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ABSTRACT

This volume documents the data available as of August 1991, which were used by
the Performance Assessment Division of Sandia National Laboratories in its 1991
preliminary performance assessment of the Waste Isolation Pilot Plant (WIPP).
Ranges and distributions for about 300 modeling parameters, several of which are
spatially varying parameters with between 15 and 80 point values, and about 500
well locations and corresponding stratigraphic elevations are presented in both tables
and graphics for the geologic and engineered barriers, global materials (e.g., fluid
properties), and agents that act upon the WIPP disposal system such as climate
variability and human-intrusion boreholes. Sources for the data and a brief
discussion of each parameter are also provided.
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PREFACE

This volume documents the data and other pertinent information used by the Performance
Assessment (PA) Division of Sandia National Laboratories in its 1991 preliminary comparison
of the Waste Isolation Pilot Plant (WIPP) with 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).

Besides the DOE project office in Carlsbad, New Mexico, which oversees 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 specific
concerns of the State of New Mexico, (2) assessing the performance of the WIPP (i.e.,
assessing regulatory compliance with 40 CFR 191, 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 Reentry Act
(1976) and the National Environmental Policy Act (1969). This volume helps fulfill the
performance assessment task.

For the performance assessment, the PA Division at Sandia maintains a data base, the
secondary data base, which contains interpreted data from many primary sources. The data
are used to form a conceptual model of the WIPP disposal system. The secondary data base
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 in
the secondary data base compiled as of August 1991. At a minimum, updated data reports
will be issued annually as a separate volume of the Preliminary Comparison with 40 CFR Part
191, Subpart B for the Waste Fsolation Pilot Plant. A previous data report was published in
December 1990 (Rechard et al., 1990a).

The 1991 comparison and background information on the comparison are reported in Volumes
1, 2, and 4 of this report:

SNL (Sandia National Laboratories) WIPP Performance Assessment Division. 1991.
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation
Pilot Plant, December 1991—Volume 1: Methodology and Results. SAND91-0893/1.
Albuquerque, NM: Sandia National Laboratories.

SNL (Sandia National Laboratories) WIPP Performance Assessment Division. 1991.
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation
Pilot Plant, December 1991-¥olume 2: Probability and Consequence Modeling.
SAND91-0893/2. Albuquerque, NM: Sandia National Laboratories.

(page date: 15-NOV-91) vii (database version: X-2.19PR)
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SNL (Sandia National Laboratories) WIPP Performance Assessment Division. 1991,
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation
Pilot Plant, December 1991-—Volume 4: Sensitivity Analyses. SAND91-0893/4.
Albuquerque, NM: Sandia National Laboratories. (In preparation)

Other compilations of data used by the WIPP Project are reported in:

Bayley, S. G., M. D. Siegel, M. Moore, and S. Faith. 1990. Sandia Sorption Data
Management System Version 2 (SSDMSII). SAND89-0371. Albuquerque, NM:
Sandia National Laboratories.

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

Munson, D. E., J. R. Ball, and R. L. Jones. 1990a. "Data Quality Assurance
Controls through the WIPP In Situ Data Acquisition, Analysis, and Management
System" in Proceedings of the International High-Level Radioactive Waste
Management Conference, Las Vegas, NV, April 8-12. Sponsored by American
Nuclear Society and ASCE, New York, p. 1337-1350.

Providing the data as ranges and distributions to the PA Division is a major task. Although
the PA Division is responsible for comparing the WIPP with 40 CFR 191, Subpart B, the
majority of data used for these comparisons 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 (and are listed in
Appendix A of this volume), earlier contributors are also acknowledged. Much of the data
provided prior to 1991 is summarized in Systems Analysis Long-Term Radionuclide
Transport, and Dose Assessments, Waste Isolation Pilot Plant (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
contributions 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 the reports are complete.

We appreciate the time and suggestions supplied by the final peer reviewers: T. F. Corbet
(6344) and A. M. LaVenue (INTERA, Inc.). Furthermore, K. Byle’s and J. C. Logothetis’
(New Mexico Engineering Research Institute) efforts in producing the tables and distribution
figures, respectively, from the PA secondary data base for this report are greatly appreciated.
In addition, the editorial help on the text and over 140 illustrations 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 present data and information compiled and available in
August 1991 for use by the Performance Assessment (PA) Division of Sandia National
Laboratories in its 1991 evaluation of the long-term performance ("performance assessment")
of the Waste Isolation Pilot Plant (WIPP). The data are critical for generating a well-founded
and defensible analysis. In this volume, performance assessment refers to the prediction of
all long-term performance. For example, the data compiled 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) which may be necessary for environmental impact statements
(National Environmental Policy Act [NEPA, 1969]), and with hazardous waste regulations
(Resource, Conservation, 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. Most of these parameters specify the
physical, chemical, or hydrologic properties of the rock formations (geologic barriers) in
which the WIPP is placed; a substantial 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 40 CFR 19]. One of several
sources of uncertainty in scientific predictions is uncertainty in the data; consequently, this
report not only tabulates median values and.sources for these values but also lists estimates of
the range and distribution (uncertainty) of the parameters. A brief discussion accompanies
each parameter description.

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 | is arranged so that information specific to the data is
presented first, followed by more general information (e.g., background on the WIPP)

* Chapter 2 provides consequence-model parameters for geologic barriers
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e Chapter 3 provides consequence-model parameters for the engineered barriers

» 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 climate variability and human-intrusion
boreholes

e Chapter 5 provides probability model parameters for scenario-probability estimation

e Chapter 6 lists the specific parameters that were varied for the December 1991
preliminary comparison of the WIPP with 40 CFR 191

e Appendices A and B provide endorsements of the data currently in use and tabulated
data from numerous wells near the disposal system

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

1.2 Conventions

Chapters 2 through 5 provide the data that make up the 1991 conceptual model of the WIPP.

The tables in these chapters list modeling parameters by their median (xsq), range (a,b), units,

distribution type, and data source. Plots of both probability and cumulative distribution

functions (pdfs and cdfs) of these parameters depict the mean (X) and median (x5). These
terms are defined below.

1.2.1 Median

The median (x59), a measure of the central tendency of the distribution, represents the value
in the cumulative distribution function (cdf) of the parameter that occupies the position at
which 50% of the data lie above and below it (i.e., 0.5 quantile).

1.2.2 Mean

The mean (X), another measure of the central tendency of the distribution, is the expected
value (E) (first moment about the origin) of the x-variable with respect to a continuous or
discrete probability distribution function (pdf).

@

x = [ f(x)dx ~ = x £(x); = Ex) (1.2-1)
-~ all x

Because the mean is strongly influenced by the tails of the distribution, it is not tabulated;
however, it is shown on plots of cdfs.

The sample mean, also denoted by X, is the arithmetic average of sample data pertaining to a
modeling parameter.
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1.2.3 Range

The range of a distribution, (a,b), is the pair of numbers in which a and b are respectively
the minimum and the maximum values that are taken by the random variable x.

Continuous Distribution

For PA work, continuous distributions with range (-oo,+o)(e.g., the normal distribution) are
truncated at the 0.01 and 0.99 quantiles.

Constructed Distribution (Empirical)

Empirical distributions, cdfs and pdfs, are constructed from sets of measurements of a
variable. Empirical cdfs are represented by histograms, which are piecewise constant
functions based on the empirical percentiles derived from a set of measurements; an empirical
cdf constructed in this way is an unbiased estimator of the unknown cdf associated with the
variable (Blom, 1989, p. 216). The PA Division may modify empirical distributions in one or
more of the four ways described below.

(1) Since the range of measurements in a data set may not reflect the true range of the

random variable underlying the measurements, the PA Division 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
1.2-1). For any distribution with finite mean and variance, Chebyshev’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(|x - x| = hs) = 1—2 (1.2-2)

=y

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. 1.2-2 can be replaced with 4/(9h2)
(Gauss’ inequality); i.e.,

P(|]x - x| = hs) = —4—2— (1.2-3)
%h

(2) If only two data points are available, the PA Division may estimate the range by
(x £ {3s) (see uniform distribution, Table 1.2-2).
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Table 1.2-1.  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 0.9901 1.00
3 0.89 0.95 0.982 0.9973 1.00
4 0.94 0.97 0.993 0.99993 1.00

(3) Empirical cdfs for intrinsically continuous variables are always converted to piecewise
linear cdfs by joining the empirical percentile points (including extrapolated end points)
with straight lines in linear space (Tierney, 1990a, p. II-5). (Cumulative distribution
functions in log space will be piecewise exponential.)

Constructed Distribution (Subjective)

Subjective distributions are histograms constructed from subjective estimates of range (the 0
and 1.0 quartiles) and at least one interior quartile (usually the 0.5 quartile) provided by
experts in the subject matter of the variable of concern. The subjective cdf of an
intrinsically continuous variable is always converted to a piecewise linear cdf by joining the
subjective quartile points with straight lines in linear space (not log space). (Cumulative
distribution functions in log space will be piecewise exponential.)

Variance and Coefficient of Variation

The variance, s2, a measure of the width of a distribution, is the expected value of the square
of the difference of the variable and its mean value (i.e., the second moment about the
mean)

o o]
s% - I (x - i)zf(x)dx, or s° = % I i)zf(xi) (1.2-4)
-0 1
The standard deviation, s, is the positive square root of the variance. The coefficient of
variation, s/X, 1is the ratio of the standard deviation to the mean value. The sample variance

of a set of measurements of the x-variable, say x;, X3, X3, ..., X, 1S the sum

1 N

ICEEES) rf (Xn- [sample mean])2

1
The sample variance is an unbiased estimator of the variance (Blom, 1989, p. 197).
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Table 1.2-2 Description of Several Probability Distributions

Probability Cumulative Expected
Density Function Distribution Function Value Variance
f(x) F(x) n 02
Beta
1 .
- - 2
B(a,\) (x—a]a ! [b-x ]A ! I xf(x) dx a = a:A [b-a] a)
(b-a)* 72 a [a+)\)2(a+)\+l)
a<x<Db,ae>0, x>0
where
C(a) T ® 41
_ D) T - 7" X
Bla,)) = T(oeth) and T'(v) Io b 4 e dx
al A! . .
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Table 1.2-2 Description of Several Probability Distributions (Continued)
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1.2.4 Units

The units indicate how the parameter is expressed quantitatively. Only SI units are used in
the tables and the PA secondary data base (except for radionuclide inventory activity, which
is expressed in curies since EPA release limits for 40 CFR 191 are expressed in curies).
However equivalent values in English units are given in the text. In addition, conversion
factors for SI and English units are listed at the end of the report.

1.2.5 Distribution Type

The distribution types listed in the tables are grouped into four major categories (Table
1.2-2):

1. Continuous pdf: beta, normal, lognormal, uniform, or loguniform (Figure 1.2-1a)

2. Discrete pdf: Poisson (Figure 1.2-1b)

3. Constructed distributions: a piecewise linear cdf designated as "cumulative” (subjective);
a piecewise uniform pdf designated as "data" or a piecewise uniform cdf designated as
"delta" (Figure 1.2-1b)

4. Miscellaneous categories (null distributions): constant, spatial, and table.

The figures in the text emphasize the cdf of the distribution--the form of the distribution
from which samples are taken; however, the pdf of the distribution is also shown.

Continuous Probability Density Functions
Five continuous pdfs are described below:

Beta. Beta designates the beta pdf, which is a versatile density function specified by two
parameters (a, A) that can assume numerous shapes in a specified range (a,b) (Harr, 1987, p.
79; Johnson and Kotz, 1970b, p. 37; Miller and Freund, 1977, p. 119).

Normal. Normal designates the normal pdf, a good approximation of many physical
parameters. Most arguments for the use of the normal distribution are based on the central
limit theorem (Miller and Freund, 1977, p. 104; Johnson and Kotz, 1970a, p. 40). The
distribution is truncated at the 0.01 and 0.99 quantiles (i.e., the probability that the parameter
will be smaller or larger is 1%), which corresponds to X *+ 2.33s.

Lognormal. Lognormal designates a lognormal pdf, a distribution of a variable whose
logarithm follows a normal distribution. The distribution is 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.

(page date: 15-NQOV-91) 1-8 (database version: X-2.19PR)
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Loguniform. Loguniform designates a loguniform pdf, a distribution of a variable whose
logarithm follows a uniform distribution.

Discrete Probability Density Function
One discrete probability density function, the Poisson, was used.

Poisson. Poisson designates a discrete Poisson pdf. 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 continuously produced
in a bolt of cloth. The Poisson pdf is used in the probability model for human intrusion by
exploratory drilling.

Constructed Distributions
The cumulative, data, and delta distributions are described below:

Cumulative. The cumulative distribution type refers to the piecewise linear cdf constructed
by linearly connecting subjective point estimates of the distribution percentiles supplied by
experts (Tierney, 1990a, Section 3.1). Distributions are stored in the secondary data base as a
cdf when the distribution is subjectively estimated from sparse or no data. Plots of the
subjectively estimated distributions show a corresponding piecewise uniform pdf, but the pdf
is not used for calculations.

Data. The data distribution type indicates an empirical distribution (i.e., measured data
points are stored in the data base and used to form the distribution). The pdf is piecewise
uniform; the cdf, which is constructed from this data for purposes of Monte Carlo sampling,
is piecewise linear (see Cumulative). However, the name indicates that the distribution is
based on empirical information rather than subjective estimates.

Delta. The delta distribution type refers to a pdf where parameters must be assigned discrete
values (i.e., the pdf is a series of dirac delta functions (£ &(x;-x)); the cdf is a series of step
functions). As an example, in the 1990 preliminary comparison (Bertram-Howery et al.,
1990) the drill-bit diameters used for the human-intrusion borehole were not assumed to vary
continuously between the minimum and maximum drill bit sizes, but were fixed at diameters
of bits that are actually available.

Miscellaneous Categories
The constant, spatial, and table 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.

(page date: 15-NOV-9]) 1-11 (database version: X~-2.19PR)
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Spatial. The spatial category of data indicates that the parameter varies spatially. This
spatial variation is 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 spatially 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).

Note on Correlations. Most of the uncertain variables studied during the 1991 PA
calculations were assumed to be independent random variables, although it was known some
were interdependent, 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.

1.2.6 Sources

The source indicates the document in which the parameter value is cited. Several sources are
cited when one source cannot supply all the data or information (e.g., median, range,
distribution type, or explanatory information).

1.2.7 Note on Unnecessary Conservatism of Material-Property Parameters

The following arguments attempt to show why some of the current assignments of probability
distributions to material-property parameters of WIPP performance models are unnecessarily
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 performed to identify those important model variables that are material-property
parameters and result in unnecessary expense, but will probably not affect validity of results
of the uncertainty analyses that are used to make preliminary comparisons with EPA
standards.

WIPP performance models described in Yolume 2 of this report are based on the numerical
solution of one or more of three types of equations:

(a) Partial differential equations - which are reduced to a set of algebraic equations or
ordinary differential equations 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.

(page date: 15-NOV-61) 1-12 (database version: X-2.19PR)
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(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.

(¢) Algebraic equations of the form
F(xy, Xg, X3, -..r Xpi¥) =0

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

In addition to dependent variables and independent variables of position and time, certain
constants, or free parameters, will appear in each of the three types of equations. 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 conductivity, porosity, and specific storage
in models of fluid flow in the Salado Fm.; the fracture spacing, dispersivity, diffusivity, and
chemical distribution coefficients in models of solute transport in the Culebra Fm.; the
porosity, permeability and solubility of waste forms emplaced in a typical WIPP panel. This
kind of free parameter will be called a material-property parameter in the remainder of this
note.

