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ABSTRACT

This report documents the data available as of August 1990 and used
by the Performance Assessment Division of Sandia National
Laboratories in its December 1990 preliminary performance assessment
of the Waste Isolation Pilot Plant (WIPP). Parameter values are
presented in table form for the geologic subsystem, engineered
barriers, borehole flow properties, climate variability, and
intrusion characteristics. Sources for the data and a brief
discussion of each parameter are provided.
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PREFACE

This report is a compilation of data and pertinent information used in the
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). The parameters reported herein will be
updated as better information becomes available. Thus, this report is only
a snapshot of the data as of August 1990. At a minimum, updated reports
will be issued annually in conjunction with the comparison of the WIPP with
40 CFR 191. (Because of the many sensitivity studies planned for next year,
two updates of the data report are currently planned for 1991.) The 1990
comparison and background information on the comparison are reported in:

Bertram-Howery, S. G., M. G. Marietta, R. P. Rechard, P. N. Swift,
D. R. Anderson, B. Baker, J. Bean, W. Beyeler, K. F. Brinster, R.
V. Guzowski, J. Helton, R. D. McCurley, D. K. Rudeen, J. Scheiber,
and P. Vaughn. 1990. Preliminary Comparison with 40 CFR Part 191,
Subpart B for the Waste Isolation Pilot Plant, December, 1990,
SAND90-2347. Albuquerque, NM: Sandia National Laboratories.

Marietta, M. G., R. P. Rechard, P. N. Swift, and others. 1990.
Preliminary Probabilistic Safety Assessment of the Waste Isolation
Pilot Plant. SAND90-2718. Albuquerque, NM: Sandia National
Laboratories. 1In preparation.

Berglund, J., and M. G. Marietta. 1990. A Computational Model for
the Direct Removal of Repository Material by Drilling.

SAND90-2977. Albuquerque, NM: Sandia National Laboratories. In
preparation.

Helton, J.C. 1990. Sensitivity Analysis Techniques and Results
for Performance Assessment of the Waste Isolation Pilot Plant.
SAND90-7103. Albuquerque, NM: Sandia National Laboratories.

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. 1990. "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.



A short companion document to this report is

Tierney, M. S. 1990. Constructing Probability Distributions of
Uncertain Variables in the Models of the Performance of the Waste
Isolation Pilot Plant (WIPP). SAND90-2510. Albuquerque, NM:
Sandia National Laboratories.

This report by Tierney presents the current procedures used to elicit
data from researchers at Sandia, select appropriate distribution types,
and construct empirical distributions. Although the discussion in
Tierney (1990) is closely related to the information presented in this
report, his report is being published separately to focus attention on
the procedures used and perhaps elicit constructive comments.

Although the Performance Assessment (PA) Division is responsible for
comparing the Waste Isolation Pilot Plant with the EPA Standard, 40 CFR
191, Subpart B, the majority of data used for these comparisons is
supplied by experimentors and analysts characterizing the disposal
system and surrounding regional geology in the Fluid Flow & Transport
(6344), Disposal Room System (6345), and Repository Isolation Systems
(6346) Divisions at Sandia National Laboratories. Supplying data as
ranges and distributions to the PA Division is a major task. The
contributions by R. L. Beauheim, P. B. Davies, M. D. Siegel, and B. M.
Butcher are greatly appreciated.

Others who contributed data and information are A. C. Peterson
(radionuclide inventory) and M. S. Tierney (human intrusion probability
model) .

In addition to the individual contributors who established the current
data (and-are listed in Appendix A of this report), earlier
contributors are also acknowledged. Most of the earlier data 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, when in many cases it only summarized others’
work. Its selection as a source was not meant to diminish the
contributions of the original authors. However, Lappin et al. (1989)
is also one of the first reports in which ranges were assigned for many
parameters, so it does provide a primary reference for these ranges.
Furthermore, some of the data have not yet been published and thus
Lappin et al. (1989) serves as the only source until the reports are
complete.

We appreciate the time and suggestions supplied by the final peer
reviewers: A. C. Peterson (6342) and A. M. LaVenue (INTERA, Inc.).
Furthermore, J. M. Jamison’s (New Mexico Engineering Research
Institute) efforts in producing all the tables in this report from the
database are greatly appreciated. In addition, the editorial help on
the text and figures provided by J. Chapman and D. Pulliam,
respectively, of Tech Reps, Inc., Albuquerque, New Mexico, greatly
improved the report.
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EXECUTIVE SUMMARY

This report documents the data available as of August 1990, which were used by
the Performance Assessment Division of Sandia National Laboratories in its
December 1990 preliminary performance assessment of the Waste Isolation Pilot
Plant (WIPP). For the performance assessment task, Sandia has developed a
methodology for controlling the data for evaluating long-term performance. As
part of this methodology, a data base, called the secondary data base,
contains interpreted data that are used to form a conceptual model of the
disposal system. The data provided in this report are from the secondary data
base as of August 1990 and were used to calculate the December 1990
preliminary performance assessment of the WIPP.

The secondary database provides a set of parameter reference values (value,
probability, and distribution type) and the source of these values. As better
information becomes available, the parameter values reported herein will be
updated. Thus, this report is only a snapshot of the data as of August 1990.
At a minimum, updated data reports will be issued annually in conjunction with
the Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant (Bertram-Howery et al., 1990).

In this report, parameter values are presented in table form for the geologic

subsystem, engineered barriers, borehole flow properties, climate variability,
and intrusion characteristics. Sources for the data and a brief discussion of
each parameter are provided.

ES-1




. INTRODUCTION

Purpose and Organization of Report

Sandia National Laboratories is currently evaluating the long-term performance
of the Waste Isolation Pilot Plant (WIPP), a geologic repository for
transuranic radioactive waste. The WIPP must comply 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) (hereafter referred to as the Standard) (EPA, 1985). Performance
assessment is defined by Subpart B of the Standard as an analysis that (1)
identifies the processes and events that might affect the disposal system, (2)
examines the effects of these processes and events on the performance of the
disposal system, and (3) estimates the cumulative releases of radionuclides,
considering the associated uncertainties, caused by all significant processes
and events. These estimates are incorporated into an overall probability
distribution of cumulative release to the extent practicable (40 CFR
191.12(q)).

The term "performance assessment” has come to refer to the prediction of all
long-term performance, because the performance assessment methodology, with
minor modifications, can also be used to assess compliance with the 1,000-year
performance. This report refers to the assessment of compliance with both
§191.13(a) of the Containmeut Requirements and the Individual Protection
Requirements (§191.15) as tne "performance assessment."

The data used in the performance assessment of the WIPP are critical to
generating a reasonable, well-founded estimate. This report documents what
types of data are used, how they are organized, and the parameters currently
in use by the Performance Assessment Division for the WIPP.

The organization of this report is as follows:

« The remainder of Chapter I presents background information about
the database, the conventions used in the data tables, and the
WIPP.

. Chapter II provides parameters for the geologic subsystem.

. Chapter III gives the parameters for the engineered barriers.

+ Chapter IV provides the parameters for fluid properties, Salado
Formation brine compressibility, climate variability, and

intrusion characteristics.

- Appendix A offers endorsements of the data currently in use.

I-1



Chapter I: introduction

Background on the Database

For the performance assessment task, Sandia has developed a methodology for
controlling the data used to evaluate long-term performance. As part of this
methodology, a data base, called the secondary data base, contains interpreted
data that are employed to form a conceptual model of the disposal system. The
data provided in this report are from the secondary data base as of August
1990 and were used to calculate the December 1990 preliminary performance
assessment of the WIPP,

The secondary database provides a set of parameter reference values (value,
probability, and distribution type) and the source of these values. As better
information becomes available, the parameter values reported herein will be
updated. Thus, this report is only a snapshot of the data as of August, 1990.
At a minimum, updated data reports will be issued annually in conjunction with
the Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant (Bertram-Howery et al., 1990). Currently, two updates
to this data report are planned for 1991 because of the many sensitivity
studies planned. In these updated reports, we may alter the text format so
that the data become more accessible as reference material.

The major sources of the data are the task leaders in the Nuclear Waste
Technology Department at Sandia. (The task leader is responsible for
conducting activities described in the Sandia work plan. Although this
position is called a principal investigator at Sandia, we refer to them as
task leaders here so that the term cannot be confused with a principal
investigator in a formal contract.) In particular, task leaders in the
Performance Assessment, Fluid Flow and Transport, Disposal Room Systems, and
Repository Isolation Systems Divisions established the data. The WIPP Test
Phase Plan identified activities at Sandia for providing the data (U.S. DOE,
1990).

Conventions
The tables presented in Chapters II, III, and IV provide a median, a range,
units, a distribution type, and a source for each parameter. These fields are
defined as follows:
MEDIAN
The median represents the 0.5 quantile in the distribution.

RANGE

The range represents the 0.99 and 0.0l quantiles in the distribution.
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Conventions

UNITS
The units indicate how the parameter is expressed quantitatively.
DISTRIBUTION TYPE

The distribution types are listed on the tables as either beta, constant,
cumulative, density, histogram, normal, lognormal, uniform, loguniform, or
table. A companion report (Tierney, 1990a) presents further information on
selecting the appropriate distribution type and constructing the cumulative,
density, and histogram distribution types.

Beta

Beta designates the beta probability distribution function (pdf), which is a
versatile density function that can take on numerous shapes in a specified
interval a, b (Harr, 1987, p. 79; Miller and Freund, 1977, p. 119). Beta
preserves maximum entropy when given the mean, coefficient of variation, and
the minimum and maximum values (Harr, 1987, p. 93).

Constant

When a distribution is listed as constant, then no distribution type has been
assigned and a constant value is used.

Cumulative

The cumulative distribution type refers to the piecewise linear cumulative
distribution function (cdf) that employs the Maximum Entropy Formulism (see
Tierney [1990a]). The cdf may be "empirical," i.e., the percentiles are based
on measured data, or "subjective," i.e., the percentiles are subjectively
estimated where data are sparse or absent.

Density

The density distribution type refers to "empirical" or "subjective" pdf.
Although the cdf (integral of pdf) is preferred, the expert on the subject
matter related to the parameter may, at his or her discretion, supply the pdf.
Histogram

The Histogram label indicates a cumulative distribution function where

parameters must be assigned discrete values, i.e., the distribution is not
continuous. For example, the distribution type for the drill bit cross-
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sectional area cannot vary continuously between the minimum and maximum drill
bit sizes, but must be the area of a bit that is actually available.

Normal

The normal pdf provides a good representation for many physical variables. By
the central limit theorem, if a random variable represents the effect of many
small causes (additions of errors), its pdf is normal. The distribution is
truncated at the 0.99 and 0.0l quantiles. The mean and median are equal and
uniquely defined by the distribution type.

Lognormal

Lognormal is a frequency distribution whose logarithm follows a normal
distribution. The distribution is truncated at the 0.99 and 0.0l quantiles.
The mean and median are uniquely defined by the distribution.

Uniform

Uniform means a distribution of a random variable in which each value has the
‘same probability of occurrence. The mean and median are equal and uniquely
defined by the distribution type.

Loguniform

Loguniform is a frequency distribution whose logarithm follows a uniform
distribution. The mean and median are uniquely defined by the distribution.

Table

The last distribution type, Table, is not a distribution but a category that
indicates the parameter varies with another property and the result is a
tabulated value. For example, the distributions for capillary pressure and
relative permeability are listed as Table.

SOURCE

The source indicates the document in which the value used was cited.

I-4
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Background on WIPP

Background on WIPP
PURPOSE AND LOCATION

The WIPP was authorized by Congress in 1979 as a research and development
facility to demonstrate the safe management, storage, and eventual disposal of
transuranic (TRU) waste generated by defense programs. Only after
demonstrating compliance with the Standard and the Resource, Conservation, and
Recovery Act of 1976 will the DOE dispose of TRU waste at the WIPP repository.

The WIPP is located in southeastern New Mexico, approximately 38 km (24 mi)
east of Carlsbad, an area of low population density (Figure I-1). The
location was chosen because of the underlying 600-m (2,000-ft)-thick Salado
Formation of marine bedded salts, which are a desirable medium for nuclear
waste disposal. 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)* that do not support flowing water.

The repository level is located within these bedded salts about 657 m (2,155
ft) below the surface and 390 m (1,300 ft) above sea level. The WIPP
repository is composed of a single underground disposal level connected to the
surface by four shafts (Figure I-2). The repository level consists of an
experimental area at the north end and a disposal area at the south end.

SANDIA ROLE IN PROJECT

Besides the DOE project office in Carlsbad, NM, which oversees the project,
the WIPP currently has two major participants: Sandia National Laboratories
in Albuquerque, NM, 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 responding to specific concerns of the State of New Mexico, (2)
carrying out performance assessment (i.e., ensuring regulatory compliance with
40 CFR 191, Subpart B, except the Assurance Requirements), (3) performing
analytic, laboratory, field experiments, and applied research to support
disposal system characterization and performance assessment relevant to
nuclear waste disposal in salt, and (4) providing ad hoc scientific and
engineering support (e.g., supporting environmental assessments). This report
helps fulfill the performance assessment task, Task 2.

