that the investigators provide either new data or a median value and distribu-
tion for each parameter in a large subset of the parameters. Some model parameters are specific to the PA calculations
and so individuals in the PA Department are considered the expetts for these parameters (e.g., probability model
parameters).

Initially, Sandia investigators are responsible for providing data or--if data are unavailable--distributions for all
parameters. As this procedure for acquiring data is repeated, a few parameters are evaluated through formal elicita-
tion.

UPDATE SECONDARY DATA BASE

The PA Department enters the endorsed or elicited data for all parameters into the secondary data base. The PA
Department then either constructs parameter distributions or uses distributions provided by investigators; the PA
Department selects a subset of these parameters to sample, keeping all other values constant at their median values,
unless specifically noted.

PERFORM CONSEQUENCE SIMULATIONS AND SENSITIVITY ANALYSES

The PA Department runs consequence simulations and sensitivity analyses with selected subsets of data from the
updated secondary data base. The sensitivity analysis evaluates the sensitivity of a parameter in determining varia-
tion of the result (i.e., a complementary cumulative distribution function [CCDF]). During this time, the PA Depart-
ment prepares a report that lists parameters in the secondary data base at the time of these calculations (i.e., this data

report).
DETERMINE WHETHER PARAMETER IS IMPORTANT IN ANALYSIS

By means of the sensitivity analyses, the PA Department can determine whether the parameter is significant in
the calculations. If the parameter does not appear (o be significant in the sensitivity analyses, and the review process

of the Parameter Report does not question the parameter value, then a flag is set in the secondary data base for that
parameter to indicate that it is not likely either to change or be sampled in forthcoming sensitivity studies.

1.3.2 Construction of Distributions
The steps below describe the procedure developed by the PA Department to construct probability distributions

(cdfs) for the uncertain parameters in consequence and probability models (Figure 1.3-1) (modified from Tiemey,
1990).
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For Each Parameter
X, Solicit Information

about X from Investigator
as Follows

Are
There Site-

Step 2

Investigator

Assign Form Yes

Specific
Data for X?

Step 3

Are

the Number No

and Paramelers
of Distribution?

Step 4

Investigator Supplies
Subjective Estimates

of Points in Data
Set > 37

= of Range of X and, if
Possible, More Percentile
Points (Quantiles),

(e.g. Median)
T
Step 5: Distribution Is Assigned
____________________________ ) — ==

PA Constructs PA Constructs PA Uses
Either a Discrete or Appropriate Distribution
a Piecewise-linear Distribution Suggested by

CDF from Data Preserving Investigator

Maximum Entropy

TRI-6342-634-1

Figure 1.3-1.  Five-step procedure used to construct cumulative distribution functions (cdfs) for the 1992
performance simulations. Investigator refers to expert in subject matter (after Tiemey, 1990).

STEP 1

Determine whether site-specific data for the parameter in question exist, i.€., find a set of site-specific sample val-
ues of the parameter. Data and information are usually either documented in a formal report or are described in an
internal memorandum (see Appendix A). If data sets exist, go to Step 3; if no data sets are found, go to Step 2.

STEP2

Request that the investigator supply a specific shape (e.g., normal, lognormal) and associated numerical parame-
ters for the distribution of the parameter. If the investigator assigns a specific shape and numerical values for the dis-
tribution’s parameters, go to Step 5; if the investigator cannot assign a specific shape and appropriate parameters, 20
to Step 4. In responding to this request, the investigator may use his or her knowledge of global data to form an
answer. Distributions supplied by investigators may be documented by a memorandum (se¢ Appendix A).

STEP 3

Determine the size of the combined data sets. If the number of values in the combined data set is >3, use the
combined data to construct a piecewise-linear cumulative distribution function or, alternatively, a discrete cumulative
distribution function, and then go to Step 5. If the number of variables in the combined data set is <3, go to Step 4.
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STEP 4

Request that the investigator provide subjective estimates of (a) the range of the variable (i.e., the minimum and
maximum values taken by the variable with at least 99% confidence and preferably 100% confidence) and (b) if pos-
sible, one of the following (in decreasing order of preference): (1) percentile points for the distribution of the variable
(e.g., the 25th, 50th [median], and 75th percentiles), (2) the mean value and standard deviation of the distribution, or
(3) the mean value. Again, in responding to this request, the investigator may use his or her knowledge of global data
to form an answer and may document that answer in a memorandum (see Appendix A). Then, using the maximum
entropy formalism (MEF), construct one of the following distributions depending upon the kind of subjective esti-
mate that has been provided (Tiemey, 1990; Harr, 1987):

» Uniform probability distribution function (pdf) over the range of the variable,
» Piecewise-linear cdf based on the subjective percentiles,
» Exponential pdf (truncated) based on the subjective range and mean value,

» Normal pdf based on subjective mean value and standard deviation.

Then go to Step 5.

STEP5

End of procedure; distribution is assigned. Computational considerations and limitations on the data itself may
require later modification to some distributions. Some of these limitations are discussed in the next section.

1.3.3 Some Limitations on Distributions

The major limitations on ensuring the validity of the probability distributions assigned to parameters in the 1992
Preliminary Performance Assessment are thought to be a consequence of two acts:

» The equating of spatial variability with model parameter uncertainty, particularly for that class of parameters
called material-property parameters.

+ The neglect of obvious correlations between model parameters.

The following arguments attempt to explain these limitations, i.e., they show why some of the current assign-
ments of probability distributions to material-property parameters of WIPP performance models may be unnecessar-
ily conservative, given the present level of detail and spatial resolution of the models. Current methods of assigning
uncertainty to some of the material-property parameters (e.g., including small-scale spatial variability as a source of
uncertainty) may distort results of sensitivity analyses and entail unnecessary expense, but will probably not affect
validity of results of the uncertainty analyses that are used to make preliminary comparisons with EPA standards.

NO SCALING OF VARIABILITY FOR MATERIAL-PROPERTY PARAMETERS

WIPP performance models described in Volume 2 of this report are based on the numerical solution of one or
more of three types of equations:
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1.3 Background on Selecting Parameter Distributions

(a) Partial differential equations - which are reduced to a set of algebraic equations or ordinary differential equa-
tions in order to effect a solution by finite-difference or finite-element methods. Examples: the equations of
groundwater and brine flow, solute transport, gas flow, and salt creep (see Sections 1.4.1, 1.4.5, and 1.4.6).

(b) Ordinary differential equations - which may be the result of a reduction of a partial differential equation or
may directly model the dynamics of a lumped-parameter system, e.g., punctured brine reservoirs, leaching
and decay of radioactive waste stored in a panel (see Section 1.4.4).

(c) Algebraic equations of the form
F(xq, x5, X3, ..., X33y) =0

which may arise indirectly from equilibrium solutions of ordinary differential equations (i.e., solutions for
time — oo ) or may directly express a model of some physical relationship between WIPP performance-
model variables (xy, X;, X3, ..., X;) and y (see Section 1.4.3).

In addition to dependent variables and independent variables of position and time, certain constant quantities will
appear in each of the three types of equations. Such constants can be called “free” parameters because they may
freely be specified by the user of the equations in which they appear. In most cases, these free parameters are
intended to represent physical and chemical properties of real materials of the WIPP system: e.g., the hydraulic con-
ductivity, porosity, and specific storage in models of fluid flow in the Salado Formation; the fracture spacing, disper-
sivity, diffusivity, and chemical distribution coefficients in models of solute transport in the Culebra Formation; the
porosity, permeability and solubility of waste forms emplaced in a typical WIPP panel. This kind of parameter will
be called a material-property parameter in the remainder of this section.

Many of the material-property parameters of WIPP performance models have been included in the set of uncer-
tain variables sampled in recent studies of variable sensitivity of performance models (for example, Helton et al.,
1991). (Note: In these studies, all uncertain model parameters were usually called "variables” or "independent vari-
ables.") In these studies, uncertainty associated with a sampled parameter was quantified by assigning an empirical
or subjective probability distribution to the values taken on by that parameter within a predetermined range of values.
Current procedures for the assignment of probability distributions were described in the previous section.

The distribution of a material-property parameter needs to reflect spatial variability of the material property and
also the scale of the model. The zones or cells of numerical models (finite-element, finite-difference, or lumped-
parameter models) must be few in number in order to minimize computational time and expense; in a typical problem
involving geologic media, these cells will have dimensions of tens of meters or more and volumes of thousands of
cubic meters. Material-property parameters must therefore represent the effects of a physical or chemical property of
matter in these relatively large, arbitrarily defined volumes of space. It follows that material-property parameters are
model dependent and usually not observable quantities, i.e., quantities that can be measured in the field or in the lab-
oratory. On the other hand, with few exceptions (e.g., formation transmissivity measured by pumping tests) most
physical and chemical properties of geologic or anthropogenic materials are actually measured on spatial scales typi-
cal of the laboratory or an exploratory borehole, a matter of at most a few tens of centimeters. In addition, natural
materials and many man-made materials (e.g., defense waste) tend to be inhomogeneous on spatial scales that are
smaller than the scales that characterize model cell sizes; accordingly, a set of measurements of a material property
taken randomly from large volumes of real material may show wide variability. The question is: How to assign val-
ues to material-property parameters in a way that correctly reflects both cell size and the small-scale variability that
may appear in measurements of the corresponding material property?

One way of approaching the problem of scaling is as follows. Assume that the material property can be repre-
sented as a scalar field in space, say ¢(x), where x = (x,y,z) denotes position in space. (The assumptions of a scalar
quantity in three dimensions are for the sake of simplicity of argument and involve no loss of generality; the property
could be a vector or tensor.) It is argued in some modem textbooks that the material-property parameter, say P, to be
used in type (a) equations (above) should be taken as a spatial average of ¢ over the cell or zone; for instance, in a
cell or zone of volume V,
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O (V) = %“)(x) dx (1.3-1)
\'%

where dx is the volume element dxdydz. (Again, no loss of generality is involved; a line or surface average could
replace the volume average.) The arguments for this choice of material-property parameter are highly technical and
limitations of time and space preclude their inclusion in this note; however, see the discussion in de Marsily (1986,

Chapter 3 and Section 4 4).

To account for spatial variability of ¢(x), it can be assumed that ¢ is a stationary, random scalar field within a
cell volume V, with realizations ¢(x,1) and the following statistical properties:

Expectation of ¢(x, n) =E[¢(X)] = q_> a constant, (1.3-2)
and
Covariance of ¢ (x, ) = E{ [6(x) - §1[0(y) - 61} (1.3-3)
= a’p(Ix—yl) ,

where c* is a constant (called the variance of ¢), and p (*) is a function of r = Ix - yl with the properties,

p(r) =20 for r €(0,) , (1.3-4)

p(r) >1as r—0,
p(r) 50 as r—>oo.

The function p () is called the autocorrelation function (Yaglom, 1962); it is a measure of the statistical depen-
dence of the values of (2 measured at two different points x and y. The stationarity assumptions of constant mean
value ¢ and variance ¢“ can be slightly weakened by allowing these quantities to depend on the coordinates of the
center of the volume V, ie., ¢ and o’ may vary from cell to cell.

Treating ¢(x) as a stationary random field with statistical properties 1.3-2 through 1.3-4 allows estimates of the
mean value and variance of the volume average of ¢, ®(V), to be made. It is shown in textbooks (see for instance

Yaglom, 1962, pgs. 23-24) that

Expectation of ® (V) =E [®(V)] = ¢, (1.3-5)
and
2
(9)
Variance of &(V) = — [[p(x=yl)dxdy. (1.3-6)
Vv

If ¢, o and p (r) were known, the problem would be essentially solved in that the distribution of the material-
property parameter, $(V), could be approximated by a normal distribution with mean and variance given respec-
tively by Egs. 1.3-5 and 1.3-6. In general, ¢, o” and the function p (r) must be estimated using sets of spatially coor-
dinated measurements of the material property ¢, say (¢, ¢, ..., ¢). The estimators of q_> and o are the usual
unbiased estimators of mean and variance (see Tiemey, 1990, pp. II-4,5) and, given a sufficiently large set of spatially
coordinated measurements of ¢, approximations to the autocorrelation function could be constructed and used in
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numerical evaluations of the volume integrals in Eq. 1.3-6. This ideal solution to the problem cannot be imple-
mented, however, since there are few measurements of the material propertics appearing in WIPP performance mod-
els (and most are not spatially indexed; measured transmissivity, grain density, porosity, and tortuosity of the Culebra
Formation are exceptions). Thus, one must try to use available measurements and insight to infer the statistical prop-
erties, given by Eqgs. 1.3-5 and 1.3-6, of material-property parameters, ¢ (V). Examples of attempts to treat uncer-
tainty in material-property parameters are given in the treatments of Salado Formation permeabilities and far-field
pore pressures in Sections 2.3 and 2.4 of this volume. The following general observations may also be useful in infer-
ring statistical properties of material-property parameters.

(1) The variance of a material-property parameter is less than or equal to the apparent variance of the material
property. Note that because of the properties of p(r) (Eq. 1.34), the integrand in the double volume integral of Eq.
1.3-6 is always less than one so that

Variance of @ (V) < 2.

In particular, if the special form of autocorrelation function is taken ("cookie cutter”),

p(x-yl) = 1if [x—y| La, (1.3-7)
= 0 otherwise,
then
. v 2
Variance of @ (V) = ;o , (1.3-8)
4r 3 . . . .
where v = 3 a” can be called the volume of correlation. Equation 1.3-8 suggests that if the volume of correlation

is <<V, then the distribution of ® (V) is peaked about the mean value of the material property, ¢. If the coefficient of
variation of the material property, 6/¢, is not large (say, of the order of one), the distribution of & (V) is more sharply
peaked about the mean value, q? , than is the distribution of the material property, ¢(x). If this tendency is strong
enough, then ® (V) can simply be assigned the mean value,

(V) =¢.

This is what is usually done in studies with numerical models that are not probabilistic; that is, not directed explicitly
towards sensitivity and uncertainty analyses.

(2) If, as suggested above, O(V) = qS , then one must consider the uncertainty inherent in estimating the mean
value ¢, that arises from (a) a limited number of measurements of the material property, and (b) relationships
between ¢ and other uncertain problem parameters. Uncertainty of type (a) can be handled by fitting available data
to a "t-distribution" (Blom, 1989) which, in a Bayesian approach, gives the distribution of the true mean of the mate-
rial property about the sample mean of measurements. However, this was not done in assigning ranges to parameters
in the 1992 exercise. Uncertainty of type (b) is usually model dependent and must be handled on a case-by-case basis
(see remarks on correlations below).

The standard techniques of statistical estimation cannot be directly applied when the distribution of the material
property, $(x), must be gained by subjective means, i.e., the elicitation of expert judgment. In such cases, the PA
Department must make the assumption that the distribution of the material property, ¢ (x), is also the distribution of
the material-property parameter, @ (V). Instances where this assumption was made are found in the sections on
waste-form solubility (3.3.5) and Culebra sorption coefficients (2.6).
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GENERAL ABSENCE OF CORRELATIONS AMONG PARAMETERS

Most of the 49 parameters varied during the 1992 Preliminary Performance Assessment exercise were assumed
to be independent random variables even though it was known that some were dependent upon others, i.e., correlated
in some way. Correlations of the model variables may arise from the fact that there are natural correlations between
the local quantities used to determine the form of the model variable (e.g., local porosity could be strongly correlated
with local permeability); or correlations of model variables may be implicit in the form of the mathematical model in
which they are used. The effects of neglecting correlations on the sensitivity/uncertainty analyses are generally

unknown,

In some instances (Sections 2.3.5, 2.4.5) an attempt was made to induce known correlations by the adjustment of
the ranges of distributions; in other cases (threshold displacement pressure in Section 2.4.1), perfect correlation was
simply assumed.

1.3.4 Selection of Parameters for Sampling

For the 1992 preliminary performance assessment of the WIPP, the 49 parameters that were selected for variation
(sampling) together with a brief description of why they were selected are discussed in Chapter 6. Other studies on
subsystems of the WIPP disposal system (e.g., sensitivity of the repository to gas generation) may use different sub-
sets of the approximately 300 parameters for which distributions are reported herein.

1.4 Background on 1992 Probability and Consequence Models

A majority of the parameters described in the present volume specify constants or material-property parameters
(Section 1.3.3) that appear in the mathematical formulations of seven consequence or probability models used in the
1992 Preliminary Comparison exercise. The models are described in detail in Volume 2 of this report. In the present
section, a link between Volume 2 and the data and distributions of Volume 3 is made by providing brief descriptions
of the governing equations for each model and later noting in a Parameter Sheet where each parameter fits in a num-
bered model equation. The seven models to be described are

¢ A model of two-phase flow in backfilled repository openings and the Salado Formation (BRAGFLO),

* A model of human intrusion in the presence of markers and monuments (a part of the CCDFPERM code),
* A model of borehole cuttings removal (CUTTINGS),

* A model of radionuclide discharge from a brine-flooded panel (PANEL),

» A model of fluid flow in the Culebra (SECO2D),

* A model of solute transport in the Culebra (SECO/TP),

* A model of deformation of waste-filled room (SANCHO).

1.4.1 Two-Phase Flow: BRAGFLO

Study of the effects of gas on the flow of brine through the repository and up an intrusion borehole require a com-
putational model that simulates two-phase flows through porous, heterogeneous reservoirs. The PA Department uses
a model developed in-house for Sandia National Laboratories and called BRAGFLO. The governing equations for
BRAGFLO are presented in this section. Conceptual models of two-phase flow are further described in Section 7.2
and Appendix A of Volume 2 of this series of reports.
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BRAGFLO solves simultancously the partial differential equations (PDEs) that describe the mass conservation
of each mobile component (gas and brine) along with appropriate constraint equations, initial conditions, and bound-
ary conditions. The fundamental equations can be found in Peaceman (1977) and Crichlow (1977). A total of five
independent equations (two component mass conservation PDEs and three constraints) can be written to define the
two-phase flow phenomena:

Gas Component Conservation:

ve [aankm (VE, - pngVD)+ O‘CN‘fM(VPW - pwgVD)} + agp + 0y (14.1-1)
n w
—q a(¢ann + ¢Cprwa) ,
ot

Brine Component Conservation;

o Kk o{oC hY
Vo[_%ﬂ(va_pwgVD):l.paqw.g.aqrw:aMgtpwl) , (1.4.1-2)
w
Saturation Constraint:
Sp+8Sy=1: (14.1-3)
Mass Fraction Constraint:
CNw + Cww =1.0 (1.4.1-4)
Capillary Pressure Constraint:
Py-Py=F (1.4.1-5)
where the quantities in Egs. 1.4.1-1 through 1.4.1-5 have the following meanings:
(Note that starred [*] quantitics are given extended discussion below.)
Cume mass fraction of component M dissolved or miscible in phase £,
g gravitational acceleration constant [Lf 21, [ms?,
absolute permeability of the reservoir [L%], [m?],
L ) relative permeability to phase £ [dimensionless],
R capillary pressure [ML'lt'z], [Pa],
Py pressure of phase ¢ ML 1t2), [Pa],
q¢ mass rate of well injection (or production, if negative) per unit volume of reservoir [ML'3t'1],
kg m? s,
R ) mass rate of products produced (or reactant consumed, if negative) per unit volume of reservoir due

to chemical reaction [ML 3 ¢'1], [kg m~3 1],

S¢ saturation of phase ¢ [dimensionless],
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x,y spatial dimensions (x-horizontal, y-vertical),

o geometric factor (in three dimensions, o = 1; in two dimensions, o = length; in one dimension, o =
area, '

\% gradient, shorthand for vector d/dx, d/dy in two dimensions,

Ve divergence, shorthand for 0/0x + d/9y in two dimensions,

OCONOON A DN =

* 0 reservoir porosity [dimensionless],
Py density of phase £ M! L'3], [kg1 m3),
17 viscosity of phase £ [ML! t'1], [cp].

T
DA WN O

Subscripts:

—_
© o~

nonwetting component (gas component),

NN
- O

nonwetting phase (gas phase),

N
N

wetting component (brine component),

NN
W
T 8 oz

wetting phase (brine phase).

NN N
DN O

NOTES ON RELATIVE PERMEABILITY AND CAPILLARY PRESSURE

[N\
o ©

31 Brooks and Corey (1964) observed that the effective saturation of a porous material, s, can be related to the cap-
gg illary pressure, p., by

34

35

36 P;

37 P, = 45 (1.4.1-6a)
38 Se

39

40

41 where
42

43

44 Pt
45

46 A
47

48 Brooks and Corey defined s, as

49

50 s, =" Sa

51 e I-s I

52

53

54 where s is the wetting phase saturation (brine) and s ¢ is the residual wetting phase saturation, below which the
55 wetting phase no longer forms a continuous network through the pore network and therefore does not flow, regardless

of the pressure gradient. This has been modified to account for residual (or critical) gas saturation, sy

threshold displacement pressure,

Brooks and Corey exponent.

57
58
59
60
S p—

61 so=—2 % (1.4.1-7a)
62 - 1- Sgr — S

63

64

65

66
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The relative permeability of the wetting phase (k, ) is obtained from

243A

Ky =S,

For the gas phase, the relative penneability (k) is

- 2 A
k, = (1-s) (14,e ]

2+A

(1.4.1-8a)

(1.4.1-9a)

Alternative analytic forms for effective saturation, capillary pressure, and relative permeabilities were suggested
by Webb (April 30, 1992, Memo in Appendix A) and were tested in the 1992 sensitivity analyses. These forms are
based on the Van Genuchten-Parker model of two-phase characteristic curves (Van Genuchten, 1978; Parker et al.,

1987). The effective saturation takes the form

Se =

Sgs — S

S8

’

(1.4.1-7b)

where sy is the maximum wetting-phase saturation (taken as 1 - sy by the PA Department, where s, is critical gas

saturation). The capillary pressure takes the form,

P.=B[s;™ -1

]l—m

(1.4.1-6b)

where m = A/ (1+X), A is the Brooks and Corey exponent (Eq. 1.4.1-6a), and P, is a constant determined by
equating Eq. 1.4.1-6b to Eq. 1.4.1-6a at S, = 0.5. The alternative relative permeabilities take the forms:

kyy =si’2[l—(1—sym)m}2 ,

g

NOTES ON GAS-GENERATION TERMS

kg = (1—5,) /% o (1= sb/m )"

(1.4.1-8b)

(1.4.1-9b)

The terms g, g, appearing in Egs. 1.4.1-1 and 1.4.1-2 are sums of production (or consumption) terms for two
processes: corrosion and microbial degradation. The contributing terms for each process are discussed below.

Gas Production and Brine Consumption from Corrosion of Steel

Let

qCH2 = rate of H, production by corrosion per unit volume of panel (kg/m3's),

q CH,0 = rate of H,O consumption by corrosion per unit volume of panel (kg/m>es).
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These rates are calculated by Eqgs. 1.4.1-10 and 1.4.1-11 below,

dcn, = Ker Sy + ke S¢) Xcp) My, ) (1.4.1-10)

qCHZ. (XCH20) (MH20)
(1.4.1-11)

-
COONOITAOELWN -

dCHO= 5 o
CHy0 (Xcp,) (My )

- -
WM =

14 where
15
:g kcp = rate constant for corrosion under inundated conditions [mole Fe/(m®-panelss)],
18 . . ..
19 key = rate constant for corrosion under humid conditions [mole Fe/(m>-panel+s)],
20
21 S¢,8
22 g
23
24 Xcn,
25
26 X CH,0 =
27
28 M
29
30
31 My 0
32
33 The quantities k¢y, key, XCHz and XCH2O are expressed in terms of secondary data base parameters by the
34 relations
35
36
37
38 -/

ner Agn
39 kcr = —CI% » keg=1fker, (1.4.1-12)
40 XcH, Vpr
M
42
43
44
45
46
47 (4-%)
48 Xen, =
49
50
51 InEq.1.4.1-12,
52
53

54
55 f= Ii'CH/ Ii'CI = the relative humid gas production rate by corrosion, (14.1-14)
56

57
58 and
59

2? i’c; = rateof H, production by corrosion, inundated conditions [mol H,/(m?-surface steel)ss],

62
63 Ii'CH = rate of H, production by corrosion, humid conditions [mol H2/(m2-surface steel)es],
64

2(55 Ay = surface area of steel in an equivalent drum, including both drum and its contents (m?),

liquid (brine) and gas saturations (dimensionless),

= corrosion stoichiometry factor for H, (mol Hy/mol Fe),
corrosion stoichiometry factor for H,0O (mol HyO/mol Fe),

molecular weight for H, expressed as (kg/mole),

molecular weight for H,O expressed as (kg/mole).

and

(1.4.1-13)
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ny number of equivalent drums in a generalized waste region (dimensionless),

\Y

of volume of generalized waste region.

Note: A “generalized waste region” can be either a room, a panel, or the entire repository, depending upon the pur-
poses of the calculation. The parameters A4, ny, and V¢ were constants in the 1992 calculations with BRAGFLO.

In Eq. 1.4.1-13,

X = the anoxic, iron-corrosion stoichiometric factor, a dimensionless number (1.4.1-15)
between zero and one. ‘

Gas Production from Microbial Degradation
Let
qp H, = rate of H, production by biodegradation of cellulosics per unit volume of panel (kg/m3-s).

This rate is calculated from Eq. 1.4.1-16 below,

(1.4.1-16)
4B, =Kp1 ¢ +kpu S, (SBH2) (an) ;
where
kg1 = rate constant for biodegradation of cellulosics under inundated conditions [mole cellulosics/
(m3 paneles)],
kg = rate constant for biodegradation of cellulosics under humid conditions [mole cellulosics/
(m® paneles)],
Sgp. = biodegradation stoichiometric factor for H, (mole Hy/mole cellulosics),

and other quantities appearing in Eq. 1.4.1-16 have been defined in Part A. The quantities kgy and kg are expressed
in terms of other secondary data base parameters in a manner similar to Part A:

ligrengevgef op,

kg = SBHz.fo , kpg = Ekg 1.4.1-17)
New quantities in Eq. 1.4.1-17 are
vyq = internal volume of equivalent drum (mg),
£, = volume fraction of cellulosics in undisturbed drum (dimensionless),
Pe = effective density of cellulosics in undisturbed drum (kg/m>),
figg = rate of gas production by biodegradation, inundated conditions {mole gas/(kg-cellulosicses)],
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= rate of gas production by biodegradation, humid conditions [mole gas/(kg-cellulosicses)], which is
implicitly defined by )

= ligy/ Nz = relative humid gas production rate by microbial degradation. (1.4.1-18)
BH/ !'BI

NOTE ON RESERVOIR POROSITY

The “reservoir” in the two-phase flow model can be comprised of many different materials (named on
Figure 1.4-1), each of which is assigned usually different porosities and absolute permeabilities. With one exception,
material porosities and absolute permeabilities are assumed to be imprecisely known constants because the present
version of the two-phase flow model cannot account for changes in material properties owing to pressurization or
rock deformation. The one exception is the porosity of the generalized waste region, which was independently mod-
eled in 1992 as a function of time and total volumes of gas generated by corrosion and microbial action (Figure 1.4-

2).

Mendenhall and Lincoln (February 28, 1992, Memo in Appendix A) estimated waste region porosity as a func-
tion of time and volume-of-gas space using the SANCHO code (Stone et al., 1985) and baseline data provided by
Beratin and Davies (September 2, 1991, Memo in Appendix A). SANCHO is a finite-element computer program for
simulating the quasistatic, large-deformation, inelastic response of two-dimensional solids. In the present applica-
tion, the two-dimensional solid is a waste-filled disposal room imbedded in a much larger block of bedded salt.

The addition of SANCHO to the set of models used by the PA Department has triggered a need to include a host
of mechanical parameters for waste and Salado materials in the Secondary Data Base (SDB). A brief discussion of
the constitutive equations used in SANCHO is provided in Section 1.4.7; values of waste and Salado-material
mechanical parameters that were used by Mendenhall and Lincoln, and Beratin and Davies, are presented in

Section 2.5.

1.4.2 Human Intrusion: CCDFPERM

The event “unintentional intrusion into WIPP repository by exploratory drilling” forms the basis for the major
disturbed-case scenario class in WIPP performance assessment. Since 1990, the PA Department has used a
probability model for this event that is based on the assumption that future episodes of exploratory drilling are a
Poisson counting process with constant intensity: in other words, the probability that a portion of the repository is
drilled exactly n times in a period of T years is

AT)" - _
=(m)e@n=aLzm

where A is an imprecisely known parameter called the intensity of drilling. Physically speaking, A is the expected
frequency of drilling per unit area (units: events/m? « s) times the projected area (in m“) of the portion of the reposi-
tory of concern, e.g., that part of the repository underlain by brine reservoirs. Tierney (1991, pg. C-8) observed that
treating A as a constant over the 10,000-yr period of performance is unrealistic since it is equivalent to ignoring
potential deterring effects of markers/monuments on future explorers.

Pr{N =n}

During 1990-1992, Sandia National Laboratorics assembled two groups of external experts with the purpose of
formally addressing questions of future human intrusion into the WIPP through the Expert Judgment Panel process.
Deliberations of these experts have led to insights concerning future human intrusion and, in particular, subjective
probabilities of human intrusion in the presence of markers and monuments. One insight is that realistic drilling
intensities are functions of time whose functional form can be inferred from subjective probabilities obtained from
the expert panels (Hora, August 25, 1992, Memo in Appendix A).
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Culebra and Unnamed Members of Rustler Formation

Culebra and Unnamed

Upper
Shatt
Halite Halite
Shaft Seal
MB138 MB138
Halite Outer DRZ Outer DRZ Halite
Anhydrite A and B Anhydrite A and B
Inner DRZ Inner DRZ
Lower
Seals Shaft EXPEFi]
" and mental
Halite Generallzgd Backfil Region Halite
Waste Region Baokiil
MB139 Inner DRZ Inner DAZ MB13g
Outer DRZ Outer DRZ
Halite Halite
TRI-6342-1471-1

Figure 1.4-1. Idealization of waste-disposal reservoir used in BRAGFLO calculation of two-phase flow in
repository and surroundings. Possible material types are shown in a planar (x, y) geometry.

1.09
1.00
0.91
0.82
0.73
0.64
0.54
0.45
0.36

Total Gas Produced (Moles x 107)

0.27
0.18

0.09

0.00

0.00 498.25 996.50

1494.75

Time After Sealing (years)

1993.00

TRI-6342-2008-0

Figure 1.4-2. Isopleths of porosity of waste-filled disposal room as a function of total volume of gas produced and
' time after sealing. Pore space is assumed to be fully saturated with gas.
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This section shows how the time-dependent drilling intensities generated by Hora (see Section 5.2) are used in
the code CCDFPERM to construct probabilities for the various computational scenarios associated with human intru-
sion by exploratory drilling (see Helton, 1991, Chapter 2, for a complete discussion of computational scenarios and
the construction of probabilities). The following material is largely taken from Ross (1985, pg. 220) and differs from
Helton’s treatment of the subject only in notation and style. Further discussion of the human-intrusion model can be
found in Chapter 5 of Volume 2 of this series of reports.

INHOMOGENEOUS POISSON PROCESS

A counting process is a random process, [N(t), t > 0}, representing (in the present application) the cumulative
number of drilling events that have occurred up to some time t > O after closure of the WIPP. A counting process is
said to be an inhomogeneous Poisson process with intensity function A(t), t > 0, if

(i N©O=0,

(ii) {N(t), t = 0} has independent increments,
(iii)  Pr {N(t+h) - N(t) > 2} = o(h),
(iv)  Pr {N(t+h) - N(t) = 1} = A()h + o(h).

In conditions (iii) and (iv), Pr {...} stands for the probability that statement {...} is true, and o(h) stands for any func-
tion f(h) with the property,
f(h
lim (—) =0.
h-0 h
In simple terms, o(h) is any function that tends to zero faster than the function f(h) = h as h tends to zero. The mean-
ing of the notation {N(t+h)-N(t) = n} should be clear: exactly n drillings occur between the time ¢ and the time t+h.

If conditions (i) - (iv) hold, it can be proven that, for any n > 0 and any integrable A(t),
[m(t+s) —m(t)]"

Pr{N(t+s)-N({t) =n} = o exp{—[m(t+s)—-m(t)]}, (1.4.2-1)

where

t
m(t) = [A(x) dx. (14.22)

o}

APPLICATION TO COMPUTATIONAL-SCENARIO PROBABILITIES

Calculation of computational-scenario probabilities usually begins by dividing the 10,000-yr period of perfor-
mance into nT intervals,

[[j_l,lj],[i>lj_l,i = 1,2,...,[1T.

Let N; be the random variable counting the number of drillings that occurs in the interval [t; ;, t;]. Then, by Eq.
1.4.2-1, the probability that exactly n drillings occur in the i interval is

e | (1.4.2-3)
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where, by Eq. 1.4.2-2, m, is shorthand for the quantity

ti_1
- [m(t:)-m(ty)] = j Mx)dx - (1.4.2-9)

t

Given an intensity function, A(t), defined on the period of performance (0 to 10,000 yr), Egs. 1.4.2-3 and 1.4.24
are sufficient for the computation of all necessary computational-scenario probabilities by CCDFPERM. In practice,
the intensity function used to compute the m; by Eq. 1.4.2-4 is randomly selected (or “sampled”) from a finite set of
intensity functions that has been generated prior to the PA calculations with CCDFPERM. The sample intensity func-
tion is then modified by multiplication with other paramelters, e.g., fraction of repository area that is underlain by
brine reservoirs:

Aty =per (D, (1.4.2-5)

where A, is the sampled intensity function (represented by a piecewise-linear function defined on the interval [0 to
10,000 yr]) and p stands for the product of the other necessary parameters. The set of intensity functions from which
samples are taken has been ordered in a way that guarantees that each of its members is equally likely to be sampled
(see Section 5.2 for details and Appendix D).