Many of the material-property parameters of WIPP performance models were included in the
set of uncertain variables that was sampled in a recent study of variable sensitivity of
performance models (Helton et al., 1991) and in a recent preliminary assessment of WIPP
system performance (Rechard et al., 1990a). (Note: In these two reports, all uncertain model
parameters were usually called "variables" or "independent variables.") In these studies,
uncertainty associated with a sampled variable was quantified by assigning an empirical or
subjective probability distribution to the values taken on by that variable within a
predetermined range of values. Current procedures for the assignment of probability
distributions are described in Section 3.1 of Tierney (1990a); these procedures include
construction of empirical cumulative distribution functions (cdfs) from data sets or, if there is
little or no data, construction of cdfs from subjective quantiles obtained by elicitation of
expert opinion. Tierney (1990a; Chapter III) also briefly noted the problems involved in
scaling uncertainty from measured data to model parameters and he suggested some rules for
estimating the mean and variance of a material-property parameter using the sample mean
and variance of a set of measurements of the material property.

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

(page date: 15-NOV-91) 1-13 (database version: X-2.19PR)
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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 laboratory.
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 typical 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 characteristic
of 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 values 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?

To begin to answer this question, assume that the material property can be represented 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
modern textbooks that the material-property parameter, say &, 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,

o(V) = % I ¢ (x) dx (1.2-5)
v

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,u) and the following statistical
properties:

Expectation of ¢(x,u) = E[¢(x)] = 4, a constant, (1.2-6)

and

Covariance of ¢(x,u) = E([4(x) - ¢]1[¢(y) - ¢])
a2p(|x - y|), (1.2-7)

]

(page date: 15-NOV-91) 1-14 (database version: X-2.19PR)
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where o? is a constant (called the variance of ¢), and p(¢) is a function of r = |x - y| with the
properties

p(r) = 0 forr ¢ (0,00),
pry=-lasr—-0 (1.2-8)
p(r) >0 asr —» oo,

The function p(*) is called the autocorrelation function (Yaglom, 1962); it is a measure of the
statistical dependence of the values of ¢ measured at two different points x and y. The
assumptions of constant mean value g—and variance o can be slightly weakened by allowing
these quantities to depend on the coordinates of the center of the volume V; i.e., 3 and o2
may vary from cell to cell.

Treating ¢(x) as a stationary random field with statistical properties 1.2-6 through 1.2-8
allows estimates of the mean value and variance of the volume average of ¢, ®(V), to be
made. It is shown in many textbooks (see for instance Yaglom, 1962, pgs. 23-24) that

Expectation of ®(V) = E[&(V)] = ¢, (1.2-9)
and
2
Variance of &(V) = % p(|lx - y|) dx dy. (1.2-10)
\Y
vV

If &7 62 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 respectively by Egs. 1.2-9 and 1.2-10. In general, 3; o2 and
the function p(r) must be estimated using sets of measurements of the material property ¢,
say (¢1, 2, ..., #N). The estimators of #-and ¢ are the usual unbiased estimators of mean
and variance (see Tierney, 1990a, pp. I1-4,5) and, given a sufficiently large set of spatially
coordinated measurements of ¢, approximations to the autocorrelation function could be
constructed and used in the numerical evaluation of the volume integrals in Eq. 1.2-10. This
ideal solution to the problem cannot be implemented, however, since there are few
measurements of the material properties appearing in WIPP performance models (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 properties, given by Egs. 1.2-9 and 1.2-10, of material-property
parameters ®(V). The following observations may be useful in inferring statistical properties
of material-property parameters.

(page date: 15-NOV-9]) 1-15 (database version: X-2.19PR)
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(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. 1.2-8), the
integrand in the double volume integral of Eq. 1.2-10 is always less than one so that

Variance of V) = o2

In particular, if we take the special form of autocorrelation function (“"cookie cutter"),

1 if |x - y| < a,
0 otherwise, (1.2-11)

p(lx - ¥])

then

2

Variance of ¢(V) = o (1.2-12)

v
v

where v = ﬁ%— a3 can be called the volume of correlation. Equation 1.2-12

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, o/&; is not large (say, of the order of one), the distribution of ®(V) is more
sharply peaked about the mean value, @; 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, #(V) = @; 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 material
property about the sample mean of measurements. However, this was not done in assigning
ranges to parameters and thus introduces conservatism. Uncertainty of type (b) is model
dependent and must be handled on a case-by-case basis.

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 Division must make the unnecessarily
conservative assumption that the distribution of the material property, ¢(x), is also the
distribution of the material-property parameter, (V).
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1.3 Background on Selecting Parameter Distribution

1.3.1 Requests for Data from Sandia Investigators and Analysts

When evaluating long-term performance, the PA Division follows a fairly well-defined
procedure for acquiring and controlling the data used in consequence and probability models.
A data base, called the secondary data base, contains the interpreted data and in essence
embodies the conceptual model(s) of the disposal system. The data provided in this report are
from the secondary data base as of July 1991 and are used in the 1991 preliminary
performance assessment of the WIPP (Volume | of this report).

The major sources of the data are the task leaders and investigators at Sandia and from
Westinghouse.

ldentify Necessary Data

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

Request Median Value and Distribution

The PA Division then requests that the investigators provide a median value and distribution
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 Division are considered the experts for
these parameters (e.g., probability model parameters).

Initially, the investigator is responsible for providing the median value and distribution for all
parameters. As this procedure for acquiring data is repeated, a few parameters are evaluated
through formal elicitation.

Update Secondary Data Base

The PA Division enters the endorsed or elicited data into the secondary data base. The PA
Division then selects a subset of the data to sample, keeping all other values constant at the
median or mean value, unless specifically noted.

Perform Consequence Simulations and Sensitivity Analyses

The PA Division runs consequence simulations and sensitivity analyses with the selected
subsets of data from the updated secondary data base. The sensitivity analysis may evaluate
either or both the sensitivity and the importance of a parameter in determining variation of
the result (i.e., CCDF). During this time, the PA Division prepares a report that lists the data
in the secondary data base at the time of these calculations (i.e., this data report).

(page date: 15-NOV-91) 1-17 (database version: X-2.19PR)
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Determine Whether Parameter Is Important in Analysis

By means of the sensitivity analyses, the PA Division can determine whether the parameter is
significant in the calculations. If the parameter does not appear to be significant in the
sensitivity analyses, and the review process of the Data Report does not question the
parameter value, then the parameter is flagged as not likely to change or be sampled.

1.3.2 Construction of Distributions

The steps below describe the procedure developed by the PA Division to construct probability
distributions (cdfs or pdfs) for the uncertain independent variables in consequence and
probability models (Figure 1.3-1) (modified from Tierney, 1990a).

Step 1

Determine whether site-specific data for the variable in question exists, i.e., find a set of
site-specific sample values of the variable. Data 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.

Step 2

Request that the investigator supply a specific shape (e.g., normal, lognormal) and associated
numerical parameters for the distribution of the variable. If the investigator assigns a
specific shape and numerical parameters, go to Step 5; if the investigator cannot assign a
specific shape and appropriate parameters, go to Step 4. In responding to this request, the
investigator may use his or her knowledge of global data to form an answer.

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 evaluate the data range as X + 2.33s and 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, evaluate the data range as x + J3s and go to Step 4.

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 possible, 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. Then, using the maximum
entropy formalism (MEF), construct one of the following distributions depending upon the
kind of subjective estimate that has been provided (Tierney, 1990a; Harr, 1987):

(page date: 15-NOVY-91) 1-18 (database version: X-2.19PR)
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and Parameters
of Distribution?

Step 4

Investigator Supplies
Subjective Estimates

of Points in Data
Set> 3?

PA Constructs
Either a Discrete or
a Piecewise-linear

CDF from Data

Figure 1.3-1.

o of Range of X and, if
Possible, More Percentile
Points (Quantity),
(e.g. Median)

t
Step 5: Distribution Is Assigned

PA Constructs
Appropriate
Distribution &
Preserving
Maximum Entropy

PA Uses
Distribution
Suggested by
Investigator

TRi-6342-634-1

Five-Step Procedure Used to Construct Cumulative Distribution Functions (cdf) for the
1991 Performance Simulations. Investigator refers to expert in subject matter; MEF

refers to maximum entropy formalism (after Tierney, 1990a).

» Uniform 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

« Beta pdf based on the subjective range, mean value, and standard deviation.
beta distribution is not a maximum-entropy distribution under these constraints.)

Then go to Step 5.

Step 5

End of procedure; distribution is assigned.

Computational restrictions may require later

modification to some distributions and are discussed with each parameter.
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1.3.3 Selection of Parameters for Sampling

For the 1991 preliminary performance assessment of the WIPP, the 45 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 subsets of the approximately
300 parameters for which distributions are reported herein.

1.3.4 Elicitation of Distributions from Experts

This section discusses formal elicitation of probability distributions for model parameters that
are uncertain and are considered significant in the performance assessment (e.g., estimate of
radionuclide concentration in the disposal region [Trauth et al., 1991]). Formal elicitation is
also being used in the performance assessment of the WIPP to hypothesize about possible
futures of society and the effects of appropriate markers to warn future societies about the
WIPP; these elicitation efforts are discussed elsewhere (Hora et al., 1991).

In all aspects of data gathering, professional judgment (i.e., opinion) must bridge the gaps in
knowledge that invariably exist in scientific explanations. For example, the selection of
methods to collect data (characterizing a site), interpretation of data, development of
conceptual models, and selection of model parameters all require professional judgment by
the investigator. This volume summarizes these judgments.

When data are lacking, either because of the complexity of processes or the time and
resources it would take to collect data or when data have a major impact on the performance
assessment, a formal elicitation of expert judgment is pursued. The procedure has the
following advantages. First, formal elicitation offers a structured procedure for gathering
opinions. Second, it encourages diversity in opinions and thus guards against understating the
uncertainty. Finally, it promotes clear and thorough documentation of how the results were
achieved (Hora and Iman, 1989).

The judgments that result from formal elicitation are a snapshot of the current state of
knowledge. As new observations are made, the state of knowledge is refined. Even though
the compilation of information through formal elicitation is often enlightening and helps to
prevent bias, it does not create information. An important aspect of the elicitation, which
occurs either during or following the procedure, is to examine how new data collected may
improve understanding.

A successful formal elicitation of expert opinion includes the following five components
(Hora and Iman, 1989):

Selection of Issue and Issue Statement

The first component of the formal elicitation process is a clear statement of the issue that
cannot be practically resolved by other means. For example, the issue may not be resolved
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For example, the issue may not be resolved either because of time (the judgment may be a
temporary solution until laboratory or field data become available) or because the complexity
of the issue prevents a resolution regardless of the resources applied.

Selection of Experts

The second component is the selection of experts with the recognized training and experience
to address the issue. The experts should be free from motivational biases and represent a
diversity of opinions. (Experts in a subject who may be motivationally biased can give
testimony to the selected expert(s) as part of the training described below.) For controversial
issues, the selection may require that an external committee select individuals from a list of
nominees provided by diverse groups such as universities, the government, consulting firms,
and intervenor groups.

Once selected, the experts may be asked to respond to a single question individually, respond
to similar questions as a group, or become part of a team of experts who are expected to
fully analyze a complex problem. The strategy selected is based on the importance of the
issue and the time and resources available.

Elicitation Sessions

The third component consists of the elicitation sessions. Elicitation training includes
informing the experts about the methods that will be used to process and propagate their
subjective beliefs, introducing the assessment tools and practicing with these tools, providing
calibration training using almanac questions, and introducing the psychological aspects of
probability elicitation.

At the session (or a subsequent session), the issues are presented to the analysts. Included in
each presentation is a proposed decomposition of the problem. Problem decomposition
improves the quality of assessments by structuring the analysis so that the expert is required
to make a series of simpler assessments rather than one complex assessment. Decomposition
also provides a form of self-documentation since the expert’s thought process is made
explicit. The elicitation sessions are led by a normative analyst (i.e., an expert trained in
decision analysis). The session may include a substantive analyst, who is an expert in the
subject matter under discussion.

Recomposition and Aggregation

The fourth component is the recomposition of an expert’s opinions and the aggregation of the
diverse opinions from several experts. The tools employed in recomposing the assessments
vary from issue to issue. In most issues, however, three levels of action are required. The
first level is the modification of the assessed values to obtain cumulative distribution
functions for any continuous quantities., The second level of action is the recomposition of
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each expert’s individual assessments to obtain a recomposed distribution for the specific issue
in question. The final level is the aggregation of the experts’ judgments to obtain the
aggregated distribution.

Documentation

The final component is documentation of the elicitation process. Documentation usually
includes a record of problem decomposition, the diversity of opinion, and the recomposition
and aggregation performed.

1.4 Performance-Assessment Methodology

The Containment Requirements of the Standard state that:

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

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

(2) Have a likelihood of less than one chance in 1,000 of exceeding ten times the
quantities calculated according to Table 1 (Appendix A). (§ 191.13(a))

As defined by the Standard, the term accessible environment means "(1) the
atmosphere; (2) land surfaces; (3) surface waters; (4) oceans; and (5) all of the
lithosphere that is beyond the controlled area" (191.12(k)). Controlled area is defined to
be "(1) a surface location, to be identified by passive institutional controls, that
encompasses no more than 100 square kilometers and extends horizontally no more than
5 kilometers in any direction from the outer boundary of the original location of the
radioactive wastes in a disposal system; and (2) the subsurface underlying such a
surface location" (191.12(g)). Table | of Appendix A of the Standard, which is
referred to in the preceding Containment Requirements, is reproduced here as Table
1.4-1. The complete text of the Standard is reproduced as Appendix A of Volume | of
this report.

For releases to the accessible environment that involve a mix of radionuclides, the limits in
Table 1.4-1 are used to define normalized releases for comparison with the release limits.
Specifically, the normalized release for transuranic waste is defined by

R- = |2 - (1x 10° cijoy (1.4-1)

where
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Table 1.4-1. Release Limits for Containment Requirements (40 CFR 191, Appendix A, Table 1)

Release limits (L;)

o N ;WM

per 1000 MTHM*
or Other Unit of Waste
(Ci)
AMErICIUM (AM) “241 OF =243 ... ittt ettt e ss b e e b e e sabeennes 100
Carbon (C) -14 ..ot ettt et e e ekt eans e sbe e aneeanen 100
CeSIUM (C8) ~135 OF =137 ittt ettt ettt sttt e bbb e et eae e eanaetesreeen 1000
JOAING (1) “129....eeiceeeeeeeeee ettt bt en e es s sensensemr e seeean 100
NEPLUNIUM (NP) =237 ...ttt ettt et e e seeas e e sa e s e b e te e s e stasseesteassaaeannesasansennnens 100
Plutonium (Pu) -288, -239, -240, OF <242.........cccooiimiienietee ettt et 100
RadiUum (RaA) -226..........c.couieiieieiieniiec ettt sttt bt ean e 100
SEHONUM (S1) 290 ..ottt b e et ettt e e e neesre e ans 1000
TeChnetium (TC) “99 ..ottt eb ettt on e 10000
Thorium (Th) =230 OF =232 .......oocii ettt ettt et eer e sne st e eentessneasseesnsesesneans 10
TIN (SN) 126..eeeeeeeeeeee ettt s s eb et 1000
Uranium (U) -233, -234, -235, =236, OF -238 .......cciireririierirn ettt seasteres e sseesan e snses 100
Any other a-emitting radionuclide with ty ;5 > 20 YF....ccooviiiices 100
Any other non a-emitting radionuclide with ty ;5 > 20 yr ... 1000

Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of heavy metal

(MWd/MTHM,) and 40,000 MWd /MTHM.

nR = number of radionuclides included in the analysis,

C = amount of TRU waste with half-lives greater than 20 years (1 x 106 Ci/C is the
reciprocal of the waste unit factor f,, used in Chapter 3) (Ci) emplaced in the

repository,

Q; = cumulative release (Ci) of radionuclide i to the accessible environment during the

10,000-yr period following closure of the repository,

and

L; = the release limit (Ci) for radionuclide i given in Table 1.4-1.