* This age reflects the revised 1983 geologic timetable (Palmer, 1983).
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Figure I-1. WIPP Location in Southeastern New Mexico (Rechard, 1989).
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Figure 1-2. Proposed WIPP Repository, Showing Both TRU Disposal Areas and Experimental Areas
(Nowak et al., 1990).
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Il. GEOLOGIC SUBSYSTEM

The Geologic Subsystem consists of the physical features of the repository,
such as stratigraphy and geologic components.

Stratigraphy at the WIPP

The level of the WIPP repository is located within bedded salts about 657 m
(2,155 ft) below the surface and 390 m (1,300 ft) above sea level

(Figure II-1). 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) that do not support flowing water
(Figure II1-2). An interbed that forms a potential transport pathway, Marker
Bed 139 (MB139), located about 1 m (3.3 ft) below the repository interval
(Figure II-2), is about 1 m (3.3 ft) thick (Figure II-3), and is one of about
45 siliceous or sulfatic units within the Salado Formation consisting of
polyhalitic anhydrite (Figure II-4) (Lappin, 1988; Tyler et al., 1988). The
depths of the stratigraphic layers around three main shafts are tabulated in
Table II-1,
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Figure II-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) (Rechard, 1989).
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Stratigraphy at the WIPP
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Figure I1-3. Generalized Cross Section of Marker Bed 139. The figure shows the internal variability of
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TABLE Il-1. DEPTHS OF STRATIGRAPHIC LAYERS AROUND WASTE, EXHAUST, AND SALT HANDLING
SHAFTS (after Nowak et al., 1990)

Average Waste Exhaust Salt Handling
Depth Depth Diameter Depth Diameter Depth Diameter

Layer (m) (m) (m) (m) (m) (m) (m)
Surface 0.0 00 N/A 00 N/A 00 N/A
Top of Magenta 182.1 182.0 7.0 183.8 5.0 180.4 3.6
Bottom of Magenta 190.4 189.0 7.0 191.1 5.0 191.1 3.6
Top of Culebra 216.3 2149 7.0 217.6 5.0 216.4 3.6
Bottom of Culebra 223.7 2216 7.0 2243 5.0 225.2 3.6
Rustler/Salado contact 258.7 257.3 84 259.4 6.4 259.4 46
Top of Vaca Triste 411.6 411.2 6.1 412.7 46 410.9 3.6
Bottom of Vaca Triste 412.7 413.3 6.1 413.6 4.6 411.2 3.6
Top of station 653.8 654.4 7.0 654.4 4.6 652.6 3.6
Station 658.3 658.4 N/A 6575 N/A 659.0 N/A
Top of sump 658.7 658.4 7.0 N/A N/A 659.0 3.6
Bottom of sump 694.7 696.8 7.0 N/A N/A 692.5 3.6
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Parameters for Halite and Polyhalite within the 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).
The parameters for the Salado Formation near the repository are given in
Table II-2. The pdf for Salado permeability is given in Table II-3,

TABLE lI-2. PARAMETER VALUES FOR SALADO FORMATION NEAR REPOSITORY

Distribution
Parameter Median Range Units Type Source
Capillary pressure (pg) 23 7.98 x 109 Pa Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Relative
permeability (kpw) 0.0 1 none Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Capacitance (c) 3.2x1011  1x1011 1x10-10 Pa-1 Lognormal  Beauheim, 1990, Memo 3c (see
Appendix A)
Density, average (paye) 2.3x 103 kg/m3 Constant  Krieg, 1984, Table 4
Density, bulk (ppyulk)  2.14x 103 kg/m3 Constant  Holcomb and Shields, 1987, p.17
Permeability (k)
Undisturbed 35x1021  1x1022 3x1020 m2 Density Beauheim et al., 1990, Table 7-1
Disturbed 1x10°19 1x1020 1x10-18 m2 Lognormal  Beauheim, 1990, Memo 3¢ (see
Appendix A)
Porosity (@)
Undisturbed 1x102 1x103  3x102 none Cumulative Skokan et al.,1988; Powers et al.,1978;
Black et al., 1983
Disturbed 6x 102 none Constant  See text.
Repository pressure (p) 1.10x107 7x106  1.5x107 Pa Uniform Wawersik and Stone, 1985; z* g * pprine;
Beauheim, 1990, Memo 3c (see
Appendix A)

TABLE 11-3. PROBABILITY DISTRIBUTION FUNCTION FOR UNDISTURBED SALADO PERMEABILITY

Median Range Permeability Density Units Source

3.5x 1021 1x 1022 3x 1020 1x 1022 1.667 x 10-1 m2 Beauhsim et al., 1990, Table
7-1
2x1021* 1,667 x 10-1
2x 10-21 1.667 x 10-1
3x 1021 1.667 x 1071
4x 1021 1.667 x 10-1
5x 10-21 1.667 x 10-1
3x1020 1.667 x 10-1

Experimental values are repeated with a probability of 0.1667 rather than entered once with a probability of 0.3333 to ensure
that the exact value could be sampled. (See Figure II-8 for latter method.)

II1-7




Chapter 1I: Geologic Subsystem

CAPILLARY PRESSURE AND RELATIVE PERMEABILITY

Capillary pressures and relative permeabilities for the Salado halite, the
anhydrite layers, and waste have not been measured. As presented and
discussed in Davies and LaVenue (1990, Memo 11 [Appendix A]), natural analogs
were used to provide capillary pressure and relative permeability curves for
these lithologies. 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 1 x 10-16 to

1 x 10-19 m2 (1 x 101 to 1 x 10-4 mD). Although these permeabilities are
higher than those of the annydrites and halites, the sand was the material
found with the lowest permeability and also with measured capillary pressure
and relative permeability curves. The natural analog used for the waste room
was a poorly sorted, fragmented mixture of granulated clay, fragmented
sandstone, and volcanic sand as presented in Brooks and Corey (1964).

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

A
pt
se = |— (1I-1)
c

where A and pt are characteristic constants of the material. pt is commonly
referred to as the threshold displacement pressure. Brooks and Corey defined
Sg as

s, - (11-2)

where sy is the wetting phase saturation (brine) and sy, is the residual
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 gas
saturation, sgc:

S
s = v__Wr (11-3)
C wr
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Parameters for Halite and Polyhalite within the Salado Formation

After obtaining the effective saturation from Eq. II-3 the relative
permeability of the wetting phase (kyy) is obtained from

i ) (I1-4)

For the gas phase, the relative permeability (krg) is

2+A]
2 b
krg = (1 - se] 1 - So (II-5)

Although none of the parameters that are used in Eq. II-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 and LaVenue,
1990, Memo 11 [Appendix A]). The following values have tentatively been
selected for Salado halite; these values are preliminary and are likely to be
changed as measurements are made.

A=0.7

Pt = 23 MPa
Swyr = 0.2
sge = 0.2

The resulting values for capillary pressure and relative permeability are
shown in Figures II-5 and II-6, respectively. The values selected for the
anhydrites and waste room are discussed in later sections.

SALADO CAPACITANCE

Capacitance (c) is defined as c¢ = ¢fy + Bg where ¢ is Salado porosity, By is
brine compressibility, and 8¢ is the Salado compressibility or, alternatively,
the specific storativity divided by rock unit weight (Sg/v). For the Pa
compliance calculations, median values for porosity and brine compressibility
were used. Salado compressibility varied depending upon the weighted average
of compressibilities for individual rock types found near the repository (see
Table II-11). The weighted values for capacitance vary between 1.5 x 10-11 to
7.6 x 10-11 pa-1 (Beauheim et al., 1990; Beauheim, 1990, Memo 3c

[Appendix A]). For the PA compliance calculations, this range was slightly
expanded to 1 x 10-11 and 1 x 10-10 pa-1 and a lognormal distribution was
assigned (Figure II-7).
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Capillary Pressure for Halite [p (MPa)]
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Figure 1I-5. Assumed Capillary Pressure Curve for Salado Salt.
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Parameters for Halite and Polyhalite within the Salado Formation

Relative Permeability for
B "Pure” Halite
s K
w rw
i 0.000  0.000
0.200 0.000
P~ 0.210 0.000
0.220 0.000
0.230 0.000
™ 0.250 0.000
0.275 0.000
| 0.300 0.000
0.325 0.000
0.350 0.000
- 0.375 0.000
0.400 0.002
0.425 0.003
[— 0.450 0.006
0.475 0.010
B 0.500 0.017
0.525 0.028
0.550 0.043
- 0.575 0.064
0.600 0.093
0.625 0.133
B 0.650 0.185
0.675 0.255
L 0.700 0.344
0.725 0.457
0.750 0.601
- 0.770 0.740
0.780 0.820
0.790 0.906
- 0.800 1.000
1.000 1.000
| 1 i (] 1
0.0 0.2 0.4 0.6 0.8 1.0
Wetting Phase Saturation (s,)
TRI-6342-619-0
Relative Permeability Determined from Tight Gas Sands Analog for Halite Using Brooks

and Corey Model.
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Figure 1I-7. Lognormal pdf and cdf for Salado Capacitance.

DENSITY
Average Density Near Repository

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 lb/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 II-4). The sum of the thicknesses of all layers of
halite and argillaceous halite is 90.92 m (298.29 ft). Assuming that 99% of
this thickness is pure halite (89.12 m [292.39 ft]) with a grain density of
2,163 kg/m3 (135 1b/ft3) (see Table II-10) and that the remaining thickness
(17.94 m [58.86 f£t]) is anhydrite with a density of 2,963 kg/m3 (185 1b/ft3)
(see Table II-10) yields a weighted average density of 2,300 kg/m3

(144 1b/£ft3) (Krieg, 1984, p. 14).

Buik Density of Halite in Salado

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).

II1-12




Parameters for Halite and Polyhalite within the Salado Formation

PERMEABILITY
Undisturbed Permeability

Experimental results were used to define permeabilities in the intact and
disturbed Salado Formation (Table II-3) (Beauheim et al., 1990, Table 7-1).
Six measurements were available for the intact Salado: Pure halite was below
1 x 1021 m2 (1 x 10-6 mD) (assumed as 1 x 10°22 m2 [1 x 10-1 mD] herein but
possibly as low as 1 x 10-23 n2 [1 x 10-8 mD]); argilleous halite was between
2 x 10-21 and 3 x 10-21 2 (2 x 106 and 3 x 10-6 mD) (four measurements):
argilleous halite with a clay seam was between 5 x 10-21 and 3 x 10-20 p2

(5 x 106 and 3 x 10-3 mD) (Figure II-8).%

Disturbed Permeability

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

2x10% 1.0
7.4x 1072
2 3
2 3
8 e
- a
2 1x10% 3.5x 1072 {05 %
3 s
o >
o €
3
& (@]
® Mean
B Median
0 nnnnnnnnn | I S T Y A T N S S | I T T Y SR S SN SR 00
0 1x 1020 2x 10720 3x 10720

Permeability (m?)
TRI-6342-669-0

Figure 11-8. Experimental pdf and cdf for Salado Permeability.

*Refer to Tierney (1990a) for a discussion of how the density function shown
in Figure II-8 is constructed from Table II-3.
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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 1020 m2 (1 x 10-3 mD) (permeability at 0.95 of intact density
[Holcomb and Shields, 1987, Figure 4] 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 10-18 p2 (1l x 10-3 mD). The
median value was set about two orders of magnitude higher than the
corresponding median value for the intact Salado Formation.

POROSITY
Undisturbed Porosity

The median porosity is assumed to be 0.0l 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 1b/ft3)
for halite (see Table II-11) and a bulk density of 2,140 kg/m3 (133.6 1b/ft3)
(pp = (1-¢)pg) (see Table II-2). 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).

Disturbed Porosity

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 (Holcomb and Shields, 1987,
Figure 4) (0.95pp = (1-¢)pg). Some early PA calculations arbitrarily used
values of 0.03 without any noticeable influence on the results.

BRINE PRESSURE AT REPOSITORY LEVEL

In PA compliance calculations, brine pressure at the repository level is
assumed to vary uniformly between 7 MPa (69 atm) (about brine hydrostatic
pressure) and 15 MPa (148 atm) (lithostatic pressure based on hydraulic
fracturing experiments [Wawersik and Stone, 1985]) (Figure II-9). For a
uniform distribution, the median and mean value is 11 MPa (109 atm,) which
corresponds to the maximum far-field pore-pressure measured in the Salado
Formation (Beauheim, 1990, Memo 3c [Appendix A]).
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Figure l1-9. Uniform pdf and cdf for Brine Pressure at Repository Level.
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Parameters for Marker Bed 139
and Other Anhydrite Layers near Repository

Marker Bed 139 (MB139) is an interbed located about 1 m (3.3 ft) below the

repository interval and a potential transport pathway. Table II-4 provides
the parameter values for Marker Bed 139,

TABLE ll-4, PARAMETER VALUES FOR MARKER BED 139 AND OTHER ANHYDRITE LAYERS NEAR

REPOSITORY
Distribution
Parameter Median Range Units Type Source
Capillary pressure (p¢) 0.3 1.04x 108 Pa Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Relative
permeability (kpw) 0.0 1 none Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Density, grain (pg) 2,963 x 103 kg/m3 Constant  See text (anhydrite).
Permeability (k)
Undisturbed 1x1019  1x1020  1x10-18 m2 Lognormal Beauheim et al.,1990; DOE, 1989, 1.2
Disturbed 1x10°177  1x1019  1x 1013 m2 Cumulative Beauheim, 1990, Memo 3c (see
Appendix A)
Porosity (¢)
Undisturbed 1x102 1x103 3x102 none  Cumulative See text.
Disturbed 1x 10-1 none  Constant  Lappin et al., 1989, Table D-2
Thickness (Az) 9x 101 4x 101 1.25 m Cumulative Borns, 1985, Figure 3; DOE/WIPP

89-009; Krieg, 1984, Table |

CAPILLARY PRESSURE AND RELATIVE PERMEABILITY
The correlations for these values were developed as discussed in the section,
"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 (pt) and were taken from experimental data measured for the tight gas
sands (Ward and Morrow. 1985).