1.4.3 Cuttings Removal: CUTTINGS

One of the more important considerations in assessing the long-term behavior of the WIPP repository involves
the transport of radionuclides from the WIPP repository as the result of penetrating a panel by an exploratory bore-
hole. If a borehole intrudes the repository, waste will be brought directly to the surface as particulates suspended in
the circulating drilling fluid. This section briefly addresses the basic equations governing direct waste removal due to
drilling as they are formulated in the CUTTINGS model. The CUTTINGS code, developed specifically for the
WIPP, calculates the quantity of radioactive material (in curies) brought to the surface as cuttings generated by an
exploratory drilling operation that penetrates the repository during the human intrusion type scenario. The code
determines the amount of cuttings removed by drilling and mud erosion, and accounts for radioactive decay that has
occurred up to the intrusion time.

In the human-intrusion type scenario, a hydrocarbon exploration well is drilled through a WIPP repository panel
and into the underlying pressurized brine Castile Formation (Figure 1.4-3). If rotary drilling is assumed, a volume of
repository wastes is removed from the breached panel and is transported to the surface as cuttings and cavings sus-
pended in the drilling fluid. The minimum volume of repository material removed is equal to the cross-sectional area
of the drill bit multiplied by the repository thickness (cuttings). This minimum volume must be increased by material
eroded from the borehole wall (cavings) by the scouring action of the swirling drilling fluid. Both cuttings and cav-
ings will be released to the accessible environment in a settling pit at the surface.

Although the amount of waste removed by direct cutting is simple to calculate, calculating the amount of waste
eroded from the borehole wall is more difficult. A number of factors may influence borehole erosion (e.g., eccentric-
ity of pipe and hole, impact of solid particles in mud on the walls, physical and chemical interaction between mud and
walls, and time of contact between the mud and walls [Broc, 1982]); however, industry opinion singles out fluid shear
stress as the most important factor (Darley, 1969; Walker and Holman, 1971). A full discussion of the mathematical
model of erosion of the borchole wall is presented in Section 7.7 of Volume 2 of this report; here, it is sufficient to
note that drill hole wall erosion is probably largely determined by the effects of fluid shear stress acting on the wall
and the character of the fluid-flow regime.
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Relative
Roughness

de) Flow Rate (Q)

Mud Density (p)
Viscosity at Zero Shear Rate (1)

Effective

onear Well Viscosity at Infinite Shear Rate (i)
Stronglh i Oldroyd Vi ity P t
for Erosion / Casing royd Viscosity Parameter (,, £,)

(Thait)

e D'isp'o.s'al. Area
-~ Room or Drift -,

Helical Flow
Uphole Velocity Component

Drill Pipe

Drill Bit Collar

Diameter of
Drill Bit (d)
\ AN
< Angular Velocity AQ

TRI-6330-51-1

Figure 1.4-3. Some features of the CUTTINGS model.
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Three drilling mud properties (density, viscosity, and yield stress) are necessary to evaluate the fluid shear stress,
which in turn is one of several parameters used to evaluate the amount of material eroded from the borehole wall by
scouring from the swirling drilling fluid.

FLOW REGIME

Whether the flow regime within the annulus is laminar or turbulent is governed by the Reynolds number, Ng.
The Reynolds number is dependent upon the properties of the drilling mud (density, viscosity, and velocity) and the
size of the annulus. The Reynolds number is defined as

p Vd
N = P %, (1.4.3-1)
n
where

d. = length dimension = equivalent hydraulic diameter for annulus = dy,gje - deojiar
p = average fluid density,
v = average fluid velocity,
n = average fluid viscosity (for non-newtonian fluids, the average viscosity will depend upon the vis-

cosity model used).

SHEAR STRESS

For both laminar and turbulent axial flow in an annulus, the shear stress can be expressed as (Vennard and Street,
1975, p. 381):

—2
£5V
T = ——p2 . 1.43-2)

The fanning friction factor, f, is discussed below for turbulent and laminar shear stress.

Turbulent Shear Stress

In turbulent flow (Reynolds number Np . N ~ where N~ =2,100 for newtonian fluids and 2,400 for some

crit crit
non-newtonian fluids [Vennard and Street, 1975, p. 384; Walker, 1976, p. 89]) the fanning friction factor is dependent
on both NR, and surface roughness (e.g., Moody diagram [Vennard and Street, 1975, Figure 9.5; Streeter and Wylie,

1975, Figure 5.32]), with NR having a minor influence. Consequently, the shear stress is dependent primarily upon

\Y
absolute surface roughness, €, and kinetic energy PT . An empirical expression for f is (Colebrook, 1939):

/d
L 4o [¥8, 125 (1.43-3)
A/f 3.72 NRA/E‘
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where
£ = absolute roughness of material,
d = hydraulic diameter = difference between borehole diameter and collar diameter and Ny, is calcu-

lated using the limiting viscosity L, (Figure 1.4-4).

Laminar Shear Stress

For laminar flow, the fanning friction factor, f, is a function of only Ng. The shear stress in laminar flow (Rey-
nolds number N < 2,100 [Vennard and Street, 1975, p. 384]) depends solely on the fluid viscosity and strain rate
(velocity gradient); however, for a non-newtonian fluid such as drilling mud, the viscosity varies with strain rate (Fig-
ure 1.44). Several functional forms are used to model this variation (Ideal Bingham Plastic, Power Law, and
Oldroyd Model). The PA Department currently uses the Oldroyd model. For the laminar flow regime both the axial
and circumferential motion of the drilling mud are considered.

Oldroyd Model

Oldroyd's (1958) shear softening model of the viscosity can approximate the drilling fluid behavior away from
the yield stress (T ;) by the appropriate choice of parameters:

1+ §2F2
T=py| ——— (T, (1.4.3-4)
1+¢T
Viscous Ideal (Bingham) Plastic Model Hoo, !
Shear
Stress (1)

A

Real Drilling Fluid

Power Law model, pt = kI "

1+ CZFZ
Oldroyd Model, p =p, | —————

14¢,1°

Newtonian Fluid Model (T = puI') _______——-—T""J

Strain Rate (")
TRI-6342-1045-1

Figure 1.4-4. Various models for modeling drilling fluid shear stress.
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where
Moo = K (&,/¢,)) = limiting viscosity at infinite strain rate,
r = strain rate,
Cl ¢, = Oldroyd model parameters,
Lo = limiting viscosity at zero rate of strain.

Note that for the PA calculations, {; was assumed equal to 2 £, based on viscosity measurements for an oil-
based, 1.7-kg/m3 (14-Ib/gal) mud (Darley and Gray, 1988, Table 5-2). The assumption can be somewhat arbitrary
since the behavior at high strain rate (away from the yield point) is of primary interest.

Using the above assumption, the parameter Cz was estimated by equating the linear ideal plastic model, with the
Oldroyd model at a high strain rate (Figure 1.4-4). Simple algebraic manipulation gives

¢, = (T, ~7)/2I% 7, . (1.43-5)

The high strain rate selected for the match point (I'_) was 1020 s°L.

1.4.4 Repository Discharge: PANEL

Flow of brine through a collapsed WIPP panel and up an intrusion borehole may result in mobilization of dis-
solved, radionuclide-bearing compounds and their transport towards the Culebra. The PA Department models these
effects with a code called PANEL. Governing equations for that part of PANEL model concerned with waste mobili-
zation and transport are presented in this section.

In the PANEL model, a collapsed WIPP panel (rooms and drifts) is treated as a single, hydraulically connected
cavity of volume V that contains a porous medium (waste and backfill). The cavity is connected to sources and sinks

for brine by one or more inlets or outlets (Figure 1.4-5).

Quasi-steady discharge of brine through the panel is assumed, i.c.,

Q(t) = Qou[ = Qin s (1.44-1)

Porous Medium

Volume =V

TRI-6342-1435-0

Figure 1.4-5. Idealized collapsed WIPP panel in PANEL model.
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where Q(t) is the brine discharge through volume V in units of m3/s. (Note: the PANEL model receives Q(t) from the
BRAGFLO model; see Section 1.4.1.)

WASTE MOBILIZATION

The mobilization of radioactivity in the waste form can be modeled by considering the dynamics of three vari-
ables:

M,;(t) = mass of i'™ nuclide in undissolved form in volume V at time t,
M,;(t) = mass of it nuclide in dissolved form in volume V at time t,
M,;(t) = mass of i nuclide adsorbed on solids in volume V at time t.

Thus,
Mi(t) = Mui + Mdi + Ma.i (144-2)
= total mass of i nuclide in volume V at time t.

The dynamics of these mass components follow from three ordinary differential equations (three for each nuclide
species). The first dynamical equation is

M,.
[l di
My = ~kM; [Si ~w ] —ijui+kl._]Mui_1 , (14.4-3)
where a dot (*) means the time derivative and

w=08S ¢V = volume of brine in cavity. (14.4-4)

In Eq. 1.4.4-4, ¢ and S 4 are respectively the average porosity and the average saturation of the medium filling V
(i.e., the compressed WIPP wastes and backfill).

The first term on the right side of Eq. 1.4.4-3 models dissolution of undissolved mass: the rate of dissolution is
assumed to be proportional to My; and the difference between the concentration of a saturated solution (S;) and the
concentration of dissolved mass (Mg;/w); the constant of proportionality k; is a rate constant { units: m3/kg~s). The
second and third terms on the right side of Eq. 1.4.4-3 respectively represent loss of mass through radioactive decay
of undissolved mass, and gain of mass through the decay of a parent species.

The second dynamical equation is

My; Myi Py
Mai = kM, [Si - T] —Q g KaMain AMgi+ A Mgy - (1.44-5)

The first term on the right side of Eq. 1.4.4-5 was explained above; mass lost from the undissolved component is
gained by the dissolved component. The second term on the right side of Eq. 1.4.4-5 represents mass lost from vol-
ume V by advection in the brine discharge through the panel (Q is never negative). The third term on the right side
represents loss of dissolved mass by chemical sorption processes; it is assumed that sorption/desorption processes are
rapid and follow a linear isotherm so that
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M.

al

N

o P!

Kgi My; (1.4.4-6)

where ﬁb is the average bulk density of compressed wastes and backfill (kg/m3) and Kd ; is the average distribution
coefficient for the i™ nuclide in wastes and backfill (Freeze and Cherry, 1979, p. 405). Meanings of the fourth and
fifth terms on the right side of Eq. 1.4.4-5 were explained above for the undissolved mass component.

The third dynamical equation is

M, = %’ Ko Mai—A M +A_ M, (1.4.4-7)
where all terms on the right of Eq. 1.4.4-7 have been explained.
The three dynamical equations, 1.4.4-3, 1.4.4-5, and 1.4.4-7, can be somewhat simplified by defining
R, =1+ p—_b Ky the effective retardation coefficient for the i nuclide species (dimen-
sionless),
Cqi = My/ w dissolved concentration of i nuclide species in brine (kg/m3).
The three dynamical equations become
My = —kM [8;-Cyl ~AM+A _ My A,
RMy; = k; M; [8;— Cy1 - QCy - A, My, +A, | My, ®),
M, = (R;=1) Mg—A My +A _, M, ©).

The initial conditions for the system (A)-(C) are usually taken at a time t, > 0, the time of borehole penetration.
At this time,

M,; (t) =Mt the inventory at closure (t = 0) of the i nuclide species aged to time
to >0 (inkg),
Mdi (to) =0 Mai (to) =0. (1.4.4-8)

Furthermore, Q(ty) = 0 but Q(1), is a non-negative function (> 0) of time for t > .

The rate at which mass of the it nuclide is discharged from the panel is obviously

Q) Cyg (O (kgls), t>1,. (1.4.4-9)

APPROXIMATIONS IN PANEL

The full set of dynamical equations, (A)-(C), are not directly solved in the PANEL model; instead, (A)-(C) are
first added to give

M.

M; = ~Q Cy=A M+ A M
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M, (t) = M, (t,) - (1.4.4-10)

This equation is solved with the simplifying assumption that

M.
Ca®=— S;,t>t,. (1.4.4-11)
J;Mj

and the sum in the denominator is taken over all isotopes of the same element as that of species i.

1.4.5 Fluid Flow in Culebra: SECO2D

Studies of potential releases of radionuclides from the WIPP to the accessible environment along liquid path-
ways require computational models of the flow of groundwater through the Culebra Dolomite Member, and models
of how flow in the Culebra would be affected by climatic change. The PA Department uses a model of these phenom-
ena called SECO2D. The governing equations for SECO2D are summarized in this section: first, the equation of
groundwater flow is presented, then the effects of climate change on boundary conditions for the flow equation are
briefly described. Further discussion of the model of fluid flow in the Culebra is found in Sections 7.5, 7.6, and
Appendix C of Volume 2 of the present series of reports.

GROUNDWATER FLOW

SECO2D simulates groundwater flow at regional and local scales within the Culebra Dolomite by solving the
following partial differential equation in two dimensions (x,y):

dh _
Sy3; = Ve (ReVD) -W, (14.5-1)

where

h(x,y,t), the potentiometric head (m),

Ss(x,y,0), the specific storage of the Culebra (m'l),

K(x,y,t), the hydraulic conductivity tensor (m/s),

W(x,y,t), a volumetric flux per unit volume of formation (s'l), (used to simulate wells or recharge).

it

The specific storage and hydraulic conductivity tensor are obtained from more directly measurable quantities,
i.e., in the present version of SECO2D,

Sy = Ty
SS - A—Z > K - AZ ’ (1.45‘2)
where
S(x,y) = storage coefficient in the Culebra (dimensionless),
AZ = AZ(x,y), Culebra thickness (m),
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T(x,y) = one of a set of simulated transmissivity tensors (units: m2/s). See Section 2.6.9 for a discussion of
how transmissivity fields are generated. Also see Section 7.5 of Volume 2 of the present series of
reports.

Given appropriate initial and boundary conditions, Eq. 1.4.5-1 is solved numerically to yield a potentiometric
head field, h(x,y,t), which may be used to compute specific discharge (or Darcy velocity) at any point in the Culebra:

g(x,y,t) = -KeVh (m/s) . ' (1.4.5-3)

In SECO2D, boundary conditions are specificd on the outer edges of the regional (or, in some cases, local) grid;
these boundary conditions may be a mix of the following kinds: (1) Dirichlet (specified h on boundary); (2) inhomo-
geneous Neuman (specified gradients of h on boundary); (3) Robin boundary conditions [a mixture of (1) and (2)];
and (4) adaptive boundary conditions, in which flux (g) is specified at inflow boundaries and head (h) is specified at
outflow boundaries.

EFFECTS OF CLIMATE CHANGE

The 1992 version of SECO2D simulates effects of climate change through inclusion of time-dependent Dirichlet
boundary conditions. Specifically, potentiometric heads on the northwestern edges of the regional grid (the suspected
recharge arca for the Culebra) are set according to the formula

he(x, )= hp(x, y)[3AR L [ARz_lj[cosGt - sin%t + %cosq)tj] ,

4 (1.4.5-4)
where
he = future potentiometric head (m),
h, = present potentiometric head (m), given a realization of regional transmissivities (see Section 2.6.3),
Ap = Amplitude factor (dimensionless),
6 = Pleistocene glaciation frequency (Hz),
0] = frequency of Holocene-type climatic fluctuations (Hz).

The recharge amplitude factor, Ay, is a number to be chosen between 1 and y> 1 and is scaled from the sampled
index factor (Section 4.4). If Ag =1, it is seen that there are no effects of climatic change. If Ap > 1, the maximum
future head, hg, will be greater than the present head. The constant v is a scaling factor that is chosen by the PA ana-
lyst to ensure physically reasonable head values on the portion of the recharge boundary where boundary conditions
are applied. The origins of the climate change model are treated in detail in Chapter 6 of Volume 4 of the present
series of reports.

1.4.6 Solute Transport in Culebra: SECO/TP

Studies of potential releases of radionuclides from the WIPP to the accessible environment along liquid path-
ways require a computational model of solute transport in groundwater flowing through the Culebra Dolomite Mem-
ber. In 1992, the PA Department is using a model developed specifically for Sandia National Laboratories and called
SECO/TP. This section summarizes the governing equations for that model. Solute transport in the Culebra is dis-
cussed in more detail in Section 7.6 and Appendix C of Volume 2 of the present series of reports.

(page date: December 29, 1992) 1-38 (database version: X-3.06PR)



INTRODUCTION
1.4 Background on 1992 Probability and Consequence Models

SECO/TP is a “dual porosity” model of solute transport in the Culebra in the sense that advective transport is

1
2 gallowed only through the fracture system but diffusion of solute into the rock matrix surrounding a fracture is
3 possible. The fracture system is idealized as planar and parallel (Figure 1.4-6); each fracture wall may be coated with
5 alayer of clay of uniform thickness.
6
7
g MASS TRANSPORT IN FRACTURE SYSTEM

10 . . . . .

11 The governing equation for mass transport in a single fracture is

12

I o, 2 o,

b ~E£ = | ViC, - “ACr+ SEmhaCe + Q(C-Cy)+Ty (14.6-1)

at aXi 8 m=1

16 X

17

18 where the summation convention has been used (x; = x, X =y) and ¢, m =1, 2, ..., m, label the solute species

o0 (radionuclide mass). The quantities in Eq. 1.4.6-1 have the following meanings [starred (¥) items are explained

21  below].

22

23

gg C ¢ = trace concentration of ¢ t solute specie in fracture fluid (kg/m3),

26 * V = average linear velocity vector in fracture system (m/s),

27 * Dy = hydrodynamic dispersion tensor (m2/s),

53 A Y, = decay constant for ¢ h solute species (radionuclide, 51,

g:’ Sem = fraction of m parent species that decays into ¢ ™ solute species (dimensionless),

30 Q = rate of fluid injection per unit volume of formation N,

33 Cy = concentration of ¢ solute species in injected fluid (kg/m3),

34 I, = rate of mass transfer of ¢ th species from matrix system to fracture system (kg/m3~s).

35

Z? The average linear velocity vector, V;, is related to the specific discharge in the Culebra by

38

39

40 Vi=¢q/¢;, (14.6-2)

41

42

43 where the specific discharge, g;, is provided by the SECO2D model [see Eq. 1.4.5-3] and ¢; is the fracture porosity of
:g the Culebra. For planar parallel fractures (Figure 1.4-6) and b<<B,

46

47 b

48 - -
49 S . (1.4.6-3)
50
51
52 In practical modeling of solute transport in the Culebra, ¢ and 2B are taken as known quantities and Eq. 1.4.6-3
53 isused to calculate the fracture aperture 2b. The ratio b /b is also assumed to be known; given b, b, can be calculated
54 from this ratio.

55
56
57
58
59
60 2 2

61 D _ ( V1 ) ( V2) % 4

62 11 — aL |V| +aT |V| + D¥, (1 .6-4a)
63

64

65

66

The components of the hydrodynamic dispersion tensor for the fracture system, DU, are
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2 2
(V) (V) .
ViV,
Dy = Dy = (o —ap) =5

cient of the “average” solute species (m?/s), and

/2
IVl = (vf+v§)1 :

(1.4.6-4b)

(1.4.6-4¢)

o are respectively longitudinal and transverse dispersivities (m), D* is the molecular diffusion coeffi-

The rate of mass transfer from the matrix to the fracture system, Iy, will be explained after mass storage in the

matrix is described.

MASS STORAGE IN CLAY COATINGS AND MATRIX

Mass storage in clay coatings and matrix slabs occurs by diffusion of solute mass across the fracture facings;
only diffusion perpendicular to the fracture facings (i.e., along the local coordinate Z, Figure 1.4-6) is allowed. The

governing diffusion equation is

R
¢zat

9C _ 9 9

0z

0z

m
-0RACy+ X

m=

I&Imchm}‘mC;n ,

(1.4.6-5)

where new quantities have the following meanings (again, starred items [*] are explained below).

Cy(z.1)
* 0(2)
* R [(Z)
* D'(2)

The porosity of clay coating or matrix depends on location:

o(z) =

0. (constant clay porosity),

9., (constant matrix porosity),

b<z<b+b,

b+b.<z<B

trace concentration of £ ™ solute species in pore fluid of clay coating or matrix (kg/m3),
porosity of clay coating or matrix (dimensionless),
retardation coefficient of £ ™ solute species in pores of clay coating or matrix (dimensionless),
effective molecular diffusion coefficient in pores of clay coating or matrix (m%s).

(14.6-6)

The effective molecular diffusion coefficient in pores of clay coating or matrix also depends on location:

D'(z)=

T .D¥,

t,D*,

b<z<b+b,

b+b,<z2<B

3

(14.6-7)

where T_ and ©_ are the (constant) tortuousities of clay and matrix respectively (dimensionless).

In a similar fashion, the retardation coefficient of the £ th solute species takes two values:
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¢
[pg (1 N q))kd’l
¢

[MJ s bSZ(b‘l‘bc
R,(z)=1+ c (14.6-8)

J , b+b.<z<B
m

where

-y
QUOUOM~NOOO &~ WN =

[y
-

p. stands for grain density (kg/m3) of the material,
kg, ¢ is the distribution coeffient of the £ th solute species in the pores of the material (m3/kg),
¢ is the porosity of the material (dimensionless).

-
ap N

16 The notation,

17

18

19 (Deorms
20

21 indicates qualities in either clay coating (c) or matrix (m).

22

22 THE MASS TRANSFER TERM

25 . . .
26 The term T, specifying the rate of mass transfer of the £ th solute species from the matrix to the fracture system

o7 takes the form
28

29 ’
2 aclj
30 I, (x,y,t)=——| D —% "
a1 (x.¥,1) b[ 2 ),y (1.4.6-9)

32

33

34 Wwhere all quantitics have been defined.

35

36

g; INITIAL AND BOUNDARY CONDITIONS

39 (

40 Equation 1.4.6-1 can be solved subject to a variety of boundary conditions (prescribed input flux, constant con-
41 centrations on boundary). The usual initial condition is C p (x,y,0) = 0.

42
43
44
45
46
47 aC}
48 3
49 z
50
51
52
53
o Cy(%y.b,1) =Cy(x, 1) (1.4.6-11)
56
57
58
59
60
s1 1.4.7 Waste-Filled Room Deformation: SANCHO
62

gi Realistic estimates of the effective porosity and permeability of a closed, waste-filled room require that the

g5 effects of room deformation and internal gas generation be taken into account. In 1991, the PA Department largely
66

Equation 1.4.6-5 is solved subject to the initial condition C ¢ (x,y,z,0) = 0 (b < z < B) and the boundary condi-
tions,

(x,,B,t)=0 , (1.4.6-10)

(i.e., no mass flux across plane of symmetry of matrix slab),

(i.e., concentrations match at interfaces between fracture void space and clay coatings).
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ignored the latter effects and assigned constant porosity and permeability based on waste-material composition
(WIPP PA Division, 1991, Vol. 3, Sections 3.4.7 and 3.4.8). In the present (1992) series of PA calculations, the
effects of deformation and gas generation have been included only indirectly through the use of a separate calculation
of a porosity “surface™ which gives room porosity as a function of time and total volumes of gas generated by corro-
sion and microbial action (Mendenhall and Lincoln, February 28, 1992, Memo in Appendix A). The room-deforma-
tion component of this calculation employed SANCHO, a finite-element computer program for simulating the
quasistatic, large-deformation, inelastic response of two-dimensional solids (Stone et al., 1985). Gas generation was
calculated in much the same way as the gas-generation terms in the BRAGFLO code; see Section 1.4.1. This section

emphasizes the constitutive equations used in SANCHO to model room deformation.

SANCHO is a special purpose, finite-element program that was developed in response to some of the perceived
drawbacks with existing finite element software for nonlinear analysis. SANCHO was developed to solve the quasi-
static, large deformation, inelastic response of two dimensional solids. The element library is based on a bilinear iso-
parametric quadrilateral with a constant bulk strain. The equilibrium solution strategy uses an iterative scheme
designed around a self-adaptive dynamic relaxation algorithm. The iterative scheme is based on explicit central dif-
ference pseudo-time integration with artificial damping. The code is explicit in nature so that no stiffness matrix is
formed or factorized that reduces the amount of computer storage necessary for execution. The explicit nature of the
program also makes it attractive for vectorization on vector processing machines. The code has a standard material
model interface that is used with three material models incorporated within the code. A finite strain elastic-plastic
strain hardening model, a volumetric plasticity model, and a metallic creep material model are presently included.
(Recent modifications allow the SANCHO user to employ his or her own material models.) A sliding interface capa-
bility, based on a master-slave algorithm, is also incorporated within SANCHO (Stone et al., 1985, p. 12).

The fundamental SANCHO equations will not be discussed here; the relevant physical assumptions are best
expressed in terms of the constitutive equations of the material models selected by the SANCHO user. Three material
models were used in calculating the porosity surface for a deformed room: (1) an elastic/secondary creep model for
intact salt surrounding room opening; (2) an elastic/secondary creep model for crushed-salt room backfill; and (3) a

volumetric plasticity model of mechanical response of waste contained within a room.

ELASTIC/SECONDARY CREEP MODEL FOR INTACT SALT

The constitutive equations for the intact-salt components of the model repository are (Mendenhall et al., 1991):

sij=2G[e;j—(1.5)(N“)/2.A exp (Q/RT)s (sig su)(N‘l)’zsij} , (14.7-1)

dkk :3Kekk ’

where the summation convention is used, i.e.,

A dot over a quantity signifies time derivative and

Ck=¢€11 +€22 .

oij = stress tensor (Pa),

= 1 deviatoric str
Sij = 0 3 o, = deviatoric stress tensor,
&jj = deviatoric strain tensor,
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é'ij = deviatoric strain rate (treated as constant over a time step),
* G = elastic shear modulus (Pa),

A = an experimentally determined constant,

N = an experimentally determined constant,

Q/RT = exponential constant for deviatoric creep model,
* K = elastic bulk modulus (Pa).

Starred (*) quantities are described below.
The elastic shear modulus, G, is approximated by

G = Ggexp (Gyp) , (1.4.7-3)

and the elastic bulk modulus is approximated by

K = K exp(K;p) , (1.4.7-4)

where Gy, Gy, Ko, K are experimentally determined constants.

CRUSHED SALT BACKFILL MODEL

The constitutive equations for crushed-salt backfill component of the model repository are (Mendenhall et al.,
1991):

8y = 2G[éi'j - Ac(Pim./P)N exp (Q/RT)(sy, Skt)(N—l)/2 Sij:| , (1.4.7-5)

p = Bo[exp(B, P)-1]exp(Ap) , (1.4.7-6)

where G is the elastic shear modulus (Eq. 1.4.7-3), summation convention is implied in the term (Skb Skz)’ and the
other quantities appearing in Eq. 1.4.7-5 have the same meanings as in Eq. 1.4.7-1. InEq. 1.4.7-6,

local density

rate of change of density (kg/m3 *s),

pressure (Pa),

, A, By, By and p;,,, are experimentally determined constants.

P
p
P
Ac

In addition, the elastic bulk modulus, K, is given by Eq. 1.4.7-4.
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VOLUMETRIC PLASTICITY MODEL FOR WASTE

The constitutive equations for the waste component of the model repository are identical to the equations for the
model of soil and crushable foam material specified in the SANCHO manual (Stone et al., 1985, pgs. 40-46; see Egs.
47-50 in particular). The SANCHO model of soils and crushable foams requires that the following parameters be
specified by the user of the code (Stone et al., 1985, p. 67):

1 = shear modulus,

Ko = bulk unloading modulus,

ay = Yyield function constant, 1.4.7-D
a; = yield function constant,

a, = yield function constant.

In addition, the model requires that the user specify volumetric strain [essentially In{p/p, )] as a function of
pressure, i.e.,

In(p/p, ) =F(P) , (1.4.7-8)

where p is waste density (kg/m3) and p,, is initial waste density (before any significant compaction by repository
deformation has begun).

NOTE ON PROBLEM GEOMETRY

Typical geometry, modeling mesh, and boundary conditions for the calculation of a porosity surface with
SANCHO are illustrated in Figure 1.4-7. Boundary conditions apply to a single room assumed to be imbedded in an
infinite lattice of similar rooms spaced uniformly on 40-m centerlines.

Each mined room is 4 m high by 10 m wide by 100 m long. A room is assumed to contain 6804 drums filled with
unprocessed waste. Other details of room geometry and composition are found in Beratin and Davies (September 12,
1991, Memo in Appendix A).

NOTE ON GAS GENERATION

(as pressure in the model disposal room was computed from the ideal gas law based on the instantaneous “void”
volume in the room (i.e., the volume not occupied by liquids or solids) and the total amount of gas in the room.

P = NRT 1.47.9
E= Vv, (1.4.7-9)
where
Py = gas pressure,
t
N = f-D: J- %N dt = total moles of gas produced per room up to time t,
0
ON/dt = rate of gas production (moles / s - drum),
R = 823 (m3-Pa)/(g—moles-K),
(m3-Pa)}/ (g ) (1.4.7-10)
T = 300K,
\% = current void volume (m3),
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54

55

56

o 1.5 Background on WIPP

59

60
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INTRODUCTION
1.5 Background on WIPP

programs (WIPP Act, 1979). Only after demonstrating compliance with 40 CFR 191 and other laws and regulations
(e.g., RCRA [1976] and NEPA [1969]) will the DOE permanently dispose of TRU waste at the WIPP repository.

1.5.2 Location

The WIPP is located within a large sedi1hentary basin, the Delaware Basin, in southeastern New Mexico, an area
of low population density approximately 38 km (24 mi) east of Carlsbad (Figure 1.5-1). Geographically, the WIPP is
between the high plains of West Texas and the Guadalupe and Sacramento Mountains of southeastern New Mexico.

Four prominent surface features are found in the area--1.os Medafios ("The Dunes"), Nash Draw, L.aguna Grande
de la Sal, and the Pecos River. Los Medafios is a region of gently rolling hills that slopes upward to the northeast
from the eastern boundary of Nash Draw to a low ridge called "The Divide." The WIPP is in L.os Medafios. Nash
Draw, 8 km (5 mi) west of the WIPP, is a broad shallow topographic depression with no external surface drainage.
Laguna Grande de la Sal, about 9.5 km (6 mi) west-southwest of the WIPP, is a large playa about 3.2 km (2 mi) wide
and 4.8 km (3 mi) long formed by coalesced collapse sinks that were created by dissolution of evaporate deposits.
The Pecos River, the principal surface-water feature in southeastern New Mexico, flows southeastward, draining into
the Rio Grande in western Texas.

1.5.3 Geologic History of the Delaware Basin

The Delaware Basin, an elongated, geologically confined depression, extends from just north of Carlsbad, New
Mexico, into Texas west of Fort Stockton (Figure 1.5-2). The basin covers 33,000 km? (12,750 mi?) and is filled with
sedimentary rocks to depths as great as 7,300 m (24,000 ft) (Hills, 1984). Geologic history of the Delaware Basin
began about 450 to 500 million years ago when a broad, low depression formed during the Ordovician Period as
transgressing seas deposited clastic and carbonate sediments (Hiss, 1975; Powers et al., 1978; Cheeseman, 1978; Wil-
liamson, 1978; Hills, 1984; Ward et al., 1986; Harms and Williamson, 1988). After a long period of accumulation
and subsidence, the depression separated into the Delaware and Midland Basins when the area now called the Central
Basin Platform uplifted during the Pennsylvanian Period, about 300 million years ago.

During the Early and Middle Permian Period, the Delaware Basin subsided rapidly, resulting in a sequence of
clastic rocks rimmed by reef limestone. The thickest of the reef deposits, the Capitan Limestone, is buried north and
east of the WIPP but is exposed at the surface in the Guadalupe Mountains to the west (Figure 1.5-2). Evaporite
deposits (marine bedded salts) of the Castile Formation and the Salado Formation, which hosts the WIPP, filled the
basin during the late Permian Period and extended over the reef margins. Evaporites, carbonates, and clastic rocks of
the Rustler Formation and the Dewey Lake Red Beds were deposited above the Salado Formation before the end of
the Permian Period.

1.5.4 Repository

The repository is located in the Delaware Basin in the 600-m- (2,000-ft-) thick Salado Formation of marine bed-
ded salts (Late Permian Period). The repository level is located within these bedded salts 655 m (2,150 ft) below the
surface and 384 m (1,260 ft) above sea level. The WIPP repository is composed of a single underground disposal
level connected to the surface by four shafts (Figure 1.5-3). The repository level consists of an experimental area at
the north end and a disposal area at the south end.

1.5.5 WIPP Waste Disposal System

The WIPP relies on three approaches to contain waste: geologic barriers, engineered barriers, and institutional
controls. The third approach, institutional controls, consists of many parts, €.g., the legal ownership and regulations
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Figure 1.5-2. Location of the WIPP in the Delaware Basin (modified from Richey et al., 1985 and Lappin, 1988,
Figure 1.4).

(page date: Dece

mber 29, 1992)

1-49

(database version: X-3.06PR)



©CO~NOO A~ WND =

INTRODUCTION
1.5 Background on WIPP

> e o e
Salt Storage Area

Salt Handling Shaft
/ Support and Waste Handling Bullding

T \/,>‘Z\ //4/ Exhaust Fliter Bullding

Rustler
Formation

TRU Waste
Disposal Area

TRI-6346-59-1

Figure 1.5-3.  WIPP repository, showing surface facilities, proposed TRU disposal areas, and experimental areas
(after Nowak et al., 1990, Figure 2).
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of the land and resources by the U.S. Government, the fencing and signs around the property, permanent markers,
public records and archives, and other methods of preserving knowledge about the disposal system.

The WIPP disposal system, as defined by 40 CFR 191, includes the geologic and engineered barriers. The phys-
ical features of the repository (e.g., design of repository, waste form) are components of these barriers.

The geologic barriers are limited to the lithosphere up to the surface and no more than 5 km (3 mi) from the outer
boundary of the WIPP waste-emplacement panels (Figure 1.54). The boundary of this maximum-allowable geologic
subsystem is greater than the current boundary of the WIPP land withdrawal. The extent of the WIPP controlled area
will be defined during performance assessment but will not be less than the area withdrawn, which is under U.S. DOE
administrative control (Bertram-Howery and Hunter, 1989).

Data for components of the geologic and engineered barriers are the subject of this volume. No data on institu-
tional controls are contained in this volume.
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Figure 1.5-4. Geologic and engineered barriers of the WIPP disposal system (after Bertram-Howery and Hunter,

1989, Figure I1-1).
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2. GEOLOGIC BARRIERS

The geologic barriers consist of the physical features of the repository, such as stratigraphy and geologic compo-
nents.