In addition, the EPA suggests that the results of a performance assessment intended to show
compliance with the release limits in § 191.13 can be assembled into a single complementary
cumulative distribution function (CCDF). Specifically, the nonbinding guidance contained in
Appendix B of the Standard indicates that

. whenever practicable, the implementing agency will assemble all of the results
of the performance assessments to determine compliance with § 191.13 into a
"complementary cumulative distribution function" that indicates the probability of
exceeding various levels of cumulative release. When the uncertainties in
parameters are considered in a performance assessment, the effects of the
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uncertainties considered can be incorporated into a single such distribution
function for each disposal system considered. The Agency assumes that a disposal
system can be considered to be in compliance with § 191.13 if this single
distribution function meets the requirements of § 191.13(a). (U.S. EPA, 1985, p.
38088).

1.4.1 Conceptual Model for WIPP Performance Assessment

Construction of a CCDF for comparison to the Standard requires a clear conceptual
representation for a performance assessment. A representation based on a set of ordered
triples provides a suitable way to organize a performance assessment and leads naturally to
the presentation of the outcome of a performance assessment as a CCDF (Kaplan and
Garrick, 1981; Helton et al., 1991; Volume 1, Chapter 3). Specifically, the outcome of a
performance assessment can be represented by a set R of ordered triples of the form

R = {(Si, pSi,cSi), i= 1, ceey HS}, (14—2)
where
S; = a set of similar occurrences,
pS; = probability that an occurrence in set S; will take place,
¢S; = a vector of consequences associated with S§;,
and
nS = number of sets selected for consideration.

In terms of performance assessment, the S; are scenarios, the pS; are scenario probabilities,
and the ¢S; are vectors containing results or consequences associated with scenarios.

The information contained in the pS; and ¢S; shown in Fq. 1.4-2 can be summarized in
CCDFs. With the assumptions that a particular consequence result ¢S (e.g., normalized release
to the accessible environment) is under consideration and that the values for this result have
been ordered so that c¢S; is less than or equal to ¢S;,, for i = 1,2,...,nS-1, the resultant CCDF
is shown in Figure 1.4-1. As illustrated in Figure 1.4-2, the EPA containment requirement
in 191.13 specifies that the CCDF for normalized release to the accessible environment should
fall below a CCDF defined by the points (1, 0.1) and (10, 0.001). The vertical lines in Figure
1.4-2 have been added for visual appeal but are not really part of the CCDF. A waste
disposal site can be considered to be in compliance with the EPA release limits if the CCDF
for normalized release to the accessible environment falls below the bounding curve shown in
Figure 1.4-2.

Since the representation for a performance assessment in Eq. 1.4-2 and the resultant CCDFs
in Figures 1.4-1 and 1.4-2 involve probabilities, there must be an underlying sample space.
For performance assessments conducted to provide comparisons with the EPA release limits,
the sample space is the set § defined by
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Figure 1.4-1. Estimated Complementary Cumulative Distribution Function (CCDF) for Consequence
Result ¢S. (Helton et al., 1991, Figure VI-1).
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Figure 1.4-2. Comparison of a CCDF for Normalized Release to the Accessible Environment with the
EPA Release Limits.
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& = {x:x asingle 10,000-yr time history beginning at
decommissioning of the facility under consideration). (1.4-3)

Each 10,000-yr history is complete in the sense that it provides a full specification, including
time of occurrence, for everything of importance to performance assessment that happens in
this time interval., The §; appearing in Eq. 1.4-2 are disjoint subsets of & for which

$=U S, (1.4-4)

In the terminology of probability theory, the S; are events and the pS; are the probabilities
for these events. It is the discretization of into the sets §; that leads to the steps in the
estimated CCDFs in Figures 1.4-1 and 1.4-2, The use of more sets will reduce the step sizes
but will not alter the fact that CCDFs are the basic outcome of a performance assessment
(Helton et al., 1991, Chapter VI).

Important parts of any performance assessment are the discretization of S into the sets Sj,
commonly referred to as scenario development (Hunter, 1989; Ross, 1989; Cranwell et al.,
1990; Guzowski, 1990), and the subsequent determination of probabilities for these sets
(Mann and Hunter, 1988; Hunter and Mann, 1989; Guzowski, 1991). For radioactive waste
disposal in sedimentary basins, many S; result from unintended intrusions due to exploratory
drilling for natural resources, particularly oil and gas. To construct CCDFs of the form
shown in Figures 1.4-1 and 1.4-2, the time histories associated with these drilling intrusions
must be sorted into disjoint sets such that (1) each §; is sufficiently homogeneous that it is
reasonable to use the same consequence result ¢S, for all elements of S;, (2) a probability can
be determined for each S, and (3) estimation of pS; and ¢S, is computationally feasible.

Chapter 2, Volume 2 of this report describes a decomposition of drilling intrusions into
computational scenarios on the basis of number of intrusions and their times of occurrence,
and derives the necessary formulas to convert from drilling rates to scenario probabilities.
Chapter 3, Volume 2 describes a computational procedure that can be used to determine
CCDFs for intrusions due to drilling.

1.4.2 Uncertainty in Risk

A number of factors affect uncertainty in risk results, including completeness, aggregation,
model selection, imprecisely known variables, and stochastic variation. The risk representation
in Eq. 1.4-2 provides a convenient structure in which to discuss these uncertainties.

Completeness refers to the extent that a performance assessment includes all possible
occurrences for the system under consideration. In terms of the risk representation in Eq.
1.4-2, completeness deals with whether or not all possible occurrences are included in the
union of the sets §; (i.e., in U;S;). Aggregation refers to the division of the possible
occurrences into the sets S;, and thus relates to the logic used in the construction of the sets ;.
Resolution is lost if the S; are defined too coarsely (e.g., nS is too small) or in some other
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inappropriate manner. Model selection refers to the actual choice of the models for use in a
risk assessment. Appropriate model choice is sometimes unclear and can affect both pS; and
¢S;. Similarly, once the models for use have been selected, imprecisely known variables
required by these models can affect both pS; and ¢S;. Due to the complex nature of risk
assessment, model selection and imprecisely known variables can also affect the definition of
the §;. Stochastic variation is represented by the probabilities pS;, which are functions of the
many factors that affect the occurrence of the individual sets ;. The CCDFs in Figures 1.4-1
and 1.4-2 display the effects of stochastic uncertainty. Even if the probabilities for the
individual §; were known with complete certainty, the ultimate result of a risk assessment
would still be CCDFs of the form shown in Figures 1.4-1 and 1.4-2.

The calculation of risk is driven by the determination of the sets S;. Once these sets are
determined, their probabilities of pS; and associated consequences €S; must be determined. In
practice, development of the §; is a complex and iterative process that must take into account
the procedures required to determine the probabilities pS; and the consequences €S;. Typically,
the overall process is organized so that pS; and ¢S, will be calculated by various models whose
exact configuration will depend on the individual S;. These models will also require a number
of imprecisely known variables. It is also possible that imprecisely krnown variables could
affect the definition of the S;.

These imprecisely known variables can be represented by a vector

X = [xh X2y oees an], (14—5)

where each x; is an imprecisely known input required in the analysis and nV is the total
number of such inputs. In concept, the individual x; could be almost anything, including
vectors or functions required by an analysis. However, an overall analysis, including
uncertainty and sensitivity studies, is more likely to be successful if the risk representation in
Eq. 1.4-2 has been developed so that each x; is a real-valued quantity for which the overall
analysis requires a single value, but it is not known with preciseness what this value should be.
With the preceding ideas in mind, the representation for risk in Eq. 1.4-2 can be restated as a

function of x:
R(x) = {(S;(x), pS;(x), €Si(x)), i=1, ..., nS(x} (1.4-6)
As X changes, so will R(x) and all summary measures that can be derived from R(x). Thus,

rather than a single CCDF for each consequence value contained in ¢S, a distribution of
CCDFs results from the possible values that x can take on.

The individual variables x; in x can relate to different types of uncertainty. Individual

variables might relate to completeness uncertainty (e.g., the value for a cutoff used to drop
low-probability occurrences from the analysis), aggregation uncertainty (e.g., a bound on the
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value for nS), model uncertainty (e.g., a 0-1 variable that indicates which of two alternative
models should be used), stochastic uncertainty (e.g., a variable that helps define the
probabilities for the individual §;), or variable uncertainty (e.g., a solubility limit or a
retardation for a specific element). Variable uncertainty may include uncertainty resulting
from the incompleteness of data and measurement uncertainty resulting from systematic or
random errors that may occur in the data. Measurement uncertainty has, in general, received
little attention in this report because, as discussed in the following section, values for most
variable parameters used in the performance assessment are assessed subjectively, not
empirically. Even for those parameters for which values are derived empirically, the
conservative use of total variability rather than variability about the mean discussed in Section
1.2 limits the potential to expand parameter uncertainty.

1.4.3 Characterization of Uncertainty in Risk

If the inputs to a performance assessment as represented by the vector x in Eq. 1.4-5 are
uncertain, then so are the results of the assessment. Characterization of the uncertainty in the
results of a performance assessment requires characterization of the uncertainty in x. Once the
uncertainty in x has been characterized, then Monte Carlo techniques can be used to
characterize the uncertainty in the risk results.

The outcome of characterizing the uncertainty in X is a sequence of probability distributions

Dl’ D2, ..., D (1.4-7)

where D; is the distribution developed for the variable x., =1, 2, ..., nV, contained in x.
(Elsewhere in this volume these distributions are indicated by F(x;).) The definition of these
distributions may also be accompanied by the specification of correlations and various
restrictions that further define the possible relations among the x;. These distributions and
other restrictions probabilistically characterize where the appropriate input to use in the
performance assessment might fall given that the analysis is structured so that only one value
can be used for each variable under consideration. In most cases, each Dj will be a subjective
distribution that is developed from available information through a suitable review process and
serves to assemble information from many sources into a form appropriate for use in an
integrated analysis. However, it is possible that the D; may be obtained by classical statistical
techniques for some variables. Details related to the probability distributions D; used by WIPP
PA are provided in the previous section.

Once the distributions in Eq. 1.4-7 have been developed, Monte Carlo techniques can be used
to determine the uncertainty in R(x) from the uncertainty in x. First, a sample

Xg = [xkla Xk2s +oos xk,nV]a k=1a cers nK (14—8)
is generated according to the specified distributions and restrictions, where nK is the size of

the sample. The performance assessment is then performed for each sample element x,, which
vields a sequence of risk results of the form

(page date: 15-NOV-91) 1-29 (database version: X-2.19PR)



O 0O N OO AsE WD =

[y
n = O

41
43
44
45
46

INTRODUCTION
Performance-Assessment Methodolaogy

R(xy) = {(Si(xx), pSi(xx), €Si(xy)), i=1, ..., nS(xy)) (1.4-9)

for k=1, ..., nK. Each set R(xy) is the result of one complete performance assessment
performed with a set of inputs (i.e., ) that the review process producing the distributions in
Eq. 1.4-7 concluded was possible. Further, associated with each risk result R(x,) in Eq. 1.4-9
is a probability or weight* that can be used in making probabilistic statements about the
distribution of R(x).

In most performance assessments, CCDFs are the results of greatest interest. For a particular
consequence result, a CCDF will be produced for each set R(x;) of results shown in Eq. 1.4-9.
This vields a distribution of CCDFs of the form shown in Figure 1.4-3.

Although Figure 1.4-3 provides a complete summary of the distribution of CCDFs obtained
for a particular consequence result by propagating the sample shown in Eq. 1.4-8 through a
performance assessment, the figure is hard to read. A less crowded summary can be obtained
by plotting the mean value and selected percentile values for each consequence value on the
abscissa. For example, the mean plus the 5th, 50th (i.e., median) and 95th percentile values
might be used. The mean and percentile values can be obtained from the exceedance
probabilities associated with the individual consequence values and the weights or
"probabilities" associated with the individual sample elements. If the mean and percentile
values associated with individual consequence values are connected, a summary plot of the
form shown in Figure 1.4-4 is obtained.

A point of possible confusion involving the risk representation in Eq. 1.4-2 is the distinction
between the uncertainty that gives rise to a single CCDF and the uncertainty that gives rise to
a distribution of CCDFs. A single CCDF arises from the fact that a number of different
occurrences have a real possibility of taking place. This type of uncertainty is referred to as
stochastic variation in this report. A distribution of CCDFs arises from the fact that fixed,
but unknown, quantities are needed in the estimation of a CCDF. The development of
distributions that characterize what the values for these fixed quantities might be leads to a
distribution of CCDFs. In essence, a performance assessment can be viewed as a very complex
function that estimates a CCDF. Since there is uncertainty in the values of some of the
independent variables operated on by this function, there will also be uncertainty in the
dependent variable produced by this function, where this dependent variable is a CCDF.

Both Kaplan and Garrick (1981) and a recent report by the International Atomic Energy
Agency (IAEA, 1989) distinguish between these two types of uncertainty. Specifically, Kaplan
and Garrick distinguish between probabilities derived from frequencies and probabilities that

*In random or Latin hypercube sampling, this weight is the reciprocal of the sample size (i.e, 1/nK) and can be used in

estimating means, cumulative distribution functions, and other statistical properties. This weight is often referred to as the
probability for each observation (i.e., each sample element xi}. However, this is not technically correct. If continuous
distributions are involved, the actual probability of each observation is zero.
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Figure 1.4-3. Example of CCDF Distribution Produced for Resuits Shown in Eq. 1.4-9.
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characterize degrees of belief. Probabilities derived from frequencies correspond to the
probabilities pS; in Eq. 1.4-2 while probabilities that characterize degrees of belief (i.e.,
subjective probabilities) correspond to the distributions indicated in Eq. 1.4-7. The IAEA
report distinguished between what it calls Type A uncertainty and Type B uncertainty. The
IAEA report defines Type A uncertainty to be stochastic variation; as such, this uncertainty
corresponds to the frequency-based probability of Kaplan and Garrick and the pS§; of Eg.
1.4-7. Type B uncertainty is defined to be uncertainty that is due to lack of knowledge about
fixed quantities; thus, this uncertainty corresponds to the subjective probability of Kaplan and
Garrick and the distributions indicated in Eq. 1.4-7. This distinction has also been made by
other authors including Vesely and Rasmuson (1984), Paté-Cornell (1986), and Parry (1988).

1.4.4 Calculation of Scenario Consequences

The ¢S; in Eq. 1.4-2 are estimated for each sample element x, using computer codes that
comprise the consequence model. This mode! is deterministic and predicts an EPA
normalized release to the accessible environment for each scenario §;. The consequence
model is actually composed of many individual models Cp, ¢ = 1, ..., nM. The collective
operation of these models can be represented by the relationship

cS; = Caml.CalxCrlxg, SO (1.4-10)
where
Cy = consequence model ¢,
Co(xy,S) = vector containing consequence results predicted by model ¢ for sample
element x, and scenario S,
and
nM = number of consequence models.