A =0.7

Pt = 0.3 MPa

Swr = 0.2

Sgc = 0-2
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Parameters for Marker Bed 139

Capillary pressures and relative permeabilities for these materials are given
in Figures II-10 and II-11, respectively.

DENSITY

The grain density of anhydrite tabulated in Table II-4 is a value reported in
the literature (Clark, 1966, p. 46).

PERMEABILITY
Undisturbed Permeability

The general consensus for the permeability of anhydrite layers in general, and
MB139 in particular, is a median value of 1 x 10-19 p2 (L x 10-% mD) and a
range of 1 x 10-20 to 1 x 10-18 n2 (1 x 10-5 to 1 x 10-3 mD) (DOE, 1989, §1.2;
Lappin et al., 1989). Beauheim et al. (1990, Table 7-1) reports two measured
permeabilities in MB139: 1 x 10-18 and 6 x 10-20 m2 (1 x 10-3 and

6 x 10-5 mD), which fall within this range.

Disturbed Permeability

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 two orders of magnitude
below the undisturbed median value. The highest permeability measured to date
in MB139 is 3.2 x 10-13 m?2 (3.2 x 102 mD) (Crawley, 1990) but was rounded down
to 1 x 10-13 p2 (1 x 102 mD), the value used for unmodified TRU waste.

POROSITY
Undisturbed Porosity

PA calculations have assumed an undisturbed porosity similar to the
undisturbed porosity of the Salado Formation as a whole.

Disturbed Porosity

The disturbed porosity of the anhydrite layers was set at 0.1. This value is
an order of magnitude increase above the undisturbed porosity. 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).
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Figure I-10. Estimated Capillary Pressure Curve for Marker Bed 139 and Other Anhydrite Layers near
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Parameters for Marker Bed 139

Relative Permeability of the Interbeds (k. krg)
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Estimated Relative Permeability for Marker Bed 139 and Other Anhydrite Layers near

Repository.
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THICKNESS OF INTERBED

The thickness for MB139 in the generalized stratigraphy of the site is about
0.9 m (3 ft) (DOE/WIPP 89-009) and is used as the median value. Because the
upper contact is irregular and undulates (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).
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Parameters for Castile Formation Brine Pocket

Pressurized brine in the Castile Formation is known to be present at the
WIPP-12 borehole north and at the Belco hydrocarbon borehole southwest of the
WIPP (Figure II-12). During the past 50 years, a number of hydrocarbon-
exploration boreholes have encountered pressurized brine in the Castile
Formation. Geophysical studies that are correlated with the known occurrence
of brine at WIPP-12 indicate the presence of brine to the south (Earth
Technology Corp., 1988). Based on these studies and on borehole experience,
the WIPP-12 brine pocket is assumed to extend underneath at least a portion of
the waste-emplacement panels (Lappin et al., 1989; Lappin, 1988).

The origin of Castile brine pockets is not conclusively known. Present
interpretations are that their origin is either local, by limited movement of
intergranular brines from adjacent Castile halites, or regional, by the
previous existence of a lateral hydraulic connection of the Castile Formation
with the Capitan reef (Lappin et al., 1989). The assumed presence of a
Castile brine pocket beneath the repository is of concern only in the event of
human intrusion. Hydraulic testing indicates that the WIPP-12 brine pocket is
dominated by fracture flow in a very tight anhydrite matrix and that the brine
pocket is limited in extent. A few laboratory estimates of permeability and
porosity of the Castile anhydrite have been made. The permeability of the
anhydrite core is less than 2 x 10-19 m2 (2 x 10-%4 mD) and the porosity values
range from 0.008 to 0.002 (Popielak et al., 1983),.

Table II-5 provides the parameter values for the Castile Formation Brine
Pocket.

BRINE POCKET MODEL

The high effective transmissivity of the Castile brine pocket inferred from
flow tests at the WIPP-12 borehole (Lappin et al., 1989; Popielak et al.,
1983) implies that, in the event of its connection to the Culebra Dolomite
through a sand-filled borehole, fluid flow rates from the brine pocket will be
controlled by the conductivity of the borehole fill and the area of the
borehole (Rechard et al., 1990; Reeves et al., 1990); hence, the pressure
gradients within the brine pocket will be small. Therefore, the brine pocket
state at any time can be characterized by a single pressure (the initial
pressure, pp(o) is a logical value).
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Parameters for Castile Formation Brine Pocket

TABLE II-5. PARAMETER VALUES FOR CASTILE FORMATION BRINE POCKET

Distribution
Parameter Median Range Units Type Source
Compressed
volume, initial {v;) 7 x 106 48x103  14x107 m3 Uniform Lappin et al.,1989, Table 3-19
Pressure, initial (pj) 1.27 x 107 7 x 106 1.74x 107 Pa Cumulative Lappin et al., 1989, Table 3-19;

Popielak et al., 1983

Assuming constant compressibility of the brine pocket components (fluid,
matrix, and gas), the pressure in the brine pocket will vary linearly with the
volume of brine removed as follows: dp/dV = 1/Sy where dp is the change in
brine pocket pressure, dV is the change in brine volume in the brine pocket,
and Sp is the bulk storage coefficient for the whole brine pocket.

Therefore, the essential characteristics of the brine pocket are contained in
two parameters (Figure II-13): the initial pressure of the brine pocket, pi,
and the bulk storage coefficient, Sp.

Initial Brine Pocket Pressure

Lappin et al. (Table 3-19, 1989) estimated the initial brine pocket pressure
from several wellhead measurements at WIPP-12 and other boreholes that
encountered pressurized Castile brine the range was between 7.0 and 17.4 MPa
(69 and 172 atm), with a median of 12.7 MPa (125 atm). The range between 7.0
and 9.4 MPa (69 and 93 atm) implies that should the Salado and Culebra be
connected to the brine pocket, the fluid would flow down into the brine
pocket. However, the range of pressures includes measurements in wells
completed at various elevations, and the correction for elevation has not been
made. A review of brine pocket pressure data is currently underway, but until
the review is complete PA calculations assumed all downward flow as upward
flow. The original sampling was done on a piecewise linear cumulative
distribution function between 7.0 and 17.4 MPa (69 and 172 atm) with a median
of 12.7 MPa (125 atm) (Table II-5 and Figure II-14).

Bulk Storage Coefficient

The bulk storage coefficient (Sp) can be estimated by examining the change in
pressure with volume (Ap/AV) for measurement of WIPP-12 and other boreholes
that encounter pressurized Castile brine. A review of the data is currently
underway. Until the review is complete, the bulk storage coefficient was
estimated from the ratio of inital pressure and inital compressive volume
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Figure lI-13.  Conceptual Model of Castile Brine Pocket Repository and Borehole Requires a Specified
Initial Brine Pocket Pressure and a Bulk Storage Coefficient (Change in Discharge Volume
with Change in Brine Pocket Pressure).
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Figure ll-14. pdf and cdf for Castile Brine Pocket Initial Pressure.

(pi/Vi), where Vi (Table II-5) was defined as the amount of brine discharged
in lowering the brine pocket potentiometric surface to the elevation of the
Culebra Dolomite,

PA calculations sampled from a uniform distribution for V; with a range of 4.8
x 103 to 1.4 x 107 m3 (1.7 x 102 to 4.9 x 108 ft3) (Figure II-15). The range
for Vi was estimated using the maximum values of radius and pressure defined
for the brine pocket in Lappin et al. (1989) and the storage coefficent value
used in calibrating the drill-stem test responses (8.5 x 10'5). (It was
assumed that brine was discharged from only the inner and middle zones in the
brine pocket model described in Lappin et al., 1989).

LOCATION OF CASTILE BRINE POCKET BELOW WIPP DISPOSAL AREA

Pressurized brines in the northern Delaware Basin have been encountered in
fractured anhydrites of the Castile Formation and in several hydrocarbon
exploration boreholes both north and northeast of the WIPP. In addition,
Castile brines were encountered southwest of the WIPP at the Belco Well, about
6.5 km (4 mi) from the center of the WIPP. During WIPP site characterization,
Castile Formation brine pockets were encountered in the WIPP-12 borehole,
about 1.6 km (1 mi) north of the center of the WIPP, and the ERDA-6 borehole,
about 8 km (5 mi) northeast of the center of the WIPP. The pressurized brines
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Figure 11-15. Uniform pdf and cdf for Castile Brine Pocket Initial Compressibility Volume.

were found only within the fractured portions of the anhydrite present in the
Castile Formation (Lappin et al., 1989).

A geophysical survey, using transient electromagnetic methods, was made in
1987 to determine the presence or absence of brines within the Castile
Formation under the WIPP disposal area (Earth Technology Corp., 1988).
Briefly, the electromagnetic method associates high electric conductivity with
fluid. The entire Bell Canyon Formation directly beneath the Castile
Formation (see Figure II-1) is a good conductor. However, in several places
underneath the WIPP disposal area, the depth to the first major conducting
media detected lay above the depth to the top of the Bell Canyon Formation
(1,250 m [4,100 ft] in the ERDA-9 borehole and 1,230 m [4,035 ft] in the Cabin
Baby-1 borehole) but always below the bottom of the Salado Formation (861 m
(2,824 ft] in ERDA-9 and 821 m {2,694 ft] in Cabin Baby-1) (Lappin et al.,
1989).

The depth to the bottom of the anhydrite in the Castile Formation is 959 m
(3,117 ft) in Cabin Baby-1, and estimated at 950 m (3,146 ft) in ERDA-9.
Assuming a maximum 75 m (246 ft) vertical uncertainty in the geophysical
soundings implies that high conductors less than about 1,025 m (3,363 ft)
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Parameters for Castile Formation Brine Pocket

could indicate brine within the anhydrite. Consequently, brine may be present
only in the anhydrite beneath the northern and northeastern edges of the
disposal area (Figure II-16) (Lappin et al., 1989). However, pressurized
brine pockets cannot be entirely discounted until the Bell Canyon Formation is
reached at about 1,250 m (4,100 ft) (1,200-m (3,937-ft) contour,

(Figure II-16).

Current PA calculations use the 1,200 m (3,937 ft) contour for defining the
locations of any brine pockets under the WIPP disposal area.
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Figure lI-16. Contour Map of Depth to First Major Conductor below WIPP Disposal Area (after Earth
Technology Corp., 1987).

I1-27




Chapter II; Geologic Subsystem

Parameters for Culebra Dolomite Member

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 7 m (23 ft) (at DOE-1 and
other locations) to 14 m (46 ft) (at H-7). The Culebra Dolomite is generally
considered to provide the most important potential groundwater-transport
pathway for radionuclides that are released to the accessible environment.
Accordingly, the WIPP Project has devoted much attention to understanding the
hydrogeology and hydraulic properties of the Culebra. (The Culebra Dolomite
has been tested at 41 locations in the vicinity of the WIPP.)

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
10-6 m2/s (0.93 ft2/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 m2/s

(0.93 ft2/d) and at least 1 x 10-%4 m2/s (93 ft2/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 (Lappin et al., 1989).

Parameter values for the Culebra Dolomite Member are given in Table II-6.

BULK DENSITY

The bulk density (pp) of the Culebra Dolomite Member was evaluated for 73 core
samples from 15 boreholes. The values vary between 2.78 x 103 and 2.84 x 103
kg/m3 (174 and 178 1b/ft3) with an average of 2.82 x 103 kg/m3 (176.7 1lb/ft3)
(Lappin et al., 1989; Kelley and Saulnier, 1990). The bulk density (pp) of
the clays (gypsum and corrensite) lining the fractures of the Culebra Dolomite
is 2.5 x 103 kg/m3 (156 1b/ft3) (Siegel, 1990, Memo 3a [Appendix A]).