2.1 Areal Extent of Geologic Barriers

Figure 2.1-1 shows the maximum areal extent of the geologic barriers. Figure 2.1-2 shows the universal trans-
verse mercator (UTM) coordinates of the modeling domains. The UTM coordinates for the northeast and southeast
comers of the land-withdrawal boundary were derived from values reported in Gonzales (1989). Because the town-
ship ranges shift at the land-withdrawal border, the UTM coordinates for the northwest and southwest corners were
derived from information on the wells nearest the corners (i.e., Well H-6A for the northwest corner and Well D-15 for
the southwest comer).

R30E R31E R32E
1 6 5 4 3 2 1 6
7 8 9 10 \11 12
/ 14N 13
@ // \ Q
[aV)
F |Land V\I/ithd'rawal 23 24 ~ )
N Boundary S
& S
) ® i : 26 | |25
Maximum — ot k ........
Allowable
Extent of
36 31
Controlled
Area \
(5 km Boundary) 1 6 Underground ; 5
a | Waste | o
o AN Panels L &
\\—
R30E R31E R32E
103° 40'
0 1 2 3mi
| | | |
[ 17 T T 1
0 1 2 3 4 5km
TRI-6342-230-1

Figure 2.1-1. Position of the WIPP waste panels relative to land-withdrawal boundary (16 contiguous sections),
5-km boundary (40 CFR 191.12y), and surveyed section lines (after U.S. DOE, 1989, Figure 2.2).
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Figure 2.1-2. UTM coordinates of the modeling domains.
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2.1 Areal Extent of Geologic Barriers

Figure 2.1-3 shows the topography, the locations of wells used for defining the general stratigraphy, and the mod-
eling domains near the WIPP typically plotted in the report. The well locations by UTM, state plan coordinates, and
survey sections are provided in Table B.1 (Appendix B). The elevations of the stratigraphic layers in each of the
wells are tabulated in Table B.2 (Appendix B).
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Figure 2.1-3.  Locations of wells for defining general stratigraphy and regional and local data domains typically

plotted in this volume.
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2.2 Stratigraphy at the WIPP

2.2 Stratigraphy at the WIPP

The level of the WIPP repository is located within bedded salts (Figures 2.2-1 and 2.2-2), which consist of thick
halite and interbeds of minerals such as clay and anhydrites of the Late Permian Period (Ochoan Series) (approxi-
mately 255 million yr old)” (Figure 2.2-3). A polyhalitic anhydrite interbed that forms a potential transport pathway,
Marker Bed 139 (MB139), is located about 1 m (3 ft) below the repository interval (Figure 2.2-3). This unit is about
1 m (3 ft) thick and is one of about 45 siliceous or sulfatic units within the Salado Formation (Figure 2.2-4) (Lappin,
1988; Tyler et al., 1988).

For most strata above the repository, the elevations (though varying) are well known because of numerous wells;
however, directly below the repository the elevations of the base of Anhydrite III in the Castile Formation and the top
of Bell Canyon can only be inferred from a geologic cross section (Figure 2.2-1). The geologic structure is uncompli-
cated, thus the uncertainty is likely to be small on the regional geologic scale. Because the information is important
to evaluating the potential for and size of brine reservoirs under the repository, uncertainty bounds have been placed
on these two elevations inferred from the geologic cross section. In the 1992 PA calculations, elevations of the two
contacts at ERDA-9 were assumed to vary uniformly between the elevations reported from the closest wells that pro-
vide data (Cabin Baby-1 and WIPP-12 for the base of Anhydrite III, and Cabin Baby-1 and DOE-2 for the top of the
Bell Canyon Formation).

*This age reflects the 1983 Geological Society of America time scale (Geological Society of America, Inc., 1984).
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Figure 2.2-1.  Level of WIPP repository, located in the Salado Formation. The Salado Formation is composed of

thick halite with thin interbeds of clay and anhydrite deposited as marine evaporites about 255
million years ago (Permian period) (after Lappin, 1988, Figure 3.1 based on Borns, 1987).
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Figure 2.2-2. Reference local stratigraphy near repository (after Munson et al., 1989, Figure 3-3).
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Figure 2.2-3.
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Stratigraphy at the repository horizon (after Bechtel National, Inc., 1986, Figures 6-2, 6-3 and Lappin

et al., 1989, Figure 4-12).

Units in the disposal area dip slightly to the south, but disposal

excavations are always centered about the orange marked band (reddish-orange halite).
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Anhydrite 1ll Elevation*

Parameter: Base of Anhydrite III elevation above mean sea level @ ERDA-9
Material: Anhydrite within Castile Formation (Anhydrt3, Elevat)

Definition, Units: m

Values: Range: (53, 127) Median; 90
Distribution: Uniform
Correlation:

Data Source(s):  See Discussion.
(WIPP Observational Data; Investigator Judgment)

Usage:
Mathematical model:
Area of Castile Brine Reservoir below WIPP Disposal Area (Section 5.1, this volume).

Equation (NA).

Computational models:
CCDFPERM

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.2 Stratigraphy at the WIPP

Bell Canyon Elevation @ ERDA-9*

Material: Bell Canyon Formation (BCanyon, All, Elevat)

Definition, Units: m

Values: Range: (-228, -198) Median: -213
Distribution: Uniform
Correlation:

Parameter: Top of Bell Canyon elevation above mean sea level @ ERDA-9

Data Source(s):  See Discussion.
(WIPP Observational Data; Investigator Judgment)

Usage:
Mathematical model:

Equation (NA).

Computational models:
CCDFPERM

Area of Castile Brine Reservoir below WIPP Disposal Area (Section 5.1, this volume).

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

The Salado Formation is composed of thick halite with thin interbeds of clay and anhydrite deposited as marine
evaporites about 255 million years ago (Permian Period). A summary of the parameters for the Salado Formation

near the repository are given in Table 2.3-1.

Table 2.3-1. Parameter Values for Halite and Polyhalite within Salado Formation near Repository

Distribution
Parameter® Median Range Units Type Source
Capillary pressure (p.) and relative permeability (k)
Threshold displacement :
pressure (p,) 23x107 23x10° 23x10° Pa Lognomal  Davies, 1991a, 1991b

(correlated with permeability in 1992)

Residual saturations

Wetting phase (S ) 2x 107 0 4x 107
Gas phase(Sgr) 2x107 0 4x 10
Brooks-Corey 0.7 0.2 10.0
exponent (\)
Density
Grain (p ) halite 2.163x 10°
Grain (p ) polyhalite  2.78 x 10°
Bulk (P pun) 2.14x 103
Average (P 4ve) 23x10°
Dispersivity
Longitudinal (01,) 1.5x10" 1 4x 10’

Partition coefficient
All species o]

Permeability (k)

Log undisturbed -21.2 -24.0 -19.0
Log disturbed -20.7 -22.0 -15.0
Pore pressure (p) 9.5 9.0 10.0
Porosity ()
Undisturbed 1x102  1x10°  3x10?
Disturbed 6x 102
Specific storage 95x108 28x10% 1.4x10®
Tortuosity 1.4x107 1x102  667x 10"

2Parameters in bold were sampled in the 1992 calculations.

nhone

none
none
kg/m?®
kg/m3

kg/m?®
kg/m

none

m3kg

Uniform

Uniform

Constructed

Constant
Constant
Constant
Constant

Constructed

Constructed

Constant

log (m?) Constructed

log (m?) Constructed

MPa

none

none

none

Uniform

Constructed

Constant
Constructed
Constructed

Webb, 1992a, 1992b, Memos in
Appendix A; Davies and LaVenue,
1990b

Davies and LaVenue, 1990b; Webb,
1992a, 1992b, Memos in Appendix A
Davies and LaVenue, 1990b; Webb,
1992a, 1992b, Memos in Appendix A

Camichael, 1984, Table 2; Krieg, 1984,
p. 14; Clark, 1966, p. 44

Hume and Shakoor, 1981, p. 103-203
Holcomb and Shields, 1987, p.17
Krieg, 1984, Table 4

Pickens and Grisak, 1981; Lappin
et al., 1989, Table D-2

Pickens and Grisak, 1981; Freeze
and Cherry, 1979, Figure 9.6

Lappin et al., 1989, p. D-17

Gorham et al., June 15, 1992, Memo in
Appendix A; Howarth et al., 1991;
Beauheim et al., 1991a

Gorham et al., June 15, 1992, Memo in
Appendix A; Howarth et al., 1991;
Beauheim et al., 1991a

Gorham et al., June 15, 1992, Memo in
Appendix A; Howarth et al., 1991;
Beauheim et al., 1991a

See text; Powers et al.,1978;

U.S. DOE, 1983

See text.

Beauheim, 1991

Freeze and Cherry, 1979, p. 104; Kelley
and Saulnier, 1990, Table 4.6; Lappin et
al.,, 1989, Table E-9
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.1 Capillary Pressure and Relative Permeability

Two-phase characteristic curves (capillary pressure and relative permeability) for Salado halite, Salado anhy-
drite, and waste have not been measured. In modeling two-phase phenomena (Section 1.4.1), the PA Department has
adopted suggestions of Davies (1991b) and Webb (1992b, Memo in Appendix A) that characteristic curves be calcu-
lated using either the Brooks-Corey formulae (Brooks and Corey, 1964) or the Van Genuchten-Parker formulae (Van
Genuchten, 1978). Use of either formulae requires knowledge of four material-property parameters:

p. - threshold displacement pressure (Pa),

S¢ - residual wetting phase saturation (dimensionless),
Sgr -~ residual (or critical) gas saturation (dimensionless),
A - the Brooks-Corey exponent (dimensionless).

None of these parameters has been measured for materials of interest (halite, anhydrite, waste); for purposes of
sensitivity analyses, their ranges, distributions and correlations are estimated from natural-analog data (Davies and
LaVenue, 1990b; Davies, 1991b; Webb, 1992a, Memo in Appendix A). The natural analogs consist of materials that
possess some of the same characteristics (i.e., permeability and porosity) as the anhydrite, halite, and waste room.
The natural analogs applicable to the very low permeability of the halite and anhydrite were sands that were investi-
gated during the Multiwell Tight Gas Sands Project (Ward and Morrow, 1985). The permeability for these sands typ-
ically ranges from 1 x 1016101 x 10 m? (1 x 101 to 1 x 10"* mD). Although these permeabilities are higher than
those of the anhdyrites and halites, no other material was found with a lower permeability for which capillary pres-
sure and relative permeability curves had been measured. Parameters selected for the anhydrites and waste room are
discussed in later sections.

The uncertainty surrounding these parameters is unknown. An initial range was selected for the purpose of being
able to run sensitivity studies. The ranges shown for the parameters are arbitrary, corresponding to a simple doubling
and halving of the median values. A family of curves produced by sampling 20 times from the assigned distributions
using the Brooks-Corey formulae is shown in Figure 2.3-1. Sample curves for capillary pressure and relative perme-
ability are also shown in Figure 2.3-2.

(page date: December 29, 1992) 2-12 (database version: X-3.06PR)
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado
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02 -
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TRI-6342-1465-0

Figure 2.3-1. Example of variation in relative permeability and capillary pressure when Brooks and Corey
parameters are varied.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation
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Figure 2.3-2. Estimated relative permeability and capillary pressure curves (source: Davies, 1991a).
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GEOLOGIC BARRIERS

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Threshold Displacement Pressure, pg*

Material:

Values:

Parameter:

Definition, Units:

Distribution:
Correlation:

Threshold displacement pressure (p,)

Halite and polyhalte within Salado Formation, (Salado, PressCTD)

Pa

Range: (2.3 x 10°,2.3 x 10°) Median: 2.3x 107

Lognormal
Correlated with halite permeability (see Discussion)

Data Source(s):

Davies, P. B. 1991a. Evaluation of the Role of Threshold Pressure in Controlling Flow of
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-
3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment)

Davies, P. B. 1991b. Appendix A: “Uncertainty Estimates for Threshold Pressure for
1991 Performance Assessment Calculations Involving Waste-Generated Gas,” Pre-
liminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot
Plant, December 1991. Volume 3: Reference Data. WIPP Performance Assessment
Division. Eds. R. P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S.
Tierney, and J. S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National

Laboratories. A-37 through A-41. (Investigator Judgment)

Usage:

Mathematical model:

Section 1.4.1, this volume.

Equation 1.4.1-6.

Computational models: 2-Phase Fluid Flow

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low
40 CFR 268 Not tested

NEPA
Other

Not tested
Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Discussion:

Threshold Pressure: Threshold pressure plays an important role in controlling which Salado lithologies are
accessible to gas and at what pressure gas will flow. Some investigators define threshold pressure as the capillary
pressure associated with first penetration of a nonwetting phase into the largest pores near the surface of the medium,
which means that threshold pressure is equal to the capillary pressure at a water saturation of 1.0 (Davies, 1991a,
p. 9). Others define threshold pressure as the capillary pressure associated with the incipient development of a contin-
uum of the nonwetting phase through a pore network, providing gas pathways not only through relatively large pores,
but also through necks between pores. This latter definition means that threshold pressure is equal to the capillary
pressure at a saturation equal to the residual gas saturation (dashed lines in Figure 2.3-2). Because flow of waste-gen-
erated gas outward from the WIPP repository will require that outward flowing gas penetrate and establish a gas-filled
network of flow paths in the surrounding bedded salt, the latter definition has been adopted here.

The Salado Formation's thick halite beds with anhydrite and clay interbeds are similar in many respects to the
consolidated lithologies presented in Figure 2.3-3. Similarities in pore structure exist between halite, anhydrite, and
low-permeability carbonates; low-permeability sandstones and crystalline cements; and clay interbeds and shales.
Given the general similarities, a best-fit power curve through the combined data set for consolidated lithologies was
judged to provide the best available correlation for estimates of threshold pressure for the Salado Formation
(Figure 2.3-3). Threshold pressure is also a key parameter in the Brooks and Corey (1964) model used to characterize
the 2-phase properties of analogue materials for preliminary gas calculations (Davies and LaVenue, 1990a). Because
threshold pressure is strongly related to intrinsic permeability, an empirical estimate is used as follows (Davies,
1991a, p. 25):

p, MPa) = 5.6 x 10”7 [k (m?)]0-46 |

Capillary Pressure and Relative Permeability. Figure 2.3-2a shows the values estimated for relative perme-
ability for Salado salt using only the Brooks-Corey model. Figure 2.3-2b shows the estimated capillary pressure
curve for Salado salt. Figures 2.3-1a and 2.3-1b are examples of variation in relative permeability and capillary pres-
sure when the Brooks and Corey parameter is varied.

102

(1) Mean 95% Confidence Interval

(2) 95% Confidence Interval

wal 11

10"

5 ]

§ o F E

= Piia = 5.6 x 107 k0346 E

@ _ S r2 =093 ]

2 10 Plianhyarie) = 2.6 x 107 k0348

o N = -3

g 2 =090 E

o - ]

= -4
§ 0-2 s *

[ [ N Py .

N 1) (2 3
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100 — =1 Anhydrite E
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TRI-6344-730-1

Figure 2.3-3.  Correlation of threshold pressure with permeability for a composite of data from all consolidated
rock lithologies. Data from Rose and Bruce, 1949; Wyllie and Rose, 1950; Thomas et al., 1968; and
Ibrahim et al., 1970 (after Davies, 1991a, Figures 5 and 8).
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Residual Wetting Phase (Liquid) Saturation*

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Parameter:
Material:

Definition, Units: Dimensionless

Values:

Distribution: Uniform

Correlation:

Residual wetting phase (liquid) saturation (S z,)
Halite and polyhalite within Salado Formation, (Salado, Sat RWP)

Range: (0, 4 x 10™") Median: 2x 107!

Data Source(s):

Judgment)

tigator Judgment)

Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 RCRA Calculations” (see Appendix A, pp. A-141 through A-146). (Investigator

Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-

Davies, P. B., and A. M. LaVenue. 1990b. Appendix A: “Additional Data for Character-
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990).
Rechard, H. Iuzzolino, and J. S. Sandha. SANDg9-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

R. P.

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equation 1.4.1-7.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Not tested
40 CFR 268 Low

NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.

(page date: December 29, 1992) 2-17

(database version: X-3.06PR)



iy
QWO ~NOO A WGN=

o o bR AERAREBRBWOWOWWWWWWWONDNDNONMNODNODODOOND === a2
g8%ggggﬂgggg%—so%@wmmhwm—-owm\lmmbwm—omm\lmmhwmdomm\lmmhwm_‘

65

[=2}
[}

GEOLOGIC BARRIERS

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Residual Gas Saturation*

Parameter: Residual gas saturation (S,)

Definition, Units: Dimensionless

Material: Halite and polyhalite within Salado Formation, (Salado, SatRGP)

Values: Range: (0,4 x 10'1) Median; 2 x 107!
Distribution: Uniform
Correlation:

Judgment)

tigator Judgment)

Data Source(s): Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 RCRA Calculations” (sec Appendix A, pp. A-141 through A-146). (Investigator

Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-

Davies, P. B., and A. M. LaVenue. 1990b. Appendix A: “Additional Data for Character-
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SANDS89-7068/1)," Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P.
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equation 1.4.1-7.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Low
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Brooks and Corey Exponent*

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Parameter: Brooks and Corey exponent (1)
Material:

Definition, Units: Dimensionless

Values: Range: (0.2, 10.0) Median: 0.7
Distribution: Constructed

Correlation:

Halite and polyhalite within Salado Formation, (Salado, BrkCorEx)

Data Source(s):

Judgment)

tigator Judgment)
Davies, P. B, and A. M. LaVenue.

Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 RCRA Calculations” (see Appendix A, pp. A-141 through A-146). (Investigator

Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-

1990b. Appendix A: “Additional Data for Character-

izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990).
Rechard, H. Tuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

R. P

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equation 1.4.1-6.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Not tested

40 CFR 268 Low

NEPA Not tested
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.2 Density

Grain Density of Halite in Salado Formation*

Parameter: Density, grain (pg)
Material: Halite within Salado Formation (Halite, DnsGrain)

Definition, Units: kg/m>

Values: 2.163 x 10°
Distribution: Constant
Correlation:

Data Source(s):  Carmichael, R. S., ed. 1984. CRC Handbook of Physical Properties of Rocks. Boca
Raton, FL: CRC Press, Inc. Vol. III. (Table 2)
Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for the Waste Isolation
Pilot Plant (WIPP) Project. SANDR83-1908. Albuquerque, NM: Sandia National
Laboratories. (p. 14)
Clark, S. P, Jr.,, ed. 1966. Handbook of Physical Constants. Memoir 97. New York, NY:
The Geological Society of America, Inc. (p. 44)

Usage:
Mathematical model:
(Value recommended for exploratory modeling.)

Equation (NA).

Computational models:
(NA)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Grain Density of Polyhalite in Salado Formation*

Parameter: Density, grain (p,)
Material: Polyhalite within Salado Formation (PHalite, All, DnsGrain)

Definition, Units: kg/m>

Values: 2.78x 10°
Distribution: Constant
Correlation:

dards. (p. 103-203)

Data Source(s): Hume, H. R, and A. Shakoor. 1981. "Mechanical Properties,” Physical Properties Data
Jor Rock Salt. NBS Monograph 167. Washington, DC: National Bureau of Stan-

Usage:
Mathematical model:
(Value recommended for exploratory modeling.)

Equation (NA).

Computational models:
(NA)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Bulk Density of Halite in Salado (Halite)*

Parameter: Density, bulk (pp,,n)
Material: Halite within Salado Formation (Salado, All, DnsBIk)

Definition, Units: kg/m3

Values: 2.14x 10°
Distribution: Constant
Correlation:

Data Source(s):  Holcomb, D. J., and M. Shields. 1987. Hydrostatic Creep Consolidation of Crushed Salt
With Added Water. SAND87-1990. Albuquerque, NM: Sandia National Laborato-
ries. (p.17)

Usage:
Mathematical model:
The PA Department has used a bulk density of halite near the repository of 2,140 kg/m3 as reported by
Holcomb and Shields (1987, p. 17). This value corresponds to a porosity of 0.01.

Pbulk = (pg (1-9))

Computational models:
(NA)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Average Density near Repository*
Parameter: Density, average (p,.)
Material: Material near repository (Salado Formation) (Salado, All, DnsAvg)
Definition, Units: kg/m>
Values: 23x10°
Distribution: Constant
Correlation:

Data Source(s):  Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for the Waste Isolation
Pilot Plant (WIPP) Project. SAND83-1908. Albuquerque, NM: Sandia National
Laboratories. (Table 4)

Usage:
Mathematical model:
(Value used by PA Department in past exploratory modeling.)

Equation (NA).

Computational models:

(NA)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable

40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.3 Dispersivity

Dispersivity, Longitudinal*

Parameter: Dispersivity, longitudinal (o)

Definition, Units: m

Values: Range: (1,40) Median: 15
Distribution: Constructed
. Correlation:

Material: Halite and polyhalite within Salado Formation (Salado, All, Disp_Ing)

(Engineering Lore)

Judgment)

Data Source(s):  Pickens, I. F, and G. E. Grisak. 1981. “Modeling of Scale-Dependent Dispersion in
Hydrogeologic Systems,” Water Resources Research. Vol. 17, no. 6, 1701-1711.

Lappin, A. R, R. L. Hunter, D. P. Garher, and P. B. Davies, eds. 1989. Systems Analysis,
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico;
Albuquerque, NM: Sandia National Laboratories. (Table D-2) (Investigator

March 1989. SANDR9-0462.

Usage:

Mathematical model:

this volume.

Computational models: Transport
STAFF2D

(Value recommended for exploratory modeling.)

Equations 1.4.6-4a to 1.4.6-4b (definition of hydrodynamic dispersion tensor) in Section 1.4.6,

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low (see Discussion)
40 CFR 268 Not tested
NEPA Not tested
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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Dispersivity Ratio*

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

OCO~NOOAWN =

Parameter: Dispersivity ratio (o /o)

Material:

Definition, Units:

Halite and polyhalite within Salado Formation (Salado, All, Disp_trn)

Ratio of longitudinal dispersivity to transverse dispersivity (dimensionless)

Mathematical model:

Section 1.4.6, this volume.

Computational models:
STAFF2D

Values: Range: (3,25) Median: 10
Distribution:  Constructed
Correlation: Dispersivity, longitudinal
Source(s): PA Judgment based on the following sources:
Pickens, J. F, and G. E. Grisak. 1981. “Modeling of Scale-Dependent Dispersion in
Hydrogeologic Systems,” Water Resources Research. Vol. 17, no. 6, 1701-1711.
(Engineering Lore)
Freeze, R. A,, and J. A. Cherry. 1979. Groundwater. Englewood Cliffs, NJ: Prentice-
Hall, Inc. (Figure 9.6) (Non-WIPP Literature Data)
Usage:

(Value recommended for exploratory modeling.)

Equations 1.4.6-4a to 1.4.6-4b (definition of hydrodynamic dispersion tensor) in

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low (see Discussion)
40 CFR 268 Not tested

NEPA Not tested

Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Discussion:

No solute transport tests have been run in the Salado Formation, and no relevant solute transport data exist for
very low permeability media from which to estimate dispersivity (o). Exploratory calculations of brine flows near
the repository in the Salado show that linear fluid velocities are small and that solute transport proceeds mainly by
diffusion (WIPP PA Division, 1991, vol. 2, Section 4.2.3). At these small velocities, the rule of thumb applied in
standard porous media (Pickens and Grisak, 1981) is assumed to apply, that is, the longitudinal dispersivity o is
approximately equal to 0.1d, where d; is the distance traveled by the solute. For typical distances traveled, o is
between 1 and 40 m (3 and 130 ft). The distribution for o is shown in Figure 2.3-4.

Transverse dispersivity (o) is usually linearly related to ¢ . The ratio of ay, to o typically varies between 5

“and 20 (see, for example, Freeze and Cherry, 1979, Figure 9.6; Dullien, 1979, Figure 7.13; Bear and Verruijt, 1987).

However, at very low velocities the ratio can approach 1, while in some strata the ratio has been reported to approach
100 (Marsily, de, 1986). The current range chosen by PA Analysts for sensitivity studies is 3 to 25 (Figure 2.3-5).

(page date: December 29, 1992) 2-26 (database version: X-3.06PR)



-
CODDNIIANDLA WDON =

DAODADDN NN NN NN D DDA DDDDDLDADWOWIOWLWWW
mmamm—no«)m\lmmhwl\:—aowm\lmmhmm—otom\lmcnh3%38885882835885355355:

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado
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Figure 2.3-4. Estimated distribution for longitudinal dispersivity in halite, Salado Formation.
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Figure 2.3-5. Estimated distribution for dispersivity ratio in halite, Salado Formation.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.4 Partition Coefficients and Retardation

Partition Coefficient for Halite and Polyhalite*

Parameter: Partition coefficient for halite and polyhalite (Kd), all species
Material: Halite and polyhalite within Salado Formation (Salado, Kd_All)

Definition, Units: m>/kg

Values: 0
Distribution: Constant
Correlation:

Data Source(s): -Lappin, A. R, R. L. Hunter, D. P. Garber, and P. B. Davies, eds. 1989. Systems Analysis,
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462.
Albuquerque, NM: Sandia National Laboratories. (p. D-17) (Investigator Judgment)

Usage:
Mathematical model: %
The halite and polyhalite in the Salado Formation are assumed by PA Analysts not to interact chem-
ically with any contaminants.

Equation (NA).

Computational models:

(NA)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.3.5 Permeability

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Undisturbed Permeability*

Parameter: Permeability, undisturbed (k)
Material: Halite and polyhalite within Salado Formation, (Salado, LogPrmU)

Definition, Units: Log permeability values given (dimensionless); permeability has units of m*.

Values: Range: (-24.0, -19.0) Median: -21.2 (log;g of values)
Distribution: Constructed (see Discussion)
Correlation:

2

Data Source(s):  Gorham, E., R. Beauheim, P. Davies, S. Howarth, and S. Webb. 1992, “Recommenda-

Howarth, S. M., E. W. Peterson, P. L. Lagus, K. Lie, S. J. Finley, and E. J. Nowak. 1991.

Beauheim, R. L., G. J. Saulnier, Jr., and J. D. Avis. 1991a. Interpretation of Brine-Perme-

tions to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR
191 Subpart B Calculations” (see Appendix A, pp. A-47 through A-67). (Investigator
Judgment based on WIPP data)

“Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation
at the Waste Isolation Pilot Plant,” Society of Petroleum Engineers Rocky Mountain
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April
15-17, 1991. SPE-21840. Richardson, TX: Society of Petroleum Engineers. (Inves-
tigator Judgment based on WIPP data)

ability Tests of the Salado Formation at the Waste Isolation Pilot Plant Site: First
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories.
({Investigator Judgment based on WIPP data)

Usage:

BRAFGLO

Mathematical model:
Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2 in Section 1.4.1, this volume.

Computational models:

40 CFR 191
40 CFR 268
NEPA
Other

Ranking in Past Sensitivity Analyses:

High

Medium

Not tested
Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Discussion:

The permeability of undisturbed halite was a highly sensitive parameter in determining releases of Pu-239 during
the 1991 series of calculations. Calling this parameter SALPERM, it is seen from the scatterplot in Figure 2.3-6 that
there is a threshold in SALPERM such that, in a scenario that includes gas generation in the repository and intrusion
by drilling at 1000 yr, there is essentially no release if SALPERM < 5 x 107! m?, and finite release if SALPERM > 5
x 102! m2. The undisturbed halite permeability determines how long it will take for a waste panel to be filled with
brine; if the pore space in a panel cannot fill with brine due to very low halite permeability, then there can be no fluid
flow up the intrusion borehole and hence no radionuclide release (Helton et al., 1992, p. 4-20). The distribution of
SALPERM that was used in the 1991 series of calculations is shown on Figure 2.3-7; note that more than 50% of the
values exceed 5 x 10! m?.

The distribution of SALPERM used in the 1992 series of calculations (Figure 2.3-8) differs from the 1991 distri-
bution (Figure 2.3-7) in two ways: in 1992, only about 18% of values exceed the threshold of 5 x 102! m?, and the
upper limit of permeability is now set at 10'1° m2. A rationale for these changes is supplied by Gorham et al. (June
15, 1992, Memo in Appendix A). '

The PA Department judges that both distributions are adequate for the purpose of testing sensitivity of far-field
permeability in the two-phase flow model (Section 1.4.1) but that neither distribution really represents uncertainty in
the gverage far-field permeability, the quantity that should be used in the current version of the two-phase flow
model. Because average halite permeability is (and is likely to remain) a sensitive determinant of releases of radion-
uclides from a disturbed waste panel, a direct approach to inferring uncertainty in average halite permeability, an
approach that uses only measurements of that quantity, seems desirable. One such approach, based on “bootstrap”
statistical methods (see Efron and Tibshirani, 1991, for a review), is outlined below and applied to the inference of
averages of far-field permeability and pore pressure in sections that follow. The data used in these applications arises
from three experimental programs; the three programs (Permeability Tests, Small-Scale Brine Inflow, and Room Q
described in the draft of the “Sandia National Laboratories Waste Isolation Pilot Plant Program Plan for Fiscal Year
1992”) are evaluating permeability, storativity, and pore pressure in halite and anhydrite layers of the Salado Forma-
tion. Results of these programs available in April, 1992, are summarized in Table 2.3-2.

Estimating far-field parameters by non-linear regression: Let (y{, y,, ..., yy) be logarithms of permeabilities,
or pore pressures, that are measured at corresponding distances (X;, X, ..., Xy) into the Salado Formation from the

walls of an open excavation. Data, such as that given in Table 2.3-2, can be used to fit by least squares an expression
of the form:

y(x) = a + b exp(-x/c), (2.3.5-1)

where the coefficients (a, b, ¢) have the following physical meanings;

a = an estimate of log;( of undisturbed permeability or an estimate of undisturbed pore pressure at reposi-
tory level (to see that this is plausible, let x — < in Eq. 2.3.5-1);

C = an estimate of the characteristic depth of the disturbed permeability zone or the (possibly different)
characteristic depth of the disturbed pore-pressure zone (m);

a+b

an estimate of log; of disturbed permeability near the wall of an excavation (let x — o in Eq. 2.3.5-1).
Since permeability is expected to decrease with increasing distance into the Salado, b > 0 in this case.
Alternatively, if y(x) measures pore pressure, a+b is an estimate of disturbed pore pressure near the
wall; (a+ b) ~ 0, so b < 0in this case.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado
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Figure 2.3-6.  Scatterplot for normalized release of Pu-239 to the Culebra Dolomite with gas generation in the
repository and intrusion occurring at 1000 yr for variable SALPERM (Salado permeability) (after
Helton et al., 1992, Figure 4.5-1).
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Figure 2.3-7. Estimated distribution (in 1991) for Salado undisturbed permeability.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation
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Figure 2.3-8. Estimated distribution in 1992 for Salado undisturbed permeability.

The choice of functional form (Eq. 2.3.5-1) is not entirely arbitrary. Because of excavation disturbance and
depressurization, it is expected that pore pressure (or permeability) should increase (or decrease) with increasing dis-
tance x into the Salado Formation in the manner indicated in Figure 2.3-9, and - ignoring natural inhomogeneities
and errors of measurement — should asymptotically approach constant values corresponding to the average far-field
values as x — oo. Equation 2.3.5-1 is but one of many functions that, with proper choice of constants, will mimic the
expected spatial distributions of pore pressure and permeability near the wall of an open excavation. Another possi-
ble functional form is

y(x) = a+ (b/(c+x%)) . (2.3.5-2)

The constant a in Eq. 2.3.5-2 has the same physical meaning as constant a in Eq. 2.3.5-1, but other constants in
Eq. 2.3.5-2 will obviously take a different meaning.

Interest centers primarily on the coefficient a and the uncertainty associated with that coefficient. The other coef-
ficients, b and ¢, are probably not meaningful as estimators of disturbed-zone parameters of a waste-loaded excava-
tion that has undergone some collapse and compaction; in other words, measurements of the material parameters of
contemporary disturbed zones of WIPP excavations should probably not be used to infer the parameters of the dis-
turbed zone of the same excavation after it has been filled with waste and backfill, closed, and allowed to subside for
hundreds to thousands of years.

To infer the uncertainty of the coefficient a, “bootstrap” methods described in Section 14.5 of Press et al., 1986,
have been adopted. The methods are based on a recognition that a given data set,

Y = (Y1, Y2, sesy YN),
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation
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Figure 2.3-9.  Expected qualitative behavior of pore pressure (P) and log permeability (log;ok) near wall of an
open excavation.

can yield at best a single estimate of the éoefﬁcients,
Ao = (a(y bo’ Co)’

when the data are fitted to an expression like Eq. 2.3.5-1. However, if the standard error of each datum is known and
can be interpreted in terms of a standard deviation of the measurement, it becomes possible to obtain an arbitrary
number of synthetic data sets by Monte Carlo simulations. These synthetic data sets can then be used in the regres-
sion formula to obtain new estimates of the coefficients, i.e.,
AL Ay A,

which can be treated as though they were data concerning the coefficients themselves; in other words, the empirical
cdfs and correlations between the coefficients a, b, and ¢ can be constructed by standard statistical techniques. The
method described here has the advantage that empirical cdfs of parameters can be inferred directly from measure-
ments of the fitted quantity and its presumed measurement errors; the need for subjective judgments on the part of
investigators—such as the judgments giving Figures 2.3-7 and 2.3-8—is minimized. Furthermore, the method effec-
tively averages over small-scale spatial variations in the material properties and therefore gives a better description of
uncertainty in the average value of those properties (i.e., a better estimate of the material-property parameter used in
PA consequence model[s]; see Section 1.3.3 for a discussion of this issue). The method has the disadvantage that the
functional forms used in the non-linear regression (e.g., Egs. 2.3.5-1 and 2.3.5-2) are in general not unique; the use of
different functional forms in the regression analyses can yield quite different distributions for the coefficients (or
parameters) a, b, and ¢. The robustness of different functional forms needs to be examined before the method can be
applied with confidence to any given problem. Furthermore, robustness of results with respect to assumptions about
the size of the standard deviations of measurements needs to be examined since quoted standard deviations are more
often than not guesses of the investigators.