As indicated in the preceding relationship, the individual models predict results that depend
on the x, and S; and also generate input to the next model in the computational sequence.

The consequence models Cy are separate computational models (usually computer models) that
are selected from several categories that represent physical processes and phenomena such as
groundwater flow, dissolution of radionuclides in repository brine, and groundwater transport.
As part of the 1991 WIPP performance assessment system, about 75 FORTRAN codes are
grouped into 10 model categories, which are called modules. CAMCON is the software
package designed and used by the PA Division to assemble the computational models from
the various modules into the structure indicated in Eq. 1.4-10 (Rechard, 1989; Rechard et al.,
1989). Chapter 4 (Volume 2) describes the Cp and their application to undisturbed
conditions. Chapters 5, 6, and 7 (Volume 2) describe the application of the Cp to disturbed
conditions for the §; defined in Chapter 2 (Volume 2).
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1.4.5 Uncertainty and Sensitivity Analyses

In the context of this report, uncertainty analysis involves determining the uncertainty in
model predictions that results from imprecisely known input variables, and sensitivity analysis
involves determining the contribution of individual input variables to the uncertainty in
model predictions. Specifically, uncertainty and sensitivity analyses involve the study of the
effects of subjective, or type B, uncertainty. As previously discussed, the effects of
stochastic, or type A, uncertainty is incorporated into the WIPP performance assessment
through the scenario probabilities pS; appearing in Eq. 1.4-2. Sensitivity and uncertainty
analyses for the results from the 1991 preliminary performance assessment are reported in
Volume 4.

1.5 Background on WIPP

1.5.1 Purpose

The DOE was authorized by Congress in 1979 to build the WIPP as a research and
development facility to demonstrate the safe management, storage, and eventual disposal of
transuranic (TRU) waste generated by DOE defense 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 sedimentary 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). Topographically, 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--Los Medanos ("The Dunes"), Nash
Draw, Laguna Grande de la Sal, and the Pecos River. Los Medanos 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 Los Medanos. 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.
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Figure 1.5-1. WIPP Location in Southeastern New Mexico (after Rechard, 1989, Figure 1.2).
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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 (Powers et al., 1978; Cheeseman,
1978; Williamson, 1978; Hiss, 1975; Hills, 1984; Harms and Williamson, 1988; Ward et al.,
1986). 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 because the 600-m (2,000-ft)-thick Salado
Formation of marine bedded salts (Late Permian Period) eventually encapsulates the nuclear
waste through salt creep. The bedded salts, consisting of thick halite and interbeds of
minerals such as clay and anhydrites, do not contain flowing water.

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,
e.g., the legal ownership and regulations 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 physical features of the repository (e.g., stratigraphy, design of repository,
waste form) are components of these barriers.
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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).
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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 1.5-4). The
boundary of this maximum-allowable geologic subsystem is greater than the currently
proposed 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 will be 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 institutional controls are contained in this volume.

(page date: 15-NOV-91) 1-39 (database version: X-2.19PR)



INTRODUCTION
Background on WIPP

N
Maximum Size
e of Disposal System
TN (Controlled Area)
el L TIN < 5km from Waste
Not to Scale ' < <100 km? Area

Engineered Barrier Subsystem includes:
» Repository Rooms, Seals, and Backfill
+ Mine Shafts, Backfill, and Seals

— e -

n Accessible Environment
{Rest of World)

TRI-6330-7-1

Figure 1.5-4 Geologic and Engineered Barriers of the WIPP Disposal System.
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2. GEOLOGIC BARRIERS

The geologic barriers consist of the physical features of the repository, such as stratigraphy
and geologic components.

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 UTM coordinates of the modeling domains. The UTM coordinates for the northeast and
southeast corners of the land-withdrawal boundary were derived from values reported in
Gonzales (1989). Because the township 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 corner).
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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, 1989a, Figure 2.2).
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Figure 2.1-2. UTM Coordinates of the Modeling Domains.
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Figure 2.1-3 shows the topography, the locations of wells used for defining the general
stratigraphy, and the modeling domains near the WIPP typically plotted in the report. The
well locations by universal transverse mercator (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 Report.
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2.2 Stratigraphy at the WIPP

The level of the WIPP repository is located within bedded salts 655 m (2,150 ft) below the
surface and 384 m (1,260 ft) above sea level (Figures 2.2-1 and 2.2.2). The bedded salts
consist of thick halite and interbeds of minerals such as clay and anhydrites of the late
Permian period (Ochoan series) (approximately 255 million yr old)* (Figure 2.2-3). An
interbed that forms a potential transport pathway, Marker Bed 139 (MB]39), located about 1
m (3 ft) below the repository interval (Figure 2.2-3), is about 1 m (3 ft) thick, and is one of
about 45 siliceous or sulfatic units within the Salado Formation consisting of polyhalitic
anhydrite (Figure 2.2-4) (Lappin, 1988; Tyler et al., 1988). Figure 2.2-5 shows the lithostatic
and hydrostatic pressure with depth.

Parameter: Anhydrite III elevation @ ERDA-9
Median: 105
Range: 70
140
Units: m
Distribution: Uniform
Source(s): See text.
Parameter: Bell Canyon elevation @ ERDA-9
Median: -200
Range: -170
-230
Units: m
Distribution: Uniform
Source(s): See text.

For most strata above the repository, the elevations (though varying) are well known because
of numerous wells; however, the elevations of the Anhydrite III in the Castile Formation and
the Bell Canyon directly below the repository can only be inferred from a geologic cross
section (Figure 2.2-1). The geologic structure is uncomplicated, thus the uncertainty is likely
small on the regional geologic scale. Yet the information is important to evaluating the
potential and the corresponding size of any brine reservoirs under the repository. Hence,
uncertainty bounds have been placed on these two elevations inferred from the geologic cross
section. For the 1991 PA calculations, a uniform distributon with a mean of the elevation of
the strata was inferred from using WIPP-12, and Cabin Baby-1, ERDA-10, or DOE-1 for the
Anhydrite III strata and DOE, and Cabin Baby-1 or ERDA-10 for the Bell Canyon. The

endpoints were estimated at x + | 3s.

58 * This age reflects the revised 1983 geologic timetable (Paimer, 1983).
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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).
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Figure 2.2-4.  Marker Bed 139, One of Many Anhydrite Interbeds near the WIPP Repository Horizon
(after Krieg, 1984, Figure 2).
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Figure 2.2-5. Lithostatic and Hydrostatic Pressure with Depth.
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GEOLOGIC BARRIERS

Hydrologic Parameters for Halite and Polyhalite within Salado Formation

2.3 Hydrologic Parameters for Halite and Polyhalite within Salado

Formation

The WIPP repository is 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).

repository are given in Table 2.3-1.

The parameters for the Salado Formation near the

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

Distribution
Parameter Median Range Units Type Source
Capillary pressure (pc) and relative permeability (kny)
Threshold displacement
pressure (py) 23x107 23x105 23x109 Pa Lognormal Davies, June 2, 1991, Memo (see
Appendix A); Brooks and Corey,
1964
Residual Saturations
Wetting phase 2x 101 1x 101 4x 101 none Cumulative Davies and LaVenue, 1990b
(Sen)
Gas phase (Sg;)  2x 107! 1x 1071 4x 101 none Cumulative Davies and LaVenue, 1990b
Brooks-Corey 7 x 1071 35x107 14 none Cumulative Davies and LaVenue, 1990b
Exponent (n)
Density
Grain (pg) Halite 2.163 x 103 kg/m3 Constant Carmichael, 1984, Table 2; Krieg,
1984, p. 14; Clark, 1966, p. 44
Grain (pg) Polyhalite  2.78 x 103 kg/m3 Constant Shakoor and Hume, 1981 (p.
103-203)
Bulk (opylk) 2.14x 103 kg/m3 Constant  Holcomb and Shields, 1987, p.17
Average (pave) 23x103 kg/m3 Constant Krieg, 1984, Table 4
Dispersivity
Longitudinal {ay ) 1.5x101 1 4x 101 m Cumulative Pickens and Grisak, 1981; Lappin
et al., 1989, Table D-2
Transverse (aT) 1.5 1x 101 4 m Cumulative Pickens and Grisak, 1981; Freeze
and Cherry, 1979, Figure 9.6
Partition Coefficient
Al species 0 m3/kg Constant  Lappin et al., 1989, p. D-17
Permeability (k)
Undisturbed 57x1021 86x1022 54x1020 m2 Data Beauheim, June 14, 1991, Memo
(see Appendix A)
Disturbed 1x1019  1x1020  1x10°18 m2 Lognormal Beauheim, 1990
Pore pressure (p) 1.28x 107 93x106  1.39x 107 Pa Data Beauheim, June 14, 1991, Memo
(see Appendix A); Howarth, June
12, 1991, Memo (see Appendix A)
Porosity (¢)
Undisturbed 1x102 1x 103 3x 102 none Cumulative Skokan et al.,1988; Powers et
al,,1978; Black et al., 1983
Disturbed 6x 102 none Constant  See text,
Specific storage 95x108 28x108 1.4x106 m-1 Cumulative Beauheim, June 14, 1991,
Memo (Appendix A)
Tortuosity 1.4x 101 1x 1072 667 x10-1  none Cumulative See Culebra, text; Freeze and
Cherry, 1979, p. 104
(page date: 15-NOV-91) 2-11 (database version: X-2.19PR)
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2.3.1 Capillary Pressure and Relative Permeability

Threshold Displacement Pressure, p,

Parameter: Threshold displacement pressure (p)
Median: 2.3 x 107
Range: 2.3 x 108
2.3 x 109
Units: Pa
Distribution: Lognormal
Source(s): Davies, P. B. 1991. 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.

Davies, P. B. 1991. "Uncertainty Estimates for Threshold Pressure
for 1991 Performance Assessment Calculations Involving Waste-
Generated Gas." Internal memo to D. R. Anderson (6342), June 2,
1991. Albuquerque, NM: Sandia National Laboratories. (In
Appendix A of this volume)

Discussion:

Threshold pressure plays an important role in controlling which Salado lithologies are
accessible to gas and at what pressure gas will flow. The Salado Formation’s thick halite beds
with anhydrite and clay interbeds are similar in many respects to the consolidated lithologies
presented in Figure 2.3-1. 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 2.3-1).
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, 1990). Because threshold pressure is strongly related to intrinsic
permeability, an empirical estimate is used as follows:

p; (MPa) = 5.6 x 10-7 [k (m?)]0-346

p, is commonly referred to as the threshold displacement pressure. Hence, the capillary
pressure can be evaluated given py, A, Sp;, and sg;. 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, 1991, p. 9). Others define
threshold pressure as the capillary pressure associated with the incipient development of a

(page date: 15-NQOV-91) 2-12 (database version: X-2.19PR)
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Figure 2.3-1. Correlation of Threshold Pressure with Permeability for a Composite of Data from All
Consolidated Rock Lithologies. Data from lbrahim et al., 1970; Rose and Bruce, 1949;
Thomas et al., 1968; and Wyllie and Rose, 1950. (after Davies, 1991, Figures 5 and 8)

continuum 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-generated 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.
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Capillary Pressure and Relative Permeability

Figure 2.3-2a shows the values estimated for relative permeability for Salado salt. Figure
2.3-2b shows the estimated capillary pressure curve for Salado salt. Figure 2.3-3 is an
example of variation in relative permeability and capillary pressure when Brooks and Corey
parameters are varied.
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Figure 2.3-2. Estimated Capillary Pressure and Relative Permeabiiity Curves.
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Figure 2.3-3. Example of Variation in Relative Permeability and Capillary Pressure When Brooks and
Corey Parameters are Varied.
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Residual Saturations

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

Median: 2 x 101

Range: 1 x 101

4 x ]10-1

Units: Dimensionless

Distribution: Cumulative

Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for
Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SANDS89-2408. Albuquerque, NM: Sandia
National Laboratories.

Parameter: Residual gas saturation (S,;)

Median: 2x 10-1

Range: 1 x 101

4 x 101

Units: Dimensionless

Distribution: Cumulative

Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for

Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories.
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Brooks and Corey Exponent

Parameter: Brooks and Corey exponent (1)
Median: 7 x 10-1
Range: 3.5 x 101
1.4
Units: Dimensionless
Distribution: Cumulative
Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for

Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories.
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Discussion:

Capillary pressures and relative permeabilities for the Salado halite, the anhydrite layers, and
waste have not been measured. As presented and discussed in Davies (1991), natural analogs
were used to provide capillary pressure and relative permeability curves for these lithologies
as follows:

Brooks and Corey defined s, as

Se = —1—_— (23-1)

where sp is the wetting phase saturation (brine) and sy, is the residual wetting phase
saturation, below which the 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, sg,

s, = 1 (2.3-2)

Brooks and Corey observed that the effective saturation of a porous material, s,, can be
related to the capillary pressure, p., by

Pe|” Pe

s = or p_= ———S /%

e P (2.3-3)
e

(o

where
Aand p; = characteristic constants of the material.
P. = pg - D¢
Pg = pressure of the gas
py = pressure of the wetting phase

In addition, after obtaining the effective saturation from Eq. 2.3-1 the relative permeability
of the wetting phase (k.¢) is obtained from
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A (2.3-4)

k = [l - se]z 1 - S A (2.3-5)

Although none of the four parameters that are used in Egs. 2.3-2, 2.3-3, 2.3-4 and 2.3-5 has
been measured for either the Salado halite, anhdyrites, or waste room, they were estimated
from values that were obtained from the natural analogs (Davies, 1991; Davies and LaVenue,
1990b). The natural analogs consist of alternate 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 investigated during the Multiwell Tight Gas Sands Project (Ward and Morrow,
1985). The permeability for these sands typically ranges from | x 10-16 to 1 x 10-19 m2 (1 x
10-1 to 1 x 10-4 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
pressure and relative permeability curves had been measured. The following values have
been selected for Salado halite: X = 0.7, sp, = 0.2, s, = 0.2. The values selected for the
anhydrites and waste room are discussed in later sections.

The resulting curves for capillary pressure and relative permeability were shown in Figure
2.3-2.

The uncertainty surrounding these parameters is unknown. An initial range was selected for
the purpose of being able to run sensitivity parameter studies. The ranges shown for the
parameters are arbitrary, corresponding to a simple doubling and halving of the median
values. The range of curves produced by sampling 20 times from the assigned distribution
using LHS (Volume 2) is shown in Figure 2.3-3.
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2.3.2 Density

Grain Density of Halite in Salado Formation

Parameter: Density, grain (p,)
Median: 2.163 x 108
Range: None
Units: kg/m3
Distribution: Constant
Source(s): Carmichael, R. S., ed. 1984, CRC Handbook of Physical Properties
of Rocks, Vol III. Boca Raton, FL: CRC Press, Inc. (Table 2)
Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for
the Waste Isolation Pilot Plant (WIPP) Project. SAND83-1908.
Albuquerque, NM: Sandia National Laboratories. (p. 14)
Clark, S. P. 1966. Handbook of Physical Constants. New York, NY:
The Geological Society of America, Inc. (p. 44)
Discussion:

The published grain density of halite (NaCl) is 2,163 kg/m?3 (135 1b/ft3) (Carmichael, 1984,
Table 2; Krieg, 1984, p. 14; Clark, 1966, p. 44).
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Grain Density of Polyhalite in Salado Formation

Parameter: Density, grain (pg)

Median: 2.78 x 103

Range: None

Units: kg/m3

Distribution: Constant

Source(s): Shakoor, A. and H. R. Hume. 1981. "Chapter 3: Mechanical
Properties," in Physical Properties Data for Rock Salt. NBS
Monograph 167. Washington, DC: National Bureau of Standards.
(p. 103-203)

Discussion:

The published grain density of polyhalite is 2,780 kg/m3 (173.6 1b/ft3) (Shakoor and
Hume, 1981).
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Bulk Density of Halite in Salado (Halite)

Parameter: Density, bulk (opyuk)

Median: 2.14 x 103

Range: None

Units: kg/m3

Distribution: Constant

Source(s): Holcomb, D. J. and M. Shields. 1987. Hydrostatic Creep
Consolidation of Crushed Salt with Added Water.
SANDS87-1990. Albuquerque, NM: Sandia National
Laboratories. (p. 17)

Discussion:
The PA Division uses a bulk density of halite near the repository of 2,140 kg/m3

(133.6 1b/ft3) as reported by Holcomb and Shields (1987, p. 17). This value corresponds to a
porosity of 0.01 (¢ = 1 - (sp/0g)).
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Average Density near Repository

Parameter: Density, average (p,y.)