DEPTH
The reported depth is the average depth between the top and bottom of the

Culebra Dolomite as measured in the three access shafts at the WIPP (see Table
II-1).
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TABLE I1-6. PARAMETER VALUES FOR CULEBRA DOLOMITE MEMBER OF RUSTLER FORMATION

Distribution
Parameter Median Range Units Type Source
Density, bulk (pp)
Dolomite 282x103  278x103 286x103 kg/m3 Normal Lappin et al.,1989, Table E-6
Clay 25x 103 kg/m3 Constant  Siegel, 1990, Memo 3a (see
Appendix A)
Depth, average (z) 2.20x 102 m Constant See test (Stratigraphy).
Dispersivity,
fongitudinal () 1x 102 5x 101 3x 102 m Cumulative Lappin et al.,1990, Table E-6
Fracture spacing (2B) 2 250x 101 7 m Cumulative Lappin et al.,1989, Table 1-2, Table
E6
Clay filling fraction (bg/b) 0.5 0.1 0.9 none Normal Siegel, 1990, Memo 3a (see
Appendix A)
Porosity
Fracture {¢) 1.5x 103 1.5x104 15x102 none Lognormal Lappin et al.,1989, Table 1-2,
Table E-6
Matrix (¢m) 15.2 0.028 0.303 none Density Lappin et al.,1989 Table E-8
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 x 101 m Constant  LaVenue et al.,1988, Table B-1
Tortuosity (7) 1.4x 1071 3x 102 33x101 none  Density Lappin et al., 1989 Table E-9

DISPERSIVITY

For moderate travel distances (on the order of kilometers), longitudinal
dispersivity (ay) roughly varies between 0.0l 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).

In turn, transverse dispersivity (ar) is usually linearly related to aj,. The
ratio of oy, to ar has been reported to vary between 5 to 100 (de Marsily,
1986) and 10 to 20 (Bear and Verruijt, 1987). Similar to Lappin et al.
(1989), ar = 0.loap, for PA transport calculations.

FRACTURE SPACING

Both horizontal and vertical fracture sets have been observed in core samples,
shaft excavations, and outcrops. A fracture spacing varying between 0.5 and
2.4 m (1.6 and 7.9 ft) has been interpreted for two travel paths at the H-3
borehole (Kelley and Pickens, 1986). Preliminary evaluation of the
breakthrough curves for the H-1l1 borehole tracer test suggests a fracture
spacing between 0.8 and 3 m (2.6 and 9.8 ft) (Lappin et al., 1989; Saulnier et
al., 1989; Stensrud et al., 1990). From these data, Lappin et al. (1989)
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suggested a minimum of 0.25 m (0.8 ft) and a maximum equivalent to the assumed
uniform thickness of the Culebra (7.7 m [25.3 ft]). Finally, the average
fracture spacing at the two wells (H-3 and H-11) is 1.7 m (5.6 ft). Table II-
6 and Figure II-17 round these values to the first digit and uses the average
of two wells as the median.

FRACTION OF CLAY FILLING IN FRACTURES

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 bo/b in the Culebra. Siegel (1990, Memo 3a [Appendix A]) recommended a
normal distribution with a maximum of 0.9 and a minimum of 0.1. Current PA
calculations used a median of 0.5 to estimate the fracture retardation.

POROSITY
Fracture Porosity

The fracture pofosities 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.
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Figure 1i-17. pdf and cdf for Culebra Fracture Spacing.
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Both H-3 and H-1l lie near the expected transport pathway. Assuming that the
porosity distribution is symmetrical, the average value was selected as the
median and used for PA calculations. Lappin et al. (1989) arbitrarily set the
minimum and maximum one order of magnitude to either side of this median.

Matrix Porosity

Matrix porosity has been evaluated by the Boyles’ law technique using helium
or air on 82 core samples from 15 borehole or hydropad locations near the WIPP
site and also by water-resaturation for 30 of the samples. From the Boyles'’
law technique, an average porosity of 0.152 was obtained, with a range of 0.03
to 0.30 (Lappin et al.,, 1989, Table E-8; Kelly and Saulnier, 1990).

STORAGE COEFFICIENT

Model studies of the Culebra (LaVenue et al., 1990, 1988; Haug et al., 1987)
have used a storage coefficient (S) of 2 x 10-3. The storage coefficient near
the WIPP ranges over two orders of magnitude (5 x 10-6 to 5 x 10-%4) and is the
basis for the range in Table II-6. However, based on sparse well test data
from 13 wells, the storage coefficient can range over four orders of magnitude
(1 x 10°6 to 1 x 10'2) in the Culebra (LaVenue et al., 1990, p. 2-18).

THICKNESS

The Culebra thickness reported in Table II-6 is the constant thickness used in
modeling studies reported by LaVenue et al. (1988, 1989) and used in PA
calculations. Figure II-18 shows the spatial variation of thickness (Az) in
the Culebra Dolomite Member estimated by interpolating using inverse-distance
squared weighting from the 10 nearest neighbors.

TORTUOSITY

Tortuosity (r) for the Culebra Dolomite Member was calculated from 15 core
samples from 15 borehole locations using the helium porosity and the formation
volume factor. The values range from 0.03 to 0.33 with an average of 0.14
(Lappin et al., 1989, Table E-9) (Figure II-19).

PARTITIONING COEFFICIENTS AND RETARDATION

A partitioning or distribution coefficient (Kgq), which describes the intensity
of sorption, is used to calculate the partitioning of species such as
radionuclides between the groundwater and rock and, thereby, calculate the
sorption capacity or retardation (R). A Kg value cannot be extrapolated with
confidence to physiochemical conditions that differ from those under which the
experimental data were obtained.
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Figure II-18. Variation of Culebra Member Thickness as Estimated by 10 Nearest Neighbors Using Inverse-
Distance-Squared Weighting.
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Figure II-19. pdf and cdf for Culebra Tortuosity.

The choice of recommended Kq cumulative distributions reported in Tables II-7
and II-8 are considered to be realistic in light of available data, but
require a number of subjective assumptions that ongoing experiments may
invalidate. At present, data for thorium, radium, and lead are grouped with

other values. 1In the future, we expect to have better data so that these
values will be listed separately,

General Rationale for Recommended Values

The general rationale for selecting the Kg value in each percentile of the cdf
follows (Tables II-7 and II-8). Separate Kgq distributions are given for the
dolomite matrix and the clays lining the fractures in the Culebra Dolomite
Member. In general, the recommended K3 values were reduced by several orders
of magnitude from experimental Kg data. Many of the Kgs reported for the
actinides are in the range of 10,000 to 100,000 mL/g (Lappin et al., 1989,

Table 3-14). The following summarizes the discussion presented in Lappin et
al. (1989).

The uncertainties in the composition of water in the Culebra Dolomite that
will be produced by mixing fluids from the repository and aquifer require that
large ranges of pH, Eh, organic content, and carbonate content of the
groundwaters be considered in choosing K3 values. These possible variations
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TABLE II-7. CUMULATIVE DENSITY FUNCTION FOR PARTITION COEFFICIENTS FOR CULEBRA
DOLOMITE MEMBER WITHIN MATRIX DOMINATED BY CULEBRA BRINE

Partition :
Element Median Range Coefficient Probability Units Source
Am 1.10x 10-1 0.0 3.80x 101 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
1x 101 0.25 Appendix A);
1.10x 101 0.50 Lappin et al., 1989, Table
2x 101 0.75 3-14, E-10, E-11, E-12
3.80x10:17 1.0
Cm 1x 101 0.0 1.20x 101 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
1x 101 0.25 Appendix A);
1x 101 0.50 Lappin et al., 1989, Table
2x 101 0.75 3-14, E-10, E-11, E-12
1.2x 101 1.0
Np 6x 104 0.0 1x102 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
5x 105 0.25 Appendix A);
1x 104 05 Lappin et al., 1989, Table
1x 102 1.0 3-14, E-10, E-11, E-12
Pu=Th 8 0.0 1.05 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
250x 102 0.25 Appendix A);
8x 102 0.5 Lappin et al., 1989, Table
1x 101 0.75 3-14, E-10, E-11, E-12
1.05 1.0
U=Ra=Pb 6x104 0.0 7.50x 103 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
6x 104 0.5 Appendix A);
1x10-3 0.75 Lappin et al., 1989, Table
750x 103 1.0 3-14, E-10, E-11, E-12
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TABLE II-8. CUMULATIVE DENSITY FUNCTION FOR PARTITION COEFFICIENTS FOR CULEBRA
DOLOMITE MEMBER WITHIN FRACTURE DOMINATED BY CULEBRA BRINE

Partition
Element Median Range Coefficient Probability Units Source
Am 3x 101 0.0 4,10x 10 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
2x 101 0.25 Appendix A);
3x10°1 0.5 Lappin et al., 1989, Table
5x10°1 0.75 3-14, E-10, E-11, E-12
4.1 1.0
Cm 5x 10°1 0.0 1.6 x 102 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
2x 10°1 0.25 Appendix A); ~
5x 101 0.5 Lappin et al., 1989, Table
27 0.75 3-14, E-10, E-11, E-12
1.6x102 10
Np 1x102 0.0 5x 102 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
1x103 0.25 Appendix A);
1x 102 0.5 Lappin et al., 1989, Table
2x 102 0.75 3-14, E-10, E-11, E-12
5x 102 1.0
Pu=Th 3x 101 0.0 4x 101 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
1x 101 0.25 Appendix A);
3x10°1 0.5 Lappin et al., 1989, Table
23 0.75 3-14, E-10, E-11, E-12
4x 101 1x10
U=Ra=Pu  1x102 0.0 5x 102 0.0 0.0 m3/kg Siegel, 1990, Memo 3a (see
1x103 0.25 Appendix A);
1x10-2 05 Lappin et al., 1989, Table
2x102 0.75 3-14, E-10, E-11, E-12
5x 102 1.0
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in solution chemistry could result in order-of-magnitude changes of the Kgs
from the values obtained in the experimental studies. The Kg values chosen
for each element are explained further below.

Culebra brine is assumed to dominate the groundwater chemistry. The Culebra
brine is represented by the average composition of a brine sample from well
H-2b and H-2c.

Plutonium, Americium, and Curium. Kg values for plutonium are decreased from the
values in Paine (1977), Dosch (1979), and Tien et al. (1983), because of the
potential effect of carbonate complexation and competition for sorption sites
by competing cations. Kg values for americium are decreased from cited values
because of the potential effects of organic complexation and competition. K¢
values for curium were decreased from the values listed in Tien et al. (1983)
based on the assumption of behavior similar to americium and europium.

Uranium and Neptunium. In general, low Kgs for uranium and thorium have been
measured in waters relevant to the WIPP repository. Low values (Kg = 1 or 10)
have been assumed here to account for the possible effects of complexation and
competition.

Thorium. There are very few data for thorium under conditions relevant to the
WIPP. Thorium Kg values were estimated from data for plutonium, a reasonable
homolog element for thorium (Krauskopf, 1986).

Radium and Lead. No Kg data are available describing the sorption of radium or
lead onto dolomite. This report assumes that these elements would sorb onto
trace clay particles within the dolomite (comprising ~3% by weight) and
assumes that the behavior of radium and lead would be similar, based on
homologous behavior in other environments (Tien et al., 1983). The PA
calculations further assumed that the behavior would be similar to uranium.

General Rationale for Constructing Cumulative Distributions

The general rationale for selecting the Kq value in each percentile of the
cumulative distribution follows (Tables II-7 and 1I-8).

Dolomite Matrix. A description of distributions for dolomite matrix is given
below.

100th percentile: The highest Kg value for each radionuclide for the Culebra
brine was used for the 100th percentile. If data for this brine were not
available, the highest minimum value of the ranges from experiments carried
out in WIPP Solutions A, B, and C (see Table 3-16 in Lappin et al., 1989) was
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used. The use of the minimum values introduces a degree of conservatism in
the distributions. Data from experiments that include organic ligands were
not considered.

75th percentile: The Kgq values for the 75th percentile represent a compromise
between the empirical data that show that sorption will occur under WIPP-
specific conditions and theoretical calculations that suggest that many
factors can decrease the extent of sorption significantly under other
conditions that are possible in the Culebra. The values are identical to
those used in Case I of Lappin et al. (1989, Table E-10).

50th percentile: The lowest reported Kg value for Culebra brine was used for
the 50th percentile. If no data for Culebra brine were available, the lowest
of the values reported for organic-free WIPP Solutions A, B, and C was used.

25th percentile: The 25th percentile represents conditions under which the
solution chemistry is dominated by the influx of inorganic salts from the
Salado and Castile Formations and includes the additional effects of organic
ligands. The Kg values are identical to those of Case IIB of Lappin et al.
(1989, Table E-10).

Oth percentile: The use of a Kq value of zero increases the conservatism of
the distribution because there is evidence some sorption will occur (Lappin et
al., 1989, Table 3-14).

Clay inFractures. A description of distributions for clay in fractures is given
below.

75th and 50th percentiles: The values in Table E-11 in Lappin et al. (1989)
and the lowest value for Culebra brine were compared; the larger of the two
values was used for the 75th percentile. The smaller value was used for the
50th percentile. If no data for Culebra brine were available, the lowest
value reported for WIPP Solutions A, B, and C (organic-free) was compared to
the value in Table E-11, and the smaller value was used for the 50th
percentile.

25th pércentile: The 25th percentile represents conditions under which the
solution chemistry is dominated by the influx of inorganic salts from the
Salado and Castile Formations and includes the additional effects of organic
ligands. The Kg values are identical to those of Case IIB of Lappin et al.
(1989, Table E-11).