As an example of this technique for estimating the distributions of far-field quantities, data from Table 2.3-2 have
been used to generate a simulated distribution of the mean, far-field halite genneability (Figure 2.3-10). Note that

only about 3% of average SALPERM values exceed the threshold of 5 x 107 I'm?2,
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado
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Figure 2.3-10. Simulated undisturbed (far-field) halite permeability. Coefficient “a” in non-linear least square fit to

Eq. 2.3.5-1; 30 samples.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Disturbed Permeability*

Parameter:
Material:

Definition, Units:

Values:

Distribution:
Correlation:

Permeability, disturbed (k)
Halite and polyhalite within Salado Formation, (Salado, LogPrmD)

Log permeability values given (dimensionless); permeability has units of m>.

Range: (-22.0, -15.0) Median: -20.7

Constructed (see Discussion)

Data Source(s):

Gorham, E., R. Beauheim, P, Davies, S. Howarth, and S. Webb. 1992. “Recommenda-
tions to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR
191 Subpart B Calculations” (see Appendix A, pp. A-47 through A-67). (Investigator
Judgment based on WIPP data)

Howarth, S. M., E. W. Peterson, P. L. Lagus, K. Lie, S. I. Finley, and E. J. Nowak. 1991.
“Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation
at the Waste Isolation Pilot Plant,” Society of Petroleum Engineers Rocky Mountain
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April
15-17, 1991. SPE-21840. Richardson, TX: Society of Petroleum Engineers. (Inves-
tigator Judgment based on WIPP data)

Beauheim, R. L., G. ]. Saulnier, Jr,, and J. D. Avis. 1991a. Interpretation of Brine-Perme-
ability Tests of the Salado Formation at the Waste Isolation Pilot Plant Site: First
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories.
(Investigator Judgment based on WIPP data)

Usage:

Mathematical model:
Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2 in Section 1.4.1, this volume.

Computational models:
BRAGFLO

NEPA
Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Low

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Discussion:

The disturbed permeability and porosity of the Salado Formation and interbeds vary from the intact properties to
large, open fractures. These two disturbed properties also change as the stress field around the excavations change
with time. Furthermore, the halite will likely heal to intact conditions over time (Sutherland and Cave, 1978; Lappin
etal.,, 1989, p. 4-45). For these reasons, disturbed permeability is treated as an independent parameter when it is not
possible to predict changes in halite permeability due to changes in the stress field. In the 1992 data base, the dis-
turbed permeability is assumed to be distributed according to the empirical cdf of the non-far-field data points listed
in Table 2.3-2. Figure 2.3-11 shows the resulting distribution.

Disturbed permeability of halite was not sampled in 1992 calculations.
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Figure 2.3-11. Estimated distribution (in 1992) for Salado halite disturbed permeability.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.6 Pore Pressure at Repository Level in Halite

Pore Pressure*

Parameter: Pore pressure (p)
Material: Halite and polyhalite within Salado Formation, (Salado, Pressure)

Definition, Units: MPa

Values: Range: (9.0, 10.0) Median: 9.5
Distribution: Uniform
Correlation:

Data Source(s):  Gorham, E., R. Beauheim, P. Davies, S. Howarth, and S. Webb. 1992. “Recommenda-
tions to PA on Salado Formation Intrinsic Permeability and Pore Pressure for 40 CFR
191 Subpart B Calculations” (see Appendix A, pp. A-47 through A-67). (Investigator
Judgment based on WIPP data)

Howarth, S. M., E. W. Peterson, P, L. Lagus, K. Lie, S. I. Finley, and E. J. Nowak. 1991.
“Interpretation of In-Situ Pressure and Flow Measurements of the Salado Formation
at the Waste Isolation Pilot Plant,” Society of Petroleum Engineers Rocky Mountain
Regional Meeting and Low-Permeability Reservoir Symposium, Denver, CO, April
15-17, 1991. SPE-21840. Richardson, TX: Society of Petroleum Engineers. (Inves-
tigator Judgment based on WIPP data)

Beauheim, R. L., G. J. Saulnier, Jr., and J. D. Avis. 1991. Interpretation of Brine-Perme-
ability Tests of the Salado Formation at the Waste Isolation Pilot Plant Site: First
Interim Report. SAND90-0083. Albuquerque, NM: Sandia National Laboratories.
(Investigator Judgment based on WIPP data)

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equations: Boundary condition on fluid pressure in Eqs. 1.4.1-1 and 1.4.1-2.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Discussion:

In 1992, far-field pore pressure in halite is assumed to be uniformly distributed on the interval (9,10) MPa, based
on the single measurement (9.4 + 0.5 MPa, test QPP12 [pre] in Table 2.3-2) that was endorsed as a far-field value
(Gorham et al., June 15, 1992, Memo in Appendix A, this volume).

As another example of the technique for estimating average far-field quantities, data from Table 2.3-2 and regres-
sion techniques described in Section 2.3.5 have been used to generate a simulated distribution for far-field pore pres-
sure in halite (Figure 2.3-12). Results of this trial simulation suggest that halite pore pressure at the repository level
is approximately the hydrostatic pressure of Castile brines, as measured from the surface (Figure 2.3-13).
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3 2}
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5 2
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K {0 Average (7.86) >
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E 3
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o
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0.00 RER ot & g
7.00 7.50 8.00 8.50 8.75
Pore Pressure (MPa)
TRI-6342-1906-0

[T

Figure 2.3-12. Simulated undisturbed (far-field) pore pressure at repository depth in halite. Coefficient “a” in non-
linear least squares fit to Eq. 2.3.5-1; 30 samples.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Elevation (m)

0 —1039.06 Santa Rosa and
l— 1023.30 : | Gatufia Formations
N Dewey Lake
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384.50 m, 11.00000 MPa
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Figure 2.3-13. Calculated lithostatic and hydrostatic pressures with depth.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

2.3.7 Porosity

Undisturbed Porosity*

Parameter: Porosity, undisturbed (¢)
Material: Halite and polyhalite within Salado Formation, (Salado, Pore_U)

Definition, Units: Dimensionless

Values: Range: (1x 1033 x 102 Median: 1x 1072
ADistribution: Constructed (see Discussion)
Correlation:

Data Source(s):  Investigator Judgment (see Discussion).

Powers, D. W, S. J. Lambert, S-E. Shaffer, L. R. Hill, and W. D. Weart, eds. 1978. Geo-
logical Characterization Report, Waste Isolation Pilot Plant (WIPP) Site, Southeast-
ern New Mexico. SAND78-1596. Albuquerque, NM: Sandia National Laboratories.
Vols. 1-2.

U.S. Department of Energy. 1983. "Brine Content of Facility Interval Strata,” Results of
Site Validation Experiments. TME 3177. [Carlsbad, NM]: Waste Isolation Pilot
Plant. Vol. II, Supporting Document 10.

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2; specifies porosity of part of reservoir that is undisturbed halite.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Discussion:

The PA assumed the median porosity to be 0.01 based on an unpublished report about electromagnetic and DC
resistivity measurements (Skokan, C., J. Starrett, and H. T. Andersen. 1988. Final Report: Feasibility Study of Seis-
mic Tomography to Monitor Underground Pillar Integrity at the WIPP Site. Contractor Report. Albuquerque, NM:
Sandia National Laboratories). This median value is identical to that calculated from a grain density of 2,163 kg/m3
(135 1b/ft%) for halite, and a bulk density of 2,140 kg/m?® (133.6 Ib/ft%) (py, = (1-¢)p,). The low value of 0.001 is
based on drying experiments (Powers et al., 1978), while the high value of 0.03 is suggested by the low end of DC
resistivity measurements in the unpublished report by Skokan et al., cited above.

Figure 2.3-14 shows the estimated distribution for the undisturbed porosity.
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Figure 2.3-14. Estimated distribution for undisturbed porosity in halite, Salado Formation.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Disturbed Porosity*

Parameter: Porosity, disturbed (¢)
Material: Halite and polyhalite within Salado Formation, (Salado, Pore_D)

Definition, Units: Dimensionless

Values: 6x 1072
Distribution: Constant
Correlation:

Data Source(s):  The disturbed porosity of 0.06 is calculated by assuming that the final (disturbed) density
of halite is 0.95 of the intact density, i.e., ¢ is such that

0.95p,=(1- 9) py

where p, is grain density of halite (Section 2.3.2) and
Py, is bulk density of halite (Section 2.3.2).

Usage:
Mathematical model:
Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2; specifies porosity of part of reservoir that is disturbed halite.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not applicable
40 CFR 268 Not applicable
NEPA Not applicable
Other Not applicable

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3.8 Specific Storage

Specific Storage*

Parameter: Specific storage (S;)
Material: Halite and polyhalite within Salado Formation, (Salado, Sp_Stor)

Definition, Units: m’!

Values: Range: (2.8 x 108, 1.4 x 10 Median: 9.5 x 108
Distribution: Constructed
Correlation:

Data Source(s):  Beauheim, R, [L.] 1991. Appendix A: “Review of Salado Parameter Values to be Used in
1991 Performance Assessment Calculations,” Preliminary Comparison with 40 CFR
Part 191, Subpart B for the Waste Isolation Pilot Plant, December 1991. Volume 3:
Reference Data. WIPP Performance Assessment Division. Eds. R. P. Rechard, A. C.
Peterson, J. D. Schreiber, H. J. Tuzzolino, M. S. Tiemey, and J. S. Sandha. SAND91-
0893/3. Albuquerque, NM: Sandia National Laboratorics. A-19 through A-23.
(Investigator Judgment)

Usage:
Mathematical model:
Specific storage is used to specify solid compressibility, B, which in turn constrains changes in solid
porosity by the relationship,

where p is pore pressure (brine pressure). Such a relationship, or one similar to it, is used in BRAGFLO
(Section 1.4.1) and other two-phase flow models. See Discussion.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested

Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Figure 2.3-15 shows the estimated distribution for specific storage. The median and range of this distribution
were recommended by Beauheim (1991).

2z -
= ¢ @
L0 .
M 1]
3 Poa
& i &
2 . 3
g ©
3 . i
£ :
3 .
o -
® Mean | :
N Median | :
[ R S R )
0 1 2x 108
m!
TRI-6342-1284-1

Figure 2.3-15. Estimated distribution for specific storage of halite, Salado Formation.

Discussion:

Specific storage is usually defined by the relationship,

S, = peg (B, + 0By . 2.3-6)

p; = mass density of fluid (kg/m>),
acceleration of gravity (m/sz),

B, = compressibility of solid matrix ®ah,

¢ porosity of solid matrix (dimensionless),
B

compressibility of fluid (Pa™).
The above relationship can be solved for B_ to give

v=]
]

B, = (S,/p;8) —0B;, @2.3-7)

which can then be used to constrain changes in solid porosity with pressure through relationships of the form

B, =a function of ¢ and 9¢/dp .

(page date: December 29, 1992) ' 2-45 (database version: X-3.06PR)



O©O~NONEWN =

GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Some confusion may result because groundwater models often employ different definitions for the matrix com-
pressibility B,. For example SUTRA (Voss, 1984) defines B, as

1 9
Bs—més,

but defines capacitance (specific pressure storativity) as

c = (1_¢)Bs+¢l3f,
thus

STAFF 2D (Huyakorn et al., 1991) and HST3D (Kipp, 1987) defines B as

_ 9%
Bs_a_p’

while BOAST II (Fanchi et al., 1987) and BRAGFLO (Section 1.4.1, this volume) use
10¢
Bs = oop
bap
It is important to recognize that each code uses a different definition of matrix compressibility and all ignore
solid compressibility.
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2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

2.3.9 Tortuosity

Tortuosity*
Parameter: Tortuosity (1)
Material: Halite and polyhalite within Salado Formation, (Salado, Tortusty)

Definition, Units: Dimensionless

Values: Range: (1x 102, 6.67 x 10°!) Median: 1.4x 107!
Distribution: Constructed
Correlation:

Data Source(s):  Freeze, R. A, and J. A. Cherry. 1979. Groundwater. Englewood Cliffs, NJ: Prentice-
Hall, Inc. (p. 104)
Kelley, V. A., and G. J. Saulnier, Jr. 1990. Core Analyses for Selected Samples from the
Culebra Dolomite at the Waste Isolation Pilot Plant Site. SAND90-7011. Albuquer-
que, NM: Sandia National Laboratories. (Table 4.6)
Lappin, A. R, R. L. Hunter, D. P. Garber, and P. B. Davies, eds. 1989. Systems Analysis,
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquer-
que, NM: Sandia National Laboratories. (Table E-9)

Usage:
Mathematical model:
Intact matrix tortuosity is used to evaluate the effective molecular diffusion coefficient (D) from
the coefficient of molecular diffusion (D ) in the pure saturating fluid (D, = = D" ), where T
equals (¢/¢ am)z £ is the linear length, and £,,,q, is the length of the [tortuous] path that a fluid
particle would take (Bear, 1972, p. 111).

Computational models:
SUTRA (used only in 1991 calculations)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.3 Hydrologic Parameters for Halite and Polyhalite within Salado Formation

Discussion:

No direct measurements of tortuosity are available in the halite or anhydrite layers of the Salado Formation. The
range reported is the theoretical value of 0.667 for uniform-sized grains at low Peclet numbers (N,) (Dullien, 1979,
Figure 7.12) down to 0.01 observed in laboratory experiments of nonadsorbing solutes in porous materials (Freeze
and Cherry, 1979, p. 104). The PA Department selected a median value equal to that of the Culebra Dolomite Mem-
ber (see Table 2.6-1). '
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GEOLOGIC BARRIERS

2.4 Hydrologic Parameters for Anhydrite Layers within Salado

2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation

Table 2.4-1 provides a summary of all parameter values for anhydrite layers near the repository within the Salado
Formation. Marker Bed 139 (MB139), a potential transport pathway, is an interbed located about 1 m (3.3 ft) below
the repository interval and thus is an anhydrite layer of particular interest. Figure 2.4-1 shows a cross section of

MB139.
Table 2.4-1. Hydrologic Parameter Values for Anhydrite Layers within Salado Formation
Distribution Discussion and
Parameter® Median Range Units Type Sources in:
Capillary pressure (p.) and relative permeability (k)
Threshold displacement
pressure (p) (Perfectly correlated with anhydrite permeability) Pa Function Section 2.3.1
Residual saturations
Wetting phase (S 2 2x10" 0.0 4x107 none Uniform Section 2.3.1
Gas phase (Sg;) 2x 107 0.0 4x107 none Uniform Section 2.3.1
Brooks-Corey
exponent (A) 7x 107! 2x 107 1x 101 none Constructed Section 2.3.1
Density, grain (p o) 2,963 x 10° kg/m?® Constant WIPP PA Division,
1991, Vol. 3,2.4.2
Dispersivity
Longitudinal (o)) 1.5x 10! 1 4x 10! m Constructed WIPP PA Division,
1991, Vol. 3,2.4.3
Ratio (a1, /OLy) 10 3 25 none Constructed WIPP PA Division,
1991, Vol. 3,2.4.3
Pattition coefficient
Am 25x 102 m¥kg Constant WIPP PA Division,
1991, Vol. 3, 2.4.4
Np 1x10°% mkg Constant WIPP PA Division,
1991, Vol. 3, 2.4.4
Pb 1x10° m?kg Constant WIPP PA Division,
1991, Vol. 3,2.4.4
Pu 1x10°" m3kg Constant WIPP PA Division,
1991, Vol. 3,2.4.4
Ra 1x 103 m3kg Constant WIPP PA Division,
1991, Vol. 3,2.4.4
Th 1x 101 m3kg Constant WIPP PA Division,
1991, Vol. 3,2.4.4
U 1x 103 m3kg Constant WIPP PA Division,
1991, Vol. 3,2.4.4
Log Permeability (k)
Undisturbed -19.3 -21.0 -16.0 log (m?) Constructed Section 2.4.2
Disturbed -15.0 log (m?) Constant Section 2.4.2
Pore pressure 12,5 12.0 13.0 MPa Uniform Section 2.4.3
Porosity ()
Undisturbed 1x102 1x10% 3x102 none Constructed  Section 2.4.4
Disturbed (correlated with undisturbed porosity) none Uniform Section 2.4.4
Specific storage 1.4x107 9.7x10% 1x10°€ m Constructed WIPP PA Division,
1991, Vol. 3,2.4.8
Thickness (Az) g9x 1071 4x 107 1.25 m Constructed WIPP PA Division,
1991, Vol. 3, 2.4.9
Tortuosity 1.4x 10" 1x102  6.67x10" none Constructed WIPP PA Division,
1991, Vol. 3,2.4.10
3Parameters in bold were sampled in the 1992 calculations.
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GEOLOGIC BARRIERS

2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation
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Figure 2.4-1. Generalized cross section of Marker Bed 139 near repository. The figure shows the internal variability

Polyhalitic Halite
with Clay

} Zone I

Upper Contact, Clay Layer with Interlayered
Halite, Polyhalite and Clay, Clusters of Halite
Crystals, Contact with Zone Il is Sharp where
Defined by Clay Seam
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TRI-6334-220-0

of the unit and the character of both the upper and lower contacts (after Borns, 1985). The thickness
varies spatially between 0.4 and 1.25 m with a reference thickness of 0.99 m (Krieg, 1984, Table I).
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GEOLOGIC BARRIERS
2.4 Hydrologic Parameters for Anhydrite Layers within Salado

2.4.1 Capillary Pressure and Relative Permeability

Threshold Displacement Pressure, P

Parameter:
Material:

Definition Units: Pa

Threshold displacement pressure (p,)
Anhydrite layers within Salado Formation (MB 139, PressCTD)

Values: P, MPa) = 2.6 x 107 k'0-348
Distribution: Function (above)
Correlation: Perfectly correlated with anhydrite permeability.

Data Source(s):

Davies, P. B. 1991a. Evaluation of the Role of Threshold Pressure in Controlling Flow of
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SANDY0-
3246. Albuquerque, NM: Sandia National Laboratories. (Investigator Judgment)

Davies, P. B. 1991b. Appendix A: “Uncertainty Estimates for Threshold Pressure for
1991 Performance Assessment Calculations Involving Waste-Generated Gas," Pre-
Uiminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot
Plant, December 1991. Volume 3: Reference Data. WIPP Performance Assessment
Division. Eds. R. P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S.
Tiemey, and J. S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National
Laboratories. A-37 through A-41. (Investigator Judgment)

Usage:
Mathematical model:

Equation 1.4.1-6.

Computational models:
BRAGFLO

Two-Phase Flow (Section 1.4.1, this volume).

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low

40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Residual Wetting Phase Saturation*

Parameter: Residual wetting phase (liquid) saturation (S,

Material: Anhydrite layers within Salado Formation (MB139, SatRWP)

Definition Units: Dimensionless

Values: Range: (0.0,4 x 10"') Median: 2 x 10

Distribution: Uniform

Correlation:

Data Source(s):  Davies, P. B, and A. M. LaVenue. 1990b. Appendix A: “Additional Data for Character-
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P.
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 RCRA Calculations” (see Appendix A, pp. A-141 through A-146). (Investigator
Judgment)
Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for

1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-
tigator Judgment)

Usage:

Mathematical model:

Two-Phase Flow, Section 1.4.1, this volume.

Equation 1.4.1-7.

Computational models:

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Not tested
40 CFR 268 Low

NEPA
Other

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Residual Gas Saturation*

Material:

Values:

Parameter:

Definition Units:

Distribution:
Correlation:

Residual gas saturation (Sg,.)
Anhydrite layers within Salado Formation (MB 139, SatRGP)

Dimensionless

Range: (0.0,4 x 10'1) Median: 2 x 10!

Uniform

Data Source(s):

Davies, P. B., and A. M. LaVenue. 1990b. Appendix A: “Additional Data for Character-
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SAND89-7068/1)," Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P.
Rechard, H. Tuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 RCRA Calculations” (see Appendix A, pp. A-141 through A-146). (Investigator

Judgment)

Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-

tigator Judgment)

Usage:

Mathematical model:

Two-Phase Flow, Section 1.4.1, this volume.

Equation 1.4.1-7.

Computational models:

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Not tested
40 CFR 268 Low

NEPA
Other

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Brooks and Corey Exponent*

Material:

Parameter: Brooks and Corey exponent (1)

Anhydrite layers within Salado Formation (MB139, BrkCorEx)

Definition Units: Dimensionless

Values: Range: (0.2, 10.0) Median: 0.7
Distribution: Constructed
Correlation:

Data Source(s):

Judgment)

Webb, S. W. 1992b. “Uncertainty Estimates for Two-Phase Characteristic Curves for
1992 40 CFR 191 Calculations” (see Appendix A, pp. A-147 through A-155). (Inves-

tigator Judgment)

Davies, P. B., and A. M. LaVenue. 1990b. Appendix A: “Additional Data for Character-
izing 2-Phase Flow Behavior in Waste-Generated Gas Simulations and Pilot Point
Information for Final Culebra 2-D Model (SAND&9-7068/1)," Data Used in Prelimi-

_nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P.
Rechard, H. Tuzzolino, and J. S. Sandha. SAND®89-2408. Albuquerque, NM: Sandia
National Laboratories. A-139 through A-156. (Investigator Judgment)

Webb, S. W. 1992a. “Uncertainty Estimates for Two-Phase Characteristic Curves for

1992 RCRA Calculations” (see Appendix A, pp. A-141 through A-146). (Investigator

Usage:

Mathematical model:

Two-Phase Flow, Section 1.4.1, this volume.

Equation 1.4.1-6.

Computational models:

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Not tested
40 CFR 268 Low

NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado

Discussion:

Relationships between these parameters are discussed in Section 1.4.1. Preliminary parameter values selected
for MB139 and other anhydrite beds are the same as for Salado halite (Section 2.3.1), except for a lower threshold
displacement pressure (p,), and were taken from experimental data measured for the tight gas sands (Ward and Mor-
row, 1985; Davies and LaVenue, 1990b).
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2.4.2 Permeability

Undisturbed Permeability*

Parameter: Log permeability, undisturbed

Definition Units: log (m?)

Material: Anhydrite layers within Salado Formation (MB139, LogPrmU)

Values: Range: (-21.0, -16) Median: -19.3
Distribution: Constructed
Correlation:

(Investigator Judgment)

(Source #1)

Data Source(s):  Davies, P. B, R. L. Beauheim, and E. D. Gorham. 1992b. “Additional Comments on Far-
Field Anhydrite Permeability Distribution in ‘PA Modeling Using BRAGFLO --
1992’ 7-8-92 Memo by J. Schreiber” (see Appendix A, pp. A-39 through A-45).

Davies, P. B., S. W. Webb, and E. D. Gorham. 1992a. “Feedback on ‘PA Modeling Using
BRAGFLO -- 1992’ 7-8-92 Memo by J. Schreiber” (see Appendix A, pp. A-21
through A-37). (Investigator Judgment)

Usage:
Mathematical model:
Two-Phase Flow, Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Medium (see discussion)
40 CFR 268 High
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado

Discussion:

In 1991, the permeability of undisturbed anhydrite was shown to be a moderately sensitive parameter in deter-
mining releases of radioactivity to Culebra Dolomite under conditions of gas generation within the repository.

The 1992 distribution of anhydrite permeability in the far field (Figure 2.4-2) is based on recommendations given
in Davies et al. (1992b, Memo in Appendix A). The 1992 distribution differs from the 1991 distribution (Figure 2.4-
3) in the assignment of significant probability to values of permeability greater than 1018 m? and less than 102° m?;
the median values of the 1991 and 1992 distributions, 7.8 x 102 m? and 5.0 x 10°2° m? respectively, are not signifi-
cantly different.

According to Davies et al. (1992b, Memo in Appendix A), the 1992 distribution does not capture permeabilities
representative of interbed fracturing due to pressurization by gas that could be generated by WIPP wastes.

An Estimate of Average Undisturbed Anhydrite Permeability. The method for estimating far-field halite
parameters by non-linear regression described in Section 2.3.2 has also been used to make preliminary estimates of
the distribution of the average anhydrite permeability in the far field. Available results of experiments that measured
anhydrite permeability and pore pressure are summarized in Table 2.4-2. Eight measurements from this series of
results were used as the basis for generating artificial data sets in the manner indicated in Section 2.3.2; the regression
curves fitted to 30 artificial data sets are shown on Figure 2.4-4. (Note that the form of the regression curve is the
same as the one described in Section 2.3.2:

y(x)=a+ be e

in which the parameter a estimates the far-field [x — o] material-property parameter.) The empirical cdf for the
average of undisturbed anhydrite permeability that results from this procedure is sketched on Figure 2.4-5.
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Figure 2.4-4. Regression curves fitted to artificial data sets for undisturbed anhydrite permeability (30 samples).
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Figure 2.4-5. Simulated distribution of average, undisturbed permeability of anhydrite (30 samples).
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado

Disturbed Permeability*

Parameter: Log permeability, disturbed (k)
Material: Anhydrite layers within Salado Formation (Salado, LogGPrm)

Definition Units: log (n?)

Values: -15.0
Distribution: Constant
Correlation:

Data Source(s): None: PA analyst’s choice (see Section 2.3.2).

Usage:
Mathematical model:
Two-Phase Flow, Section 1.4.1, this volume.

Equations 1.4.1-1 and 1.4.1-2.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Low
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation

2.4.3 Pore Pressure at Repository Level in Anhydrite

Pore Pressure*

Definition Units: MPa

Values: Range: (12.0, 13.0) Median: 12.5
Distribution: Uniform
Correlation:

Parameter: Pore pressure at repository level (p)
Material: Anhydrite layers within Salado Formation (MB139, Pressure)

(Investigator Judgment)

Data Source(s):  Davies, P. B, R. L. Beauheim, and E. D. Gorham. 1992b. “Additional Comments on Far-
Field Anhydrite Permeability Distribution in ‘PA Modeling Using BRAGFLO --
1992’ 7-8-92 Memo by J. Schreiber” (see Appendix A, pp. A-39 through A-45).

Usage:
Mathematical model:
Two-Phase Flow, Section 1.4.1, this volume.

Computational models:
BRAGFLO

Equation: (Boundary condition on fluid pressure in Eqs. 1.4.1-1 and 1.4.1-2.)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Medinm
40 CFR 268 High
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Discussion:

The 1991 distribution of brine pore pressure at repository level in anhydrite is shown in Figure 2.4-6. This distri-
bution was used to express variability in pore pressure in both halite and anhydrite in the 1991 PA exercises. Brine
pore pressure proved to be a moderately sensitive parameter in determining releases to the Culebra (and beyond) in
scenarios that took account of gas generation in the repository (Helton et al., 1992, Table 4.5-1).

The 1992 distribution of brine pore pressure at repository level (in both halite and anhydrite) is taken to be uni-
form on the interval 12 MPa to 13 MPa and is based on test results quoted in the Davies et al., July 22, 1992b (Memo
in Appendix A). Three measurements were available from regions in which fluid depressurization was judged to be
small; all three measurements yielded pressure values in the range 12 to 13 MPa.

An Estimate of Average Undisturbed Pore Pressure in Anhydrite. The method for estimating far-field halite
parameters that was described in Section 2.3.2 has also been used to make preliminary estimates of the distribution of
the average of undisturbed pore pressure in anhydrite. Eight measurements from the series of test results listed in
Table 2.3-2 were used as the basis for generating artificial data sets; the resulting regression curves fitted to 30 artifi-
cial data sets are shown on Figure 2.4-7. (The form of the regression curve is the same as in Section 2.3.2)) The
resulting empirical cdf for the average of undisturbed pore pressure in anhydrite is shown on Figure 2.4-8. This fig-
ure should be compared with Figure 2.3-10, the simulated distribution of the average of undisturbed pressure in halite
at the repository level. Whether these results make physical sense remains to be determined.
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Figure 2.4-6. Distribution used in 1991 for brine pore pressure in anhydrite MB 139 at repository level.
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Figure 2.4-7. Regression curves fitted to artificial data sets for undisturbed anhydrite pore pressure (30 samples).
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Figure 24-8. Simulated distribution of average undisturbed pore pressure at repository depth in anhydrite (30

samples).
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2.4.4 Porosity

Undisturbed Porosity*

Parameter: Porosity, undisturbed (¢)

Material: Anhydrite layers within Salado Formation (MB139, Pore_U)
Definition Units: Dimensionless

Values: Range: (1x 1073, 3 x 10°2) Median: 1x 1072

Distribution: Constructed

Correlation:

Data Source(s):

Investigator Judgment (see Discussion).

Powers, D. W., S. J. Lambert, S-E. Shaffer, L. R. Hill, and W. D. Weart, eds. 1978. Geo-
logical Characterization Report, Waste Isolation Pilot Plant (WIPP) Site, Southeast-
ern New Mexico. SAND78-1596. Albuquerque, NM: Sandia National Laboratories.

Vols. 1-2.

U.S. Department of Energy. 1983. "Brine Content of Facility Interval Strata,” Results of

Site Validation Experiments. TME 3177.
Plant. Vol. I1, Supporting Document 10.

[Carlsbad, NM]: Waste Isolation Pilot

Usage:

Mathematical model:

Two-Phase Flow, Section 1.4.1 of this volume

Equations 1.4.1-1 and 1.4.1-2.

Computational models:

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low
40 CFR 268 Low
NEPA Not tested
Other Not tested
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Discussion:

PA calculations have assumed an undisturbed anhydrite porosity similar to the undisturbed porosity of the Salado
Formation as a whole. The PA Department assumed the median porosity to be 0.01 based on an unpublished report
on electromagnetic and DC resistivity measurements (Skokan, C., J. Starrett, and H. T. Andersen. 1988. Final
Report: Feasibility Study of Seismic Tomography to Monitor Underground Pillar Integrity at the WIPP Site. Con-
tractor Report. Albuquerque, NM: Sandia National Laboratories). This median value is identical to that calculated
from a grain density of 2,163 kg/m® (135 1b/ft’) for halite and a bulk density of 2,140 kg/m? (133.6 /i) (p,= (1 -
®)pg). The low value of 0.001 is based on drying experiments (Powers et al., 1978), whereas the high of 0.03 was
suggested by the low end of the DC resistivity measurements in the unpublished report by Skokan et al., cited above.

Figure 2.4-9 shows the estimated distribution for undisturbed porosity for the anhydrite layers.
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Figure 2.4-9. Estimated distribution for undisturbed porosity for anhydrite layers in Salado Formation.
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2.4 Hydrologic Parameters for Anhydrite Layers within Salado

Disturbed Porosity*

Parameter: Porosity, disturbed (¢)

Definition Units: Dimensionless

Material: Disturbed anhydrite and halite layers within Salado Formation (MB139, Uniform1)

Values: 0.06 (maximum value; see Discussion)
Distribution: Uniform between maximum value and value of undisturbed porosity
Correlation: Correlated with undisturbed porosity (see Discussion)

Data Source(s):  None; PA analyst’s choice.

Usage:
Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equations 1.4.1-1 and 1.4.1-2.

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS )
2.4 Hydrologic Parameters for Anhydrite Layers within Salado Formation

Discussion:
The porosity of regions of both disturbed anhydrite and halite are modeled by the following relation:
o(disturbed) = 0.06 U + [¢ (undisturbed)] (1 -U).

where ¢ (undisturbed) is itself a sampled parameter (see previous data table), and U is a number uniformly distrib-
uted on the interval (0,1).

The maximum value of disturbed porosity (0.06) is rationalized in WIPP PA Division, 1991, Vol. 3, p. 2-37.
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2.5 Mechanical Parameters for Materials in Repository and Salado Formation

The 1992 attempt to incorporate effects of disposal-room deformation in a calculation of average room porosity
and permeability has triggered the need to include 23 new parameters in the PA Department’s Secondary Data Base.
These new parameters are primarily mechanical or material properties that appear in constitutive equations for the
behavior of intact salt, crushed-salt backfill, or composite waste materials (Section 1.4.7); the 23 parameters and the
values assigned to them are summarized in Tables 2.5-1 and 2.5-2. The uncertainty associated with these mechanical
or material properties is presently unknown, so they have been assigned fixed values in the 1992 series of PA calcula-

tions.

Other, non-mechanical parameters have arbitrarily been included in Table 2.5-1, and may be redundant with sim-
ilar quantities appearing elsewhere in this report: for example, parameters for the gas-generation model used in the
porosity surface calculations have been included in Table 2.5-1 for the sake of completeness even though they are
similar to (but do not generally have the same values as) the gas generation rates described in Section 3.3.5.

Discussion of Sources:

The primary source for values assigned to the 23 mechanical or material properties in 1992 calculations is Men-
denhall et al., 1991. This citation is confirmed by Butcher in his September 9, 1992 memo (Appendix A). Most of
these values are taken from the much earlier work of Krieg (1984) or Sjaardema and Krieg (1987) according to Mun-
son in his October 26, 1992 memo (Appendix A). Mendenhall et al. modified the Sjaardema and Krieg values of elas-
tic shear modulus and elastic bulk modulus of intact and crushed salt to conform with the “Reduced Modulus” model
frequently used in WIPP problems (Munson, October 26, 1992, Memo in Appendix A) by dividing the Sjaardema and
Krieg values by 12.5.