Median: 2.3 x 108

Range: None

Units: kg/m3

Distribution: Constant

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)

Discussion:

The average density of the Salado Formation in a 107.06-m (351.25-ft) interval straddling the
repository is 2,300 kg/m3 (143.6 1b/ft3). The interval includes anhydrite marker beds 134,
136, and 138 (above the repository) and anhydrite marker beds 139, 140, and polyhalite
marker bed 141 (below the repository) (see Figure 2.2-4). (Marker beds 135 and 137 are very
thin and not found in every borehole; therefore these marker beds are not included.) The
sum of the thicknesses of all layers of halite and argillaceous halite is 90.92 m (298.29 ft).
Assuming that 83.5% of this thickness is pure halite (89.12 m [292.39 ft]) with a grain density
of 2,163 kg/m3 (135 Ib/ft3) (see Table 2.4-1) and that the remaining thickness (17.94 m
[58.86 ft]) (16.5% of total thickness) is anhydrite with a density of 2,963 kg/m3 (185 Ib/ft3)
(see Table 2.4-1) yields a weighted average density of 2,300 kg/m3 (144 1b/ft3) (Krieg, 1984,
p. 14).
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2.3.3 Dispersivity

Parameter: Dispersivity, longitudinal (ar,)
Median: 1.5 x 101
Range: 1
4 x 101
Units: m
Distribution: Cumulative
Source(s): Pickens, J. F., and G. E. Grisak. 1981. Modeling of Scale-Dependent
Dispersion in Hydrogeologic Systems. Water Resources Research,
vol. 17, no. 6, pp. 1701-11,
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. SAND 89-0462. Albuquerque, NM:
Sandia National Laboratories. (Table D-2)
Parameter: Dispersivity, transverse (o)
Median: 1.5
Range: 1 x 101
4
Units: m
Distribution: Cumulative
Source(s): Pickens, J. F., and G. E. Grisak. 1981. Modeling of Scale-Dependent
Dispersion in Hydrogeologic Systems. Water Resources Research,
vol. 17, no. 6, pp. 1701-11.
Freeze, R. A. and J. C. Cherry. 1979. Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc.
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 (a).
However, current models show limited fluid movement away tfrom the disposal area (Rechard
et al., 1080): hence, the rule of thumb applied in standard porous media (Pickens and Grisak,
1081) is assumed to apply, that is, the longitudinal dispersivity o = 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 of, is shown in Figure 2.3-4.

Transverse dispersivity (cg) is usually linearly related to ap. The ratio of o to at typically
varies between 5 and 20 (see, for example, Bear and Verruijt, 1987; Freeze and Cherry, 1979,
Figure 9.6; Dullien, Figure 7.13). However, at very low velocities the ratio can approach 1,
while in some strata the ratio has been reported to approach 100 (de Marsily, 1986).
Transverse dispersivity was assumed to be ten times smaller than o (ar ~ 0.lap) for PA
transport calculations. The current range for sensitivity studies is 1 to 25 (Figure 2.3-5).
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Figure 2.3-5. Estimated Distribution (pdf and cdf) for Transverse Dispersivity in Halite, Salado
Formation.
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2.3.4 Partition Coefficients and Retardation

Parameter: Partition coefficient for halite and polyhalite

Median: 0

Range: None

Units: m3/kg

Distribution: Constant

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. SANDS89-0462. Albuquerque, NM:
Sandia National Laboratories. (p. D-17)

Discussion:
The halite and polyhalite in the Salado Formation are assumed to not adsorb any

contaminants; only clay layers in the Salado Formation are assumed to have this capability
(see Sections 2.4.4 and 3.2.4).
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2.3.5 Permeability

Undisturbed Permeability

Parameter: Permeability, undisturbed (k)

Median: 5.7 x 10-21

Range: 8.6 x 10-22

5.4 x 10-20

Units: m2

Distribution: Data

Source(s): Beauheim, R. 1991. "Review of Salado Parameter Values To Be Used
in 1991 Performance Assessment Calculations," Internal memo to
Rob Rechard (6342), June 14, 1991. Albuquerque, NM: Sandia
National Laboratories. (In Appendix A of this volume)

Figure 2.3-6 shows the values for permeability assuming no correlation with distance from
excavation. Figure 2.3-7 shows a non-linear fit of halite permeability with distance from the
excavation.
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Figure 2.3-6. Estimated Distribution (pdf and cdf) for Salado Undisturbed Permeability.
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Figure 2.3-7. Logarithm of Halite Permeability Fitted to Distance from the Excavation.

Discussion:

Three experimental programs (Room Q, Small-Scale Brine Inflow, and Permeability Tests,
described in the draft of the "Sandia National Laboratories Waste Isolation Pilot Plant
Program Plan for Fiscal Year 1992") are evaluating permeability (and storativity and pore
pressure) in the halite and anhydrite layers of the Salado Formation. In both 1990 and 1991
PA calculations (Rechard et al., 1990a, p II-13), we used values from the Permeability Test
program (Beauheim et al., 1990; Beauheim, June 14, 1991, Memo [Appendix A]) until the
Fluid Flow and Transport Division standardizes the interpretation of permeability tests.

Interestingly, over the past several years, the distribution of permeability in the halite has
remained generally similar to a lognormal distribution with a range between 10-23 and 10-18
and a median of 3 x 10-21 m? (e.g., McTigue, 1988 in Lappin et al., 1989, p. A-97).

A fit of Beauheim’s data to distance from excavation (Figure 2.3-6) shows that the log;y of

the asymptotic value of undisturbed halite permeability is -20.83 + 1.64. The probable error
in this estimate can be construed as a one-sigma confidence limit on the asymptotic value.
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Rank Correlation Between Halite and Anhydrite Permeability in Salado Formation.
Available data are recorded in Table 2.3-2 (from Gorham, July 2, 1991, Memo, and
Beauheim, June 14, 1991, Memo [Appendix A]):

Table 2.3-2. Data for Calculating a Rank Correlation between Halite and Anhydrite Permeability In
Salado Formation.

Intervala Permeability (m2)b

Testa (m) Lithology? Halite Anhydrite
C2Ho1-A 2.09- 292 halite 2.7x10-18
C2H01-A-GZ 0.50 - 1.64 halite
C2Ho01-B 450 - 558 halite 5.3 x 1021
C2H01-B-GZ 292 - 402 halite 1.9 x 10-21
C2H01-C 6.80- 7.76 MB139 9.5 x 10-18
C2H02 9.47 - 10.86 MB139 7.8x 1020
L4P51-A 3.33- 475 halite 6.1 x 1021
L4P51-A-GZ 1.50- 2.36 MB139
SoPO1 3.74 - 517 halite 8.3 x 10-21
SO0P01-GZ 1.80- 2.76 MB139 <5.7x10-18
S1P71-A 3.12- 456 halite 5.4 x 1020
S1P71-A-GZ 1.40- 2.25 MB139
S1P71-B 9.48 - 9.80 Anhydrite "c"
S1P72 4.40 - 6.00 MB139 6.8 x 10-20
S1P72-GZ 2.15- 3.18 halite 8.6 x 1022
SCPO1 10.50 - 14.78 MB139
L4P51-B 9.62 - 9.72 Anhydrite “¢" 6.8x 1020
S1P73-B 10.86 - 11.03 MB138

a Gorham, July 2, 1991, Memo, Appendix A

b Beauheim June 14, 1991, Memo, Appendix A

Note that there are only two (halite, anhydrite) pairs of measurements from comparable

intervals:

halite, 2.7 x 10-18 m2 (2.09-2.92 m) + anhydrite, <5.7 x 10-18 m2 (1.80-2.76 m)

and

halite, 5.3 x 10721 m2 (4.50-5.58 m) + anhydrite, 6.8 x 10-20 m?2 (4.40-6.00 m)

To compute a rank correlation with these data, we first make the following table (Table

2.3-3):
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Table 2.3-3. Ranks Halite and Anhydrite Data

(Halite) Anhydrite
i Xi R{x) Yi Ry:)
1 2.7x10-18 2 5.7 x 10-18 2
2 5.3 x 1021 1 6.8 x 10-20 1

where
R(x;) is the rank of x; in the data set x;, X3, ..., X, and
R(y;) is the rank of y, in the data set y;, yg, ..., ¥p.

Conover (1980, p. 252, Eq. 6) suggests using the following formula for computing rank
correlation (r.,,;) when there are many "ties" in the paired data:

n n+1
2 R(xy) R(yy) - n[—*—]

. 2
c _ i=1 ,
rank n 2(1/2 2({1/2
X R(x_)2 - n[Eil] .l s R(y.)z- n[Eil]
. i 2 . i 2
i=1 i=1

Using the data for R(x;), R(y;) given in the table above, it can be seen that r., ,=1. (This
result is expected since limited data are all tied.)

The most important information from the above result is that the correlation coefficient is
positive.  The actual value is most likely less than one. For current PA calculations, the
rank correlation coefficient is assumed to be 0.80 (Figure 2.3-6). This value is high enough
to greatly limit the probability that the anhydrite will have a lower permeability than the
halite and thereby change the current conceptual model of brine flow within the Salado
Formation.
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Disturbed Permeability

Parameter: Permeability, disturbed (k)
Median: 1 x 10-19
Range: 1 x 10-20
1 x 10-18
Units: m2
Distribution: Lognormal
Source(s): Beauheim, R. L. 1990. "Review of Parameter Values to be Used in

Performance Assessment,” Memo 3¢ in Appendix A of Rechard et
al. 1990. Data Used in Preliminary Performance Assessment of
the Waste Isolation Pilot Plant (1990). SANDS89-2408.
Albuquerque, NM: Sandia National Laboratories.

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 (Lappin et al., 1989, p. 4-45; Sutherland and Cave, 1978).
Often the PA Division does not model the disturbed zone when it is conservative to do so;
however, when necessary the following values are typically used.

The disturbed permeability after consolidation and healing is assumed to vary between 1 x
10-20 m2 (1 x 10-5 mD) (permeability at 0.95 of intact density [see Figure 3.2-3]) and the
highest value measured. Beauheim et al. (1990, Table 7-1) reports one measurement from the
disturbed rock zone in the Salado Formation of about 1 x 10-1® m2 (1 x 10-3 mD). The
median value was set about one and one-half orders of magnitude higher than the
corresponding median value for the intact Salado Formation.

Figure 2.3-8 shows the estimated distribution for the disturbed permeability of the Salado.
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Figure 2.3-8. Estimated Distribution (pdf and cdf) for Disturbed Permeability in Halite, Salado
Formation.
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2.3.6 Pore Pressure at Repository Level in Halite

Parameter:
Median:
Range:
Units:

Source(s):

Distribution:

Pore pressure (p)

1.28 x 107

9.3 x 106

1.39 x 107

Pa

Data

Beauheim, R. L. 1991. "Review of Salado Parameter Values to be
Used in 1991 Performance Assessment Calculations," Internal
memo to Rob Rechard (6342), June 14, 1991. Albugquerque, NM:
Sandia National Laboratories. (In Appendix A of this volume)

Howarth, S. 1991. "Pore Pressure Distributions for 1991 Performance
Assessment Calculations,” Internal memo to Elaine Gorham
(6344), June 12, 199]. Albuquerque, NM: Sandia National
Laboratories. (In Appendix A of this volume).

Figure 2.3-9 shows the estimated distribution for brine pore pressure in halite. Figure
2.3-10 shows two non-linear fits of brine pore pressure to distance from the excavation.
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Figure 2.3-9. Estimated Distribution (pdf and cdf) for Brine Pore Pressure at Repository Level in Halite,
Salado Formation.
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Figure 2.3-10. Non-Linear Fit of Halite Pore Pressure to Distance from Excavation.

Discussion:

In 1991, seven pore pressure measurements from borehole tests taken prior to excavation and
located 22.9 m (75 ft) from any existing excavation were available from Room Q (Howarth,
June 12, 1991, Memo [Appendix A]). (Beauheim [June 14, 1991, Memo, Appendix A]
suggested that none of his pore pressure measurements in the halite be considered to
represent far-field conditions.) One Room Q measurement (1 MPa) clearly showed the
effects of depressurization. Although all remaining Room Q values are at or above
hydrostatic pressure (~6 MPa [zZepp . .*8 Pculebra]l POTE Dressures, assuming ! MPa at the
Culebra), they are distinctly lower than measurements taken at the same time in the anhydrite
layer, suggesting some depressurization. Consequently, the 1991 PA calculations use the pore

pressure measured in the anhydrite where data suggest less depressurization.

Non-linear fits of pore pressure to distance (Figure 2.3-10) show that the asymptotic value of
pore pressure is about 10 MPa with a probable error of about 0.6 MPa. The probable error
can be construed as a one-sigma confidence limit.
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2.3.7 Porosity

Undisturbed Porosity

Parameter: Porosity, undisturbed (¢)
Median: 1 x 10-2
Range: 1 x 10-3
3 x 10-2
Units: Dimensionless
Distribution: Cumulative
Source(s): 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. SANDS88-7096. Albuquerque,
NM: Sandia National Laboratories.

Powers, D. W., S. J. Lambert, S. E. Shaffer, L. R. Hill, and W. D.
Weart, ed. 1978. Geological Characterization Report, Waste
Isolation Pilot Plant (WIPP) Site, Southeastern New Mexico.
SAND78-1596, vol. 1 and 2. Albuquerque, NM: Sandia National
Laboratories.

Black, S. R., R. S. Newton, and D. K. Shukla, eds. 1983. "Brine
Content of the Facility Interval Strata" in Results of the Site
Validation Experiments, Vol. II, Supporting Document 10. Waste
Isolation Pilot Plant, U.S. Department of Energy.

Discussion:

The median porosity is assumed to be 0.01 based on electromagnetic and DC resistivity
measurements (Skokan et al., 1989). This median value is identical to that calculated from a
grain density of 2,163 kg/m3 (135 Ib/ft3) for halite (see Table 2.7-1) and a bulk density of
2,140 kg/m3 (133.6 1b/ft3) (o, = (1-¢)o,) (see Table 2.2-1). Although not varied in current
PA calculations, the low of 0.001 is based on drying experiments (Powers et al., 1978), while
the high of 0.03 is based on the low end of the DC resistivity measurements (Skokan et al.,
1988).