Oth percentile: The use of a Kg value of zero increases the conservatism of
the distribution because there is evidence some sorption will occur (Lappin et
al., 1989, Table 3-14).
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Retardation

The retardation for the Culebra Dolomite matrix was calculated using the
standard expression for retardation in a porous matrix (Freeze and Cherry,
1979, p. 404):

Rp = 1 + ppKa/én (I1-6)

The retardation factor for the fractures was calculated from (Neretnieks and
Rasmusson, 1984):

Rf = 1 + ppKgbe/b (I1-7)
where

be = thickness of the minerals (e.g., clay) lining both sides of the
fracture (bg/b = 0.5, Table II-6)
b = fracture aperature
Kq = partition coefficient (Tables II-7 and II-8)
ém = matrix porosity (Table II-6)
pb = bulk density of material (Table II-6).

Figures II-20 through II-23 show the cumulative distributions for the matrix

retardation factor for plutunium, americium, neptunium, and uranium. Figures
II-24 through II-27 show the cumulative distribution for fracture retardation
for the same elements.

HYDRAULIC CONDUCTIVITIES FOR MODEL ZONES

Previous modeling studies of the Culebra (LaVenue et al., 1988; Haug et al.,
1978) carefully estimated the transmissivity field (T) by calibration to
undisturbed flow conditions within the Culebra. The most recent modeling
study (LaVenue et al., 1990) presented a model in which the transmissivity
field was estimated by the transient flow conditions generated by numerous
regional and local scale tests conducted in the Culebra Dolomite. However,
this most recent transmissivity field is possibly not unique because the
calibration process is an inverse problem. Hence, there is some uncertainty
associated with this field. Assigning uncertainty to this field is an
important task that the PA Division will examine during 1991; the zone
approach described below will not likely be used.

Until the study is complete, the PA Division chose to subdivide the Culebra
into fixed zones with nonoverlapping uncertainty ranges and distinct median
hydraulic conductivities (K=T/Az), where Az is the thickness. The hydraulic
conductivities were then sampled for each simulation (Table II-9) (interim
zone approach).
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Figure Il-24. Estimated pdf and cdf for Fracture Retardation for Plutonium.

2x10°3 1.0
952.625
b b >
i =
©
o
— °
1x 103 L i o
380.000 05 ¢
g
3
E
3
[&]
@® Mean
B Median
0 Lo uy Lo s i sy TP T TN ' SN 0.0
0 1x 103 2x10% 3x10% 4x10% 5x 103 6x 103
Partition Coefficient (k) (m¥kg)
TRIi-6342-688-0
Figure 11-25. Estimated pdf and cdf for Fracture Retardation for Americium.

II-41




Chapter lI: Geologic Subsystem

I1-42

0.3 1.0
> 02 (] z
= o
< 18.675 E
a o
2 14.000 105 G
a S
3 5
o 3
a [ £
0.1 : 3
L
[ ® Mean
W Median
0 0 [ id PETEEE BN S STA  A  A] | P ‘ N . . T 1. n il 00
0 10 20 30 40 50 60 70

Partition Coefficient (k) (m%/kg)

TRI-6342-689-0

Figure 11-26. Estimated pdf and cdf for Fracture Retardation for Neptunium.
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Selecting the location of the fixed zones was not straightforward. The
current zone locations were chosen mechanically except that the general trend
of progressively lower permeability when moving from west to east was
maintained. Two zone definitions were made: one using only the single well
transmissivity values (designated by numbers 1 to 8) and one using the single
well and pilot point (synthetic data) transmissivity values (designated by
letters A to M) (Table II-9). The latter indirectly incorporates the
calibration to transient well tests through the use of the pilot points.

The procedure for selecting zones consisted of (1) ordering the transmissivity
well values (either with or without pilot points) from smallest to largest,
(2) selecting "natural" break points to define groupings, and (3) selecting
rectangular-shaped zones that enclose all the wells in each grouping.

Figures II1-28 through II-31 show the resulting zones. No effort was made to
condition the results on the steady state pressure heads or transient
withdrawal tests (i.e., the resulting pressure heads from each transmissivity
field were not compared with the measured heads to reject those simulations
that strayed too far from the measured heads).

Although not a justification of this crude approach to incorporating
uncertainty in the transmissivity field into the PA calculations, the PA
results (Helton, 1990) were not greatly affected by abrupt changes in
transmissivity between zones since the results are currently dominated by the
wide range in solubilities for the waste (see Table III-1). The situation
will likely change when the range of solubilities is decreased.

Figure II-29 compares the initially kriged Logjo transmissivity field (LaVenue
et al., 1990, Figure 2.10a) with the zones based on single well tests.

Figure II-31 compares the transient calibrated kriged Log)g field (LaVenue et
al., 1990, Figure 5.22a) with the interim zones based on both single well
tests and pilot points.

PA models simulated groundwater flow in the Culebra Dolomite with a larger
regional domain, called the SECO Regional Domain. Figure II-32 shows the
zones without pilot points as defined for the regional domain. For these
zones, the boundary lines from Figure II-28 (LaVenue domain [1990]) were
extended as straight lines to the domain boundaries. Figure II-33 shows the
zones based on both single well tests and pilot points as defined for the
regional domain. Again, the zone boundary lines from LaVenue (1990) were
extended as straight lines to the domain boundaries.

Figures II-34 through II-49 represent the distributions for the hydraulic
conductivities for model zones.
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TABLE 1l-9. HYDRAULIC CONDUCTIVITY FOR ZONES IN CULEBRA DOLOMITE MEMBER

| 11-44

Hydraulic
Median Range Conductivity Probability Units Source
Zone 1 1.2x 10-5 27x106 55x105 27x106 0.14286 m/s  Brinster, 1990, Memo 8,
46x 106 0.14286 {see Appendix A)
96x106 014286
1.2x 105 0.14286
36x10° 0.14286
37x105 0.14286
55x 105 0.14286
Zone 2 3x108 9.9x 109 43x108 9.9x109 0.090909 m/s  Brinster, 1990, Memo 8,
1.2x 108 0.090909 (see Appendix A)
1.3x 108 0.090909
1.4x 108 0.090909
25x 108 0.090909
3x 108 0.090909
3.3x 108 0.090909
37x108  0.000909
39x 108 0.090909
42x 108 0.090909
43x108 0.090909
Zone 3 2.2x 107 1.3x107  32x107 13x107 02 m/s  Brinster, 1990, Memo 8,
1.4x 107 0.2 {see Appendix A)
22x 107 0.2
27x107 0.2
3.2x107 0.2
Zone 4 7.35x 108 3.5x 108 1.2x107 35x108 0.125 m/s  Brinster, 1990, Memo 8,
52x 108 0.125 {see Appendix A)
5.4x 108 0.125
6.5x 108 0.125
8.2x 108 0.125
8.4x 108 0.125
1x 107 0.125
1.2x 107 0.125
Zone 5 4.4x 106 4x106 48x106 4ax106 05 m/s  Brinster, 1990, Memo 8,
48x 106 0.5 (see Appendix A)
Zone 6 9.9x 10-12 m/s  Brinster, 1990, Memo 8,
; (see Appendix A)
; Zone 7 1.16x 104 1.6 x 10°5 2x 104 1.6 x 105 0.025 m/s Brinster, 1990, Memo 8,
7.1x105 0025 (see Appendix A)
i 1.6x 104 0.025
2x 104 0.025




Parameters for Culebra Dolomite Member

TABLE 1I-9. HYDRAULIC CONDUCTIVITY FOR ZONES IN CULEBRA DOLOMITE MEMBER (CONTINUED)

Hydraulic
Median Range Conductivity Probability Units Source
Zone 8 59x 108 m/s  Brinster, 1990, Memo 8,
(see Appendix A)
Zone A 26x104 1.6x 104 1x10°3 1.6x104* 01111 m/s  Brinster, 1990, Memo 9,
1.6x 10-4 0.1111 (see Appendix A)
1.6x 10-4 0.1111
21x104 0.1111
26x104 0.1111
3.30x 104  0.1111
6.5x 10-4 0.1111
6.5x 10-4 0.1111
1x 103 0.1111
Zone B 4x105 1.6x 105 1.3x104 16x105 0.25 m/s  Brinster, 1990, Memo 9
1.6x 105 0.25 (see Appendix A)
6.5x 105 0.25
1.3x 104 0.25
Zone C 52x 105 m/s  Brinster, 1990, Memo 9 (see
Appendix A)
Zone D 3.3x10%5 3.3x105 52x 105 3.3x105 0.2 m/s  Brinster, 1990, Memo 9
3.3x10% 0.2 (see Appendix A)
3.3x 105 0.2
41x105 0.2 '
5.2x10%5 0.2
Zone E 41x107 1.6x 107 1.3x10% 1.6x107 0.1111 m/s  Brinster, 1990, Memo 9
21x 107 0.1111 (see Appendix A)

26x 107 0.1111
3.3x107 0.1111
41x107 0.1111
1x 106 0.1111
1.3x 106 0.1111
1.3x 106 0.1111
1.3x 106 0.1111
Zone F 6.5x 106 26x 106 1.6x105 26x 106 0.2 m/s  Brinster, 1990, Memo 9
4.1x 106 0.2

(see Appendix A)
6.5x 106 0.2
1.3x 105 0.2
1.6x 105 0.2
Zone G 8.2x 108 1.3x10-8 1.6x107 1.3x108 0.05263 m/s  Brinster, 1990, Memo 9

3.3x108 0.05263 (see Appendix A)
3.3x108 0.05263
41x108 0.05263
41x108 0.05263

Experimental values are repeated with a probability of 0.1111 rather than entered once with a probability of 0.3333 to ensure
that the exact value can be reproduced during sampling. (See Figure 11-38 for latter method.)
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TABLE I[-9. HYDRAULIC CONDUCTIVITY FOR ZONES IN CULEBRA DOLOMITE MEMBER (CONCLUDED)

Hydraulic
Median Range Conductivity  Probability Units Source
(Zone G concluded) 5.2x 108 0.05263

5.2x 108 0.05263
5.4x 108 0.05263
6.5x 108 0.05263
8.2x 108 0.05263
8.2x 108 0.05263
8.2x 108 0.05263
1x107 0.05263
1.3x 107 0.05263
1.3x 107 0.05263
1.3x 1077 0.05263
1.3x 107 0.05263
1.3x 107 0.05263
1.6x 107 0.05263

Zone H 8.8x 107 3.3x107 41x105 33x107 0.3333 m/s  Brinster, 1990, Memo 9
88x107 0.3333 (see Appendix A)
4.1x 105 0.3333

Zone | 825x10-10  65x10-10  1x109 65x10-10 05 m/s  Brinster, 1990, Memo 9
1x 10 0.5 (see Appendix A)

Zone J 4.1x105 52x 106 73x105 52x106 0.2 m/s  Brinster, 1990, Memo 9
65x 106 0.2 (see Appendix A)

41x105 0.2
41x10% 0.2

‘ 7.3x 105 0.2

Zone K 1.3x 108 26x 109 33x108 26x109 0.1429 m/s  Brinster, 1990, Memo 9

1x108 0.1429 (see Appendix A)
1.3x 108 0.1429
1.3x 10-8 0.1429
2.6x 108 0.1429
3.3x108 0.1429
3.3x108 0.1429

Zone L 1.0x 10-11 m/s  Brinster, 1990, Memo 9 (see
Appendix A)

Zone M 6.5x 105 m/s Brinster, 1990, Memo 9 (see
Appendix A)
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Figure I1-28. Transmissivity Zones based on Steady-State Transmissivity Wells without Pilot Points
(Adjusted Data).
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Figure 11-30. Transmissivity Zones based on Steady-State Transmissivity Wells and Pilot Points (Adjusted
Data).
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Figure II-31. Comparison of Transient Calibrated Log{g Transmissivity Field (LaVenue et al., 1990, Fig.
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Figure l1-32. SECO Regional Domain with Zones Based on Single Well Tests.
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Figure 11-33. SECO Regional Domain with Zones Based on Both Single Well Tests and Pilot Points.
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Figure 11-34. pdf and cdf for Hydraulic Conductivity in Zone 1.
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Figure 1-35. pdf and cdf for Hydraulic Conductivity in Zone 2.
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Figure 11-36. pdf and cdf for Hydraulic Conductivity in Zone 3.
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Figure 11-38. pdf and cdf for Hydraulic Conductivity in Zone 5.
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Figure 11-39. pdf and cdf for Hydraulic Conductivity in Zone 7.
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Figure 11-40. pdf and cdf for Hydraulic Conductivity in Zone A.
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Figure lI-42. pdf and cdf for Hydraulic Conductivity in Zone D.
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Figure 11-43. pdf and cdf for Hydraulic Conductivity in Zone E.
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Figure lI-45. pdf and cdf for Hydraulic Conductivity in Zone G.
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Figure 11-46. pdf and cdf for Hydraulic Conductivity in Zone H.
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Figure 11-47. pdf and cdf for Hydraulic Conductivity in Zone I.