According to Butcher (September 9, 1992, Memo in Appendix A), the function giving volumetric strain as a
function of pressure (Table 2.5-2) was derived from the solid line axial compaction stress versus porosity curve in
Figure 2 of the September 12, 1991 memo of Beratin and Davies (Appendix A). Actual data points from which the
Beratin-Davies curve was derived are given in Table 3-2 of Butcher et al., 1991: Table 2.5-2 was constructed by
dividing each axial stress datum by 3 and converting porosity to the ratio p/p , where p is current density of waste
and p_ is waste initial density. The curve implicit in Table 2.5-2 assumes an initial waste density of 426 kg/m and a

theoretical solid density of 2000 kg/m?>.
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2.5 Mechanical Parameters for Matenials in Repository and Salado Formation

Table 2.5-1. Summary of Parameters Used in Mechanical Models of Repository and Salado Formation

Materials.
Section 1.4.7
Parameter Median? Units Eq. No. Source®
* Model of intact salt
G - elastic shear modulus 0.992 GPa 1.4.71 1, see discussion
K - elastic bulk modulus 1.656 GPa 1.4.7-2 1, see discussion
A - experimental constant 5.79x 10°% Pa-4.9/s 1.4.7-2 1
N - experimental constant 4.9 none 1.4.71 1,3
Q/RT - exponential constant 20.13 none 1.4.7-1 1, 3 (@ 300°K)
» Model of crushed salt backfill
Gy, - elastic shear modulus 864.0 Pa 1.4.7-3 1, see discussion
G, - experimental constant 6.53x 1072 mkg 1.4.7-3 1,2
K, - elastic bulk modulus 1.41 kPa 1.4.7-4 1, see discussion
K; - experimental constant 6.53x 103 m3kg 1.4.7-4 1,2
A, - experimental constant 579 x 10°% Pa*9s 1.4.7-5 1
P int - density of intact halite 2.14x10° kg/m® 1475 2
N - experimental constant 4.9 none 1.4.7-5 1
Q/RT - exponential constant 20.13 none 1.4.7-5 1
B, - experimental constant 1.3x 108 kg/(m? « s) 1.4.7-6 1,2
B, - experimental constant 0.82x 10 Pa™ 1.4.7-6 1,2
A - experimental constant -17.3x 10 m%kg 1.4.7-6 1,2
» Volumetric plasticity model for waste
H - shear modulus 333 MPa 1.47-7 1
Ko - bulk unloading modulus 222 MPa 1.4.7-7 1
a, - yield function constant 0 , none 1.4.7-7 1
a, - yield function constant o] none 1.4.7-7 1
a, - yield function constant 3 none 1.4.7-7 1
P, - initial waste density 426 kg/m® 1.4.7-8 4
F(P) - volumetric strain as a
function of pressure (see Table 2.5-2 and discussion) 1.4.7-8 4
* Gas generation model for porosity-surface
calculation gas production rates (inundated)
Anoxic corrosion rate 3.17x 108 mole/(drum e s) 1.4.7-10 5
Anoxic corrosion potential 1050 mole/drum 1.4.7-10 5
Microbial rate 3,17 x 108 mole/(drum » s) 1.4.7-10 5
Microbial potential 550 mole/drum 1.4.7-10 5
Radiolysis rate o] mole/(drum ¢ s) 1.4.7-10 5
Radiolysis potential 0 mole/drum 1.4.7-10 5
D - number of drums 6804 none 1.4.7-10 5

2 All parameters are constants unless otherwise noted.
b Key to sources:
1. Mendenhall et al., 1991
Sjaardema and Krieg, 1987
Munson (October 26, 1992, Memo in Appendix A)
Butcher (September 9, 1992, Memo in Appendix A)
Beratin and Davies (September 12, 1991, Memo in Appendix A)

arep
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Table 2.5-2. Volumetric Strain as a Function of Pressure: Relationship Used in Volumetric Plasticity
Model for Waste in Disposal Room (from Butcher, September 9, 1992, Memo in
Appendix A).

log Density Ratio
Pressure (MPa) Inp/p,

OCO®NOON A QN =

—_
(=]

0.028 0.032
0.733 0.741
1.133 0.898
1.667 1.029
2.800 1.180
10.17 1.536
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

2.6 Parameters for Culebra Dolomite Member of Rustler Formation

The Culebra Dolomite Member of the Rustler Formation is a finely crystalline, locally argillaceous (containing
clay) and arenaceous (containing sand), vuggy dolomite ranging in thickness near the WIPP from about 7 m (23 ft)
(at DOE-1 and other locations) to 14 m (46 ft) (at H-7). The PA Department has chosen 7.7 m as a reference thick-
ness. Figure 2.6-1 shows a detailed lithology of the Rustler Formation. Figure 2.6-2 is a cross-section across the
WIPP disposal system. The Culebra Dolomite is generally considered to provide the most important potential
groundwater-transport pathway for radionuclides that may be released to the accessible environment provided human
intrusion occurs. Accordingly, the WIPP Project has devoted much attention to understanding the hydrogeology and
hydraulic properties of the Culebra. Figure 2.6-3 shows the locations of wells used to define the hydrologic parame-
ters for the Culebra Dolomite. Detailed hydrogeologic information is available in reports by Brinster (1991) and Holt
and Powers (1988). The Culebra Dolomite has been tested at 41 locations in the vicinity of the WIPP. Results of
these tests and interpretations have been reported by Beauheim (1987a,b,c; 1989), Saulnier (1987), and Avis and
Saulnier (1990).

One early observation (Mercer and Orr, 1979) was that the transmissivity of the Culebra Dolomite varies by six
orders of magnitude in the vicinity of the WIPP. This variation in transmissivity appears to be the result of differing
degrees of fracturing within the Culebra Dolomite. The cause of the fracturing, however, is unresolved. Culebra
transmissivities of about 1 x 10°% m?/s (0.93 ft%/d) or greater appear to be related to fracturing. Where the transmissiv-
ity of the Culebra Dolomite is less than 1 x 107 m%/s (0.93 fi/d), few or no open fractures have been observed in
core, and the Culebra's hydraulic behavior during pumping or slug tests is that of a single-porosity medium. Where
transmissivities are between 1 x 10 m?/s (0.93 £t*/d) and at least 1 x 104 m%s (93 ft¥/d), open fractures are observed
in core, and the hydraulic behavior of the Culebra Dolomite during pumping tests is that of a dual-porosity medium
(Beauheim, 19872, b, c; Saulnier, 1987).

Parameter values for the Culebra Dolomite Member are given in Table 2.6-1.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation
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Figure 2.6-1. Detailed lithology of Rustler Formation at ERDA-9 (after SNL and U.S. Geological Survey, 1983).
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation
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Figure 2.6-2. Interpolated geologic west-east cross section across the WIPP disposal system (after Mercer, 1983;

Davies, 1989, Figure 53).
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Parameters for Culebra Dolomite Member of Rustler Formation
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Figure 2.6-3. Location of wells used to define hydrologic parameters for Culebra Dolomite.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Table 2.6-1. Summary of Parameter Values for Culebra Dolomite Member of Rustler Formation
Distribution Discussion and
Parameter® Median Range Units Type Sources in:
Density
Dolomite, grain (p 4) 282x 10° 278x10° 286x10° kg/md Normal WIPP PA Division, 1991,
Vol. 3, Section 2.6.1
Clay, bulk (p ) 25x10° kg/m3 Constant  WIPP PA Division, 1991,
Vol. 3, Section 2.6.1
Dispersivity®
Longitudinal {(01,) 1x 102 5x 10 3x 10? m Constructed WIPP PA Division, 1991,
Vol. 3, Section 2.6.2
Ratio (00 /0Ly) 10 1 25 none Constructed WIPP PA Division, 1991,
Vol. 3, Section2.6.2
Fracture spacing (2B) 4x10? 6x102 8 m Constructed Section 2.6.2
Clay filling fraction (b/b) 0.0 0.0 0.5 none Constructed Section 2.6.1
Log Partition coefficients
Matrix
Am -0.730 -4.0 2.0 log (m¥kg) Constructed Section 2.6.4
Cm -0.730 -4.0 2.0 log (m%kg) Constructed Section 2.6.4
Np -1.32 -4.0 2.0 log (m¥kg) Constructed Section 2.6.4
Pb -1.99 -4.0 0.0 log (mkg) Constructed Section 2.6.4
Pu -0.584 -4.0 2.0 log (m¥kg) Constructed Section 2.6.4
Ra -2.00 -4.0 1.0 log (m%*kg) Constructed Section 2.6.4
Th -2.00 -4.0 0.0 log (n%kg) Constructed Section 2.6.4
u -1.54 -4.0 0.0 log (m%*kg) Constructed Section 2.6.4
Clay
Am 1.97 -4.0 3.0 log (m¥kg) Constructed Section 2.6.4
Cm 1.97 -4.0 3.0 log (m%kg) Constructed Section 2.6.4
Np 0.0 -4.0 3.0 log (m¥kg) Constructed Section 2.6.4
Pb -1.00 -4.0 2.0 log (m%kg) Constructed Section 2.6.4
Pu 2.31 -4.0 3.0 Jog (m¥kg) Constructed Section 2.6.4
Ra -1.47 -4.0 2.0 log (m¥kg) Constructed Section 2.6.4
Th -1.00 -4.0 1.0 log (m%kg) Constructed Section 2.6.4
u 212 -4.0 0.0 log (m%¥kg) Constructed Section 2.6.4
Porosity
Fracture (¢y) 1x 103 1x10% 1x 102 none Lognormal Section 2.6.2
Matrix (¢ ) 1.39x10"  9.6x102 208x10" none Data Section 2.6.2
Clay (¢ ) 0.275 0.05 0.5 none Uniform Section 2.6.2
Storage coefficient (S) 2x10°% 5% 106 5x 104 none Constructed WIPP PA Division, 1991,
Vol. 3, Section 2.6.5
Thickness (Az) 7.7 5.5 1.13x10" m Spatial WIPP PA Division, 1991,
Vol. 3, Section 2.6.6
Tortuosity (T)
Dolomite 1.2x 10" 3x102  33x10"  none Data WIPP PA Division, 1991,
Vol. 3, Section 2.6.7
Clay 12x 102 3x10%  33x10%  none Constructed WIPP PA Division, 1991,
Vol. 3, Section 2.6.7
Index for transmissivity fields 0.5 0.0 1.0 none Uniform Section 2.6.3
8 Parameters in bold were sampled in the 1992 calculations.

® Not used in 1992; see Volume 2 of this report, Section 7.6, for a discussion of the 1992 mode! of hydrodynamic dispersion.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

2.6.1 Fraction of Clay Filling in Fractures

Clay Filling Fraction*

Parameter:
Material:

Definition Units:

Values:

Distribution:
Correlation:

Clay filling fraction (b/b)
Culebra Dolomite Member of Rustler Formation (Culebra, FClayF11)

Dimensionless

Range: (0.0, 0.5) Median: 0.0

Constructed (see Discussion)

Data Source(s):

Siegel, M. D. 1990. Appendix A: “Representation of Radionuclide Retardation in the
Culebra Dolomite in Performance Assessment Calculations." Data Used in Prelimi-
nary Performance Assessment of the Waste Isolation Pilot Plant (1990). R. P.
Rechard, H. Iuzzolino, and J. S. Sandha. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories. A-43 through A-62. (Investigator Judgment)

Novak, C. F, F. Gelbard, and H. W. Papenguth. 1992. “Parameter Recommendations for
Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP Performance
Assessment Calculations” (see Appendix A, pp. A-125 through A-131). (Investigator
Judgment)

Usage:

Mathematical model:
Solute transport in Culebra, Section 1.4.6, this volume.

Equation 1.4.6-3 and text following that equation (see Figure 1.4-4).

Computational models:
SECO/TP
STAFF2D (1991)

NEPA
Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Discussion:

Within fractures of the Culebra Dolomite Member, gypsum and corrensite (alternating layers of chlorite and
smectite) are observed. To evaluate the retardation of radionuclides within the fractures (caused by interaction with
this material lining the fractures), the fraction of lining material (b/b) is needed, where 2b_ is the total thickness of
clays and 2b is fracture aperture. At present, data are not available to estimate the true range or distribution of b /b in
the Culebra. Siegel (1990) recommended a normal distribution with a maximum of 0.9 and a minimum of 0.1. Cur-
rent PA calculations have adopted the recommendations of Novak et al. (July 20, 1992, Memo in Appendix A) who
note that clays do not invariably occur in all fractures, and that the absence of clays should be accounted for by a cdf
of the form

0.5U(x)+x if 0<x<0.5
Pr{b%sx}={1 B s ,

where U(x) is the unit step function. This distribution is plotted on Figure 2.6-4. Sampling from the distribution will
give zero clay-layer thickness 50% of the time, and non-zero clay layer thickness 50% of the time.
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Figure 2.6-4. Estimated distribution for clay filling fraction, Culebra Dolomite Member.
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2.6.2 Porosity

Fracture Porosity*

GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Parameter: Fracture porosity (¢

Definition Units: Dimensionless

Material: Culebra Dolomite Member of Rustler Formation (Culebra, FPore)

Values: Range: (1x 10'4, 1x 10'2) Median: 1x 103
Distribution: Lognormal
Correlation:

ment)

Data Source(s):  Lappin, A. R., R. L. Hunter, D. P. Garber, and P. B. Davies, eds. 1989. Systems Analysis,
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico; March 1989. SAND89-0462. Albuquer-
que, NM: Sandia National Laboratories. (Table 1-2; Table E-6) (Investigator Judg-

Usage:
Mathematical model:

Computational models:
SECO/TP
STAFF2D (1991)

Solute transport in Culebra, Section 1.4.6, this volume.

Equation 1.4.6-3 and text following that equation.

Ranking in Past Sensitivity Analyses:
40 CFR 191 High
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Discussion:

The fracture porosities interpreted from the tracer tests at the H-3 and H-11 hydropads are 2 x 10"3 (Kelley and
Pickens, 1986) and 1 x 1073, respectively.

Both H-3 and H-11 lie near the expected transport pathway. The average value rounded to one significant figure
was selected as the median and used for PA calculations. Similar to Lappin et al. (1989), the PA Department set the

minimum and maximum one order of magnitude to either side of this median.

Figure 2.6-5 shows the estimated distribution for the fracture porosity.
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Figure 2.6-5. Estimated distribution for fracture porosity, Culebra Dolomite Member.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Clay Porosity*
Parameter: Clay porosity (¢.)
Material: Clays lining fractures of Culebra Dolomite Member of Rustler Fm. (Culebra, PoreClay)

Definition, Units: Dimensionless

Values: Range: (0.05, 0.5) Median: 0.275
Distribution: Uniform
Correlation:

Data Source(s):  The 1992 distribution of clay porosity is based on recommendations of the authors of the
following memo:
Novak, C.E, F. Gelbard, and H.W. Papenguth. 1992. “Parameter Recommendations for
Porosity and Thickness of Clay Fracture Linings for the 1992 WIPP Performance
Assessment Calculations” (see Appendix A, pp. A-125 through A-131). (Investigator
Judgment based on non-WIPP literature)

Usage:
Mathematical model:
Solute transport in Culebra, Section 1.4-6, this volume.

Equation 1.4.6-6 (also see Figure 1.4-4).

Computational models:
SECO/TP
STAFF2D (1991)

Ranking in Past Sensitivity Analyses:
40 CFR 191 Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Matrix Porosity*

Parameter: Matrix porosity (¢,

Definition Units: Dimensionless

Material: Matrix of Culebra Dolomite Member of Rustler Formation (Culebra, Porosity)

Values: Range: (0.095, 0.252) Median: 0.145
Distribution: Data
Correlation:

Data)

Judgment)

Data Source(s):  Kelley, V. A, and G. I. Saulnier, Ir. 1990. Core Analyses for Selected Samples from the
Culebra Dolomite at the Waste Isolation Pilot Plant Site. SAND90-7011.
Albuquerque, NM: Sandia National Laboratories. (Table 4.4) (WIPP Observational

Lappin, A. R, R. L. Hunter, D. P. Garber, and P. B. Davies, eds. 1989. Systems Analysis,
Long-Term Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot
Plant (WIPP), Southeastern New Mexico;
Albuquerque, NM: Sandia National Laboratories. (Table E-8)  (Investigator

March 1989. SANDS89-0462.

Usage:
Mathematical model:

Equation 1.4.6-6 (also see Figure 1.4-4).

Computational models:
SECO/TP
STAFE2D (1991)

Solute transport in Culebra, Section 1.4-6 of this volume.

Ranking in Past Sensitivity Analyses:
40 CFR 191 Medium
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Discussion:

Matrix porosity has been evaluated by the Boyles' law technique using helium or air on 79 samples taken from
the intact portion of core from 20 borehole or hydropad locations near the WIPP and also by water-resaturation for 30
of the samples. The agrecment between the two techniques was excellent with an % of 0.99 (Kelley and Saulnier,
1990, p. 4-7). From the Boyles' law technique, an average porosity for the 20 wells of 0.139 was obtained, with a
range of 0.096 to 0.208 (Kelley and Saulnier, 1990, Table 4.4). (Lappin et al. [1989, Table E-8] report an average of
0.153 with a range of 0.028 and 0.303 assuming each of the 79 measurements is independent.) For many of the wells,
a large amount of core was lost in porous (vuggy) and/or fractured portions of the Culebra Dolomite Member. Thus

only intact matrix porosity is reported here.

Figure 2.6-6 shows the empirical distribution function for porosity of the Culebra Dolomite member.
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Figure 2.6-6. Empirical distribution for intact matrix porosity of Culebra Dolomite Member assuming no spatial
correlation,
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Fracture Spacing*

Parameter: Fracture spacing (2B)

DefinitionUnits: m

Material: Culebra Dolomite Member of Rustler Formation (Culebra, FrcteSp)

Values: Range: (6 x 10'2, §) Median: 4x 101
Distribution: Constructed
Correlation:

tigator Judgment)

Data Source(s):  Beauheim, R. L., T. F. Corbet, P. B. Davies, and J. F. Pickens. 1991b. Appendix A: “Rec-
ommendations for the 1991 Performance Assessment Calculations on Parameter
Uncertainty and Model Implementation for Culebra Transport Under Undisturbed and
Brine-Reservoir-Breach Conditions,” Preliminary Comparison with 40 CFR Part
191, Subpart B for the Waste Isolation Pilot Plant, December 1991. Volume 3: Refer-
ence Data. WIPP Performance Assessment Division. Eds. R. P. Rechard, A. C.
Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S. Tiemey, and J. S. Sandha. SAND91-
0893/3. Albuquerque, NM: Sandia National Laboratories. A-7 through A-18. (Inves-

Usage:
Mathematical model:

Computational models:
SECO/TP
STAFF2D

Solute transport in Culebra, Section 1.4-6, this volume.

Equations 1.4.6-3 and 1.4.6-10, establishes no-diffusion boundary (see also Figure 1.4-4).

Ranking in Past Sensitivity Analyses:
40 CFR 191 High
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Discussion:

Both horizontal and vertical fracture sets have been observed in core samples, shaft excavations, and outcrops
(however, PA models use only horizontal fracture sets). A fracture spacing varying between 0.23 and 1.2 m (0.75 and
3.9 ft) has been interpreted for two travel paths at the H-3 borehole (Kelley and Pickens, 1986). Preliminary evalua-
tion of the breakthrough curves for the H-6 borehole tracer test suggests a fracture spacing between 0.056 and 0.44 m
(0.18 and 1.44 ft), and the H-11 borehole tracer test suggests a fracture spacing between 0.11 and 0.32 m (0.36 and
1.05 ft) (Beauheim et al., 1991b). From these data, Beauheim et al. (1991b) suggested a minimum of (.06 m (0.2 ft)
and a maximum equivalent to the assumed uniform thickness of the Culebra (8 m [26.2 ft]). Finally, the average frac-
ture spacing at the three wells (H-3, H-6, and H-11) is 0.4 m (1.3 ft); the PA Department has chosen (.4 m as median

fracture spacing.

In the 1991 sensitivity analyses, fracture spacing in the Culebra Dolomite proved to be a moderate to highly sen-
sitive parameter in determining releases of most radionuclides to the accessible environment. This sensitivity was
independent of gas generation in the repository but (of course) was dependent on whether or not a dual-porosity
transport model was used in the analysis.

The constructed distribution of Culebra fracture spacing is shown on Figure 2.6-7.
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Figure 2.6-7. Constructed distribution for Culebra fracture spacing.
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

2.6.3 Transmissivity

Index for Culebra Transmissivity Fields*

Material:

Parameter: Index for Culebra transmissivity fields
Culebra Dolomite Member of Rustler Formation (Global, IdxTrans)

Definition Units: Dimensionless

Values: Range: (0, 1) Median: 0.5
Distribution: Uniform
Correlation:

Data Source(s):  See Discussion.

Usage:

Mathematical model:

Fluid flow in Culebra, Section 1.4.5, this volume.

Equation: This parameter labels realizations of transmissivity fields T(x,y) that appear in

Eq. 1.4.5-2; see Discussion.

Computational models:

SECO2D

Ranking in Past Sensitivity Analyses:

40 CFR 191 Medium

40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Discussion of Transmissivity Fields:

The 1990 WIPP Performance Assessment used a simple zonal approach for including uncertainty in the trans-
missivity (T) field within the Culebra Dolomite Member of the Rustler Formation. The zonal method divides the
regional and local computational domains into geographic regions; 8, 13, and 15 regions have been used for different
analyses reported in Marietta et al. (1989) and Bertram-Howery et al. (1990). In each region, a distribution was con-
structed using transmissivity measurements from available wells (Tables 2.6-2 and 2.6-3). This empirical distribution
was sampled and one constant value used for the transmissivity in each zone. Each zone was sampled independently,
so a single simulation used 8 (or 13 or 15) transmissivity values to represent the regional 7 field. Some simulations
used distributions constructed from pilot point values (LaVenue et al., 1990) at locations assigned during calibration
in addition to actual measurements at well locations.

The early (1990) approach was improved in 1991 in two ways:

» The reason for varying transmissivity over geographic zones is to include spatial variability in the T field.
Correlations exist in the 7 field over distances greater than five kilometers; thus, assuming that the 8 (or 13 or
15) zones are independent during sampling is only a first approximation. Spatial dependence has been
included over the whole model domain.

+ The T fields generated by the simple zonal approach directly used transmissivity measurements whereas other
information was included only indirectly through pilot point values. Many other data are available, and it has
been possible to incorporate some of these data directly, e.g., hydraulic head measurements (Table 2.6-4) and
geologic information.

Transmissivities display a variability in space that can be characterized using measured data, €.g., pump tests, by
geostatistical analyses. This spatial variability was found to be stationary in the mean (LLaVenue et al., 1990), but
intrinsic in the second moment (IRF = 0) with a linear variogram without nugget effect (i.e., locally described by a
constant with random perturbations that increase in variance with distance). Several techniques are available to gen-
erate random fields having this spatial structure: turning bands, inversion of the full covariance matrix, and spectral
methods. Many such realizations could be generated and each realization could be used as one input for a system
simulation. Each realization would than have the correct spatial structure of the true field, and would satisfy the first

objective above.

However, these realizations would not be fully coherent with the actual measurements, and would overestimate
the uncertainty in the T field. Making realizations of random fields coherent with measured information is called
“conditioning”. For WIPP PA, conditioning can be performed on at least four types of information:

* Measured T values at the wells.
* Measured or estimated head values at the wells in pre-excavation steady-state conditions.
» Measured head values during various transient hydraulic tests (e.g., long-term pump tests, shaft excavation).

* Indirect geologic data that can be correlated with transmissivity (such as overburden thickness, or presence of
evaporites in the Culebra or Rustler).

Of the half-dozen methods available for conditioning on head data, two have been used to date in WIPP PA
work. In 1991, random fields conditioned on 7' measurements at well locations and on values assigned during manual
calibration were assigned to pilot point locations where no measurements were available (LaVenue et al., 1990).
Forty-one measured-7 and 41 pilot-point values are available. The pilot point values were assigned to insure coher-
ence of the calibrated T field with the measured head data (both stcady-state and transient conditions) so conditioning
on head data is indirectly included. An advantage of this method is that it does not require any assumption on the
acceptable range of variability of T (Var(T)). Many methods require that the Var(In7)>1, and in the Culebra the
Var(InT) is about 3.5. This first method also allows using a variable-density fluid-flow model which may be impor-
tant in the Culebra (Davies, 1989). Other methods are linear, but can only accommodate constant-density fluid-flow
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GEOLOGIC BARRIERS

2.6 Parameters for Culebrg Dolomite Member of Rustler Formation

Table 2.6-2. Logarithms of Selected Transmissivity Measurements in Culebra Dolomite Member (after
Cauffman et al., 1990, Table C.1)

Well ID Median
AEC7 -6.5535
CABIN1 -6.5213
D268 -5.6897
DOE1 -4,4271
DOE2 -4.0191
ENGLE -4.3350
ERDAgS -6.2964
H1 -6.0290
H10B -7.1234
H11B1 -4.5057
H12 -6.7132
H14 -6.4842
H15 -6.3804
H16 -6.1149
H17 -6.6361
H18 -8.7775
H2B1 -6.2005
H3 -5.6089
H4B -5.9960
H5B -7.0115
HeB -4.4500
H7B1 -2.8125
H8B -5.0547
HoB -3.9019
USGS1 -3.2584
WIPP12 -6.9685
WIPP13 -4.1296
WIPP18 -6.4913
WIPP19 -6.1903
WIPP21 -6.5705
WIPP22 -6.4003
WIPP25 -3.5412
WIPP26 -2.9136
WIiPP27 -3.3692
WIPP28 -4,6839
WIPP29 -2.9685
WIPP30 -6.6023
P14 -3.5571
P15 -7.0354
P17 -5.9685
P18 -1.0123x10!

Low Range High Range
-7.7185 -5.3885
-7.6863 -5.3563
-6.8547 -4.5247
-5.0096 -3.8466
-4.6016 -3.4366
-4.9175 -3.7525
-7.4614 5.1314
-7.1940 -4.8640
-8.2884 -5.9584
-5.0882 -3.9232
-7.8782 -5.5482
-7.6492 -5.3192
-7.5454 52154
-7.2799 -4.9499
-7.8011 -5.4471
-6.3600 -5.1950
-6.7830 -5.6180
-6.1914 -5.0264
-6.5785 -5.4135
-7.5940 -6.4290
-5.0325 -3.8675
-3.3950 -2.2300
-5.6372 -4.4722
-4.4844 -3.3194
-3.8409 -2.6759
-8.1355 -5.8035
-5.2946 -2.9646
-7.6563 -5.3263
-7.3553 -5.0253
-7.7355 -5.4055
-7.5653 -5.2353
-4.1237 -2.9587
-3.4961 2.3311
-3.9517 -2.7867
-5.2664 -4.1014
-3.5510 -2.3860
-7.7673 -5.4373
-4.5124 -2.6018
-8.2004 -5.8704
-7.1335 -4.8035
-1.1288x10" -8.9584
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GEOLOGIC BARRIERS

2.6 Parameters for Culebra Dolomite Member of Rustier Formation

Table 2.6-3. Logarithms of Transmissivity of Calibrating Points (Pilot Points) for Culebra Dolomite
Member (after Davies and LaVenue, 1990b)

Well ID Median Low Range High Range
PP1 -2.0700 -4.4233 2.833x107!
PP2 -2.2500 -4.5334 3.340x10%
PP3 -2.3200 -4.6267 -1.330x102
PP4 -3.6200 -5.3442 -1.8958
PP5 -3.5800 -5.2576 -1.9024
PP6 -6.0200 -7.7675 -4.2725
PP7 -6.4200 -8.0044 -4.5656
PPs -3.4100 -4.8779 -1.9421
PP9 -2.7100 -3.8913 -15217
PP11 -7.7200 9.1413 -6.2987
PP12 -8.0800 -9.0353 -7.1247
PP13 -5.6400 -6.5953 -4.6847
PP14 -8.3400 9.7846 -6.8954
PPi5 -6.4900 -7.7482 -5.2318
PP16 -5.1300 -6.5280 -3.7320
PP17 -6.6000 -8.1378 -5.0622
PP18 -2.6300 -4.5173 -7.427x10!
PP19 -2.8600 -4.7939 -9.261x10™}
PP20a -2.9400 -4.8972 -9.828x10
PP21a -3.0000 -4.8407 -1.1593
PP23 -3.8500 -5.1548 -2.5452
PP24 -3.5000 -4.2689 -2.7311
PP25 -6.0000 7.0718 -4.9282
PP26 -5.5000 -6.3388 -4.6612
PP27 -4.2500 -5.3684 -3.1316
PP28 -3.5000 -4.7582 22418
PP29 -3.2500 -4.3451 -2,1549
PP30 -6.1600 -7.3250 -4.9950
PP31 -5.8700 -7.0350 -4.7050
PP32 -5.0000 -5.7223 -42777
PP34 -3.5900 -4.5453 2.6347
PP35 2.6700 -3.6253 -1.7147
PP36 -5.1700 -6.0787 -4.2613
PP37 -4.3100 -6.0342 -2.5858
PP38 -3.9000 -5.3446 -2.4554
PP39 -3.9000 -5.3446 -2.4554
PP40 -5.9300 -6.8853 -4.9747
PP41 -4.0000 -4.9553 -3.0447
PP42 -3.5000 -4.5951 -2,4049
PP43 -5.0000 -5.9553 -4.0447
PP44 -5.0000 -5.9553 -4.0447

(page date: December 29, 1991)

2-89

(database version: X-3.06PR)



1
2
3
4
5
6
7
8

©

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

GEOLOGIC BARRIERS

2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Table 2.6-4. Summary of Selected Steady-State Freshwater Head Measurements in Culebra Dolomite
Member (after Cauffman et al., 1990, Table 6.2)

Well ID Median
(m)

AEC7 9.3200x102
CABIN1 9.1120x102
D268 9.1520x102
DOE1 9.1390x102
DOE2 9.3530x102
H1 9.2330x102
H10B 9.2140x102
H11B1 9.1280x10%
H12 9.1360x102
H14 9.1550x102
H15 9.1560x102
H17 9.1100x102
H18 9.3190x10%
H2C 9.2400x102
H3B1 9.1710x102
H4B 9.1280x102
HsB 9.3400x102
HeB 9.3260x10°
H7B1 9.1270x102
HsB 9.1240x102
HeB 9.0820x102
P14 9.2690x102
P15 9.1680x10°
P17 9.1160x102
USGSt 9.0980x102
USGS4 9.0970x102
USGS8 9.1110x102
WIPP12 9.3310x102
WIPP13 9.3400x10°2
WIPP18 9.3000x10°2
WIPP25 9.2870x102
WIPP26 9.1940x102
WIPP27 9.3810x10°
WIPP28 9.3700x102
WIPP29 9.0540x102
WIPP30 9.3510x102

Low Range High Range
(m) (m)
9.3014x102 9.3386x102
9.0980x102 9.1260x10%
9.1462x102 9.1578x102
9.0831x102 9.1949x102
9.3181x102 9.3880x102
9.1860x102 9.2796x102
9.1627x10°2 9.2653x102
9.1000x102 9.1560x102
9.1080x102 9.1640x102
9.1457x102 9.1643x102
9.1234x10% 9.1886x10%
9.0890x10% 9.1310x102
9.2887x10°% 9.3493x102
9.2167x102 9.2633x102
9.1267x102 9.2153x10%
9.1140x102 9.1420x10?
9.3074x102 9.3726x10%
9.3027x10? 9.3493x102
9.1200x102 9.1340x10%
9.1147x102 9.1333x107
9.0680x102 9.0960x102
9.2480x10°2 9.2900x102
9.1494x10° 9.1866x102
9.0997x102 9.1323x10%
9.0922x102 9.1038x10?
9.0947x102 9.0993x10?
9.1087x102 9.1133x102
9.3147x10°2 9.3473x10?
9.3120x102 9.3680x102
9.2720x102 9.3280x102
9.2637x102 9.3103x10?
9.1882x10° 9.1998x102
9.3647x10? 9.3973x102
9.3467x10° 9.3933x10%
9.0482x102 9.0598x10?
9.3254x10° 9.3766x10%
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

models. A second advantage is computational efficiency because the Cholesky decomposition only needs to be per-
formed once regardless of the number of simulations.

The approach in 1992 is an extension of the pilot point approach used for the calibration of the Culebra T field.
This method generates random fields conditioned on T measurements, steady-state, and transient head data without
restriction on Var(In7) and with variable-density fluid-flow models.

In this method, random T fields conditioned only on the measured 7T values are first generated. These fields are
further conditioned on the head data by calibrating them with the pilot point approach both on steady-state and tran-
sient data. The procedure has been automated to generate a large number of calibrated random fields. Order of pilot
point selection and the uniqueness of the resulting 7 field were issues to be examined during operational tests and
sensitivity analyses.

In 1992, application of the procedures described above produced 70 realizations of the transmissivity field in
Culebra Dolomite (plots of these realizations are presented in Appendix C). These 70 realizations were then ordered
by travel time to the accessible environment (3.5 km from center of repository area): each realization was converted
to a flow field (assuming uniform Culebra thickness of 8 m and 16% effective porosity) and the travel time associated
with that field was calculated with the program TRACKER. The 70 realizations were then ranked according to their
associated travel times (Figure 2.6-8). Flow fields in the 1992 PA calculations were selected by sampling a uniform
random variable on the interval (0,1), mapping this result onto the integers 1-70, and using the resulting integer to
choose a flow field. Because the flow fields are considered to be equally likely, the rank of the sampled index value
can be used as the index of the flow fields.

70 — —T

60(

30

Rank of Realization

20

1 L. L 1 1

0 5000 10000 15000 20000 25000 30000 35000
Travel Time (years)

TRI-6342-2012-0

Figure 2.6-8. Empirical travel time distribution associated with the 70 realizations of Culebra transmissivity fields
(see text).
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation

2.6.4 Partition Coefficients and Retardations

A partitioning or distribution coefficient (K;), which describes the intensity of sorption, is used to calculate the
partitioning of species such as radionuclides between the groundwater and rock and, thereby, calculate the sorption
capacity or retardation (R).

The logarithmic K distributions used in 1991 and 1992 are reported in Tables 2.6-5 and 2.6-6 and are considered
to be realistic in light of available data; however, these distributions require a number of subjective assumptions that
ongoing experiments may invalidate. The distributions were derived from an internal expert-judgment process
regarding radionuclide retardation in the Culebra, which convened in April and May, 1991 (Trauth et al., 1992). The
three Sandia experts involved were Robert G. Dosch (6212), Craig F. Novak (6119), and Malcolm D. Siegel (6115).
The three experts participated in individual elicitation sessions for the purpose of developing probability distributions
for the distribution coefficients for americium, curium, lead, neptunium, plutonium, radium, thorium, and uranium,
for two sets of conditions. The first is the nature of the transport fluid: essentially Culebra or Salado brine. The sec-
ond is whether the retardation takes place in the dolomite matrix or in the clay lining the fractures.

The K4 distributions that actually resulted from this panel are discussed in Section 2.6.10 of the WIPP PA Divi-
sion, 1991, vol. 3. The distributions are derived from a combination of values from Dosch and Novak. The rationales
behind Dosch' and Novak's values are briefly described below; a more thorough description of Novak's values is pro-
vided in Novak, 1991. The K, distributions were converted to logarithmic form in 1992.