Figure 2.3-11 shows the estimated distribution for the undisturbed porosity.
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Figure 2.3-11. Estimated Distribution (pdf and cdf) for Undisturbed Porosity in Halite, Salado Formation.
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Disturbed Porosity

Parameter: Porosity, disturbed (¢)

Median: 6 x 10-2

Range: None

Units: Dimensionless

Distribution: Constant

Source(s): See text below.
Discussion:

The disturbed porosity of 0.06 (after consolidation and healing [Lappin et al., 1989, p. 4-45;
Sutherland and Cave, 1978]) is calculated assuming that the final density is 0.95 of the intact

density (0.95p, = (1-¢)p,) (refer to Figure 3.2-3).
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2.3.8 Specific Storage

Parameter: Specific storage

Median: 9.5 x 10-8

Range: 2.8 x 10-8

1.4 x 10-6

Units: m-1

Distribution: Cumulative

Source(s): Beauheim, R. 1991. "Review of Salado Parameter Values To Be Used
in 1991 Performance Assessment Calculations,” Internal memo to
Rob Rechard (6342), June 14, 1991. Albuquerque, NM: Sandia
National Laboratories. (In Appendix A of this volume).

Figure 2.3-12 shows the estimated distribution for specific storage.
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Figure 2.3-12. Estimated Distribution (pdf and cdf) for Specific Storage of Halite, Salado Formation.

The median and range on specific storage are based on laboratory measurements of rock and
fluid properties (¢, ps, B¢ reported herein) and the theoretical definition of specific storage,
which is the current procedure for interpreting permeability tests (Beauheim et al., 1991,
p. 38).
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Beauheim has combined constant-pressure flow tests with pulse tests. This combination
allows him to identify the particular values of specific storage that best fit our data. As yet,
however, he does not have many of these combined interpretations. Significantly, all of our
preliminary values fall within the range established from laboratory experiments, though at
the high end. Next year, Beauheim may be able to refine the range somewhat. For the 1991
PA calculations, we used the high end of the laboratory range.

The PA modeling codes all use a slightly different definition of specific storage. To clarify
these differences, a detailed discussion of the specific storage term follows.

Derivation of Specific Storage Including Effects of Fluid, Matrix, and Solid Compressibility.
Biot (1941) presented a theory for the combined effects of matrix deformation and fluid
movement in a porous medium. Rice and Cleary (1976) reformulated Biot’s equations in
terms of physically identifiable parameters. In this section, we use the notation of Rice and
Cleary to derive a general expression for specific storage allowing for fluid, matrix, and solid
compressibilities. Direct notation is used with a single underline to identify vectors and
double underline to identify 2nd order tensors. Assuming isotropic, linear elastic behavior,
Biot’s equations for strain, E, written in terms of total stress, g and fluid pressure p were
given in Rice and Cleary as

v 2G
2GE = ¢ + PL - 77— (tr (g) + 3p) 1 K, pl (2.3-6)
where
G = drained shear modulus of elasticity

v drained Poisson’s ratio
K, = bulk modulus of elasticity of solid particles
I = identity tensor with components &ij
- where dij=1if i =j
=0ifi#]
tr( ) = trace operator such that tr (g) = 035 + 033 + 033

Equation (2.3-6) can be rewritten using the drained bulk modulus of elasticity, K, for the
porous matrix as

1 2G 2G 1 1
ZGE—g-g[l—ﬁ]tr[Q]£+—3 [E-K_S]pl (2.3-7)

This expression can be further simplified by defining the "effective stress" tensor

lat

(2.3-8)

[\*)
(o]
[}
]
(IS
)
W=
—
=
L}
w||\>
o
| S—
ct
=
—
Qe
| —
(]
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where

(SN
I
RS}

+ a pI (2.3-9)

o]
i
'.—l

- K/KS (2.3-10)

This illustrates the fact that the deformation of the porous material is governed by the
"effective stresses.” It should be noted that ¢ and p are increments of stress and fluid
pressure from an unstressed state and it has also been assumed in Eqgs. 2.3-7 and 2.3-8 that
fluid pressure affects only the normal strain components and not the shear strain components.

Introducing the porosity, ¢ of a porous material where
¢ = volume of voids in a unit volume of porous material

Rice and Cleary give an expression for porosity change in terms of total stress and fluid
pressure

W=

1 ¢o
¢ - ¢0 = [Iz - k—s—] [tr (g) + 3p] - K_ P (2.3-11)

s
where, in this work, it is assumed that the compressibility of the solids making up the matrix
can be described by a single bulk elastic modulus K,. Biot however did not make this

assumption. ¢, is the porosity in the unstressed state.

The mass of fluid, m¢, in a unit volume of the porous medium is given by
me = pf¢ (2.3-12)
where

p; = mass density of the fluid.

The continuity equation for fluid mass balance can be expressed by

8mf
V » [pf c_l] +3T=O (2.3-13)
where
q = specific discharge
t = time
Ve = divergence operator
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The specific discharge q is defined in terms of the average velocity of the fluid

q9=9¢V (2.3-14)

Darcy’s law may be stated as follows

K
Ve - Vo= - ¢Pf . [Vp + P8 Vz] (2.3-15)
where
vy = the average solid phase velocity
K = permeability tensor
V = gradient operator
g = gravitation constant
z = elevation

The specific discharge relative to the deforming solid is given by

Ne!
[
No!
1
S
<

(2.3-16)

« (Vp + pgVz)

0
1
1

Specific storage is defined as the volume of fluid released from storage in a unit volume due
to expansion of the fluid and compression of the porous matrix due to a decrease in hydraulic
head.

In a non-deforming porous medium VYV, = 0 and g, = g. This assumption is made in all PA
code, however the effects of matrix compressibility are accounted for in the definition of

specific storage. This assumption greatly simplifies the problem. Thus with V, =0 the
continuity equation becomes

-V e |— (VpH+pgVz)| + — =0 (2.3-17)
B at

Since m¢ = pf ¢, we may express the second term in 2.3-17

3¢ " Peac t %o 3T (2.3-18)
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Introducing the fluid bulk modulus K; which is the inverse of fluid compressibility 8; where

aP 1
Ke = pge 3, B (2.3-19)
%¢ %fap _Prop
at gp dt ~ K. at
dm ]
or _f£ _~ 3¢ _o dp -
ac ~ Proac b f Kp at (2.3-20)
From Eq. 2.3-11 get an expression for d¢/at such that
am do ¢
_f_ 11 1 _= dp| . o3p ¢ 3p
ac Pt [ 3 [K - KS] [tr[ac] * 3 ac] T K ot * K, ot (2.3-21)

From this expression, it can be concluded that in general fluid mass changes are influenced
by the stress changes as well as the fluid pressure changes.

If only vertical deformation is allowed, (E;; = E5; = 0), along with constant vertical total
stress, ogg = 0 with oy = 049, using Eq. 2.3-7, it is possible to derive an expression relating
the horizontal ¢,; (or o) components of total stress with the fluid pressure. This
relationship is given by

1 1]
-26 [E-k;
o = g =

11 22 1 +(4G/3K)

do
Also we may now compute tr [b—;]

at at

1.1
. i% 2 N . -4G [K K ap
at 1 + (4G/3K) 4t

Substitution of this result into Eq. 2.3-21 gives

om (K K]

__f = l - 1—' - ég 1 - / S ]___ 1_ a_.E

at Pf“l( Ks] [1 3[K + (4G/3K) ] + ¢[Kf - KsHat (2.3-22)
or

Mg op

at  P£ac

where ¢ is the capacitance (specific pressure storativity).
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Under the conditions specified above, the specific storage (S,) is defined as

3mf oh

3t " P55t (2.3-23)
where

h = hydraulic head.

Our result is written in terms of fluid pressure, p, instead of hydraulic head; however, the
two are related by

oh 1 dp
at P8 ot
dm

£f_1, 9p _
3t~ g Os ot 2nd S = pgEe

1 - 2801k /ks)

S = i 1 3 + gl - L (2.3-24)
© Vg T PeBlIK K_ K + (4G/3) Ko~ K '

This is the equation for specific storage including the effects of pore fluid compressibility
(1/Ky), matrix compressibility (1/K), and solid compressibility (1/K,).

Typically, K>>K and K >>K; and Eq. 2.3-24 may be simplified to

- 1 ¢ )
S¢ pfg[K ¥ (4G/3) T Kf] (2.3-23)
1 . . . . . .
The term K+ @G/3 is the inverse of the drained constrained modulus of elasticity

porous media and is often denoted by £, the vertical compressibility. Letting 1/K; = @; gives
the familiar result for specific storage.

S, = peB(B, + $B.) .

S

Some confusion may result because groundwater models often employ different definitions
for the matrix compressibility 8;. For example SUTRA (Voss, 1984) defines 3,
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-1 3
'Bs~l—¢3p

but defines capacitance (specific pressure storativity) as

c = (1l - $)Bs + ¢8f
thus

a¢
C=a—§+¢ﬂ

STAFF 2D (Huyakorn et al., 1989) and HST3D (Kipp, 1987) defines (3, as

It is important to recognize that each code uses a different definition of matrix
compressibility and all ignore solid compressibility. Beauheim et al. (1991) note that the
assumption that K >>K may not be valid for halite (due to low porosity and compressibility).
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2.3.9 Tortuosity

Parameter: Tortuosity (7)
Median: 1.4 x 10-1
Range: 1 x 10-2
6.67 x 101
Units: Dimensionless
Distribution: Cumulative
Source(s): See text (Culebra, Section 2.6.7)
Freeze, R. A. and J. C. Cherry. 1979. Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc.

Discussion:

No direct measurements of tortuosity are available in the anhydrite (or halite) layers of
the Salado Formation. The range reported is the maximum typical theoretical value of
0.667 for uniform-sized grains at low Peclet numbers (N,) (Dullien, 1979, Figure 7.12)
down to 0.0l observed in laboratory experiments of nonadsorbing solutes in porous
materials (Freeze and Cherry, 1979, p. 104). The PA Division selected a median value
equal to that of the Culebra Dolomite Member. This parameter primarily influences
diffusion-dominated transport, a condition occurring only when the repository is
undisturbed. The influence of the tortuosity on results was explored in a few 1991 PA
calculations of the undisturbed summary scenario class (Volume 2 of this report).
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2.4 Hydrologic Parameters for Anhydrite Layers within
Salado Formation

Table 2.4-1 provides the parameter values for anhydrite layers near the repository within the
Salado Formation. Marker Bed 139 (MBI139), 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 MBI139,

Table 2.4-1. Hydrologic Parameter Values for Anhydrite Layers within Salado Formation

Distribution
Parameter Median Range Units Type Source

Capillary pressure (pc) and relative permeability (kpw)
Threshold displacement
pressure (pt) 3x 108 3x 103 3x107 Pa Lognormal Davies, 1991; Davies, June 2, 1991,

Memo (see Appendix A)
Residual Saturations

Wetting phase 2x 101 1x10°1 4x101 none Cumulative Davies and LaVenue, 1990b
(Ser)
Gas phase (Sg;)  2x 107" 1x10-1 4x 101 none Cumulative Davies and LaVenue, 1990b
Brooks-Corey
Exponent (3) 7 x 1071 35x 107 1.4 none Cumulative Davies and LaVenue, 1980b
Density, grain (pg) 2.963 x 103 kg/m3 Constant  See text (anhydrite).
Dispersivity
Longitudinal (alL) 1.5x 101 1 4x 101 m Cumulative Pickens and Grisak, 1981;
Lappin et al., 1989, Table D-2
Transverse (aT) 1.5 1x 10-1 4 m Cumulative Pickens and Grisak, 1981
Partition coefficient
Am 25x 102 m3/kg Constant  Lappin et al., 1989, Table D-4
Np 1x 10-3 m3/kg Constant  Lappin et al., 1989, Table D-4
Pb 1x10-3 m3/kg Constant  Lappin et al., 1989, Table D-4
Pu 1x 101 m3/kg Constant  Lappin et al., 1989, Table D-4
Ra 1x103 m3/kg Constant Lappin et al., 1989, Table D-4
Th 1x 1071 m3/kg Constant  Lappin et al., 1989, Table D-4
U 1x 103 m3/kg Constant  Lappin et al., 1989, Table D-4
Permeability (k)
Undisturbed 78x1020 £8x1020 95x1019 m2 Cumulative Beauheim, June 14, 1991, Memo
(see Appendix A)
Disturbed 1x10177  1x1019 1y 1013 m?2 Cumulative Beauheim, 1990
Pore pressure 1.28x107 93x106 139x107 Pa Data Beauheim, June 14, 1991, Memo;
Howarth, June 12, 1991, Memo
(see Appendix A}
Porosity (¢)
Undisturbed 1x102 1x 103 3x 102 none Cumulative See text.
Disturbed 55x 102  1x102 1x 101 none Normal See text.
Specific storage 1.4x107 97x108 1x106 m-1 Cumulative Beauheim, June 14, 1991, Memo
(see Appendix A)
Thickness (Az) 9x 101 4x 101 1.25 m Cumulative Borns, 1985, Figure 3;
WEC, 1989b; Krieg,
1984, Table |
Tortuosity 1.4x10-1  1x102 6.67x 101 none Cumulative See text (Culebra); Freeze and

Cherry, 1979, p. 104
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Figure 2.4-1. Generalized Cross Section of Marker Bed 139. The figure shows the internal variability 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 (WEC,
1989b; Krieg, 1984, Table i).
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2.4.1 Capillary Pressure and Relative Permeability

Threshold Displacement Pressure, p;

Parameter: Threshold displacement pressure (py)
Median: 3 x 108
Range: 3 x 103
3 x 107
Units: Pa
Distribution: Lognormal
Source(s): Davies, P. B. 1991. Evaluation of the Role of Threshold Pressure in

Controlling Flow of Waste-Generated Gas into Bedded Salt at the
Waste [solation Pilot Plant. SAND90-3246. Albuquerque, NM:
Sandia National Laboratories.

Davies, P. B. 1991. "Uncertainty Estimates for Threshold Pressure
for 1991 Performance Assessment Calculations Involving Waste-
Generated Gas." Internal memo to D. R. Anderson (6342), June 2,
1991. Albuquerque, NM: Sandia National Laboratories. (In
Appendix A of this volume)
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Residual Saturations

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

Median: 2 x 10-1

Range: 1 x 10-1

4 x 1071

Units: Dimensionless

Distribution: Cumulative

Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for
Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SANDS89-2408. Albuquerque, NM: Sandia
National Laboratories.

Parameter: Residual gas saturation (Sgp)

Median: 2 x 101

Range: 1 x 101

4 x 1071

Units: Dimensionless

Distribution: Cumulative

Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for
Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SANDS89-2408. Albuquerque, NM: Sandia
National Laboratories.
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Brooks and Corey Exponent

Parameter: Brooks and Corey exponent ()
Median: 7 x 10-1
Range: 3.5 x 1071
1.4
Units: Dimensionless
Distribution: Cumulative
Source(s): Davies, P. B. and A. M. LaVenue. 1990b. "Additional Data for

Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D
Model." Memo 11 in Appendix A of Rechard et al. 1990. Data
Used in Preliminary Performance Assessment of the Waste
Isolation Pilot Plant. SAND89-2408. Albuquerque, NM: Sandia
National Laboratories.
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Capillary Pressure and Relative Permeability

Figure 2.4-2a shows the estimated relative permeability for anhydrite layers. Figure
2.4-2b shows the estimated capillary pressure for anhydrite layers. Figure 2.4-3 is an
example of variation of relative permeability and capillary pressure when Brooks and
Corey parameters are varied.
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Figure 2.4-2. Estimated Capillary Pressure and Relative Permeability Curves for Anhydrite Layers.
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Figure 2.4-3.  Example of Variation of Relative Permeability and Capillary Pressure for Anhydrite
Layers in Salado Formation When Brooks and Corey Parameters Are Varied.