IT-59




Chapter l: Geologic Subsystem

II-60

Probability Density

Probability Density

4x 105

3 x10%

2x10°

1x 105

1.0
i >
: F
L «©

e}

L o
o o
o 4.1x107° 405 o
r - 2
: 3.3x 1075 =2
t £
o p=}
[ O
® Mean
[ B Median
L Rrwrern srrsrwwwrwrern | FWwwEw | PR | Y PN TR T e WP 0.0
0 2x10°° 4x10°° 6x10°° 8x 105

Hydraulic Conductivity (m/s)

Figure 11-48. pdf and cdf for Hydraulic Conductivity in Zone J.

6x 108

5x 108

4x108

3x 108

2 x 108

1x 108

TRI-6342-705-0

Hydraulic Conductivity (m/s)

Figure 1-49. pdf and cdf for Hydraulic Conductivity in Zone K.

1.0
@® Mean I
b B Median
; >
; 3
: 3
E 1.9x 108 £
[ 5 o
F 1.3x108 05 g
; k<
L >
i £
; >
[ O
E l—“—‘—
TN P A N S S R S S R S S | T T S Y OU
0 2x 1078 3x108 4x1078

TRI-6342-706-0
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Miscellaneous Geologic Material

TABLE li-10. MISCELLANEOUS GEOLOGIC MATERIAL

Distribution
Parameter Median Range Units Type Source

Anhydrite

Density, grain (pg) 2,963 x 103 kg/m3 Constant  Clark, 1966, p.46; Krieg, 1984, p.14
Halite

Density, grain (pg) 2.163 x 103 kg/m3 Constant  Carmichael, 1984, Table 2; Krieg,

1984, p.14; Clark, 1966, p.44

ANHYDRITE DENSITY

The published grain density of anhydrite (CaSO4) is 2,963 kg/m3 (185 1b/ft3)
(Clark, 1966, p. 46; Krieg, 1987, p. 14).

HALITE DENSITY

The published grain density of halite (NaCl) is 2,163 kg/m3 (135 1b/ft3)
(Carmichael, 1984, Table 2; Krieg, 1987, p. 14; Clark, 1966, P. 44)
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The WIPP repository is composed of a single underground disposal level
connected to the surface by four shafts. The repository level consists of an
experimental area at the north end and a disposal area at the south end. The
100-acre disposal area contains all of the underground facilities for waste
handling, waste disposal, operations, and maintenance.

The four shafts are (1) the Air Intake Shaft, 5 m (16 ft) in diameter; (2) the
Exhaust Shaft, 4 m (13 ft) in diameter, (3) the Salt Handling (C&SH) Shaft, 3
m (10 ft) in diameter, and (4) the Waste Shaft, 6 m (20 ft) in diameter. The
Waste Shaft is designed to permit the transport of radioactive waste between
the surface waste-handling facilities and the underground disposal area and
also provides access for personnel, materials, large equipment, and diesel
fuel. The shafts will be sealed upon decommissioning of the WIPP (Figures
ITII-1 and III-2) (Nowak et al., 1990).

All of the underground openings are in the same stratigraphic interval, which
dips slightly to the south, and are rectangular in cross section. The
disposal area drifts are generally 4 m (13 ft) high by 8 m (26 ft) wide; the
disposal rooms are 4 m (13 ft) high, 10 m (33 ft) wide, and 91 m (300 ft)
long. Other drifts range from about 2 to 4 m (7 to 13 ft) high and 4 to 8 m
(13 to 26 ft) wide. The width of the pillars between rooms is 30 m (100 ft).
The drift entries to the disposal areas will be sealed to isolate the disposal
panels. The reference design uses a multiple-component seal approximately 40
m (131 ft) long (see Figures I-2 and II-16 for seal locations) (Nowak et al.,
1990). The conceptual design for sealing MB139 directly underneath the
disposal area envisions a salt-based grout, if sealing is necessary (Nowak and
Tyler, 1989) (Figure III-3).
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Figure Il-1. Diagram of Typical Backfilled and Sealed Access Shaft (after Nowak et al., 1990).
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Figure lll-2.  Diagram of Typical Multicomponent Seals. The drawing shows a seal between water-bearing
units (e.g., Culebra Dolomite) (upper left) and part of the Lower Shaft Short-Term Seal (e.g.,
at Vaca Triste) for Waste Shaft (upper right) (after Nowak et al., 1990).
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Figure Ill-3. Diagram of Typical Multicomponent Seal for Drifts and Panels (after Nowak et al., 1990).
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Seal Material Parameter Values for Crushed Sait

Sandia has developed a reference design for sealing and backfilling the WIPP
repository (the previous section presented a brief overview) (Nowak et al.,
1990; Nowak and Tyler, 1989). The purpose of the reference design is to
provide a common basis for calculations such as performance assessment and
sensitivity analysis. The reference design is a starting point for developing
experiments and analysis from which a detailed conceptual design will evolve.

The current PA calculations examine the human-intrusion scenario, not the
undisturbed scenario. In a human-intrusion scenario, the borehole is assumed
to bypass the seal material. Therefore, the current calculations did not use
the data for the seals. The calculations for the undisturbed scenario were
run earlier and reported in Rechard et al. (1990) and Marietta et al. (1989).
The parameter values for the seal material are reported in Rechard et al.
(1990, Appendix A).
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The TRU waste, generated at defense-program facilities, consists of laboratory
and production trash such as glassware, metal pipes, solvents, disposable
laboratory clothing, cleaning rags, and solidified sludges. The trash is
contaminated by alpha-emitting transuranic elements with atomic numbers
greater than uranium-92, half-lives greater than 20 yr, and curie contents
greater than 100 nCi/g. Other contaminants include radionuclides with half-
lives less than 20 yr, such as plutonium.

Approximately 60% of the waste may also be co-contaminated with waste
considered hazardous under the RCRA, e.g., lead (WEC, 1989). Current plans
specify that most of the TRU waste generated since 1970 will be placed in the
WIPP repository, with the r 'mainder to be disposed of at other DOE facilities.

Although only about one-third of the waste currently exists, the WIPP, if
licensed, will ultimately dispose of about 1.2 x 105 m3 (4.2 x 106 ft3) of TRU
waste. The design storage volume is 1.7 x 105 m3 (6.2 x 106 £t3) within the
4.3 x 105 m3 (1.5 x 107 ft3) of excavated volume. Radioactive waste emitting
alpha radiation, although dangerous if inhaled or ingested, is not hazardous
externally, and can be safely handled if confined in a sealed container (i.e.,
contact-handled [CH]). The projected CH-TRU waste consists of about 380,000
0.21-m3 (55-gal) steel drums, 6,000 3.2-m3 (113-ft3) steel and plywood boxes,
and 13,500 1.8-m3 (64-ft3) steel boxes (IDB, 1988). The total curie content
of the CH-TRU waste is about 9.2 x 106 Ci (2.5 x 10-4 Bq). The wvalue of 5.08
x 106 ci [1.38 x 10-4 Bq] was used to calculate the multiplier (waste unit)
for Table 1 in Appendix A of 40 CFR 191. Although a room can ideally store
6,800 noncompacted drums stacked three deep, each of the 56 rooms and
associated access drifts (about 63 room equivalents) will contain a repository:
average of 5,200 drum-equivalents.

A small portion of the TRU waste must be transported and handled in shielded
casks (remotely handled [RH]). The total curie content is being determined
but must be less than.5.1 x 109 Cci (1.39 x 10-4 Bq) according to the agreement
between DOE and the State of New Mexico (U.S. DOE/NM, 1984). The RH-TRU
containers will be stored horizontally in the walls of the rooms. All CH- and
RH-TRU waste must meet the WIPP Waste Acceptance Criteria (WEC, 1985) and be
certified for shipment to the WIPP. Table III-1 .provides the parameter values
for unmodified waste.

CAPILLARY PRESSURE AND RELATIVE PERMEABILITY
The correlations for these values were developed as discussed in the Chapter

IT section, "Parameters for Halite and Polyhalite within the Salado
Formation." Preliminary pa—ameter values were obtained from Brooks and Corey
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TABLE lii-1. PARAMETER VALUES FOR UNMODIFIED TRU WASTE

Distribution
" Parameter Median Range Units Type Source
Capillary pressure (p¢) 2x 103 1.18x 104 Pa Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Relative
permeability (krw) 0.0 1 none Table Brooks and Corey, 1964; Ward and
Morrow, 1985
Drilling Erosion Parameters
Relative
roughness (/D)  2.5x 102 1x 102 4x 102 none Uniform Strester and Wylie, 1975,
Figure 5.32.
Shear strength (7¢4j)) 1 Pa Constant  Sargunam et al., 1973
Gas generation
Rates
Corrosion 6.3x 102 2x 103 2 Mol/DrYr®  Loguniform Brush and Lappin, 1990, Memo 4
(see Appendix A); Lappin et al., 1989,
p.4-84
Microbiological 3.2x10°2 1x10-3 1 Mol/DrYr*  Loguniform Brush and Lappin, 1990, Memo 4
(see Appendix A); Lappin et al., 1989,
p.4-84
Potential
Corrosion 9x 102 Mol/DrEq** Constant Lappin et al.,1989, p.4-10
Microbiological 6x 102 Mol/DrEq** Constant Lappin et al., 1989, p.4-7
Molecular diffusion (D°) 24x 1010 48x 1011 43x1010 m2/s Uniform Lappin et al., 1989, Table E-7
Permeability (k) 1x 10-13 m2 Constant  Lappin et al.,1989, Table 4-6
Porosity (¢) 1.9x 10-1 none Constant See text; Butcher, 1990a; Lappin et
al.,1989, Table 4-6
Solubility (C°)
Am, Np, Pb, Pu,
Ra, Th, U 2.4x107 24x10°10 24x104  kg/kg Loguniform Lappin et al.,1989, p.4-29

* mole/drum-equivalent/yr
** mole/drum-equivalent

A =2.89

Pt = 2.02 kPa

S = 0.276

sgc = 0.07

Capillary pressures and relative permeabilities for waste are shown in

Figures III-4 and III-5, respectively.
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Figure lli-4. Estimated Capillarity Pressure Curve for Unmodified Waste.
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Figure lII-5. Estimated Relative Permeability for Unmodified Waste. .
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(1964). Their experimental data for a "fragmented mixture of granulated clay,
fragmented sandstone, and volcanic sand" are used.

DRILLING EROSION PARAMETERS

Two waste-dependent parameters influencing the amount of material that erodes
from the borehole wall during drilling are shear stress generated by the
drilling fluid (mud) and waste shear strength.

Waste Relative Roughness

For turbulent flow, the shear stress of the drilling fluid (mud) acting on the
borehole wall is dependent upon the relative surface roughness (&/D) at the
repository level. The current value chosen for PA calculations corresponds to
riveted steel piping (Moody diagram) (Streeter and Wylie, 1975, Figure 5.32).

Waste Shear Strength

The PA Division assumed a shear strength (rfzi]) for the unmodified waste of 1
Pa (9.9 x 10-6 atm), a value at the low end of the range for montmorillonite
clay (Sargunam et al., 1973).

GAS GENERATION
Gas Production Rates

In Lappin et al. (1989, pp. 4-4 to 4-13), Brush estimated an upper bound on
the rate of production of Hy from anoxic corrosion of iron and iron-based
alloys as about 2 moles/drum equivalent/yr and production rate of various
gases (e.g., CO2, N9, H2S, and CHy) from microbial degradation of cellulosics
as about 1 mole/drum equivalent/yr.* The Hp-generation rate assumes all the
iron is 1.52-mm thick (less than 1/16 in.) and the iron is bathed in brine.
(The wall thickness of drums is 1.52 mm; drums comprise about 47% of CH iron
waste). The microbial gases are assumed to arise from the degradation of
cellulosic material and rubbers in waste. The 1 mole/drum equivalent/yr from
microbial activity is estimated from CO9 generation in laboratory experiments
conducted for 3 months using various cellulose matrices (e.g., paper, cloth,
and plywood) (Molecke, 1979).

Brush and Lappin (1990, Memo 4 [Appendix A]) estimated a lower bound on the
production of Hy from anoxic corrosion and various gases from microbial

*Although more significant figures were reported in Lappin et al. (1989,
p. 4-84) and Brush and Anderson (1989) for these rates, the nature of the
estimates do not justify more significant digits.
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undisturbed Salado Formation. (Whether anoxic corrosion can occur without
condensed H70 is still an open question and is being explored in laboratory
experiments.) Furthermore, they proposed a loguniform distribution to sample
equally in each decade of the three order of magnitude range (presumably when
the amount of brine in the waste is unknown.)

A test plan for laboratory experiments (Brush, 1990) and in-situ gas
production experiments using real waste at the WIPP (Lappin et al., 1989)
describe experiments currently planned to substantiate these speculations.