Dosch reviewed data from several experiments on distribution coefficients for various actinides in a variety of
media. His own work (Lynch and Dosch, 1980) was included in his data set. He believed that even though some
experiments were conducted using media different from the Culebra matrix and the Culebra clay, most of the data
could not be discounted (personal communication from S. Hora, September 1991 regarding expert panel elicitation
on May 1991). His justification for this was that experimental data directly applicable to the issue at hand were so
scarce that no relevant data should be disregarded. In general, Dosch remarked that most of the experimental data
deserved equal weight in any judgments about the behavior of actinides in the Culebra matrix and clay. Dosch
declined to give any probability distributions for thorium and lead because he did not believe himself qualified to
make enlightened assessments for those elements.

Novak examined available research that detailed the experimental measurement of K4s using substrates and
water compositions pertinent to transport in the WIPP system (Novak, 1992). He showed that (1) data are not avail-
able for all elements of interest, (2) almost no data exist for clay substrates in the Culebra, and (3) existing data may
not be applicable to current human-intrusion scenarios. In this study (Novak, 1992), Novak also questioned the use
of the K4 model for estimating radionuclide retardation in the Culebra.

Novak believes that the water composition called "Culebra H,O" is the least dissimilar to Case One among avail-
able data for Case One, which assumed that water reaching the Culebra would not change the composition of Culebra
water significantly, except for the presence of radionuclides. Brine A best represented Case Two, which assumed that
water reaching the Culebra would not be diluted and a concentrated brine contaminated with radionuclides would
flow through the Culebra. Within each case, K, estimates were needed for radionuclide sorption on the matrix (i.e.,
the dolomitic Culebra substrates), and in the fractures (i.e., on clay materials lining fractures). Each type of water
was used for both matrix and fractures. Thus, for Case One, data from "Culebra H;O" studies were used to estimate
K4 values where actual data were not available. Similarly, Brine A data were used to estimate K4s for Case Two.

Novak offered Kgs of 0 m3/kg for all cdfs because he thought it possible that any of the elements could be trans-
ported with the fluid velocity. Upper bounds represent Novak's opinions on maximum values for Ks observable
under human-intrusion scenarios (Novak, 1991). Novak chose different sets of fractiles for different radionuclides.
These represent his best estimates resulting from his studies of existing data and literature.

Novak further states that values obtained through the expert elicitation process are subjective estimates only
because of large uncertainties in water composition, mixing within the Culebra, and the questionable utility of the K4
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GEOLOGIC BARRIERS

2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Table 2.6-5. Summary of 1992 Partition Coefficients of Radionuclides for Culebra Dolomite Member
within Matrix Dominated by Culebra Brine.
Value of
Element Median Range Units Additional Information
Am -0.730 40 20 logyo (M%/kg) High
Cm -0.730 -40 20 logyo (m%/kg) Not tested
Np -1.32 40 20 logyg (M3/kg) High
Pb -1.99 -40 0.0 logyo (M3/kg) Not tested
Pu -0.584 40 20 logyg (m3/kg) High
Ra -2.00 40 1.0 logyo (m3/kg) Not tested
Th -2.00 40 00 logyo (M3/kg) High
U -1.54 -40 00 logyo (m3/kg) High
(page date: December 29, 1991) 2-93 (database version: X-3.06PR)



GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustier Formation

Table 2.6-6. Summary of 1992 Partition Coefficients of Radionuclides for Culebra Dolomite Member
within Fracture Clays Dominated by Culebra Brine.

Element

Median

Range

Units

Value of
Additional Information

Am
Cm
Np
Pb
Pu
22 Ra

24 Th

1.97

1.97

0.00

-1.00

2.31

-1.47

-1.00

-2.12

3.0
3.0
3.0
2.0
3.0
2.0
1.0

0.0

logo (m%kg)
log1o (M%kg)
logyo (M°/kg)
log1o (m*/kg)
log1o (m*/kg)
logo (m>/kg)
log4o (M%kg)

log1o (M%/kg)

High
Not tested
High
Not tested
High
Not tested
High

High
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

model. Finally, Novak argues that these cdfs for K;s do not substitute for actual data, and believes that additional
study is needed to quantify the potential for radionuclide retardation in the Culebra (Novak, 1991).

In the 1991 series of sensitivity analyses (Helton et al., 1992), the partition coefficients for Am, Np, Pu, Th and U
were highly sensitive parameters in the determination of radionuclide releases to the accessible environment; the clay
partition coefficients for Am, Pu, and U were the most sensitive among the ten parameters of this kind that were

tested.
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Partition Coefficients in Matrix of Culebra Dolomite*

Parameter: Partition coefficients (K;) for Am, Cm, Np, Pb, Pu, Ra, Th, U
Material: Matrix of Culebra Dolomite Member of Rustler Formation Culebra Brine

Definition, Units: Log (m%/kg)

Values: See Table 2.6-5.

Distribution: Constructed (see Figures 2.6-9[a] through 2.6-9[h])
Correlation:

Data Source(s):  Trauth, K. M,, S. C. Hora, R. P. Rechard, and D. R. Anderson. 1992. The Use of Expert
Judgment to Quantify Uncertainty in Solubility and Sorption Parameters for Waste
Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque, NM:
Sandia National Laboratories. (Expert Panel Judgment)

Usage:
Mathematical model:
Solute Transport in Culebra, Section 1.4.6, this volume.

Equation 1.4.6-8.

Computational models:
SECO/TP
STAFF2D

Ranking in Past Sensitivity Analyses:
40 CFR 191 High for Am, Np, Pu, Th, U; others not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation
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Figure 2.6-9. Constructed distribution for partition coefficient in matrix for (a) americium (Am), (b) curium (Cm),

(c) neptunium (Np), (d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g) thorium (Th), and (h)

uranium (U).
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation
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Constructed distribution for partition coefficient in matrix for (a) americium (Am), (b) curium
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(h) uranium (U) (continued).
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GEOLOGIC BARRIERS
2.6 Parameters for Culebra Dolomite Member of Rustler Formation

Partition Coefficients in Clay Lining Fractures of Culebra Dolomite*

Parameter: Partition coefficients (Ky) for Am, Cm, Np, Pb, Pu, Ra, Th, U
Material: Clay lining fractures of Culebra Dolomite Member of Rustler Formation Culebra brine

Definition, Units: Log (m%/kg)

Values: See Table 2.6-6.

Distribution: Constructed (see Figures 2.6-10 [a] through 2.6-10[h])
Correlation:

Data Source(s):  Trauth, K. M., S. C. Hora, R. P. Rechard, and D. R. Anderson. 1992. The Use of Expert
Judgment to Quantify Uncertainty in Solubility and Sorption Parameters for Waste
Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque, NM:
Sandia National Laboratories. (Expert Panel Judgment)

Usage:
Mathematical model:
Solute Transport in Culebra, Section 1.4.6, this volume.

Equation 1.4.6-8.

Computational models:
SECO/TP
- STAFF2D

Ranking in Past Sensitivity Analyses:
40 CFR 191 High for Am, Np, Pu, Th, U; others not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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2.6 Parameters for Culebra Dolomite Member of Rustler Formation
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Figure 2.6-10. Constructed distribution for partition coefficient in clay for (a) americium (Am), (b) curium (Cm),
(c) neptunium (Np), (d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g) thorium (Th), and

(h) uranium (U).
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3. ENGINEERED BARRIERS AND SOURCE TERM

The engineered barriers consist of the repository design, waste form, seals, and backfill. Also discussed in this
chapter are characteristics of the waste such as inventory of radionuclides and hazardous chemicals, solubility, and

gas production potential.

3.1 Dimensions of Underground Facility

The WIPP repository is composed of a single 15-ha (38-acre) underground disposal level constructed in one
stratigraphic interval, which dips slightly to the south. The repository level consists of an experimental region at the
north end, the operations region in the center for waste-handling and repository equipment maintenance, and a dis-
posal region at the south end (Figures 3.1-1 and 3.1-2). The UTM coordinates shown in Figure 3.1-2 are derived
from the state plane coordinates reported in Gonzales, 1989. To maintain consistency with coordinate values reported
elsewhere in this volume, the UTM coordinates were computed by the Technology Application Center, University of
New Mexico, Albuquerque, New Mexico 87106. Table 3.1-1 provides a summary of the excavated and enclosed
areas (see Figure 3.1-1 for a visual appreciation of these terms) and initial volumes of excavated regions (not consid-
ering disturbed rock zone [DRZ] or closure). At present, only the first panel has been excavated.
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ENGINEERED BARRIERS AND SOURCE TERM
3.1 Dimensions of Underground Facility

(page date: December 29, 1992) 3-2

Experimental Region (H)

= e
LI

Air Intake Shaft Salt Handling Shatt

Operations Region (G)

Exhaust Shaft

Room Q

Underground
Facility
V]

Room (A}
\ = @
¥ z
<
[=
o
L_J (<
Canisters {I)
\ e - :
Disposal 1 g
Region [ T iy )
i} j_
Sl ————————— TR IR et
| I © 'j— @
{ ] & g
! El i <
1 o i o
Lol ol ol ot ol g ol e Lo L L L L L
© 5
| rm— T ey ey ro ) e & A e M N e e T d |
| ! hohe H A t
1 Hob s aobs il olnl i
| INIREE R B AR |
Current Excavation i I | o 5 o i ! i
: AR I O T I SO N S | ol e o e o el
——————— Planned Excavation - L

TRI- 6334-206-1

Figure 3.1-1. Excavated and enclosed areas in the WIPP repository.

(database version: X-3.06PR)



OCONOO A WN =

ENGINEERED BARRIERS AND SOURCE TERM
3.1 Dimensions of Underground Facility

1381.4
858.3 523.0
[ -1
B n_nnn LA
[ @
Il I -
it
C II D
U i U /]
i
i
II I )
If| 5
il g
Legend
~ g N460
— Existing Excavation ' Waste Shaft Exhaust Shaft
S $=7.0 $=4.6
______ Planned Excavation N 3582066.3 N 3582067.1
______ N150 E 613581.2 E 6137185
[E5E8% Waste Disposal Area
@@ (40 m Long) Lr U
o
All Measurements in Meters §
Shaft Diameters Taken
from Repository Level
Air intake Shaft Salt Handling Shaft
0 50 100m $=62 $=36
N 3582187.0 N 3582188.1
0 300 ft E 613382.4 E 613572.8 ~
Sl !:% ERDA- «
N 3581945.1 g
£
N | 1000 E 613696.2 ®
] <
N 3581698.3 Y 51600 0N N 35817031
E 613207.9 2 l - 61.0 | £ 613983.5
©
$1600]
x g ’ b [rs}
2 M -
o & o
o ok —
i $1950 ole
| 3 | s2ta0 l~csya
~ e Ms I
g A2E TR OH O & 5 e
< < SR 4 o
o o 4 -
" K § Hs2620 358138620 Cemterot |-
38 B8 50750 E 613507.64 Disposal Region |§
©w ™
& U - ©
o a
Typical RH Canister Hole *
Configuration 9 3 3080
0 5m 10m _ © « § 53310
0 # b = £l
2 f5s o 2 ]
& 8 k2R
4 ]
N 3581069.3 X l|s3es0
314.2 -« N 3581074.1
E 6132118 © E 613987.4
N ] ‘0. o
gile gl s
o 9 @ o
- - M~ <t
775.7

Figure 3.1-2.

units of feet.) (after Bechtel National, Inc., 1986).
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ENGINEERED BARRIERS AND SOURCE TERM

3.1 Dimensions of Underground Facility

Table 3.1-1. Summary of Excavated and Enclosed Areas and Initial Volumes of Excavated Regions
within the WIPP Repository, Not Considering the DRZ or Closure (Rechard et al., 1990b,

Table A-12)
Areas
Excavated Enclosed Excavated Enclosed

Region* (10°m?) (10% m?) (10° m?) (10°m3)
Room (A) 0.9197 0.9197 3.644 3.644
One panel excluding seals (B) 11.64 29.42 46.10 116.59
Southem equivalent panel excluding seals (C) 8.820 49.46 32.26 180.90
Northem equivalent panel excluding seals (D) 9.564 53.68 34.98 196.34
Panel seals (20) (E) 4133 15.119
Total disposal region (F) 111.52 506.8 436.0 2008.0
Operations region (G) 21.84 283.6 78.07 1037.2
Four shafts (only) to base of Rustier Fm. 0.08691 0.08691 3476 34.76
Experimental region (H) 21.61 298.1 71.90 1090
RH area canisters (7954) (l) 14.36
Total facility (J) 152.83 1748 583.4 6926

*Regions shown in Figure 3.1-1; detailed dimensions shown in Figure 3.1-2.
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ENGINEERED BARRIERS AND SOURCE TERM
3.1 Dimensions of Underground Facility

3.1.1 Disposal Region

All of the underground openings are rectangular in cross section. The disposal area drifts are about 4 m (13 ft)
high by 4.3 m (14 ft) wide; the disposal rooms are 4 m (13 ft) high, 10 m (33 ft) wide, and 91.4 m (300 ft) long. Tol-
erances for all linear dimensions are £0.5 m. The width of the pillars between rooms is 30.5 m (100 ft). The total
excavated volume in the disposal region is 4.36 x 105 m3 (1.53 x 107 ft®). The reported design disposal volume is
1.756 x 105 m® (6.2 x 10° %) or about 40% of the excavated volume (Bechtel National, Inc., 1986). However, the
disposal volume for waste changes depending on the type of containers, waste form, and volume of panel seals.
Hence, the design volume is discussed in the description of the containers (Section 3.1.5).
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3.1 Dimensions of Underground Facility

3.1.2 Experimental Region

The experimental region (Figure 3.1-2) is located in the northern portion of the underground facility and consists
of over ten rooms, which are used for in situ testing of salt creep and brine inflow (Matalucci, 1988, pp. 3,15). The
sizes of the rooms vary, depending on the experiment. The excavated area of the experimental region is about 21.61
x 10° m2 (23.2 x 10* ft%), and its volume is about 71.90 x 103 m? (25.3 x 10° ft*) (Table 3.1-1). -
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3.1 Dimensions of Underground Facility

3.1.3 Operations Region

The operations region (Figure 3.1-2) consists of the access drifts located in the center of the underground facility.
The drifts are used for transport of equipment and personnel to the experimental area and disposal region. All four
shafts are connected to the operations region. The excavated area of the operations region is 21.84 x 103 m? (234 x
10* f1%), and its volume is 78.07 x 103 m® (27.6 x 10° £t%) (Table 3.1-1).
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3.1.4 Shafts

The four shafts connecting the underground facility to the surface are (1) the Air Intake Shaft, 6.2 m (20 ft) in
diameter; (2) the Exhaust Shaft, 4.6 m (15 ft) in diameter, (3) the Salt Handling Shaft, 3.6 m (12 ft) in diameter, and
(4) the Waste Shaft, 7 m (23 ft) in diameter (Figure 3.1-2).

During operations, the Salt-Handling Shaft will transport personnel, equipment, and salt. The Waste Shaft will
transport the waste, and the Air Intake and Exhaust Shafts will provide air flow. The Air Intake Shaft will also serve
as a backup for transporting personnel and equipment.

At present, the shaft functions are the same as those described above, except that the Waste Shaft is not currently
used to transport waste. It serves as a backup for transport of personnel and materials.

The Air Intake Shaft, the most recently constructed shaft (1988), provides fresh air to the underground. It also
serves as a backup for transporting personnel and materials. In addition, in situ testing is being performed to investi-
gate the disturbed rock zone (DRZ) surrounding the shaft and hydrologic properties of the Rustler Formation (Nowak
etal., 1990).

The Exhaust Shaft, drilled in 1983-84, serves as the primary air exhaust for the underground facility (Bechtel
National, Inc., 1985).

The Salt-Handling Shaft (formerly called the Construction and Salt-Handling [C&SH] Shaft and the Exploratory
Shaft [Bechtel National, Inc., 1985]) was drilled in 1981. It was used during construction of the WIPP repository to
remove salt and serve as the primary transport for personnel and equipment. The Salt-Handling Shaft continues to
serve as the primary transport for personnel and equipment and as a secondary air supply to the underground facility.

The Waste Shaft (initially called the Ventilation Shaft) is designed to move radioactive waste between the surface
waste-handling facilities and the underground facility. The Ventilation Shaft was enlarged from 2 m (6 ft) diameter to
6 m (20 ft) diameter in 1983-84, when it was renamed the Waste Shaft (Bechtel National, Inc., 1985). Until waste
transport begins, the Waste Shaft serves as a secondary means to transport personnel, materials, large, equipment, and
diesel fuel. The Waste Shaft can continue to serve as backup for transporting personnel and materials whenever
waste is not being transported.

All four shafts will be sealed and filled upon decommissioning of the WIPP (Nowak et al., 1990).
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3.1.5 Waste Containers

Current plans for transporting contact-handled (CH) transuranic (TRU) waste to the WIPP are to ship it in 55-gal
steel drums or metal standard waste boxes (SWBs). The dimensions and volumes of a 55-gal steel drum and an SWB
are shown in Table 3.1-2. Waste that is currently stored in containers other than 55-gal drums and SWBs will be
repackaged into SWBs. TRUPACT 11, the transportation container for trucking TRU waste to the WIPP, has space
for two 7-pack drums and two SWBs.

The reference canister for the remotely handled (RH) TRU waste is a 0.65-m (26-in.) O.D. (outside diameter)
right-circular cylinder made of 1/4-in. carbon steel plate. Caps are welded at both ends. The canister is 3 m (10 ft) in
length, including the handling pintle. Inside, the waste occupies about 0.89 m? (30 £t (U.S. DOE, 1990c¢).
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3.1 Dimensions of Underground Facility

Table 3.1-2. CH-TRU Waste Containers (U.S. DOE, 1990a, Dwg 165-F-001-W)

Approximate Volume
Dimensions
(hxwxl) Internal External Packing
Container Description m m> m?3 m3
Approved for transportation:
DOT 17C (metal) 55-gal
steel drums 0.892 x 0.602 dia. 0.2082 0.2539
7-Pack of 55-gal
steel drums 1.4574 ~1.47 ~22
Standard waste box ~094x18x1.3 ~1.90 ~1.95 ~2.34
(Dwg 165-F-001-W)
(page date: December 29, 1992) 3-10 (database version: X-3.06PR)
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3.1.6 Waste Placement and Backfill in Rooms

Figure 3.1-3 shows the planned packing configuration of drums in the rooms and drifts. At the waste storage
room, the waste packages (7-packs) will be removed from the transporter and stacked 3 high and 6 wide across the
room. In the ideal packing configuration, a total of 6,804 drums (972 7-pack units) can be placed in one panel. A
0.7-m air gap exists above the drums; also a thin plastic pallet is set between layers. For the 1991 calculations, the
plastic sheet was assumed to be 0.30-cm thick, consistent with the Bechtel initial reference design report (1986).
Recently developed final plans (U.S. DOE, 1990c) for the plastic sheet call for (0.004-m-thick plastic on the top and
bottom; hence, slightly less salt backfill will be used.

A standard waste box (SWB) stacking configuration is shown in Figure 3.14. Seven-packs and SWBs may be
intermixed, as practical. To reach the original design capacity of 175,600 m? (6.2 x 10° ft3), the SWBs were also
assumed to be stacked three high. However, current plans call for stacking the SWBs only two high, which substan-
tially reduces the disposal capacity of the WIPP.

The current placement technique for RH-TRU waste in the WIPP is to emplace one canister horizontally every
2.4 m (8 ft) into the drift and room walls. Based on this technique, the capacity in each panel for RH-TRU canisters
along drifts and rooms 10-m wide is 874 canisters or about 6,000 m’. The intended capacity for RH-TRU waste is
7,080 m’ (250,000 ft3); hence, additional methods will be explored. Current PA calculations assume a capacity of

7,080 m°.
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Figure 3.1-3. Ideal packing of drums in rooms and 10-m-wide drifts (not to scale).
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Figure 3.1-4. Ideal packing of Standard Waste Boxes in rooms and drifts (not to scale).
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3.2 Parameters for Seals and Fills Outside Disposal Region

Table 3.2-1 summarizes material-property parameters (such as permeability and porosity) for seals and fills
placed in the shafts and access drifts when WIPP is decommissioned.

Table 3.2-1. Parameter Values for Seals Outside Disposal Region

Distribution Discussion and
Parameter Median Range Units Type Sources in:
Preconsolidated crushed salt (Lower shaft, drifts, panels)
Density (p)
Initial 1.71x 108 (0.8p Salado halite) kg/m® Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.2
Final 2.03 x 10% (0.95p Salado halite) kg/m® Constant WIPP PA Division, 1991, Vol 3, Section 3.2.2
Height (Lower shaft) 2x 102 1x 102 3x 102 m Uniform WIPP PA Division, 1991, Vol 3, Section 3.2.2
Pemeability (k)
Initial 1x1014 m? Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.2
Final 1x10%2  33x102" 33x10% m? Lognomal WIPP PA Division, 1991, Vol 3, Section 3.2.2
Crushed salt backfill in drifts
Density (p)
Initial 1.28 x 10° (0.6 p Salado halite) kg/m® Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.3
Final 2.03 x 10° (0.95 p Salado halite) kg/m® Constant WIPP PA Division, 1991, Vol 3, Section 3.2.3
Pemeability (k)
Initial 1x 10" m?2 Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.3
Final 1x10®  33x10%" 33x10%° m? Lognormal WIPP PA Division, 1991, Vol 3, Section 3.2.3
Partition coefficients for crushed salt
Am 1x104 m3kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4
Np 1x10° m®kg Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.4
Pb 1x 106 mikg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4
Pu 1x 104 m3kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4
Ra 1x 10 m3/kg Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.4
Th 1x10% m3kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4
V] 1x 108 m3%kg Constant WIPP PA Division, 1991, Vol 3, Section 3.2.4
Concrete and Bentonite
Permeability (k)
Concrete 27x 101 mé Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.5
Bentonite 1.4x 1010 m?2 Constant  WIPP PA Division, 1991, Vol 3, Section 3.2.5
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3.2 .Parameters for Seals and Fills Cutside Disposal Region

3.2.1 Description of the Reference Seal System Design

The purpose of the reference seal design, which Sandia has developed for sealing the WIPP repository, is to pro-
vide a common basis for calculations performed in modeling tasks such as performance assessment and sensitivity
analysis (Nowak and Tyler, 1989; Nowak et al.,, 1990). The reference design is a starting point for developing exper-
iments and analysis from which a detailed design will evolve.

GENERAL SEALING STRATEGY

In general, the entire underground facility and shafts will be sealed. As part of the reference design, portions of
the backfill emplaced at several locations within the shafts and various drifts, which are specially prepared (i.e., pre-
consolidated salt with concrete plugs), are often termed "seals.” However, the purpose of these prepared portions is
not to act as the sole seal for the shaft or drift (in general, all the backfill fulfills this function), but instead to protect
sections of the backfill from fluids (gases or liquids). Inhibiting fluids hastens backfill consolidation and thus greatly
increases the probability that the salt backfill will rapidly (< 100 yr) assume properties near to those of the surround-

ing host rock.

The strategy for sealing specially prepared portions of the drift and shaft combines short- and long-term seal
components; preconsolidated crushed salt is the principal long-term component in the Salado Formation salt. Clay --
a swelling clay material shown to be stable and to have low permeability to brines -- is the principal long-term com-
ponent in the Rustler Formation. Concrete is the principal short-term component in both locations.

The combination of short- and long-term seals is used so that short-term seals provide the initial sealing func-
tions necessary until the long-term seal components become adequately reconsolidated (Nowak et al., 1990). Precon-
solidated crushed-salt and clay components are expected to become fully functional for sealing within 100 yr after
emplacement (Nowak and Stormont, 1987; Arguello, 1988). Then the long-term seals take over all sealing functions.

Short-term seal components consist of concretes and clay materials developed specifically for the WIPP. The
concrete components provide flow resistance to control the effects of possible gas generation in the waste disposal
area and limit water inflow from above to protect the crushed salt from saturation with brine; they also provide phys-
ical containment for the swelling clay and consolidating crushed-salt materials (Nowak et al., 1990).

The long-term seals in the Salado consist of preconsolidated WIPP crushed salt in the shafts, drifts, and panel
entries. The emplaced crushed-salt material is intended to have an initial density equal to 80% of the density of the
intact WIPP host rock salt (80% relative density) (Nowak et al., 1990). Within 100 yr of emplacement, the preconsol-
idated salt backfill will be fully consolidated by creep closure of the host-rock salt to a state of low permeability,
approximately 1 x 102° m? (Nowak and Stormont, 1987; Arguello, 1988; Lappin et al., 1989). This permeability
value is in the expected permeability range for the host-rock salt (1 x 10210 1x 107%) (Nowak et al., 1988; Lappin
et al., 1989), but it is on the high side of the range suggested by Gorham et al. (June 15, 1992, Memo in Appendix A).
Very little compositional difference between the saturated, reconsolidated WIPP crushed-salt material and the sur-
rounding host rock from which it was mined is anticipated. The crushed-salt seals, therefore, are expected to be
mechanically and chemically stable in the WIPP environment (Nowak et al., 1990).

SEAL LOCATIONS

In the reference design, multicomponent seals between 30 and 40 m (100 and 130 ft) long will be in each of the
four shafts, the entrances to the waste disposal panels, and selected access drifts (Nowak et al., 1990). (See Figures
3.1-1 and 3.1-2 for seal locations.) Seals near the Rustler Formation (upper shaft and water-bearing zone seals) serve
to limit brine flow from water-bearing zones down into the crushed-salt backfill. Seals in the drifts serve to reduce
fluid flow (gas and brine) from the repository area and thus limit the creation of a preferred pathway for contaminant
migration. The drift entries to each filled disposal panel will be sealed during operations. The disturbed rock zone
(DRZ), which occurs in the host-rock salt at the excavated openings, is expected to heal by creep closure (Nowak et
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al.,, 1990). The extent of a DRZ in the drift entries may be reduced by the use of concrete liners during operations, If
necessary, however, the conceptual design for sealing the DRZ (both in drifts and shafts) and anhydrite interbeds
(e.g., MB139 directly underneath the disposal area) envisions a salt-based grout (Nowak and Tyler, 1989) using
grouting techniques that are currently under development (Figure 3.2-3). When all disposal panels are filled, the drift
entries to the entire disposal area will be sealed. The shafts will be backfilled upon decommissioning of the WIPP
(Figures 3.2-1 and 3.2-2) (Nowak et al., 1990).
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BACKFILL IN UPPER SHAFT, WATER-BEARING ZONE, AND DEWEY LAKE RED BEDS
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According to current calculations, radionuclides will not reach the upper shaft in 10,000 yr. Therefore, the actual
properties of the backfill in the upper shaft and above have not been used in the 1992 PA calculations and properties
are not given. Instead the initial placement properties of the lower shaft have been used.
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Figure 3.2-1. Diagram of typical sealed and backfilled access shaft (after Nowak et al., 1990).
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Figure 3.2-2.  Diagram of typical concrete plugs in backfilled shafts. The drawing shows concrete plugs between
water-bearing units (e.g., Culebra Dolomite) (left) and for the Lower Shaft Backfill (e.g., at Vaca

Triste) for Waste Shaft (right) (after Nowak et al., 1990).
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Figure 3.2-3. Diagram of typical concrete and preconsolidated salt béckﬁ]l for drifts and panels (after Nowak et
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al,, 1990). Scale applies to horizontal dimensions; vertical dimensions are exaggerated.
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3.2.2 Preconsolidated Salt in Lower Shaft, Drifts, and Panels

The reference seal uses preconsolidated (tamped) crushed WIPP salt as the primary long-term seal material. For
redundancy, concrete plugs and clay (Figure 3.2-2) are emplaced at three locations in the shaft: (1) near the bottom of
the shaft, (2) at an intermediate position in the shaft just below the Vaca Triste Marker Bed (Figure 3.2-1), and (3)
near the top of the Salado Formation.

The emplaced WIPP crushed salt is intended to have an initial density equal to 80% of the density of the intact
WIPP host rock salt (80% relative density). Salt with 80% relative density will be created either by pouring and
tamping crushed salt or by laying preconsolidated salt blocks. Creep closure of the Iower part of the shaft will con-
tinue to consolidate this crushed salt.
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3.3 Parameters for Contaminants Independent of Waste Form

The TRU waste for which the WIPP is designed is defense-program waste that has been generated at ten facilities
since 1970. The waste consists of laboratory and production waste such as glassware, metal pipes, sorbed or solidi-
fied spent solvents, disposable laboratory clothing, cleaning rags, and solidified sludges. Current plans specify that
most of the TRU waste generated since 1970 will be placed in the WIPP repository, with the remainder to be disposed
of at other DOE facilities.

As of 1992, the ten TRU waste generator and/or storage sites that are scheduled to ship waste to the WIPP are (1)
Argonne National Laboratory-East (ANL-E), Illinois; (2) Hanford Reservation (HANF), Washington; (3) Idaho
National Engineering Laboratory (INEL), Idaho; (4) Los Alamos National Laboratory (LANL), New Mexico; (5)
Lawrence Livermore National Laboratory (LLLNL), California; (6) Mound Laboratory, Ohio; (7) Nevada Test Site
(NTS), Nevada; (8) Oak Ridge National Laboratory (ORNL), Tennessee; (9) Rocky Flats Plant (RFP), Colorado; and
(10) Savannah River Site (SRS), South Carolina (U.S. DOE, 1990d).

The TRU waste is contaminated by alpha-emitting transuranic elements, defined as having atomic numbers
greater than uranium-92, half-lives greater than 20 yr, and curie contents greater than 100 nCi/g. Other contaminants
include uranium and several radionuclides with half-lives less than 20 yr. Approximately 60% of the waste may be
co-contaminated with waste considered hazardous under the RCRA, e.g., lead (WEC, 1990).

Radioactive waste that emits alpha radiation, although dangerous if inhaled or ingested, is not hazardous exter-
nally. Most of the waste, therefore, can be contact handled (CH) because the external dose rate (5.6 x 107 Svis [200
mrem/h] or less) permits people to handle drums and boxes without any special shielding.

A small portion of the TRU waste must be transported and handled in shielded casks (remotely handled [RH]),
i.e., the surface dose rate exceeds 5.6 x 10”7 Sv/s (200 mrem/h). The surface dose rate of an RH-TRU canister cannot
exceed 2.8 x 1073 Sv/s (1000 rem/h); but no more than 5% of the canisters can exceed 2.8 x 10* Svis (100 rem/h)
(U.S. DOE, 1990d). The volume must be less than 250,000 m? and the curie content must be less than 5.1 x 10° Gi
(1.89 x 107 Bq) according to the agreement between DOE and the State of New Mexico (U.S. DOE and NM, 1984).

Subpart B of the Standard sets release limits in curies for isotopes of americium, carbon, cesium, iodine, neptu-
nium, plutonium, radium, strontium, technetium, thorium, tin, and uranium, as well as for certain other radionuclides
(Section 3.3.4 of this volume). Although the initial WIPP inventory contains little or none of some of the listed
nuclides, they may be produced as a result of radioactive decay and must be accounted for in the compliance evalua-
tion; moreover, any radionuclides not listed in Subpart B must be accounted for if those radionuclides would contrib-
ute to doses used in NEPA calculations (e.g., Pb-210).
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ENGINEERED BARRIERS AND SOURCE TERM
3.3 Parameters for Contaminants Independent of Waste Form

3.3.1 Inventory of Radionuclides in Contact-Handled Transuranic Waste

The 1991 inventory (curie content) of radionuclides in the CH-TRU waste was estimated from input submitted to
the 1990 Integrated Data Base (IDB) (U.S. DOE, 1990d). The information submitted to the IDB is separated into
retrievably stored and newly generated (future generation) waste referred to herein as projected inventory. The antic-
ipated total volume (stored plus projected) of CH-TRU waste submitted to the 1990 IDB was 1.0 x 10° m3 (3.76 x
108 ft3), which is Iess than the current design volume for the WIPP of about 1.8 x 10°m? 6.2x 10° ft3). To estimate
the total curie content in the WIPP, if it contained a design volume of CH-TRU waste, the future-generated radionu-
clide inventories of the five largest future generators listed in the 1990 IDB were volume scaled to reach a design vol-
ume of waste. (Details of this volume scaling are discussed in Section 3.4.) This inventory per generator site is only
a design estimate and should not be considered a statement of what they will generate.

The weight fractions reported in the 1990 IDB were unsed to calculate the major radionuclides of the mixes
reported. The IDB did not report the inventory of each radionuclide. Rather, the inventory of each radionuclide at
each site was based on the mix of waste streams reported. The Hanford submittal to the 1990 IDB indicated that the
activity of some of the CH-TRU waste was currently unknown. Rather than underestimate the potential inventory,
the Hanford input to the 1987 IDB was used. These inventories have not been independently checked and should be
considered preliminary estimates.