(page date: 15-NOV-91) 2-52 (database version: X-2.19PR)



W O N O 0@ NN =

-
—_

GEOLOGIC BARRIERS
Hydrologic Parameters for Anhydrite Layers within Salado Formation

Discussion:

The correlations for these values were developed as discussed in the section, "Hydrologic
Parameters for Halite and Polyhalite within the Salado Formation." Preliminary parameter
values selected for MB139 and other anhydrite beds are the same as for Salado halite, except
for a lower threshold displacement pressure (p,), and were taken from experimental data
measured for the tight gas sands (Davies and LaVenue, 1990; Ward and Morrow, 1985).

An initial range was selected for the purpose of being able to run sensitivity parameter
studies. The ranges shown for the parameters are quite arbitrary, corresponding to a simple
doubling and halving of the median values as discussed in Section 2.3.1, "Hydrologic
Parameters for Halite in the Salado Formation." The relative permeability curves are identical
to those of halite. Only the capillary curves differ because of the different range assumed
for the threshold displacement pressure (Figure 2.4-3).
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2.4.2 Anhydrite Density

Parameter: Density, grain (o)

Median: 2.963 x 108

Range: None

Units: kg/m3

Distribution: Constant

Source(s): Clark, S. P. 1966. Handbook of Physical Constants. New York, NY:

The Geological Society of America, Inc. (p. 46)

Krieg, R. D. 1987. Reference Stratigraphy and Rock Properties for
the Waste Isolation Pilot Plant (WIPP) Project. SAND83-1908.
Albuquerque, NM: Sandia National Laboratories. (p. 14)

Discussion:

The published grain density of anhydrite (CaSOy) is 2,963 kg/m3 (185 1b/ft3) (Clark,
1966, p.46; Krieg, 1987, p. 14).
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2.4.3 Dispersivity

Parameter: Dispersivity, longitudinal (ar)
Median: 1.5 x 101
Range: 1
4 x 101
Units: m
Distribution: Cumulative
Source(s): Pickens, J. F., and G. E. Grisak. 1981. Modeling of Scale-Dependent
Dispersion in Hydrogeologic Systems. Water Resources Research,
vol. 17, no. 6, pp. 1701-11.
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. SAND 89-0462. Albuquerque, NM:
Sandia National Laboratories. (Table D-2)
Parameter: Dispersivity, transverse (ar)
Median: 1.5
Range: 1 x 10-1
4
Units: m
Distribution: Cumulative
Source(s): Pickens, J. F., and G. E. Grisak. 198]1. Modeling of Scale-Dependent
Dispersion in Hydrogeologic Systems. Water Resources Research,
vol. 17, no. 6, pp. 1701-11.
Discussion:

The dispersivity values are discussed in Section 2.3.3.
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2.4.4 Partition Coefficients and Retardations

Table 2.4-2 provides the partition coefficients for anhydrite layers.

Table 2.4-2. Partition Coefficients for Anhydrite Layers (after Lappin et al., 1989, Table D-4)

Partition coefficient*

Radionuclide (m3/kg)
Am 25x%x102
Np 1x 103
Pb 1x103
Pu 1 x 101
Ra 1x103
Th 1x 101
U 1x103

* Assumed constant

Discussion:

The sorption of trace radionuclides onto salt-like minerals such as anhydrite is poorly
understood; thus, current PA calculations assume partition coefficients of zero (the lower
limit). However, because sensitivity studies require ranges of values, the upper limit was
arbitrarily chosen to keep the calculated retardation below 10. The rough estimates on
median values are those reported by Lappin et al. (1989). Generally, the reported
experimental K4 data was reduced by several orders of magnitude as explained below.

Americium. K, values for americium are decreased by factors of 3 to 1000 from values in
Paine (1977), Dosch (1979), and Tien et al. (1983), because of the potential effects of organic
complexation., (As a conservative measure, the likely degradation of the organic compounds
was neglected.) For example, Swanson (1986) found that moderate concentrations (4 x 10-8 to
10-4 M) of EDTA significantly decreased americium sorption onto Kaolinite and
montmorillonite. The magnitude of this effect was a function of the pH and concentration of
EDTA, calcium, magnesium, and iron in solution.

Uranium and Neptunium. In general, low Kgs for uranium and thorium have been measured
in waters relevant to the WIPP repository. The K4 of uranium depends strongly on the pH,
concentration of competing ions, and the extent of complexation by carbonate and organic
ligands (Lappin et al., 1989). A low value (K4 = 1) has been assumed to account for these
effects. Theoretical calculations (Leckie, 1989) and arguments based on similarities in
speciation, ionic radii, and valence (Chapman and Smellie, 1986) suggest that the behavior of
neptunium will be similar to that of uranium.
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Plutonium. K, values for plutonium are decreased by two to three orders of magnitude from
the values in Paine (1977), Dosch (1979), and Tien et al. (1983), because of the potential
effect of carbonate complexation.

Thorium. There are very few data for thorium under conditions relevant to the WIPP.
Thorium K4 values were estimated from data for plutonium, a reasonable homolog element
(Krauskopf, 1986). Data describing sorption of thorium onto kaolinite (Riese, 1982) suggest
that high concentrations of calcium and magnesium will prevent significant amounts of
sorption onto clays in the repository. Stability constants for organo-thorium complexes
suggest that organic complexation could be important in the repository and may inhibit
sorption (Langmuir and Herman, 1980).

Radium and Lead. There are very few sorption data for radium and lead under conditions
relevant to the WIPP. K, values were estimated by assuming homologous radium-palladium
behavior (cf. Tien et al., 1983). Data from Riese (1982) suggest that radium will sorb onto
clays but that high concentrations of calcium and magnesium will inhibit sorption. Langmuir
and Riese (1985) presented theoretical and empirical arguments that suggest that radium will

be coprecipitated in calcite, gypsum, and anhydrite in solutions close to saturation with
respect to these minerals.

Retardation. See Section 2.6.10 for the discussion of retardation.
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2.4.5 Permeability

Undisturbed Permeability

Parameter: Permeability, undisturbed (k)

Median: 7.8 x 10-20

Range: 6.8 x 10-20

9.5 x 10-1¢

Units: m?

Distribution; Data

Source(s): Beauheim, R. 1991. "Review of Salado Parameter Values To Be Used
in 1991 Performance Assessment Calculations," Internal memo to
Rob Rechard (6342), June 14, 1991. Albuquerque, NM: Sandia
National Laboratories. (In Appendix A of this volume)

Discussion:

The distribution of anhydrite permeability in the far field is based on five measurements
from the Permeability Testing Program (Beauheim, June 14, 1991, Memo [Appendix A]). In
the past, the general consensus for the permeability of anhydrite layers in general, and
MBI139 in particular, has been a median value of | x 10-1% (Rechard et al., 1990, p. II-16).
The current data show an insignificant but somewhat smaller median value of 7.8 x 10-20,

Figure 2.4-4 shows the distribution for undisturbed permeability in the anhydrite assuming
no correlation with distance from excavation. However, a non-linear fit of permeability to
distance shows an asymtoptic value near 8 x 10-20 m2 (Figure 2.4-5). More specifically, the
asymptotic value of log;q of anhydrite permeability is about -19, with a probable error of
+0.6. The probable error can be interpreted as a one-sigma confidence interval.
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Disturbed Permeability

Parameter: Permeability, disturbed (k)
Median: 1 x 10-17
Range: 1 x 1019
1 x 10-13
Units: m?2
Distribution: Cumulative
Source(s): Beauheim, R. L. 1990. "Review of Parameter Values to be Used in

Performance Assessment,” Memo 3¢ in Appendix A of Rechard et
al. 1990. Data Used in Preliminary Performance Assessment of
the Waste Isolation Pilot Plant (1990). SANDS89-2408.
Albuquerque, NM: Sandia National Laboratories.

Discussion:

Following the logic described for permeability for the Salado halite, the disturbed
permeability is assumed to vary between the median intact value and the highest measured
value; the median value is set about two orders of magnitude below the undisturbed median
value. The highest permeability measured to date in MB139 is 3.2 x 1013 m2 (3.2 x 102 mD)
(from draft report by M. E. Crawley, "Hydraulic Testing of Marker Bed 139 at the Waste
Isolation Pilot Plant, Southeastern New Mexico," Westinghouse Electric Co., Carlsbad, NM),
but was rounded down to 1 x 10-13 m2?2 (1 x 102 mD), the value used for unmodified TRU
waste.

Figure 2.4-6 shows the estimated distribution for disturbed permeability for the anhydrite
layers.
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Figure 2.4-6.  Estimated Distribution (pdf and cdf) for Disturbed Permeability, Anhydrite Layers in
Salado Formation.
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2.4.6 Pore Pressure at Repository Level in Anhydrite

(In Appendix A of this volume)

Laboratories. (In Appendix A of this volume).

Parameter: Pore pressure at repository level (p)
Median: 1.28 x 107
Range: 9.3 x 108
1.39 x 107
Units: Pa
Distribution: Data
Source(s): Beauheim, R. L. 1991. "Review of Parameter Values to be Used in

1991 Performance Assessment." Internal memo to R. Rechard,
June 14, 1991. Albuquerque, NM: Sandia National Laboratories.

Howarth, S. 1991. "Pore Pressure Distributions for 1991 Performance
Assessment Calculations,” Internal memo to Elaine Gorham

(6344), June 12, 1991. Albuquerque, NM: Sandia National

Figure 2.4-7 shows the distribution for brine pore pressure. Figure 2.4-8 shows the

variation of pore pressure with distance from the excavation.
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Figure 2.4-7. Estimated Distribution (pdf and cdf) for Brine Pore Pressure in Anhydrite MB139 at

Repository Level.
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Figure 2.4-8. Non-Linear Fits of Pore Pressure in Anhydrite to Distance from Excavation. (Data from
Beauheim, June 14, 1991, Memo and Howarth, June 12, 1991, Memo [Appendix A)).

Discussion:

For the 1991 PA calculations, the pore pressure measurements of investigator Beauheim (June
14, 1991, Memo [Appendix A)]) and Howarth (June 12, 1991, Memo [Appendix A]) were
combined to form a data distribution with a median of 12.8 MPa (128 atm) and a data range

of 9.3 and 13.9 MPa (93 and 139 atm). (The sample range was 8.21 to 15 MPa [Figure
2.4-71)

In comparison, for the 1990 PA calculations, two pore pressure measurements were reported
for Anhydrite MB139: 9.3 MPa (93 atm) (Beauheim et al., 1990) and 12.6 MPa (126 atm).
Assuming a uniform distribution, the mean and median were 11.0 MPa, and the range was

X + {3s or 7 MPa (70 atm) and 15 MPa (150 atm) (Figure 2.4-6). The maximum
corresponded to lithostatic pressure based on hydraulic fracturing experiments (Wawersik and
Stone, 1985) and density log for WIPP-11 (Figure 2.2-5). The minimum of 7.0 MPa was the
average of a pure water hydrostatic of 6.4 MPa and a Salado brine hydrostatic of 7.9 (Figure
2.2-5) or equivalently, the hydrostatic pressure of a column of fluid that linearly varied
between pure water at the surface and Salado brine at 655 m (2,142 ft).

The non-linear fits of pore pressure (in anhydrite) to distance (Figure 2.4-8) indicate an
asymptotic value of about 10 MPa with probable error of the order of 0.3 MPa. The
probable error can be construed as a one-sigma confidence level.
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2.4.7 Porosity

Undisturbed Porosity

Parameter: Porosity, undisturbed (o)
Median: 1 x 10-2
Range: 1 x 10-3
3 x 10-2
Units: Dimensionless
Distribution: Cumulative
Source(s): See text.
Discussion;

PA calculations have assumed an undisturbed porosity similar to the undisturbed porosity of

the Salado Formation as a whole.

Figure 2.4-9 shows the estimated distribution for undisturbed porosity for the anhydrite

layers.

Cumulative Probability

0.0 L ! !

Probability Density

B Median

0.00 0.01 0.02
Porosity (undisturbed)

30
0.03

TRI-6342-1261-0

Figure 2.4-9.  Estimated Distribution (pdf and cdf) for Undisturbed Porosity for Anhydrite Layers in

Salado Formation.
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Disturbed Porosity

Parameter: Porosity, disturbed (¢)
Median: 5.5 x 10-2
Range: I x 10-2
1 x 101
Units: Dimensionless
Distribution: Normal
Source(s): See text.
Discussion:

The lower range for disturbed porosity of the anhydrite layers after reconsolidation was set at
0.1. This value is an order of magnitude increase above the undisturbed porosity lower range
and equal to the undisturbed median value. The reason for the increase is that the fractures
that form within the brittle anhydrite beds during excavations will not heal completely.
Shear displacement will likely cause abutment of asperities in the fractures which, in turn,
will prop them open (Lappin et al., 1989, p. 4-62). The upper value of the range was set an
order of magnitude above the lower value. Finally, the porosity was assumed to be normally
distributed as in many materials (Harr, 1987, Table 1.8.1).

Figure 2.4-10 shows the distribution for the disturbed porosity for the anhydrite layers.

1.0
® Mean
B Median
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<] (o
¢ o5} z
.% 'é
2 8
E &
[&]
0.0 : 1 " 1 " L N 1 N } 0
0.00 0.02 0.04 0.06 008 010

Porosity (disturbed)

TRi-6342-1262-0

Figure 2.4-10. Estimated Distribution (pdf and cdf) for Disturbed Porosity for Anhydrite Layers in
Salado Formation.
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2.4.8 Specific Storage

Parameter: Specific storage

Median: 1.4 x 10-7

Range: 9.7 x 10-8

1 x 10-©

Units: m-1

Distribution: Cumulative

Source(s): Beauheim, R. 1991. "Review of Salado Parameter Values To Be Used
in 1991 Performance Assessment Calculations," Internal memo to
Rob Rechard (6342), June 14, 1991. Albuquerque, NM: Sandia
National Laboratories. (In Appendix A of this volume).

Figure 2.4-11 shows the estimated distribution for specific storage.

1.0

i
oy 2z
= w
L N c
2 8
[s]
o 05 L z
® ¥l
2 3
o <)
2 a
5 -
&)

-

o @ Mean
i Y B Median
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Figure 2.4-11. Estimated Distribution (pdf and cdf) for Anhydrite Specific Storage.