Gas Generation Potential

Without a detailed knowledge of the mechanisms by which gas may be produced,
the gas generation potentials can only be calculated based on the amount of
waste received at the WIPP. Based on information in 1988 (IDB, 1988; Lappin
et al., 1989, p. A-119), Sandia estimated a gas generation potential from
corrosion of about 900 mole/drum equivalent and from microbial degradation of
about 600 mole/drum equivalent. Because estimates of the volume of CH waste
are decreasing, but the volume of RH waste is increasing, these values will
change. To maintain consistency with previous Sandia calculations, the PA
Division chose to use the 1988 numbers for the current calculations. Future
work however, will incorporate newer estimates of total volume as well as
results from experiments, which may place upper limits on the maximum
potential of converting the estimated total volume into gas.

MOLECULAR DIFFUSION

Although molecular diffusion varies with each species and the concentration of
ions (e.g., Nat from brackish water), most of the computer programs used by
the PA Division use a single value. To be safe, molecular diffusion was
assumed to be uniformly distributed (Figure III-6) with a range chosen to
encompass the extremes for the radionuclides (Lappin et al., 1989, Table E-7)
4.8 x 10-11 to 4.3 x 10-10 m2/s (4.5 x 10-5 to 4.0 x 10-% ft2/d) with a mean
of 2.4 x 10-10 n2/5 (2.2 x 10-4 ft2/4).

PERMEABILITY

The permeability of the overall waste is estimated by combining the estimated
individual permeabilities (on the scale of a barrel) of combustibles (plastic,
gloves, pine wood, and rags), metal/glass (including corroded and uncorroded
steel), and sludges (liquid waste mixed with cement). Preliminary estimates
for the individual components from a few permeability tests are tabulated in
Table III-2 (Butcher, 1990, Memo 5 [Appendix A]):
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Figure 11i-6. Uniform pdf and cdf for Culebra Molecular Diffusion, D°.

TABLE llI-2. PRELIMINARY PERMEABILITY ESTIMATES FOR INDIVIDUAL COMPONENTS

Waste Component Volume (%) Median (mD)* Range (mD)
Combustibles 40 17 2 200
Metals/glass 40 500 4 1200
Sludges 20 0.12 0.011 0.17

*mD = millidarcy; 1 darcy = 9.87 x 10-3 m2

The permeability for the combustibles is estimated from a few tests on
simulated waste. After crushing a mixture of 60% by weight of pine cubes and
40% of rags for 30 days at 14 MPa, the permeability started at 2 x 10-13 p2
(200 mD) and dropped to 2 x 10-15 p2 (2 mD), which defined the maximum range
for combustibles. (A similar test had a steady permeability of 1.3 x 10-14 p2
(13 mD); two tests on a mixture of 40% plastic bottles, 40% PVC parts, and 20%
gloves had permeabilities of 0 and 2.5 x 10-4 m2 [0 and 25 mD].) The median
permeability of 1.7 x 10-14 p2 (17 mD) for combustible waste was estimated
from the average of two tests on a simulated waste mixture consisting of 45%
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of the above plastics and 37% of the above wood mixture plus 9% 1l-inch metal
parts and 9% dry Portland cement.

The maximum and median values for permeability of the metals and glass
component of the waste were estimated using 50% l-inch metal parts and 50%
magnetite that were crushed for one day. The latter material represented the
corroded metal. One test had an initial permeability of 5.0 x 10-13 p2

(500 mD) (used as the median value), but dropped to 4 x 10-15 p2 (4 mD) (used
as the minimum value). (A second test had a steady permeability of 1.1 x
10-14 p2 [11 mD].) The maximum permeability is the value estimated for
uncorroded metal waste in Lappin et al. (1989, p 4-56).

Performance Assessment assumed that the permeabilities of each component were
uniformly distributed among the minimum, median, and maximum values given
above. Consequently, the distribution of local permeability (i.e., the
effective permeability of a collapsed barrel) was the weighted sum of uniform
distributions.

It is easily verified that the expected permeability (E(k)) of the resulting
probability density function on the scale of a barrel (0.27 m3 or 9.5 ft3) is

E(k) = pperm = JKkE(n)dn = 1.7x10-13 m2 (III-1)
and the coefficient of variation [V(k)]1/2/E(k) is

([V(k)]1/2/E(K)2 = (o/pperm)
= (n2£(n)an) /2 /uperm = E(k - w)211/2/pperm = 1.22 (I11-2)

where

E(k) = expectation of k
V(k) = variance of k

Provided the fraction of waste components (combustibles, metal, and sludges)
does not vary significantly or is spatially correlated, the central limit
theorem guarantees that the probability density function on a repository scale

will be normal. The permeability mean is (Tierney, 1990, Memo 6, [Appendix

Al)
E(keff) = Mperm(1+aZ/L)/(1+a2) = 1.6x10-13 (I11-3)
and the coefficient of variation is

[V(keff) 11/2/E(kess) = B2(1+a2)/[pperm(1+a?) (1+4a?)] = 1.2x10°2  (III-4)
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where
a? = (o/u)2/MN
B2 = o2/MN
M = number of replications of the unit (waste barrel) across a room (~17)
N = number of replications of the unit vertically (3)
L = number of replications of the unit down the length of the room (~150).

The mean varies only slightly with the permeability estimate in Lappin et al.,
1989. To be consistent with this and other previous works, the PA Division
usually used a value of 1 x 10-13 p2 (100 mD). (In some cases, the
permeability was decreased to 1 x 10-15 n2 (1 mD) for numerical stability.
This change has no noticeable effect on results [Rechard et al., 1989, Figure
4-21.)

Because the coefficient of variation is so small, the PA Division did not
sample on waste permeability. This conclusion may change as information on
the variability (variance) of the volume fraction of waste components in the
repository and any spatial correlation become available. The variance of the
volume fraction of waste components will add directly (not reduced by the
central limit theorem) to the waste unit variance (expressed above in Eq. III-
4 as a coefficient of variation).

POROSITY

Similar to the permeability calculations presented above, the porosity of the
overall waste was estimated by combining, by volume, the estimated individual
porosities (on the scale of a barrel) of combustibles (plastic, gloves, pine
wood, and rags), metal/glass (including corroded and uncorroded steel), and
sludges (liquid waste mixed with cement). Preliminary estimates for the.
individual components from estimates of the density at 15 MPa (148 atm) and
without any porosity are tabulated in Table III-3 (Butcher, 1990, Memo 5
[Appendix A]).

TABLE IlI-3. PRELIMINARY POROSITY ESTIMATES FOR INDIVIDUAL COMPONENTS

Waste Component Volume (%) Median Range

Combustibles 40 0.014 0.087 0.18
Metals /glass 40 0.40 0.33 0.44
Sludges 20 0.1 0.01 0.22
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Performance Assessment assumed that the porosities of each component were
uniformly distributed among the minimum, median, and maximum values given
above. Consequently the distribution of local porosity (i.e., the effective
porosity of a collapsed barrel) was the weighted sum of uniform distributions.

It is easily verified that the expected value (E(¢)) of the resulting
probability density function is

E($) = ppor = Jé£(n)dn = 0.19 (I11-5)

and the variance (V(¢)) is

V($) = opor? = J#2£(n)dn = E[(¢ - p)2] = 0.029
(¢ = 0.17, o/p = 0.59) (1I1I1-6)

Provided the fraction of waste components (combustibles, metal, and sludges)
does not vary significantly or is spatially correlated, the central limit

theorem guarantees that the probability density function on a repository scale
will be normal with a mean of (Tierney, 1990, Memo 6, [Appendix A])

E(¢eff) = p = 0.19 (I11-7)
and a coefficient of variation of

V(petf) /2/E(beff) = o/ (MNppor) = 2.0x10-2 (I11-8)
where

M = number of replications of the unit (waste barrel) across a room (~17)
N number of replications of the unit vertically (3).

Because the coefficient of variation is so small, the PA Division did not
sample on waste porosity. This conclusion may change as information on the
variability (variance) of the volume fraction of waste components in the
repository and any spatial correlation become available. The variance of the
volume fraction of waste components will add directly (not reduced by the
central limit theorem) to the waste unit variance (expressed above in Eq. III-
8 as a coefficient of variation).

SOLUBILITY
The extreme range in solubility (C°) listed in Table III-1, 2 x 10-10 to
2 x 104 kg/kg (1 x 10-9 to 1 x 10-3 molar) conservatively bounds the

solubility of radionuclides that may occur within subregions of the barrels
(Lappin et al., 1989, p. 4-29). The uncertainty in effective solubility
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results in part from the sparseness of data on radionuclide solubilities in
the highly concentrated brines (about 6 molar) which may be present within the
WIPP in the event of human intrusion (Brush, 1990). There is also potentially
broad local variability in Eh and pH within the waste-emplacement rooms,
especially for unmodified wastes, because of locally variable. radionuclide
concentrations and concentrations of organic matter. Therefore, for
unmodified wastes, there may be a broad range of local solubilities within the
repository, even at steady state. This variability is expected to occur over
distances of centimeters (Brush, 1990). However, local variation does not
translate into a lumped parameter variation unless there is specified
correlation or wide variation in expected volumes of total metdal/glass,
combustibles, and sludges, because of the central limit theorem.

The currently estimated range in effective radionuclide solubilities is
intended to include effects of possible colloid formation within the
repository. The present conservative assumption is that colloidal materials
would be completely transportable, i.e., that they would not be sorbed or
precipitated within the repository.

At present, WIPP experts (Brush and Lappin, 1990, Memo 4 [Appendix A]) have
conservatively chosen to use the "microscopic" range for the "macroscopic"
lumped parameter. As in the past, the PA Division has sampled using a
loguniform distribution within this six order of magnitude range, which
ensures that each order of magnitude of radionuclide solubility is equally
represented in the simulations (Figure III-7). Furthermore, the same
solubility was assigned to each radionuclide (i.e., the solubility of each
radionuclide was assumed to be perfectly correlated). This assignment
accentuated the effects at the extremes of solubility and elevated the
importance of solubility on sensitivity results (see Helton, 1990).
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Preliminary calculations suggest compliance with 40 CFR 191, Subpart B can be
achieved for the repository as currently designed (Bertram-Howery et al.,
1990; Marietta et al., 1991; Bertram-Howery and Swift, 1990). However,
potential modifications to the present design of the repository and waste are
being explored. In the current PA calculations, waste modification is
simulated using modified values for waste permeability, porosity, and shear
strength (Table III-4). These values correspond to hypothetical properties of
combustible and metallic waste that has been shredded, mixed with crushed salt
to reduce void space, and repackaged in new containers. All other parameters
for the modified waste remaine identical to those of the unmodified waste
(Table III-1).

TABLE Ill-4. PARAMETER VALUES FOR SALT-PACKED WASTE WITH SHREDDED METAL

Distribution
Parameter Median Range Units Type Source

Drilling Erosion Parameters

Shear strength (744j)) 5 Pa Constant  Sargunam et al., 1973
Permeability (k) 2.4x10°17 m2 Constant  See text
Porosity (¢) 8.5x 102 none Constant  See text; Butcher, 1990a
Solubility (C°)

Am, Np, Pb, Pu,

Ra, Th, U 24x 107 24x1010 24x 104 kg/kg  Loguniform Lappin et al.,1989, p. 4-29

PERMEABILITY AND POROSITY

The permeability and porosity of the overall modified waste were calculated
using the central limit theorem on the estimated distribution of permeability
on a local scale (scale of a barrel). The hypothetical distributions used on
the local scale are tabulated in Table III-5 as follows:
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TABLE llI-5. ESTIMATED PERMEABILITY AND POROSITY DISTRIBUTIONS

Permeability Porosity Probability
10-16 0.12 1.0
10-19 0.08 0.5
10-21 0.06 0.0

It is easily verified that the expected permeability (pperm) and porosity
(ppor) of the resulting probability density function on the scale of a barrel
(0.27 m3 or 9.4 ft3) are

pperm = JkE(n)dn = 2.4x10-17 m2 (III-9)

bpor = 0.085 (III-10)
and the coefficients of variation (o/u) are

(U/ﬂ)perm = 1.29 (III‘ll)

(o/w)por = 0.20 (III-12)
Provided the fraction of waste components (combustibles, metal, and sludges)
does not vary significantly or is spatially correlated, the central limit
theorem guarantees that the probability density function on a repository scale

will be normal. Consequently, porosity has a mean of (Tierney, 1990, Memo 6
[Appendix A])

E(deff) = ppor = 0.085 (III-13)

and a coefficient of variation of

V(petrf)1/2/E(bets) = opor/ (Mupoy) = 2.5x10-2 (I11-14)
where
M = number of replications of the unit (waste barrel) across a room (~17)
- N = number of replications of the unit vertically (3).

For permeability, the mean is (Tierney, 1990, Memo 6 [Appendix A])

E(keff) = ppor(1+a?/L)/(1+a2) = 2.4x10-17 m? (I1I-15)
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and the coefficient of variation is

V(keff)1/2/E(kefg) = B2(1+a2) /[ ppor (1+a2) (1+4a2)] = 1.2x10-2 (I11-16)
where
a2 = (o/u)2/MN
B2 = o2 /MN
M = number of replications of the unit (waste barrel) across a room (~17)
N = number of replications of the unit vertically (3)
L = number of replications of the unit down the length of the room (~150).