Modifications to the radionuclide inventories in the 1990 IDB were made in 1992 (Peterson, October 28, 1992,
Memo in Appendix A). These modifications are reflected in Table 3.3-1 which lists both CH and RH inventories.
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Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes

Parameter

Ac225
Half-life

Ac227
Half-life

Ac228
Half-life

Am241
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Inventory, Design (1992)
CH
RH

Am243
Half-life

A217
Half-life

Bi210
Half-life

Bi211
Half-life

Bi212
Half-life

Bi213
Halt-life

Bi214
Half-life

Cf252
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Inventory, Design (1992)
CH
RH

Cm244
Activity conversion
Half-life

Median

8.640x10°

6.871x108

2.207x10*

3.43x10°
1.364x10'°

6.65x10°
1.29x103

7.14x10°
1.06x10°

5.822x10"

3.230x102"

4.330x10°

1.284x102

3.633x10°

2.739x10°

1.194x10°

5.38x10°
8.325x10"

1.27x10%
2.39x10°

3.37x102
8.63x101

8.09x104
5.715x108

Units

Cikg

Ci
Ci

Ci
Ci

Cikg

Ci
Ci

Ci
Ci

Cikg

Source

ICRP, Pub 38, 1983

{CRP, Pub 38, 1983

ICRP, Pub 38, 1983

1.1281x10'6/(half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

1.1281x10'8/(half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)

1.1281x10'6/(half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983
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Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued)

Parameter Median Units Source
Inventory, Anticipated (1990)
CH 1.23x104 Ci
RH 8.75x10% Ci U.3. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 2.06x10* Ci Peterson, October 28, 1992
RH 4.26x103 Ci {Memo in Appendix A)
Cs137
Activity conversion 8.70x10* Cikg 1.1281x10/(half-life(s)x At Wt.)
Half-life 9.467x108 s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
RH 3.33x10° Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 6.30x10% Ci Peterson, October 28, 1992
RH 5.70x10% {Memo in Appendix A)
Fr221
Half-life 2.880x102 s ICRP, Pub 38, 1983
Np237
Activity conversion 7.05x10" Cikg 1.1281x10%/(half-life(s)xAt. Wt,)
Half-life 6.753x1013 s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
CH 1.47 Ci
RH 8.87x10™ Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 20.8 Ci Peterson, October 28, 1992
RH 9.20x10™"! Ci {Memo in Appendix A)
Np239
Half-life 2.035x10°% s ICRP, Pub 38, 1983
Pa231
Half-life 1.034x10'2 s ICRP, Pub 38, 1983
Pa233
Half-life 2.333x10° s ICRP, Pub 38, 1983
Pb209
Half-life 1.171x10% s ICRP, Pub 38, 1983
Pb210
Activity conversion 7.63x10* Cikg 1.1281x10'6/(half-life(s)xAt.Wt.)
Half-life 7.037x10% s ICRP, Pub 38, 1983
Pb211
Half-life 2.166x10° s ICRP, Pub 38, 1983
Pb212
Half-life - 3.830x10% s ICRP, Pub 38, 1983
Pb214
Half-life 1.608x103 s ICRP, Pub 38, 1983
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Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued)
Parameter Median Units Source
Pm147
Activity conversion 9.27x10° Cikg 1.1281x10'8/(half-life(s)xAt. Wt.)
Half-life 8.279x107 s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
BH 3.15x10° Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 7.60x 10%. Ci Peterson, October 28, 1992
RH 5.36x10° (Memo in Appendix A)
Po210
Half-life 1.196x107 s ICRP, Pub 38, 1983
Po212
Half-life 3.050x10°7 s ICRP, Pub 38, 1983
Po213
Half-life 4.200x10°8 s ICRP, Pub 38, 1983
Po214
Half-life 1.643x10* s ICRP, Pub 38, 1983
Po215
Half-life 1.780x102 s ICRP, Pub 38, 1983
Po216
Half-life 1,500x10™! s ICRP, Pub 38, 1983
Po218
Half-life 1.830x102 s ICRP, Pub 38, 1983
Pu238
Activity conversion 1.71x10* Cikg 1.1281x10'8/(half-life(s)xAt. Wt.)
Half-life 2.769x10° s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
CH 4.26x10° Ci
RH 5,14x102 Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 3.06x10° Ci Peterson, October 28, 1992
RH 2,73x10* Ci {Memo in Appendix A)
Pu239
Activity conversion 6.22x10! Cikg 1.1281x10'8/(half-life(s)xAt. Wt.)
Half-life 7.594x10" s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
CH 4.37x10° Ci
RH 1.16x10°% Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 3.35x10° Ci Peterson, October 28, 1992
RH 8.50x10° Ci (Memo in Appendix A)
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3.3 Parameters for Contaminants Independent of Waste Form

Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued)

Parameter Median Units Source
Pu240
Activity conversion 2.28x102 Cikkg 1.1281x106(half-life(s)xAt Wt.)
Half-life 2.063x10" s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
CH 5.91x104 Ci
RH 2.89x102 Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 1.00x10% Ci Peterson, October 28, 1992
RH 2.28x10° Ci {Memo in Appendix A)
Pu241
Activity conversion 1.03x10° Cikg 1.1281x1016/half-life(s)xAt.Wt.)
Half-life 4.544x108 s ICRP, Pub 38, 1983
Inventory, Anticiypated (1990)
CH 2.54x108 Ci
RH 1.32x10% Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 3.60x10°¢ Ci Paterson, October 28, 1992
RH 1.20x10° Ci (Memo in Appendix A)
Pu242
Activity conversion 3.93 Cikg 1.1281x106/(half-life(s)xAt. Wt.)
Half-life 1.187x10"3 s ICRP, Pub 38, 1983
Inventory, Anticipated (1990)
CH 1.84 Ci
RH 3.31x10°3 Ci U.S. DOE, 1990d; Peterson, 1990
Inventory, Design (1992)
CH 23.5 Ci Peterson, October 28, 1992
RH 2.94 Ci (Memo in Appendix A)
Ra223
Half-life 9.879x10° s ICRP, Pub 38, 1983
Ra224
Halif-life 3.162x10° s ICRP, Pub 38, 1983
Ra225
Half-life 1.279x10° s ICRP, Pub 38, 1983
Ra226
Activity conversion 9.89x102 Cikg 1.1281x106/(half-life(s)xAt. Wt.)
Half-life 5.049x1010 s ICRP, Pub 38, 1983
Ra228
Half-life 1.815x108 s ICRP, Pub 38, 1983
Rn219
Half-life 3.960 s ICRP, Pub 38, 1983
Rn220
Half-life 5.560x10! s ICRP, Pub 38, 1983
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3.3 Parameters for Contaminants Independent of Waste Form

Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Continued)

Parameter

Rn222
Half-life

Sre0
Activity conversion
Half-life

Inventory, Anticipated (1990)
RH

Inventory, Design (1992)
CH
RH

Th227
Half-life

Th228
Half-life

Th229
Activity conversion
Half-life

Th230
Activity conversion
Half-life

Th231
Half-life

Th232
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Inventory, Design (1992)
CH
RH

Th234
Half-life

Ti207
Half-life

U233
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Median

3.304x10°%

1.36x10°
9.189x108

2.80x10°

8.23x10%
5.21x10°

1.617x108

6.037x107

2.13x10?
2.316x10"

2.02x10"
2.430x10'2

9.187x10*

1.10x10™*
4.434x10"7

0.0
0.0

2.90x10™!
5.66

2.082x108

2.862x102

9.68
5.002x10'2

7.18x101
2.86x10!

Units

Cikg

Ci

Ci

Cikg

Cikg

Cikg

Ci
Ci

Ci
Ci

Cikg

Ci
Ci

Source

ICRP, Pub 38, 1983

1.1281x10'8/(half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)

ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

1.1281x10'8/(half-life(s)x At Wt.)
ICRP, Pub 38, 1983

1.1281x10'6/(half-life(s)x At. Wt.)
ICRP, Pub 38, 1983

ICRP, Pub 38, 1983

1.1281x10'8/(half-life(s)x At Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)

ICRP, Pub 38, 1983
ICRP, Pub 38, 1983

1.1281x10'half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983

Peterson, October 28, 1992
(Memo in Appendix A)
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3.3 Parameters for Contaminants independent of Waste Form

Table 3.3-1. Inventory and Parameter Values for TRU Radioisotopes (Concluded)

Parameter

Inventory, Design (1992)
CH
RH

U234
Activity conversion
Half-life

uz3s
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Inventory, Design (1992)
CH
RH

U236
Half-life

U238
Activity conversion
Half-life

Inventory, Anticipated (1990)
CH
RH

Inventory, Design (1992)
CH
RH

Median

1.53x103
1.99x102

6.25
7.716x1012

2.16x10°°
2.221x10'6

5.54x1072
1.23x1072

5.38x10°"
6.13x1072

7.389x10'4

3.36x10*
1.410x10"7

0.0
7.83x102

2.68
1.80

Units

Ci
Ci

Cikg

Cikg

Ci
Ci

Ci
Ci

Cikg

Ci
Ci

Gi
Ci

Source

Peterson, October 28, 1992
(Memo in Appendix A)

1.1281x10%6/(half-life(s)xAt.Wt.)
ICRP, Pub 38, 1983

1.1281x105/(half-life(s)xAt. Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)

iCRP, Pub 38, 1983

1.1281x10'%/(half-life(s)x At Wt.)
ICRP, Pub 38, 1983

U.S. DOE, 1990d; Peterson, 1990

Peterson, October 28, 1992
(Memo in Appendix A)
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ENGINEERED BARRIERS AND SOURCE TERM
3.3 Parameters for Contaminants Independent of Waste Form

3.3.2 Inventory of Remotely Handled Waste

The 1991 inventory of TRU waste that must be transported and handled in shielded casks because of dose rates at
the surface above 200 mrem/hr (remotely handled [RH]) was estimated from the input submitted to the 1990 IDB
(U.S. DOE, 19904d). Estimates were made using a similar method to that used for the CH-TRU waste (discussed in
Section 3.3.1)." Some differences between the methods for estimating CH and RH were in the estimation of the
activity for RH waste reported as mixed fission products and the "unknown" distribution from Hanford. For the
mixed fission products, a mixture of 10-yr-old fission products was assumed as the source term. For the Hanford
"unknown," a slurry mixture from the Hanford high level waste tanks provided the isotopic distribution; it was esti-
mated that a 2.15 x 106 C, /(kges) (30 rem/hr) canister will contain about 450 Ci of gamma emitters. For other mix-
tures reported in the 1990 IDB, the weight fractions reported were used to calculate the major radionuclides. A
volume scaling method similar to that used for CH-TRU waste was used to increase the volume from about 5,300 m?
(estimated from the 1990 IDB) to the maximum volume of 7,079 m>.

Modifications to the radionuclide inventories in the 1990 IDB were made in 1992 (Peterson, October 28, 1992,
Memo in Appendix A). These modifications are reflected in Table 3.3-1 which lists both CH and RH inventories.

For the 1991 and 1992 PA calculations, the RH-TRU waste was included in the cuttings releases. The RH-TRU
waste has not been included in the long-term performance assessment inventory for most previous calculations
(Marietta et al., 1989; Lappin et al., 1989; U.S. DOE, 1990b), because RH-TRU waste constituted less than 2% of the
activity. Furthermore, the current procedure for emplacing RH waste in the pillar walls will minimize the interaction
of the RH waste canisters and the CH-TRU waste rooms. Also a large amount of the activity in RH waste is from
radionuclides with relatively short half-lives, which have a small consequence over the long term.

* An alternative method would be to scale the radionuclides so that the activity limit agreed upon by the State of New Mexico and the DOE--
5.2x10° Ci--would be emplaced instead of the agreed-upon volume limit.
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ENGINEERED BARRIERS AND SOURCE TERM
3.3 Parameters for Contaminants independent of Waste Form

3.3.3 Radionuclide Chains and Half-Lives

The decay chains for the initial radionuclides in the CH and RH inventory are shown in Figures 3.3-1 and 3.3-2,
respectively. The half-life for each radionuclide listed in the literature by ICRP Publication 38 (ICRP, Pub 38, 1983)
is also on Figure 3.3-1. For reference, the half-lives of the radionuclides in the initial WIPP inventory and decay prod-
ucts are tabulated in Table 3.3-2. The 1992 initial inventories (in Ci) are listed in Table 3.3-1.

Many of the daughter radionuclides have extremely short half-lives, low activities, and make a small contribu-
tion to the curie inventory. Shortened chains are used when modeling as follows.

RADIONUCLIDES FOR CUTTINGS AND REPOSITORY MODELING

From the 70 radionuclides shown in Figure 3.3-1, 23 are considered major contributors to the inventory and are
used in calculating the radionuclide releases from drilling into the repository and bringing cuttings to the surface and
when calculating concentrations within the repository prior to transport to the Culebra. In general, most isotopes of
plutonium, thorium, americium, curium, neptunium, californium, radium, and uranium are considered.

The RH inventory decay chains include the chains in the CH inventory shown in Figure 3.3-1 plus the three

chains shown in Figure 3.3-2. The radionuclides in the RH cuttings releases included cesium-137, promethium-147,
and strontiom-90 in addition to all of the radionuclides in the CH releases.

RADIONUCLIDES FOR TRANSPORT MODELING

Nine radionuclides are considered in 1992 PA transport calculations for CH-TRU waste and are highlighted on
Figure 3.3-1.
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Figure 3.3-1. Decay of CH radionuclide chain in TRU-contaminated waste.
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Figure 3.3-1. Decay of CH radionuclide chain in TRU-contaminated waste (concluded).
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D] Isotope Considered in Transport Calculations

TRI-6342-1126-0

Figure 3.3-2. Decay of RH radionuclide chain in TRU-contaminated waste.
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Table 3.3-2. Half-Lives of Isotopes Disposed or Created in WIPP (ICRP, Pub 38, 1983)
Half-life (t;;5)
Radioisotope (s) Reported
Actinium 28p¢ 2.207x10* 6.13h
2ipc 6.871x10° 2.177x10" yr
25A¢ 8.64x10° 10 day
Americium 243Am 5.822x10"" 7.38x10% yr
XiAm 1.364x10% 4.322x10% yr
Antimony 125gp 8.741x107 277 yr
Astatine 217t 3.23x102 3.23x102s
Barium 137mBg 1.531x10% 2.552 min
Bismuth 2lag; 1.194x10° 19.9 min
213g; 2.739x10° 45.65 min
212g; 3.633x10° 60.55 min
2Mp; 1.284x102 2.14 min
210g; 4.33x10° 5.012 day
Californium 252¢¢ 8.325x107 2638 yr
Cerium 144ce 2.456x107 284.3 day
Cesium e 9.467x10° 30.0 yr
134Cs 6.507x107 2,062 yr
Chromium S1cr 2.394x10° 27.7 day
Cobalt co 1.663x10° 5.221yr
%Co 6.117x10° 70.8 day
Curium 248cm 1.070x10"3 3.39x10° yr
24Cm 5.715x10® 18.11 yr
Europium 1S5y 1.565x10° 496 yr
S4Ey 2.777x108 8.80 yr
152ey 4.207x10° 13.53 yr
Francium 21pr 2.88x102 4.8 min
Iron 59Fg 3.847x10° 44.53 day
Lead 214pp 1.608x10° 26.8 min
212pp 3.83x10% 10.64 h
21pp 2.166x10° 3.61 min
210pp, 7.037x108 22.3yr
209pp 1.171x10* 3.253 h
Manganese 54Mn 2.7x107 312.5 day
Neptunium 29Np 2.035x10° 2.355 day
BINp 6.753x10"3 2.14x108 yr
Niobium Nb 3.037x10° 35.15 day
Plutonium 24py 2,607x10'° 8.76x107 yr
242py 1.187x10" 3.763x10° yr
241py 4.544x10° 14.4yr
240py 2.063x10" 6.537x10% yr
B9py 7.594x10" 2.407x10% yr
238py 2.769x10° 87.74 yr
Polonium 218p, 1.83x102 3.05 min
218pg 1.6x107 1.5x10s
215pq 1.78x103 1.78x103 s
214pg 1.643x107 1.643x10*s
213pq 4.2x108 42x106 s
212pg 3.05x107 3.05x107 s
210p4 1.196x10’ 138.4 day
Praseodymium 144py 1.037x10° 17.28 min
Promethium “pm 8.279x107 2.623 yr

* Bolding indicates isotopes assumed in initial inventory for PA calculations.
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3.3 Parameters for Contaminants Independent of Waste Form

Table 3.3-2. Half-Lives of Isotopes Disposed or Created in WIPP (ICRP, Pub 38, 1983) (Concluded)

Radioisotope

Protactinium

Radium

Radon

Rhodium
Ruthenium
Strontium
Thallium
Thorium

Uranium

Yttrium

23pg
231 Pa
228R a
226R a
225R4
224R a
223R a
222R n
220 n
21 QRn
106Rh
106y
Nsrt
L
247h
22qy,
217
207
29Th
287y

27Th
240 U

238 U
236 U
235 U
234 U
233 U

90Y

Half-life (t,;5)

(s)

2.333x10°
1.034x10'2
1.815x108
5.049x10'°
1.279x108
3.162x10°
9.879x10°
3.304x10°
5.56x10"
3.96
2.99x10!
3.181x107
9.189x10®
2.862x10?
2.082x10°8
4.434x10"
9.187x10*
2.43x10"2
2.316x10"
6.037x107
1.617x108
5.076x10*
1.41x10"7
7.389x10'
2.221x10"®
7.716x10'2
5.002x1012
2.304x10°

* Bolding indicates isotopes assumed in initial inventory for PA calculations.

Reported

27 day

3.276x10% yr

5.75yr

1.6x10% yr

14.8 day

3.66 day

11.43 day

3.824 day

5.56x10' s

396s

2.99x10' s

3.682x102 day

29.12yr ‘
4.77 min ‘
24.1 day ‘
1.405x10" yr \
25.52 h i
7.7x103 yr ‘
7.34x10% yr

1.913yr

18.72 day

1.41x10" hr

4.468x10% yr

2.342x107 yr

7.038x10% yr

2.445x10% yr

1.585x10% yr

64.0h

Note on half-life uncertainties:

Quoted standard errors of radioisotope half-lives are generally small relative to the mean values. This is illus-
trated by the examples provided below (taken from IAEA, 1986).

Radioisotope

241 Am
252Cf

244 Cm

Half-life

(4322+0.5)y
(2.645 + 0.008) y

(18.10+ 0.02) y

For this reason, the PA Department regards radioisotope half-lives as precisely known parameters.
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3.3 Parameters for Contaminants Independent of Waste Form

3.3.4 40 CFR 191 Release Limits and Waste Unit Factor

40 CFR 191 RELEASE LIMITS
The release limits (1.;) for evaluating compliance with 40 CFR 191 § 13 are provided in Table 3.3-3. These apply
to the 1991 inventory: the release limits for 1992 are only slightly different.

Table 3.3-3. 1991 Cumulative Release Limits (L;) to the Accessible Environment 10,000 Yr after Disposal
for Evaluating Compliance with Containment Requirements (after EPA, 1985, Appendix A,

Table 1)
Release limit (Li) 1991
per 1x 108 Gi PA Release
o.-emitting TRU nuclide Limits
with t,o > 20 yr* f L
Radionuclide (Ci) (Ci)

Amenicium (Am) =241 0T -243..........cccrmrinriiricereseanrianeseserenssessssressesresessssens 100 1187
Carbon (C) =14 ...t et ettt s s e s 100 1187
CosiUm (Cs) ~135 OF =137...iii i reiriir i e st srnes st e s b e s e siseane 1000 11870
JOOING (1) 129..ve.cevveoereaiescrssrnrseossssissssncecesessomssisssssssssssesasssesssssssssssmesssssssses 100 1187
Neptunium (Np) -237 ..o 100 1187
Plutonium (Pu) -238, -239, -240, OF 242 .......cccceeviimevrreerrenesirecvsseresinsasnensne 100 1187
Radium (Ba) -226..........c.cccccoiiiniceiiin et s e s 100 1187
SHONHUM (SI) 90.....cciiiiriiree et s b e ea s e e s e snen e 1000 11870
Technetium (TC) -99.....ccoimiriii et e s e e e b s et enns 10000 118700
Thorium (Th) -230 or -232 10 118.7
TiN (SN) 2126 .ottt e e aare e ... 1000 11870
Uranium (U) -233, -234, -235, -236, 0T -238 .....cccoereccviirrniccnenns 100 1187
Any other 0.-emitting radionuclide with t;;p > 20 YT .......ccooocceennnee 100 1187
Any other non OL-emitting radionuclide with tys > 20 Y ..., 1000 11870

* Other units of waste described in EPA, 1985, Appendix A (40 CFR 191)
** 1992 PA release limits are not significantly different from those of 1991.

WASTE UNIT FACTOR

The waste unit factor (f) is the inventory in curies of transuranic (TRU) o-emitting radionuclides in the waste
with half-lives greater than 20 yr divided by 10° Ci, where TRU is defined as radionuclides with atomic weights
greater than uranium (92). Consequently, as currently defined in 40 CFR 191, all TRU radioactivity in the waste can-
not be included when calculating the waste unit factor. For the WIPP, 1.187 x 107 Ci of the 1991 radioactivity design
total of 1.814 x 107 Ci came from TRU a.-emitting radionuclides with half-lives greater than 20 yr (see Tables 3.3-5
and 3.3-6, WIPP PA Division, 1991, vol. 3). Regardless of the waste unit, the WIPP has assumed that all nuclides
listed in Tables 3.3-1 and 3.3-2 are regulated and must be included in the release calculations. Therefore, the release
limits (L;) used by the WIPP are reduced somewhat (i.e., more restrictive).
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3.3.5 Chemical and Physical Parameters of TRU Wastes

Some of the chemical and physical parameters needed for modeling the behavior of TRU wastes are summarized
in Table 3.3-4. Other parameters connected with the waste forms plus their containers are discussed in Section 3.4.
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3.3 Parameters for Contaminants Independent of Waste Form

Table 3.3-4. Chemical and Physical Parameters of TRU Waste

Distribution
Parameter? Median Range Units Type Source
Gas generation
Corrosion
Inundated rate 6.3x 10" 0 1.3x10° mol{m>s)® Constructed Brush, 1991
Relative humid rate 1 x 1071 0 5x 101 none Constructed Brush, 1991
Microbiological
Inundated rate 3.2x10° (] 1.6x10° mol(kges)® Constructed Brush, 1991
Relative humid rate 1 x 10" 0 2x 10" none Uniform Brush, 1991
Radiolysis 1x 10 mol/drum/yr  Constant Brush, 1991
Gas generation stoichiometry factor
Corrosion 5x 10" 0 1 none Uniform Brush and Anderson in Lappin et
al., 1989, p. A-6
Microbiological 8.35 x 1071 0 1.67 none Uniform Brush and Anderson in Lappin et
al., 1989, p. A-10
Am
Diffusion coefficient!  1.76x101®  53x10"  3x10°1° m?/s Uniform Lappin et al.,1989, Table E-7
Am
Solubility -9.00 -13.3 0.0 log (Molar)  Constructed See Section 3.3.5
Cm
Diffusion coefficient  1.76x107°  53x10""  3x10™ m2/s Uniform Lappin et al.,1989, Table E-7
Cm
Solubility -9.00 -13.3 0.0 log (Molar) Constructed See Section 3.3.5
Np
Diffusion coefficient  1.76x10"°  s52x10"  3x10'° mé/s Uniform Lappin et al.,1989, Table E-7
Np
Solubility -6.99 -15.5 -2.00 log (Molar)  Constructed See Section 3.3.5
Pb
Diffusion coefficient 4x10°1° 2x10°1°  gx1071° m?/s Constructed  Lappin et al., 1989, Table E-7
Pb
Solubility 0.210 -2.00 -1.00 log (Molar) Constructed See Section 3.3.5
Pu
Diffusion coefficient ~ 1.74x10'°  a.8x10"  3x10° m?s Uniform Lappin et al.,1989, Table E-7
Pu
Solubility -9.22 -16.5 -3.4 log (Molar)  Constructed See Section 3.3.5
Ra
Diffusion coefficient  3.75x10'°  1.88x10°'° 7.5x10°'° m¥s Constructed  Lappin et al., 1989, Table E-7
Ra
Solubility 1.04 0.3 1.26 log (Molar) Constructed See Section 3.3.5
Th
Diffusion coefficient 1x10°10 5x10°11  1.5x10710 m&/s Uniform Lappin et al.,1989, Table E-7
Th
Solubility -10.0 -15.2 -5.6 log (Molar)  Constructed See Section 3.3.5
u
Diffusion coefficient ~ 2.7x101®  1.1x10"'° 4.3x10°° m¥s Uniform Lappin et al.,1989, Table E-7
U
Solubility -3.27 -15.00 0.0 log (Molar)  Constructed See Section 3.3.5

mole/(m? - surface area steel » s)
mole/(kg - cellulosics ¢ s)

a o o w

Parameters in bold were sampled in the 1992 calculations.

Free liquid diffusion coefficient of the indicated species
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3.3 Parameters for Contaminants Independent of Waste Form

Solubility of Specific Radionuclides*

Parameter: Solubility (S) for Am, Cm, Np, Pb, Pu, Ra, Th, U
Material: Radionuclide-bearing compounds in waste form

Definition Units: Log (Molar)

Values: See Table 3.34
Distribution: Constructed (see Figures 3.3-3[a] through 3.3-3[h] and discussion)
Correlation:

Panel Judgment)

Data Source(s):  Trauth, K. M., S. C. Hora, R. P. Rechard, and D. R. Anderson. In Review. The Use of
Expert Judgment to Quantify Uncertainty in Solubility and Sorption Parameters for
Waste Isolation Pilot Plant Performance Assessment. SAND92-0479. Albuquerque,
NM: Sandia National Laboratories. (Copy on file at the Waste Management and
Transportation Library, Sandia National Laboratories, Albuquerque, NM.) (Expert

Usage:
Mathematical model:
Repository Discharge, Section 1.4.4 of this volume.

Equations 1.4.4-5, 1.44-11.

Computational models:
PANEL

Ranking in Past Sensitivity Analyses:
40 CFR 191 High for Am, Np, Pu, Th, U; others Not tested
40 CFR 268 Not tested
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Figure 3.3-3. Constructed distribution for solubility of (a) americium (Am), (b) curium (Cm), (c) neptunium (Np),
(d) lead (Pb), (e) plutonium (Pu), (f) radium (Ra), (g), thorium (Th), and (h) uranium (U).
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Constructed distribution for solubility of (a) americium (Am), (b) curium (Cm), (c) neptunium (Np),

(d) lead (Pb), (¢) plutonium (Pu), (f) radium (Ra), (g), thorium (Th), and (h) uwranium (U) (con-

cluded).
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ENGINEERED BARRIERS AND SOURCE TERM
3.3 Parameters for Contaminants independent of Waste Form

Discussion of Solubilities:

The distributions of solubilities elicited by Trauth et al. (1991, In Review) for the 1991 PA calculations are
shown as bar diagrams in Figure 3.34. Different oxidation states were distinguished for Np, Pu and U; and different
solution conditions were distinguished for Pb and Ra. Relative areas in pH-Eh space for the oxidation states of Np,
Pu and U were also provided by the expert panel (Figure 3.3-5). No new information on solubilities was obtained in

1992.

In the 1991 PA calculations, an index variable between 0 and 1 was used to select solubilities corresponding to
the several oxidation states by sampling on the relative areas in pH-Eh space. In the 1992 calculations, all solubility
distributions (Figure 3.3-4) were first converted to distributions of logarithms (base 10) of Molar values; the resulting
distributions having more than one oxidation state (Np, Pu, U) were then weighted according to the relative areas in
pH-Eh space (Figure 3.3-5) and added to give a single distribution for each species (Figure 3.3-3). The solution con-
dition assumed for lead (Pb) was “carbonate absent” and the solution condition assumed for radium (Ra) was “car-
bonate and sulfate present”; i.e., conditions giving highest values of solubility for Pb and Ra were assumed for the

sake of conservatism.
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Concentration (x 103 (mol/m3) (C,,,)

The blocks represent, from left to right, the 0.00, 0.10, 0.25, 0.50, 0.75, 0.90 and 1.00 fractiles

Oxidation Solution Solution
State Species Conditions
Am*3 (AmCl,)*
cm* Cm3+
Np* (Np(OH))
Np*S (NpO,CO,)
Pb*2 PbCI 42' Carbonate
Present
Pb*2 PbCI 42' Carbonate
Absent
Pu* (Pu(OH)g)
Puts (PuO,)*
Ra*2 Ra2* Carbonate
Present
Ra*? Ra2+ Sulfate
Present
Rat2 Ra2* Carbonate
& Sulfate
Present
Th+ Th(OH) 4°
U+ U(OH) 4°
U+t UO,(CO,),
TRI-6342-1410-0

Figure 3.3-4.  Bar diagrams of elicited distributions of solubility for americium, curium, lead, neptunium,
plutonium, radium, thorium, and uranium (after Trauth et al., 1992).
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3.3 Parameters for Contaminants Independent of Waste Form
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\ \
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i
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TRI--6342-1132-0
Figure 3.3-5. Estimated relative areas of stability in the pH-Eh space for neptunium, plutoniumn, and uranium and

percentage of area of stable water.
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3.3 Parameters for Contaminants Independent of Waste Form

Gas Production from Corrosion (Inundated Rate)*

Parameter:
Material:

Definition Units:

Values:

Distribution:
Correlation:

Gas production rates, corrosion, inundated rate (1’
Inundated, steel in waste form (WastRef, GRatCorI)

mol Hp/(m?2-surface area steel « s)

Range: (0, 1.3 x 10°%) Median: 6.3 x 10°

Constructed (see Figure 3.3-6)

CI)

Data Source(s):

Brush, L. H. 1991. Appendix A: “Current Estimates of Gas Production Rates, Gas Pro-
duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide
Chemistry for the Long-Term WIPP Performance Assessment," Preliminary Compar-
ison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant, December
1991. Volume 3: Reference Data. WIPP Performance Assessment Division. Eds. R.
P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S. Tiemey, and J. S.
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25

through A-36. (Investigator Judgment)

Usage:

Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-12,

Computational models:
BRAGFLO

Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Medium
40 CFR 268 Medium
NEPA

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Figure 3.3-6.  Constructed distribution for gas production rates from corrosion under inundated conditions.
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3.3 Parameters for Contaminants Independent of Waste Form

Gas Production from Corrosion (Relative Humid Rate)*

Brush, L. H. 1991. Appendix A: “Current Estimates of Gas Production Rates, Gas Pro-
duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide
Chemistry for the Long-Term WIPP Performance Assessment,” Preliminary Compar-
ison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant, December
1991. Volume 3: Reference Data. WIPP Performance Assessment Division. Eds. R.
P. Rechard, A. C. Peterson, J. D, Schreiber, H. J. Iuzzolino, M. S. Tiemney, and J. S.
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25

Parameter: Gas production rates, corrosion, relative humid rate (f)
Material: Steel in waste form exposed to humid conditions (WastRef, GRatCorH)
Definition Units: Dimensionless
Values: Range: (0, 5x 10'1) Median; 1x 1071
Distribution: Constructed (see Figure 3.3-7)
Correlation:
Data Source(s):
through A-36. (Investigator Judgment)
Usage:

Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-14.

Computational models:
BRAGFLO

Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 High
NEPA

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Figure 3.3-7.  Constructed distribution for relative gas production rates from corrosion under humid conditions.
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3.3 Parameters for Contaminants Independent of Waste Form

Gas Production from Corrosion (Stoichiometry)*

Definition Units: None

Values: Range: (0, 1) Median: 0.5
Distribution: Uniform
Correlation:

Parameter: Anoxic iron corrosion stoichiometry (x)
Material: Inundated steel in waste form, (WastRef, StoiCor)

Data Source(s):  Brush, L. H,, and D. R. Anderson. 1989. “Appendix A: Drum (Metal) Corrosion, Micro-
bial Decomposition of Cellulose, Reactions Between Drum-Corrosion Products and
Microbially Generated Gases, Reactions Between Possible Backfill Constituents and
Gases and Water Chemical Reactions,” Systems Analysis, Long-Term Radionuclide
Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern
New Mexico; March 1989. Eds. A. R. Lappin, R. L. Hunter, D. P. Garber, and P. B.
Pavies. SANDS89-0462. Albuquerque, NM: Sandia National Laboratories. A-3
through A-30. (Investigator Judgment)

Usage:
Mathematical model:

Equation 1.4.1-13,

Computational models:
BRAGFLO

Two-Phase Flow, Section 1.4.1 of this volume.

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 Medium
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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3.3 Parameters for Contaminants Independent of Waste Form

Discussion of Gas Production from Corrosion:

After waste is emplaced in the WIPP repository, some gas is expected 1o be generated from three types of chem-
ical reactions: (1) anoxic corrosion, (2) biodegradation, and (3) radiolysis. In theory, the rates are dependent upon
several factors, such as the chemical makeup of the waste (both organic and inorganic), the types of bacteria present,
interactions among the products of the reactions, characteristics of WIPP brine, pH, and Eh. Experimental data
describing these dependencies are incomplete at this time. However, some rough estimates of the range of gas gener-
ation rate valoes under possible WIPP environmental conditions have been made using available data.

Brush (1991) estimates gas production from corrosion for inundated and humid conditions. The estimates for
inundated conditions are based on 3- and 6-month experiments by R. E. Westerman of Pacific Northwest Laboratory
(PNL) on ASTM A 366 and ASTM A 570 steels by WIPP Brine A when N, is present at low pressures (~ 0.105 MPa
[150 psigl) (Brush, 1991) (Figure 3.3- 8) The following are estimated gas production and corros10n rates for inun-
dated conditions: minimum, 0 mol Hzlm steel/yr (0 mol H2/drum/yr); best estimate, 0.2 mol Hzlm steel/yr (1 mol/
drum/yr); and maximum, 0.4 mol H2/m steel/yr (2 mol/drum/yr) with N, at 0.698 MPa (1000 psig) (Brush, 1991).

Westerman also performed 3- and 6-month low-pressure humid experiments with either CO, or N, atmospheres
(Brush, 1991). No H, production was observed except for very limited quantities from corrosion of the bottom 10%
of the specimens splashed with brine during pretest preparation of the containers. Westerman is currently quantifying
H, production from anoxic corrosion of steels in contact with noninundated backfill materials. Unul further results
are available, the estimated rates for humld conditions are as follows: minimum, 0 mol H,/m? steel/yr (0 mol Hy/
drum/yr); best estimate, 0.02 mol H2/m steel/yr (0.1 mol Hy/drum/yr); and maximum, 0.2 mol Hzlm steel/yr (1 mol
H,/drum/yr) with N, at 0.698 MPa (1000 psig) (Brush, 1991). When expressed in terms of relative rates, the values
are 0 to 0.5 with a median of 0.1.