Discussion:

See Section 2.3.8 for complete discussion of specific storage.
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2.4.9 Thickness of MB139 Interbed

Parameter: MB139 thickness (Az)
Median: 9 x 10-1
Range: 4 x 101
1.25
Units: m
Distribution: Cumulative
Source(s): Borns, D. J. 1985. Marker Bed 139: A Siudy of Drillcore From a
Systematic Array. SANDS85-0023. Albuquerque, NM:
National Laboratories. (Figure 3)
WEC (Westinghouse Electric Corporation). 1989b. Geotechnical Field
Data and Analysis Report, July 1987 through June 1988, vols. 1
and 2. DOE/WIPP-89-009. Prepared for U.S. Department of
Energy. Carlsbad, NM: Westinghouse Electric Corporation.
Krieg, R. D. 1984. Reference Stratigraphy and Rock Properties for
the Waste Isolation Pilot Plant (WIPP) Project. SANDS83-1908.
Albuquerque, NM: Sandia National Laboratories.
Discussion:

The thickness for MBI139 in the generalized stratigraphy of the site is about 0.9 m (3 ft)
9b) and is used as the median value. Because the upper contact is irregular and
(caused from reworking of the interbed prior to further halite deposition), the
thickness varies between 0.40 and 1.25 m (1.3 and 4.1 ft) (Borns, 1985, Figure 3; Krieg, 1984,
Table I). Figure 2.4-12 shows the distribution for the thickness of the anhydrite layers in the

(WEC, 198
undulates

Salado.
1.0
| ® Mean i
- | W Median '
£ I
g [ SR
S 05 : z
2 : =
© . @
s i 3
§ < o
O - i
0.0 1
04 06 0.8 1.0 1.2
Layer Thickness (m) TAR-6342-1257-0
Figure 2.4-12. Estimated Distribution (pdf and cdf) for Thickness of Interbed.
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2.4.10 Tortuosity

Parameter: Tortuosity (7)
Median: 1.4 x 10-1
Range: 1 x 10-2
6.67 x 10-1
Units: Dimensionless
Distribution: Cumulative
Source(s): See text (Culebra, Section 2.6.7)
Freeze, R. A. and J. C. Cherry. 1979. Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc.

Discussion:

No direct measurements of tortuosity are available in the anhydrite (or halite) layers of
the Salado Formation. The range reported is the maximum typical theoretical value of
0.667 for uniform-sized grains at low Peclet numbers (Np) (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 Division selected a median value
equal to that of the Culebra Dolomite Member. This parameter primarily influences
diffusion-dominated transport, a condition occurring only when the repository is
undisturbed. The influence of the tortuosity on results was explored in a few 1991 PA
calculations of the undisturbed summary scenario class (Volume 2 of this report).
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2.5 Mechanical Parameters for Materials in Salado Formation

2.5.1 Halite and Argillaceous Halite

Elastic Constants
Salt Creep Constitutive Model Constants
Polyhalite Elastic Constants

Anhydrite Elastic Constants
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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). 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 parameters 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 m2/s (0.93 ft?/d) or greater appear to be related to fracturing. Where the
transmissivity of the Culebra Dolomite is less than 1 x 10-6 m2/s (0.93 ftZ/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 10-6
m?2/s (0.93 ft2/d) and at least 1 x 104 m2/s (93 ftZ/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, 1987a, b, c; Saulnier, 1987).

Parameter values for the Culebra Dolomite Member are given in Table 2.6-1.
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Figure 2.6-1. Detailed Lithology of Rustler Formation at ERDA-G (after SNL and USGS, 1982b).
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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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Figure 2.6-3. Location of Wells Used to Define Hydrologic Parameters for Culebra Dolomite.

(page date: 15-NQV-91) 2-72 (database version: X-2.19PR)



S O & R

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
a5
46
47
48
49
50
51
52
53
54
55
56
57
58
59
g8

63

GEOLOGIC BARRIERS

Parameters for Culebra Dolomite Member of Rustler Formation

Table 2.6-1. Parameter Values for Culebra Dolomite Member of Rustier Formation

Distribution
Parameter Median Range Units Type Source
Density
Dolomite, grain (pg) 2.82x 103 2.78x 103 2.86x 103 kg/m3 Normal Kelley and Saulnier, 1990, Tables
41,4243
Ciay, bulk (pp) 25x 103 kg/m3 Constant  Siegel, 1990
Dispersivity,
longitudinal (o) 1x 102 5x 101 3x 102 m Cumulative Lappin et al.,1989, Table E-6
transverse (oT) 1x 101 5 3ax 101 m Cumulative Lappin et al., 1989, Table E-6
Fracture spacing (2B) 4x 107 6x 10-2 8 m Cumulative Beauheim et al., June 10, 1991,
Memo (see Appendix A)
Clay filling fraction (bg/b) 0.5 0.1 09 none Normal Siegel, 1990
Heads 9.32x 102  9x102 9.4x102 m Spatial See text.
Hydraulic Conductivity
Avg. pathway - 5 k 1.4574x 106 1.77x 107 12x105 m/s Lognormal
Partition Coefficients
Matrix
Am 1.86x 1001 0.0 1x 102 m3/kg Cumulative See text.
Cm 1.86x 101 00 1x 102 m3/kg Cumulative See text.
Np 48x 102 0.0 1x 102 m3/kg Cumulative See text.
Pb 1x 1072 0.0 1x 101 m3/kg Cumulative See text.
Pu 261x101 00 1x 102 m3/kg  Cumulative See text.
Ra 1x 102 0.0 1x 101 m3/kg Cumulative See text.
Th 1x 102 0.0 1 m3/kg Cumulative See text.
U 258x102 00 1 m3/kg Cumulative See text.
Fracture
Am 9.26 x 101 0.0 1x 103 m3/kg Cumulative See text.
Cm 9.26 x 10! 0.0 1x 103 m3/kg Cumulative See text.
Np 1 0.0 1x 103 m3/kg Cumulative See text.
Pb 1x 1077 0.0 1x 102 m3/kg Cumulative See text.
Pu 202x102 00 1x 103 m3/kg Cumulative See text.
Ra 341x102 00 1x 102 m3/kg Cumulative See text.
Th 1x 1071 0.0 1x 101 m3/kg Cumulative See text.
U 7.5x 103 0.0 1 m3/kg  Cumulative See text.
Porosity
Fracture (¢y) 1x 103 1x 104 1x 1072 none Lognormal Lappin et al.,1989, Table 1-2,
Table E-6
Matrix (¢m) 1.39x 1077 96x102 208x 101 none Data Kelley and Saulnier, 1990, Table
4.4
Storage coefficient (S) 2x 105 5x 106 5x 104 none Cumulative LaVenue et al.,1990, p. 2-18;
Haug et al., 1987
Thickness (Az) 7.7 5.5 1.13x107 m Spatial LaVenue et al., 1988, Table B-1
Tortuosity (1)
Dolomite 1.2 x 10-1 3x 102 3.3x 101 none Data Kelley and Saulnier, 1990, Table
4.6; Lappin et al., 1989, Table E-9
Clay 1.2 x 1072 3x 103 33x 102 none Cumulative Kelley and Saulnier, 1990, Table
4.6; Lappin et al., 1989, Table E-9
Transmissivity -4.9 -35 8.9 log (m2/s) Spatial See text.
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2.6.1 Density

Parameter: Density, grain (og): Dolomite
Median: 2.82 x 103
Range: 2.78 x 103
2.86 x 103
Units: kg/m3
Distribution: Normal
Source(s): Kelley, V. A., and G. J. Saulnier, Jr. 1990. Core Analysis for

Selected Samples from the Culebra Dolomite at the Waste Isolation
Pilot Plant Site. SAND90-7011. Albuqguerque, NM: Sandia
National Laboratories. (Tables 4.1, 4.2, and 4.3)

Parameter: Density, bulk (pp): Clay

Median; 2.5 x 103

Range: None

Units: kg/m3

Distribution: Constant

Source(s): Siegel, M. D. 1990. "Representation of Radionuclide Retardation in

the Culebra Dolomite in Performance Assessment Calculations,"
Memo 3a in Appendix A of Rechard et al. 1990. Data Used in
Preliminary Performance Assessment of the Waste Isolation Pilot
Plant (1990). SAND89-2408. Albuquerque, NM: Sandia
National Laboratories.

Discussion:

The grain density (p,) of the Culebra Dolomite Member was evaluated for 73 core samples
from 20 boreholes. For the 20 boreholes, the average and median are 2,815 kg/m3 (175.7
Ib/ft3) with a range between 2,792 and 2,835 kg/m3 (174.3 and 177.0 1b/ft3). The 73 values

varied between 2,780 and 2,840 kg/m3 (173.5 and 177.3 1lb/ft3) with an average of 2,810
kg/m3 (173.4 1b/ft3) and a median of 2,830 kg/m3 (176.7 Ib/ft3) (Kelley and Saulnier, 1990,

Tables 4.1, 4.2, and 4.3).

The bulk density (pp) of the minerals (gypsum and corrensite) lining the fractures of the
Culebra Dolomite is 2500 kg/m3 (156 1b/ft3) (Siegel, 1990).

Figure 2.6-4 shows the spatial variation of density in Culebra based on averages from 20
boreholes.

Table 2.6-2 provides the average grain density of intact dolomite at 20 wells in the Culebra
Dolomite Member.

(page date: 15-NOV-91) 2-74 (database version: X-2.19PR)



GEOLOGIC BARRIERS

Parameters for Culebra Dolomite Member of Rustler Formation

Table 2.6-2. Average Grain Density of Intact Dolomite
at 20 Wells in Culebra Member (Kelly and
Saulnier, 1990, Tables 4.1 and 4.3)

Average

Grain

Density*
Well ID (kg/m?3)
H3B3 2.728x 103
H2B 2.7925 x 103
H10B 2.7933 x 103
H11 2.795x 103
WIPP30 2.8067 x 103
H2A 2.81x 103
WIPP12 2.81x 108
H2B1 28125 x 103
H3B2 2.815x 103
H5B 2.815x 103
WIPP26 2.8167 x 103
AECS8 2.8233 x 103
H7B2 2.83x 103
H7C 2.83x 108
WIiPP28 2.83x108
H11B3 2.835 x 103
WIPP13 2.835x 103
H6B 2.8375x 103
H7B1 2.84x 103
H4B 2.845x 103

*Average of measurements from indicated well
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Figure 2.6-4. Spatial Variation of Grain Density in Culebra Based on Averages from 20 Boreholes.
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2.6.2 Dispersivity

Parameter: Dispersivity, longitudinal (of)
Median: 1 x 102
Range: 5x 101
3 x 102
Units: m
Distribution: Cumulative
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. (Table E-6)

Parameter: Dispersivity, transverse (ary)
Median: 1 x 10!
Range: 5
3 x 101
Units: m
Distribution: Cumulative
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. (Table E-6)

Discussion:

For moderate travel distances (on the order of kilometers), longitudinal dispersivity (ay,)
roughly varies between 0.01 and 0.1 of the mean travel distance of the solute (Lallemand-
Barres and Peaudecerf, 1978; Pickens and Grisak, 1981). As first adopted by Lappin et al.
(1989), the PA Division has assumed o, can vary between 50 and 300 m (164 and 984 ft)
with a median value of 100 m (328 ft). The distribution for oy, is shown in Figure 2.6-5.

Transverse dispersivity (ar) is usually linearly related to op. The ratio of o to ap typically
varies between 5 and 20 (see, for example, Bear and Verruijt, 1987; Freeze and Cherry, 1979,
Figure 9.6; Dullien, Figure 7.13). However, at very low velocities the ratio can approach 1,
while in some strata the ratio has been reported to approach 100 (de Marsily, 1986).
Transverse dispersivity was assumed to be ten times smaller than ap, (ap ~ 0.la) for PA
transport calculations. The current range for sensitivity studies is 1 to 25 (Figure 2.6-6).
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Figure 2.6-5.  Estimated Distribution (pdf and cdf) for Longitudinal Dispersivity, Culebra Dolomite

Member.
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Figure 2.6-6.  Estimated Distribution (pdf and cdf) for Transverse Dispersivity, Culebra Dolomite
Member.
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2.6.3 Fraction of Clay Filling in Fractures

Parameter: Clay filling fraction (b./b)

Median: 0.5

Range: 0.1

0.9

Units: Dimensionless

Distribution: Normal

Source(s): Siegel, M. D. 1990. "Representation of Radionuclide Retardation in
the Culebra Dolomite in Performance Assessment Calculations,"
Memo 3a in Appendix A of Rechard et al. 1990. Data Used in
Preliminary Performance Assessment of the Waste [solation Pilot
Plant (1990). SANDS89-2408. Albuquerque, NM: Sandia
National Laboratories.

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 b, is the total thickness of clays and b 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.

retardation.

Current PA calculations used a median of 0.5 to estimate the fracture

Figure 2.6-7 shows the estimated distribution for the fraction of clay filling.
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Figure 2.6-7. Estimated Distribution (pdf and cdf) for Clay Filling Fraction, Culebra Dolomite Member.
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2.6.4 Porosity

Fracture Porosity

GEOLOGIC BARRIERS
Parameters for Culebra Dolomite Member of Rustler Formation

Parameter: Fracture porosity (¢y)

Median: 1 x 103

Range: 1 x 10-4

1 x 10-2

Units: Dimensionless

Distribution: Lognormal

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. SANDS89-0462. Albuquerque, NM:
Sandia National Laboratories. (Table 1-2; Table E-6)

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 10-3, 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 Division set the minimum and maximum one order of magnitude
to either side of this median.

Figure 2.6-8 shows the estimated distribution for the fracture porosity.
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Figure 2.6-8. Estimated Distribution (pdf and cdf) for Fracture Porosity, Culebra Dolomite Member.
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Matrix Porosity

Parameter: Matrix porosity (¢)
Median: 1.39 x 10-1
Range: 9.6 x 10-2
2.08 x 10-1
Units: Dimensionless
Distribution: Data
Source(s): Kelley, V. A., and G. J. Saulnier, Jr. 1990. Core Analysis for

Selected Samples from the Culebra Dolomite at the Waste Isolation
Pilot Plant Site. SANDS0-7011. Albuquerque, NM: Sandia
National Laboratories. (Table 4.4)

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. SANDS89-0462. Albuquerque, NM:
Sandia National Laboratories. (Table E-8)

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 agreement between the
two techniques was excellent with an r2 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
highly porous (vuggy) and/or fractured portions of the Culebra Dolomite Member. Thus only
intact matrix porosity, the porosity not contributing to fluid flow in dual porosity
computational models (e.g., STAFF2D or SWIFT [Rechard et al., 1989]) is reported here.

Table 2.6-3 provides a summary of porosity measurements of intact Culebra Dolomite at
selected wells. Figure 2.6-9 shows the assumed density function for porosity of the Culebra
Dolomite member. Figure 2.6-10 shows the spatial variation of the intact matrix porosity.
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Parameters for Culebra Dolomite Member of Rustier Formation

Table 2.6-3. Average of Porosity Measurements of intact Culebra
Dolomite at Selected Wells (after Kelley and Saulnier,
1990, Table 4.4)

Well ID Median Low Range High Range
(m) (m) {m)
AECS8 0.10333 0.05195 0.15471
H108 0.0955 0.04228 0.14872
H11B 0.1618 0.00506 0.31854
H2A 0.1235 0.10512 0.14188
H2B 0.129 0.07576 0.18224
H2B1 0.120s 0.04391 0.19709
H3B2 0.178 0.15351 0.202489
H3B3 0.20775 0.14575 0.26975
H4B 0.2525 0.1435 0.3615
H5B 0.1784 0.04839 0.30841
H6B 0.11033 0.09884 0.12182
H781 0.2025 0.0733 0.3317
H7B2 0.1385 0.08829 0.18871
H7C 0.14433 0.1016 0.18706
WIPP12 0.1074 0.00213 0.21267
WIPP13 0.1796 0.03141 0.32779
WiPP25 0.115 0.115 0.115
WIPP26 0.12225 0.10606 0.13844
wiPP28 0.1616 0.10451 0.21869
WIPP30 0.16517 0.07372 0.25662
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Figure 2.6-9. Assumed Distribution (pdf and cdf) for Intact Matrix Porosity of Culebra Dolomite Member
Assuming No Spatial Correlation.
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