220 T T ]
> inundated, CO, Atmosphere i
210 ’
200 —
190 —
.
7 1
g B
g 170 Inundated N, Atmosphere —
0
(2]
2
o 160 j
150 -
140 por Limited, N, Atmosphere _—
O
130 Qépo; Limited, CO, Atmosphere—]
120 I I R

0 20 40 60 80 100 120 140 1600 180 200 220 240
Time (days)

TRI-6342-1403-0

Figure 3.3-8.  Pressure-time plots for 6-month anoxic corrosion experiments under brine-inundated and vapor-
limited ("humid") conditions (Davies et al., 1991, Figure 6).
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3.3 Parameters for Contaminants Independent of Waste Form

Gas Production from Microbiological Processes (Inundated Rate)*

Parameter:
Material:

Definition Units:

Values:

Distribution:
Correlation:

Gas production rates, microbiological, inundated rate (1)

Inundated cellulosics in waste form (WastRef, GRatMicI)

mol gas/(kg - cellulosics ¢ s)

Range: (0,1.6x 10'8) Median; 3.2 x 10

Constructed (see Figure 3.3-8)

Data Source(s):

Brush, L. H. 1991. Appendix A: “Current Estimates of Gas Production Rates, Gas Pro-
duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide
Chemistry for the Long-Term WIPP Performance Assessment," Preliminary Compar-
ison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant, December
1991, Volume 3: Reference Data. WIPP Performance Assessment Division. Eds. R.
P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Iuzzolino, M. S. Tiemey, and J. S.
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25

through A-36. (Investigator Judgment)

Usage:

Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-17.

Computational models:
BRAGFLO

Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 Medium
NEPA

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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46 Figure 3.3-9.  Constructed distribution for gas production rates from microbiological degradation under inundated
conditions.
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ENGINEERED BARRIERS AND SOURCE TERM
3.3 Parameters for Contaminants Independent of Waste Form

Gas Production from Microbiological Processes (Relative Humid Rate)*

Material:

Parameter: Gas production rates, microbiological, relative humid rate (g)

Definition Units: Dimensionless

Values: Range: (0, 2x 10'1) Median: 1x 1071
Distribution: Uniform
Correlation:

Cellulosics in waste form, humid conditions (WastRef, GRatMicH)

Data Source(s):  Brush, L. H. 1991. Appendix A: “Current Estimates of Gas Production Rates, Gas Pro-

duction Potentials, and Expected Chemical Conditions Relevant to Radionuclide
Chemistry for the L.ong-Term WIPP Performance Assessment,” Preliminary Compar-
ison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant, December
1991. Volume 3: Reference Data. WIPP Performance Assessment Division. Eds. R.
P. Rechard, A. C. Peterson, J. D. Schreiber, H. J. Inzzolino, M. S. Tierney, and J. S.
Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-25
through A-36. (Investigator Judgment)

Usage:

Mathematical model:

Computational models:

Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-17.

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low
40 CFR 268 High
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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3.3 Parameters for Contaminants Independent of Waste Fom

Gas Production from Microbiological Processes (Stoichiometry Factor)*

Parameter: Gas generation, stoichiometry factor (SBHZ)

Material: Cellulosics in waste form, humid and inundated, (WastRef, StoiMic)
Definition Units: Dimensionless

Values: Range: (0, 1.67) Median: 8.35x 10']

Distribution: Uniform

Correlation:

Data Source(s):

Brush, L. H,, and D. R. Anderson. 1989. “Appendix A: Drum (Metal) Corrosion, Micro-

bial Decomposition of Cellulose, Reactions Between Drum-Corrosion Products and
Microbially Generated Gases, Reactions Between Possible Backfill Constituents and
Gases and Water Chemical Reactions,” Systems Analysis, Long-Term Radionuclide
Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern
New Mexico; March 1989. Eds. A. R. Lappin, R. L. Hunter, D. P. Garber, and P. B.
Davies. SAND89-0462. Albuquerque, NM: Sandia National Laboratories. A-3

through A-30. (Investigator Judgment)

Usage:

Mathematical model:

Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-16.

Computational models:

BRAGFLO

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low
40 CFR 268 High
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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Discussion of Gas Production by Microbiological Processes:

Brush (1991) estimates activity from microbiological degradation based on a recent study at Stanford University
and studies carried out during the 1970s (Molecke, 1979; SNL, 1979; Barnhart et al., 1980; Caldwell et al,, 1988). A
test plan for laboratory experiments (Brush, 1990) and in-situ gas production experiments using real waste at the
WIPP (Lappin et al., 1989) describe experiments currently underway. Although the Stanford tests seemed to suggest
that microbial gas production may be significant under laboratory conditions but not under repository conditions,
results from the earlier tests implied significant microbial gas production under both realistic and overtest conditions.
However, until the Stanford tests are corroborated, the best estimate for microbial gas production has remained the
same as first proposed by Brush and Anderson (in Lappin et al., 1989; Brush, 1990), 0.1 mole of various gases per kg
cellulosics per year (1 mol gas/(drumeyr)). However, new minimum and maximum rates for inundated conditions are
0 and 0.5 mol/(kgeyr) (5 mol per drum per year), respectively.

For humid conditions, new minimum and best estimates for microbial gas production rates are 0 and 0.01 mol/
(kg cellulosicseyr) (0.1 mol/(drumeyr)). The maximum estimate under humid conditions remains unchanged from the
value estimated by Brush and Lappin (1990), 0.1 mol/(kgeyr) (1 mol/(drumeyr)). Expressed in terms of relative rates,
the values are 0 to 0.2 with a median of 0.1.

Microbiologic Degradation Stoichiometry. The stoichiometry of the net biodegradation reaction is uncertain.
About 20 reactions have been postulated and others may be possible, according to Brush and Anderson (Lappin et al.,
1989, p. A-10). The reactions depend on such factors as what electron donors are available, the solubility of CO,, and
interaction with products of corrosion, pH, and Eh. It is not known at this time what effect biodegradation has on
water (brine) inventory, so it is assumed to have no net effect, neither consuming water nor producing it. Some of the
postulated reactions produce gas; others consume it. At present, we know that some gas (CO, and some H,, H,S, and
CH,) may be produced and that cellulose (CH,0) will be consumed. Using the stoichiometry recommended in Lap-
pin et al. (1989, Supplement to Appendix A.1, p. A-30) that yields the maximum gas generation per unit of cellulose
(5/3 mol gas/mol CH,0), the biodegradation reaction may be written

CH,0O + unknowns + microbes = 5/3 gas + unknowns

However, in view of the wide variety of reactions that may occur, together with our current lack of knowledge as
to precisely which reactions do occur, it is prudent to sample on the stoichiometric coefficient for gas in this reaction.
If the assumption is also made that any CO, that is produced will dissolve in the WIPP brine, then of the reactions
presented in Lappin et al. (1989) only one reaction will consume gas, that one being

CH,0+0, = H* + HCO;

This reaction requires oxygen, which will be present initially in air and will be produced by radiolysis. Neither
source of oxygen is sufficient to oxidize all of the cellulose in the inventory, and oxic corrosion will compete strongly
for this oxygen, so this reaction is expected to be of minor importance. None of the other reactions consumes gas,
whereas most produce gas, with the net gas production ranging from 0 to 5/3 mol gas/mol CH,0. Therefore, the sto-
ichiometric coefficient is sampled from a uniform distribution ranging from 0 to 5/3.
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3.4 Parameters for Unmodified Waste Form Including Containers

As of 1990, the currently stored CH-TRU waste that will be disposed of in the WIPP, if authorized, is estimated
to be about 60,000 m> (2.1 x 10° ft3), which is about 34% of the design storage volume of 1.756 x 10° m3 (6.2 x 10°
ft>). The stored waste consists of about 180,000 0.21-m3 (55-gal) drums, 5,000 1.8-m3 (64 ft3) Standard Waste Boxes
(SWBs), and 7,000 3.2-m (113-ft>) miscellaneous containers, mostly steel and fiberglass reinforced plywood (FRP)
boxes. Drums and SWBs are the only containers that can currently be transported in a TRUPACT-IL. If the waste in
boxes other than SWBs were repackaged into SWBs, it was estimated that 533,000 021-m? (55-gal) drums and
33,500 1.8-m? (64-ft*) SWBs could be emplaced in the WIPP repository containing approximately 170,000 m?(6.2x
106 ft3) of waste, the design volume for CH-TRU waste.

The volume of RH-TRU waste is limited by the agreement between DOE and the State of New Mexico to
7.08x10% m? (0.25 x 10° f®) (U.S. DOE and NM, 1984). RH waste will likely be placed in 0.89-m> (31.4-£t>) canis-
ters in the walls of the rooms and access drifts. (Placement of canisters is discussed in Section 3.1.6.)

The parameter values for unmodified waste that is expected to be shipped (i.e., to meet the current waste accep-
tance criteria [WAC] discussed below) are provided in Table 3.4-1. The significant figures for masses that are
reported in this table should not be interpreted as known accuracy. (Indeed, the majority of waste to be emplaced in
the WIPP has not been generated; hence, the amounts are uncertain.) The significant figures in the table for masses
are presented as a means to trace the work until a report detailing the assumptions and calculations pertaining to these
amounts has been prepared. On the other hand, the significant figures on design volumes are important since the lim-
its on volumes agreed upon by the DOE and the State of New Mexico (U.S. DOE and NM, 1984) were in English

units and are an exact conversion.

All CH- and RH-TRU waste must meet the WIPP Waste Acceptance Criteria (WAC) (WEC, 1991). These crite-
ria includes requirements for the waste form. For example, the waste material shall (1) include only residual liquids
in well-drained containers (e.g., bottles, cans, etc.) in quantities less than 1% of the container volume and the total lig-
uid shall be less than 1% of waste container volume, (2) not permit explosives or compressed gases, and (3) limit
radionuclides in spontaneously combustible pyrophoric form to less than 1% by weight in each waste package. There

~also are limitations on the curie content in a drum, SWB, and canister based on transportation considerations

(Table 3.4-2).
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Table 3.4-1. Parameter Values for Unmodified TRU Waste Categories, Containers, and Salt Backfill

®pParameters in bold were sampled in the 1992 calculations.
bIDB = Integrated Data Base

Distribution
Parameter® Median Range Units Type Source
CH-TRU waste
Molecular weight
Cellulose 0.030 kg/mol  Constant CH,; Weast and Astle, 1981
Iron 0.05585 kg/mol Constant Fe; Weast and Astle, 1981
Density, grain (p )
Metal/glass 3.44x10° kg/m®  Constant  Butcher, 1990, Table 2
Combustibles 1.31x 10° kg/m®  Constant  Butcher, 1990, Table 2
Sludge 2.15x 10° kg/m®  Constant  Butcher, 1990, Table 2
Salt backfill 2.14x 10° kg/m®  Constant  WIPP PA Division, 1991, Vol. 3,
Table 2.3-1
Steel, cold-drawn 7.83x 10° kg/m®  Constant Perry et al., 1969, Table 3-137
Air @ 300.15K, 1 atm  1.177 kg/m®  Constant Vennard and Street, 1975, p. 709
Volumes of IDB Categories®
Metal/glass fraction 376 x107 276x10" 476 x107 none Normal See Section 3.4.1
Combustibles
fraction 3.84x10" 284x10" 484x107 none  Normal See Section 3.4.1
Salt backfil 1.712x 10° m3 Constant  WIPP PA Division, 1991, Vol 3,
Figure 3.1-3
Air @ 300.15K, 1 atm 8.908 x 10* m3 Constant ~ WIPP PA Division, 1991, Vol 3,
Figure 3.1-3
Average per Drum
Metal/glass 6.44 x 10’ 3.05x 10’ 9.83x 10! kg/drum = Normal Butcher, 1989, Table 7
Combustibles 4,00 x 10! 1.73x10'  626x10" kg/dum  Nommal Butcher, 1989, Table 6
Sludge 2.25x 102 kg/drum  Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Mass of IDB Categories®
Metal/glass 1.984 x 107 WIPP PA Division, 1991, Vol. 3,
Tables 3.4-10 and 3.4-12
Combustibles 1.348 x 107 WIPP PA Division, 1991, Vol. 3,
Tables 3.4-10 and 3.4-12
Mass of Steel Containers in IDB Categories®
Metal/glass 1.076 x 107 kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Combustibles 1.178 x 107 kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Sludge 3.598 x 10° kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Mass of Steel Containers and Liners in IDB Categories®
Metal/glass 4.458 x 10° kg Constant  WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Combustibles 1.214 x 107 kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Sludge 1.329 x 107 kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Mass of Contents
Iron, steel,
paint cans,
shipping cans 1.431x 107 ko Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-12
Steel in containers  2.613x 107 kg Constant WIPP PA Division, 1991, Vol. 3,
Table 3.4-10
Cellulosics, + 50%
gloves, Hypalon,
Neoprene, rubber 7.475x 10° kg Constant WIPP PA Division, 1991, Vol 3,

Table 3.4-12
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Table 3.4-1. Parameter Vaiues for Unmodified TRU Waste Categories, Containers, and Salt Backfill

1
i (Concluded)
4
2 Distribution
7 Parameter® Median Range Units Type Source
8
- 9 Capillary pressure (p ;) and relative permeability (k £9
10 Threshold displacement
11 pressure (P 2.02x10° 2.02x10'" 202x105 Pa  Lognormal  Davies, 1991a, 1991b
12 Residual Saturations
13 Wetting phase
14 (Sp0 2.76 x 10 138 552x10" none Constructed Brooks and Corey, 1964
15 Gas phase (Sy,) 7x1072 3.5x 102 1.4x10" none Constructed Brooks and Corey, 1964
16 Brooks-Corey '
17 Exponent (1)) 2.89 1.44 5.78 none Constructed  Brooks and Corey, 1964
18
19 Drilling Erosion Parameters
20 Absolute
21 roughness (£) 2.5x 102 1x 102 4x102 m Uniform Streeter and Wylie, 1975,
22 ) Figure 5.32.
23 Shear strength (T;,;) 1 1x 107 1x101 Pa  Constructed Sargunam etal., 1973;
24 Henderson, 1966
25  Partition Coefficient for clays in salt backfill
26 Am 1x10* m¥kg Constant  Lappin etal., 1989, Table D-5
27 (Kd 1y /1000)
28 Np 1x10% mikg Constant  Lappin et al., 1989, Table D-5
29 (chlay/1 000)
30 Pb 1x 10 m¥kg  Constant  Lappin et al., 1989, Table D-5
31 (Kv:lclay/1 000) -
32 Pu 1x10% m¥kg  Constant  Lappin et al., 1989, Table D-
33 (Kv:lclay/1 000)
34 Ra 1x 108 mikg  Constant  Lappin et al., 1989, Table D-5
35 (chlay/1 000)
36 Th 1x 10 m¥kg  Constant Lappin et al., 1989, Table D-5
37 (ch,ay/1 000)
38 U 1x10° m¥kg  Constant  Lappin et al., 1989, Table D-5
39 (Kv:lclay/1 000)
40  Permeability (k) [used in 1991 calculations]®
41 Average 1x 1013 m? Constant  Lappin et al., 1989, Table 4-6
42 Combustibles 1.7x 101 2x1071% 2x 10" m?  Constructed  Butcher et al., 1991
43 Metals/glass 5x 1013 4x 101 12x10'2 m?  Constructed Butcher et al., 1991
44 Sludge 12x10"®  11x10"7  17x10'® m2  Constructed Butcheretal., 1991
45 Porosity (¢) [used in 1991 calculations]?
46 Average 1.9x 101 nhone Constant WIPP PA Division, 1991, Vol 3,
47 Section 3.4.8
48  Combustibles 1.4x102 8.7 x 102 1.8x107  none Constructed Butcher et al., 1991
49 Metals/glass 4x 107! 3.3x 10" 4.4x10" none Constructed Butcheretal., 1991
50 Siudge 1.1x 10" 1x102 22x10'  none Constructed Butcher et al., 1991
51  Saturation, initial (S n 0.07 0 0.14 none Uniform See Section 3.4.4.
52
53

54  2Parameters in bold were sampled in the 1992 calculations.

55 bSee Sections 1.4.1 and 1.4.7 for 1992 methods of calculating permeability and porosity of unmodified waste, containers, and salt
56  backfill.

57
58
59
60
61
62
63
64
65
66
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1
2 Table 3.4-2. Summary of Waste Acceptance Criteria and Requirements Applicable to Performance
2 Assessment
5
6
7 Waste
8 Description Type WAC Criterion or Requirement
9
10 Particulates CH & Immobilize if greater than 1% by weight below 10 microns
11; RH Immobilize if greater than 15% by weight below 200 microns
13 Liquids CH & RH Liquids that result from liquid residues remaining in well-drained
14 containers; condensation moisture; and liquid separation from sludges or
12 resin settling shall be less than 1% by volume of the waste container
17 Pyrophoric CH & Radionuclides in pyrophoric form are limited to less than 1% by weightin
:g Materials RH each waste package. No non-radionuclide pyrophorics permitted.
20 Explosives and CH & RH No explosives or compressed gases are permitted.
21 compressed gas
22
23 Specitic Activity CH The specific activity shall be greater than 100 nCi/g TRU radionuclides,
24 excluding the weight of added shielding, rigid liners, and waste containers.
25 RH The specific activity shall be greater than 100 nCi/g TRU radionuclides,
26 excluding the weight of extemal shielding, rigid liners, and the waste
27 containers. The container average maximum activity concentration shall
gg not exceed 23 curies/liter.
30 Nuclear Criticality* CH The fissile or fissionable radionuclide content shall be less than 200 FGE
31 (Pu-239 FGE)** for a 55-gallon drum. The fissile or fissionable radionuclide content shall
32 be less than 325 FGE for a SWB. The fissile or fissionable radionuclide
33 content shall be less than 325 FGE for a TRUPACT-II
gg RH The fissile or fissionable radionuclide content shall be less than 325 FGE.
36 Pu-239 CH&RH Waste packages shall not exceed 1000 Ci of Pu-239 equivalent activity.
37 Activity*
38
39
40

41 * Transportation requirement
42 ** Fissile gram equivalent of Pu-239
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
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ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

3.4.1 Composition of CH-TRU Waste (Non-Radionuclide/Non-RCRA Inventory)

TRU waste destined for the WIPP is generated or currently stored by ten DOE nuclear weapon facilities.
Although we know that this TRU waste consists in general of laboratory and production line waste, such as glass-
ware, metal pipes, sorbed or solidified spent solvents, disposal laboratory clothing, cleaning rags, and solidified slud-
ges, the precise composition of the waste (e.g., percentages by weight and volume) is not well defined. Estimates of
metals/glass combustible and sludge reported here were made based on information on volumes submitted annually
to the IDB by the generator sites and therefore are from the same source as the radionuclide inventory. A full discus-
sion of these estimates is given in Section 3.4.1 of WIPP PA Division (1991, Vol. 3). Only estimates of the volumes
of various categories of CH-TRU contaminated waste are discussed here.
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ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

Volume Fraction, Combustibles*

Parameter:
Material:

Definition Units:

Values:

Distribution:
Correlation:

Volume fraction, combustibles (fc)
Unmodified waste form including containers (WastRef, Vol Wood)

Dimensionless

Range: (0.284, 0.484) Median: 0.384

Normal

Data Source(s):

See text and Table 3.4-6. (Investigator Judgment)

Usage:

Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-17.

Computational models:
BRAGFLO

NEPA
Other

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 Medium

Not tested
Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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3.4 Parameters for Unmodified Waste Form Including Containers

Volume Fraction, Metals/Glass*

Parameter: Volume fraction, metals/glass
Material: Unmodified waste form including containers (WastRef, Vol Metal)

Definition Units: Dimensionless

Values: Range: (0.276, 0.476) Median: 0.376
Distribution: Normal
Correlation:

Data Source(s):  See text and Table 3.4-6. (Investigator Judgment)

Usage:
Mathematical model:
Two-Phase Flow, Section 1.4.1 of this volume.

Equation 1.4.1-12 (used in computing Ad, the surface area of steel in an equivalent drumy).

Computational models:
BRAGFLO

Ranking in Past Sensitivity Analyses:
40 CFR 191 Low
40 CFR 268 Medium
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

Discussion:

Estimates of the masses and volumes of the constituents of TRU waste that affect gas generation, transport, and
room properties are required for performance assessment. Because the majority of the waste to be emplaced in the
WIPP has not been generated, the waste characterization is an estimate with a potentially large uncertainty. The esti-
mated waste characterization is used as a base for analyses that include the uncertainty in waste characterization. The
following discussion presents the method that was used to estimate the characterization of the waste. The intent was
to use available information and to use a reasonable method to scale it up to the design volume, which was used in
performance assessment. This method resulted in estimates of volumes and masses of waste by generator site; how-
ever, these results should not necessarily be considered as indicative of the actual masses and volumes that the sites
will generate.

The total anticipated volume (stored waste and projected annual volumes) of the TRU waste calculated from
information reported in the yearly IDB has been decreasing over the period 1987-1990 (Table 3.4-3). The most signif-
icant change from 1987 to 1990 is the percentage of concreted or cemented sludge; the estimated volume decrease
was about 30%. Furthermore, the information contained in the 1990 IDB indicates that generators anticipate there
will be less volume of absorbed sludges and more volume of concreted and cemented sludges in the projected waste
than is contained in the stored waste.

The 1990 IDB was used as the basis for the estimate of the total volume of CH-TRU waste for the 1991 PA cal-
culations. Table 3.44 lists the stored and projected (generated in the future) waste volume by generator site listed in
the 1990 IDB. The IDB uses the terms "stored" and "newly generated” waste. In the discussion that follows, the term
“projected” is used in place of "newly generated."

For performance assessment calculations, we assume that a design volume of 175,564 m3 (6.2 x 10° £t®) will be
emplaced in the WIPP. The following discussion presents the method that was used to estimate the volumes of the
waste types if the current design volume of waste was emplaced. To estimate the volume of waste by generator site to
fill the WIPP it was assumed that the five largest generators* of projected waste would provide the additional volume.
The percentage of the total projected waste for each site was calculated and, based on this percentage, volumes for the
five sites were calculated to provide an additional 69,105 m3 (24 x 10° ft3). The scaled volume for the five sites is
shown in Table 3.44.

Details of the volumes and physical composition of CH-TRU waste as calculated from the information from the
1990 IDB are listed in Table 3.4-5.

For performance assessment calculations, hydraulic properties of the disposal area contents are required. To esti-
mate the volume fraction of the sludges, combustibles, and metals and glass in CH-TRU waste, it was assumed the
volume of the sludges included the absorbed liquid and sludges, concreted or cemented sludges, and dirt, gravel and
asphalt categories of Table 3.4-5. The volume of filter, filter media, and "other" categories of Table 3.4-5 were dis-
tributed into the volume of sludges, combustibles, and metals and glass based on the relative volume of the initial
amounts of each of these categories. PA Department estimates for the volume fraction of stored; projected; projected
plus scaled; and stored, projected, and scaled are tabulated in Table 3.4-6.

* These five DOE defense facilities for 1990 are Hanford Reservation (HANF), Washington; Idaho National Engineering Laboratory (INEL),
Idaho; Los Alamos National Laboratory (LANL), New Mexico; Rocky Flats Plant (RFP), Colorado; and Savannah River Site (SRS), South
Carolina. In 1991, INEL was reclassified as a storage site rafher than a generator site because a project that would generate waste was indefi-
nitely delayed/cancelled.
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ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

Table 3.4-3. Estimated Composition by Volume of CH-TRU Contaminated Waste from 1987 to 1990.

Absorbed Concrete/ Dirt/
Metal and Liquid Cemented Gravel/ Filters/ Total

Combustibles Glass and Sludge Sludge Asphalt Filter Media Other Volume
Year (%) (%) (%) (% (%) (%) (%) (m3)
1987 38.87 31.53 8.99 7.37 1.33 5.81 6.11 158,526
1988 39.84 34.18 7.28 8.00 244 453 3.73 136,402
1989 32.01 36.41 6.09 16.41 1.31 3.00 478 120,243
1990 34.24 34.31 6.28 14.43 1.30 3.67 577 106,459
* Design volume is 175,564 m®,
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3.4 Parameters for Unmodified Waste Form Including Containers

Table 3.4-4. Estimate of a Design Volume for CH-TRU Waste

Stored Projected Total
Volume Volume Volume
(1990 IDB) (1990 IDB) (1990 IDB)
Site (m3) (md) (m3)

ANL-E -- 180 180
HANF 10,041 943 10,984
INEL 37,420 4,666 42,086
LANL 7,393 4,800 12,193
LLNL - 1,207 1,207
MOUND - 945 945
NTS 606 -- 606
ORNL 662 600 1,262
RFP 792 16,272 17,064
SRP 3,143 16,788 19,931
Total 60,057 46,402 106,459

* Assuming that HANF, INEL, LANL, RFP, and SRP provide the difference between the current total inventory and the design
volume. The difference between the total volume of 106,458 m? in the 1990 IDB and the design volume of 175,564 m3 (6.2x10° ft3)
was apportioned between the five sites based on their estimated annual generation rates. These five sites provide 94% of the

estimated total annual volume of 1,993.4 m® per year.

Estimated
Scaled Design
Volume* Volume
(m°) (m?)

- 180
1,499 12,484
7,417 49,503
7,631 19,824
- 1,207

- 945

- 606

- 1,262
25,869 42,933
26,689 46,620
69,105 175,564
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ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

Table 3.4-6. Calculation of Constituent Volume Distribution in CH-TRU Waste*

Category Initial

Stored

Sludge** 0.2373

Combustible 0.2968

Glass/Metal 0.3603

Total 0.8944
Projected

Sludge™* . 0.1980

Combustible 0.4015

Glass/Metal 0.3208

Total 0.9203

Stored plus Projected

Sludge™ 0.2201
Combustible N 0.3424
Glass/Metal 0.3431
Total 0.9056

Stored, Projected, plus Scaled

Sludge™ 0.2083
Combustible 0.3671
Glass/Metal 0.3354
Total 0.9108

* The values for the initial volume percents were obtained from Table 3.4-5.

Distributed Amount
of Filter and
Filter Media

0.0280
0.0350
0.0425

0.0171
0.0348
0.0278

0.0229
0.0357
0.0358

0.0204
0.0360
0.0328

Total

0.265
0.332
0.403
1.000

0.215
0.436
0.349
1.000

0.243
0.378
0.379
1.000

0.229
0.403
0.368
1.000

** Total of absorbed liquid and sludge, concreted and cemented sludge, and dirt, gravel, or asphalt.
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3.4 Parameters for Unmodified Waste Fom Including Containers

3.4.2 Composition of RH-TRU Waste (Non-Radionuclide/Non-RCRA Inventory)

Estimates of the mass and volumes of RH-TRU constituents that affect gas generation, transport, and room prop-
erties are required for performance assessment. However, the mass of RH inventory was not included in the current
analyses. The total RH inventory has changed considerably in the last several years. The following discussion pre-
sents a method that was used to estimate the characterization of the RH inventory. The method resulted in estimates
of the volume and weights of waste by generator site; however, these results should not be interpreted as indicative of
the weights and volumes that a specific site may generate.

For the current PA calculations, it was assumed that the maximum allowed RH volume of 7,079 m3 (0.25x 10°
f®) will be emplaced in the WIPP. The following discussion presents the method that was used to estimate the total
volumes of the waste constituents if the maximum volume of RH waste was emplaced. Input to the 1990 IDB was
used as the basis for these estimates. The IDB presents estimates of the stored volume and projected (newly gener-
ated) volume for each generator site. The stored and projected volumes for the five sites that have or will generate
RH waste are tabulated in Table 3.4-7. To estimate the additional volume required to reach the maximum volume, it
was assumed that the generators of projected waste would provide the additional volume. The percentage of pro-
jected waste for each site was calculated and, based on this percentage, volumes for the five sites were calculated to
provide an additional 1,735 m3 (613 x 10* ft3). The scaled volumes for the five sites are shown in Table 3.4-7.

The stored and newly generated (projected) RH volume in the 1990 IDB sum to about 5,300 m3 (8.83 x 10* ft3).
The containers that will be placed in an RH canister have a different volume depending on the generator site. There-
fore, a canister may not contain (.89 m? (314 ft3) of RH waste. U.S. DOE (1991) indicates that the submittals to the
1990 IDB total 7,622 canisters. The total volume based on this number of canisters is 6,784 m> (2.4 x 10° £t3). U.S.
DOE (1991) also discusses the number of uncertainties in the projection of the RH inventory and acknowledges that
the details of the RH-TRU waste canister design should be revisited for re-evaluation. Because of the uncertainty in
the RH inventory and the discussion in U.S. DOE (1991) on canister design, the smaller total stored plus projected
volume of waste--not the volume of the canisters--was used as a scaling factor to estimate the RH radionuclide inven-

tory for an RH design volume,
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ENGINEERED BARRIERS

3.4 Parameters for Unmodified Waste Form Including Containers

Table 3.4-7. Estimate of a Design Volume for RH-TRU Waste

Stored Projected
Volume Volume

(1990 IDB) (1990 IDB)

Site (m?) (m®)

ANL-E -- 81.6
HANF 137 3535.2
INEL 29.5 76.8
LANL 28.4 438
ORNL 1307 144.0
Total 1,501.9 3,842.4

Total
Volume
(1990 IDB)
(md)

81.6
3672.2
106.3
33.2
1,451.0

5,344.3

Estimated
Scaled Design
Volume* Volume
(md) (m)
36.8 118.4
1,596.0 5,268.2
347 141.0
2.2 35.4
65.0 1,516.0
1,734.7 7,079

* Assuming that ANL, HANF, INEL, LANL, and ORNL provide the difference between the current total inventory and the design vol-
ume. The difference between the total volume of 5,344 m® in the 1990 IDB and the design volume of 7,079 m?3 (0.25x10° ft%) was
ratioed between the five sites based on their estimated annual generation rates.
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3.4.3 Saturation

Initial Saturation*

ENGINEERED BARRIERS
3.4 Parameters for Unmodified Waste Form Including Containers

Parameter: Saturation, initial (S ;;)
Material:

Definition Units: Dimensionless

Values: Range: (0, 0.14) Median: 0.07
Distribution: Uniform

Correlation:

Unmodified CH-TRU waste form including containers (WastRef, BrineSat)

Data Source(s): None. (PA Investigator Judgment)

Usage:
Mathematical model:

Computational models:
BRAGFLO

Two-Phase Flow, Section 1.4.1 of this volume.

Equations 1.4.1-1 and 1.4.1-2 (Initial condition of liquid-phase saturation in Waste material).

Ranking in Past Sensitivity Analyses:

40 CFR 191 Low
40 CFR 268 High
NEPA Not tested
Other Not tested

*Key to Parameter Sheets is provided in Section 1.2.8.
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4. PARAMETERS OF GLOBAL MATERIALS
AND AGENTS ACTING ON DISPOSAL SYSTEM

This chapter contains parameters for fluid properties, climate variability, and intrusion characteristics.

4.1 Fluid Properties

The fluid parameters tabulated in Table 4.1-1 include Salado and Culebra brine, drilling mud, and hydrogen gas.

Table 4.1-1. Fluid Properties

Distribution
Parameter Median Range Units Type Source
Brine, Salado (T = 27°C [300.15 K], p = 1 atm [0.101325 MPa])
Compressibility 25x101 24x10" 26x10'°  Pa’ Nomnal McTigue et al., 1991
Density (p;) 1.23x10%  1.207x10° 1253x10° kg/m® Nomal McTigue et al., 1991
Viscosity (L) 1.8x 103 Pass  Constant  Kaufmann, 1960, p. 622
Brine, Culebra (T =27°C [300.15 K], p = 1 atm [0.101325 MPa))
Density (ps) 1.09x 103 9.99x 102 1.154x 10°  kg/m® Spatial Cauffman et al., 1990, Table E.1
Viscosity (1) - 1x 103 Pass  Constant  Haug et al.,1987, p.3-20
Brine, Castile (T =27°C [300.15 K], p = 1 atm [0.101325 MPa])
Compressibility 9x 10710 Pa™ Constant  Popielak et al., 1983, p. H-32
Density 1.215x 10° kg/m® Constant  Popielak et al., 1983, Table C-2
Hydrogen (T = 27°C [300.15 K])
Density 1.1037 x 10" 8.1803x 102 1.4442x 10" kg/m® Table WIPP PA Division, 1991, Vol. 3,
@ (15 MPa) (0.1 MPa) (20 MPa) Section 4.1.4
Viscosity (L) 92x10% 892x10® 933x10® Pass  Table Vargaftik, 1975, p. 39.
Solubility in brine () 3.84 x10* 6.412x10% 4.901x10* none  Table WIPP PA Division, 1991, Vol. 3,
Section 4.1.4; Cygan, 1991.
Drilling Mud Properties (T = 22°C [295.15 K], p = 1 atm [0.101325 MPa])
Density (py) 1211x10° 1.139x10® 1.378x10° kg/m® Constructed Pace, 1990
Viscosity 9.17x 108 5x103 3x 1072 Pass  Constructed Pace, 1990
Yield stress 4 2.4 1.92 x 10! Pa Constructed Fredrickson, 1960, p.252; Savins and

Wallick, 1966; Pace, 1990
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PARAMETERS OF GLOBAL MATERIALS AND AGENTS ACTING ON DISPOSAL SYSTEM

4.2 Human-Intrusion Borehole

4.2 Human-Intrusion Borehole

Table 4.2-1 summarizes geometric and physical parameters of human-intrusion boreholes assumed by the PA
Department for disturbed-scenario calculations.

Table 4.2-1. Characteristics of Human-Intrusion Borehole

Distribution
Parameter® Median Range Units Type Source
Borehole Fill Properties
Creep (r,-n)/r, n.a. 2x 1072 8x 10" none Table Sjaardema and Krieg, 1987,
Figure 4.6
Density, average (Pave) 2.3 x 10° kgm®  Constant  See Section 2.3.1
Density, bulk (Ppy) 2.14x10° kgy/m®*  Constant  See Section 2.3.1
Permeability, final (k) 3.16x 1012 1x 104 1x10" m? Lognormal See Section 4.2.1
Initial
Plug in Castile Fm. 10°71° m? Constant  Lappin et al., 1989, Table C-1
Plugs in Salado Fm. 10718 m? Constant  Lappin et al., 1989, Table C-1
Porosity ($) 375x107 25x10'  5x107 none Normal Freeze and Chery, 1979,
Table 2.4 (sand)
Drlling Characteristics
Drill bit diameter (d)
Intrusion 355x 107 267x107 444x107" m Uniform See Section 4.2.2
Historical 2x 107" 121x10" 445x 10" m Constructed Brinster, 1990
Drill string angular
velocity (0) 7.7 4.2 2.3x 10 rad/s C