Because the coefficient of variation is so small, the PA Division did not
sample on either waste permeability or porosity. This conclusion may change
as information on the variability (variance) of the volume fraction of waste
components in the repository and any spatial correlation become available.

DRILLING EROSION PARAMETERS
Waste Shear Strength

The PA Division assumed a shear strength (t£ai1) for the modified waste of 5
Pa (49 atm), a value at the upper end of the range for montmorillonite clay
(Sargunam et al., 1973).

SOLUBILITY AND LEACHABILITY

The solubility and leachability of the radionuclides will likely change;
however, quantifying this change is difficult and has not yet been attempted
for the PA calculations. Consequently, as with the unmodified, reference
waste, the overall solubility ranges are the same as the extreme local scale
(subregions within the barrel) solubility; the leach rate from the
contaminated material is assumed infinite.
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Parameter Values for Radionuclides

Current analyses have used projected inventories in the calculations for
contact-handled (CH) and remotely handled (RH) TRU waste. The projected
inventories can vary from year to year based on input to the Integrated Data
Base. To avoid these fluctuations, future work may shift to using the design
inventory. (The design inventory assumes that the repository is filled to
maximum capacity.)

Table III-6 provides the parameters for TRU radionuclides.
RADIONUCLIDE HALF-LIFE

The half-lives for each radionuclide listed was the value as reported in the
literature by ICRP Publication 38 (ICRP, Pub 38, 1983).

INVENTORY FOR CONTACT-HANDLED WASTE

The projected inventory of radionuclides in waste that can be safely handled
if confined in sealed containers (i.e., contact-handled [CH]) is the same as
reported in Lappin et al. (1989). The projected total curie content is about
9.2 x 106 Ci (2.5 x 10-%4 Bq) (of which 5.08 x 106 Ci [1.38 x 10-%4 Bq] is
regulated). This inventory was based on input to the 1987 Integrated Data
Base (IDB) (IDB, 1987). The input to the IDB does not contain the inventory
of each radionuclide. Rather, the inventory of each radionuclide was
calculated based on knowledge about the mix of waste streams that was
reported. ‘The projected total curies in the 1990 IDB (IDB, 1990) has
decreased by about 20% from the 1987 IDB values currently used in PA
calculations. The projected total volume has decreased by about 30%.

This initial inventory is used for source-term calculations in the PANEL
module of CAMCON (Rechard et al., 1991) (i.e., PANEL). In this module, PANEL
calculates all daughters from this initial inventory (the complete chains).
However, abbreviated chains derived by eliminating all radionuclides with
half-lives less than a few hours and Th-234, which has low radiologic
toxicity, are shown below for reader reference.
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Parameter Values for Radionuclides

TABLE 1lI-6. INVENTORY AND PARAMETER VALUES FOR TRU RADIONUCLIDES

Parameter Value Units Source
Am241
Half-life (t1/2) 1.364 x 1010 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 6.3x 105 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 1.3x 103 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Cf252
Half-life (t1/2) 8.325 x 108 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 2.0x 103 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 2.4x103 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Cm244
Halt-life (t1/2) 5.715x 108 ] ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 1.3x 104 Ci 1DB,1987; DOE/WIPP 88-005; Lappin et al., 1989,
Table 4-2a
Remote Handled (RH) 8.8x 103 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Cs137
Half-life (t1/2) 9.467 x 108 s ICRP, Pub 38, 1983
inventory, projected
Remote Handled (RH) 3.3x105 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Np237
Half-life (t1/2) 6.753 x 1013 s ICRP, Pub 38, 1983
inventory, projected
Contact Handled (CH) 8.0 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 7.0x 10°1 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Pb210
Half-life (t1/2) 7.037 x 108 s ICRP, Pub 38, 1983
Pm147
Half-life (t4/2) 8.279 x 107 s ICRP, Pub 38, 1983
Inventory, projected
Remote Handled (RH) 3.2x 108 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Pu238
Half-life (t1/2) 2.769 x 109 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 39x 106 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al., 1989,
Table 4-2a '
Remote Handled (RH) 5.1x 102 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix

A)
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Chapter lil: Engineered Barriers

TABLE llI-6. INVENTORY AND PARAMETER VALUES FOR TRU RADIONUCLIDES (CONTINUED)

Parameter Value Units Source
Pu239
Half-ife (t1/2) 7.594 x 1011 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 4.2x 105 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al., 1989,
Table 4-2a
Remote Handled (RH) 1.4x 103 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Pu240
Half-life (t1/2) 2.063x 1011 s ICRP, Pub 38, 1983
Inventory, projected :
Contact Handled (CH) 1.0x 105 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 29x102 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Pu241
Half-life (t1/2) 4,544 x 108 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 4,1x 106 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 1.3x 104 Ci IDB, 1890; Peterson, 1990, Memo 7 (see Appendix
A)
Pu242
Half-life (t1/2) 1.187 x 1013 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 1.8x 101 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 3.3x103 Ci DB, 1990; Peterson, 1990, Memo 7 (see Appendix
A
Ra226
Half-life (t1/2) 5.049 x 1010 s ICRP, Pub 38, 1983
Sr90
Halt-life (+1/2) 9.189 x 108 s ICRP, Pub 38, 1983
Inventory, projected
Remote Handled (RH) 2.8x 105 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
Th229
Half-life (1 /2) 2316 x 1011 ] ICRP, Pub 38, 1983
Th230
Half-life (t1,/2) 2.430x 1012 s ICRP, Pub 38, 1983
Th232
Half-life (t1/2) 4.434 x 1017 ] ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 2.7x 101 Ci iDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handied (RH) 2.3x103 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
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Parameter Values for Radionuclides

TABLE 1lI-6. INVENTORY AND PARAMETER VALUES FOR TRU RADIONUCLIDES (CONCLUDED)

Parameter Value Units Source
U233
Half-life (t1 /2) 5.002 x 1012 s ICRP, Pub 38, 1983
inventory, projected
Contact Handled (CH) 7.7x 103 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al., 1989,
Table 4-2a
Remote Handled (RH) 2.8x 101 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
U234
Haif-life (t1 /2) 7.7157 x 1012 s ICRP, Pub 38, 1983
u23s
Half-life (t{ /2) 2.221x 1016 T s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 3.7x 101 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 1.2x 102 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix
A)
U238
Half-life (t1 /2) 1.41x 1017 s ICRP, Pub 38, 1983
Inventory, projected
Contact Handled (CH) 1.5 Ci IDB,1987; DOE/WIPP 88-005; Lappin et al.,1989,
Table 4-2a
Remote Handled (RH) 7.8x 102 Ci IDB, 1990; Peterson, 1990, Memo 7 (see Appendix

A)

L 2440y

252¢f - 248cn

(2) 241py » 241ag

(3) 242p, - 238y

(4) 239py » 235y

+ 240py o 236y o 2327y o 228R,

4 26bpy

5 237xp » 233y o 2297y

+ 234y . 230Th o 226Rs - 210pp

238p,
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Chapter lll: Engineered Barriers

For PA transport calculations, the four decay chains were reduced and
simplified by eliminating those short-lived radionuclides in the inventory
that decay into long-lived daughters. (Although all radionuclides in the
chains were output by the panel module, only those radionuclides needed for
the transport calculations were transferred to the transport code. These
simplified chains are shown below:

(1) 240py - 236y
(2) 241pp - 237§p - 233y » 229Th
(3) 238py - 234y - 230Th -+ 226Ra - 210pp

(4) 239py

INVENTORY FOR REMOTELY HANDLED WASTE

The inventory of TRU waste that must be transported and handled in shielded
casks (remotely handled waste [RH]) is being determined. The preliminary
estimates reported in Table III-6 are based on input to the 1990 Integrated
Data Base (IDB, 1990) yet to be issued. The current total curie content is
about 1.3 x 106 Ci (3.5 x 10-3 Bq) but will likely increase. Similar to the
CH waste inventory, the IDB does not contain the inventory of each
radionuclide, but instead is estimated from knowledge about the waste streams
and mix of fission products at the generator sites. For example, the activity
of the waste canisters coming from Hanford, Washington assume a uniform source
that produces an external dose rate of 8.3 x 10-5 Sv/s (30 rem/hr). After
submitting data for the 1990 IDB, Oak Ridge National Laboratory increased
their estimated RH inventory. The 1989 IDB indicated that the total inventory
would be approximately &,500 canisters (4,005 m3 [141,436 £t3]). This
increase is included in Table III-6. More details of the TRU waste inventory
will be documented in a future report authored by H. Batchelder of
Westinghouse Electric Company, Carlsbad, NM.

In general, the 1990 data indicates an inventory of about 7,600 canisters
(6,765 m3 {238,906 ft3]). This number of canisters approaches the capacity of
7,080 m3 (250,000 ft3) for placing RH TRU waste in the WIPP using the current
placement technique in which one canister is emplaced horizontally every 2.4 m
(8 ft) into the drift and room walls. The source of this additional waste is
metallic components removed from the Hanford double shell tanks.
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IV. GLOBAL MATERIALS AND MISCELLANEOUS

This chapter contains parameters for fluid properties, climate variability,
and intrusion characteristics.

Fluid Properties

The fluid parameters tabulated in Table IV-1 include Salado and Culebra brine,
drilling mud, and hydrogen gas.

TABLE IV-1. FLUID PROPERTIES

Distribution
Parameter Median Range Units Type Source
Brine, Salado
Density (o) 1.20x 103 m2 Constant  Stein and Krumhansl|, 1986
Formation volume factor 1.0059 1.0043 none Table HP, 1984; Numbere et al.,1977, p.16;
Craft and Hawkins, 1959, p.131
Viscosity (1) 1.60x 10-3 Paes Constant Kaufman, 1960, p. 622
Brine, Culebra
Viscosity (1) 1x10-3 Paes Constant Haug et al., 1987, p.3-20
Hydrogen
Formation volume factor 250x 103 1 none Table See text (hydrogen gas).
Viscosity (1) 9.32x 106 884x106 9.80x106 Pass Density Buddenberg and Wilke, 1949; Streeter

and Wylie, 1975, Figure C-1
Drilling Mud Properties

Viscosity (0 shearvel.) 2.1999x 102 1x 10-2 6x 102 Pass  Beta Pace, 1990, Letter 1b (see
Appendix A)
Oldroyd viscosity param. 1.6510x 106 2.89x 107 2.0810x 10® none Beta Fredrickson, 1960, p.252; Savins et al.,
1966; Pace, 1990, Letter 1b (see
Appendix A)
Density, mud (py) 1211 1139 1378 kg/m3 Beta Pace, 1990, Letter 1b (see
Appendix A)
SALADO BRINE
Density

The density in the Salado Formation at the repository level was reported by
Stein and Krumhansl (1986) as 1,200 kg/m3 (75 1b/ft3).
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Chapter IV: Global Materials and Miscellaneous

Salado Brine Formation Volume Factor

Figure IV-1 shows the formation volume factor for Salado brine. The formation
volume factor of Salado brine at various pressures was evaluated from the
following empirical correlations used in the petroleum industry (HP, 1984).
The formation volume factor is defined as the ratio of the brine volume at
brine pocket conditions to the volume at reference conditioms (303.15 K
[30°C}, 101.325 kPa [1 atm]}).

Empirical Correlations
BW(H20) = a + bp + cp2 (1Iv-1)

Gas-Free Water:

a =0.9947 + 5.8(10-6)T + 1.02(10-6)T2 (IV-2)
b = 4.228(10-6) + 1.8376(10-8)T - 6.77(10-11)12 (IV-3)
c = 1.3(10-10) _ 1.3855(10-12)T + 4.285(10-15)T2 (IV-4)

1.006

Formation
Value Pressure
Factor (MPa)

1.005 P

Formation Value Factor

1.004 LJIIII!Illlllllllll'llllll|lIlllllllllllllllllll

0 10 20 30 40 50

Pressure (MPa)

TRI-6342-641-0

Figure IV-1. Formation Volume Factor for Salado Brine.
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Fiuid Properties

Gas-Saturated Water:

a =0.9911 + 6.35(10-5)T + 8.5(10-7)T2 (IV-5)
b = -1.093(10-6) - 3.497(10-9)T + 4.57(10-12)T2 (IV-6)
c = -5(10-11) + 6.429(10-13)T - 1.43(10-15)T2 (IV-7)

Salinity Correction:

BW(H20) [(5.1(10-8)p
[5.47(10-6) - 1.95(10-10)p}(T - 60)

BW (brine)

+

+ [-3.23(10-8) + 8.5(10-13)p](T - 60)2}%NaCl + 1] (IV-8)

Range of Validity

100 < T < 250 F
1000 < p < 5000 psi
0 < gNaCl < 25

Viscosity

A literature value for brines at the density in the Salado Formation is
1.6 x 1073 Pass (1.1 x 10-3 1b/s<ft) (Kaufman, 1960, p. 622).

CULEBRA BRINE

Viscosity

Similar to other modeling studies of the Culebra Dolomite (LaVenue et al.,
1990, 1988; Haug et al., 1987), PA calculations assume that the Culebra Brine
viscosity is identical to pure water, 1.0 x 10-3 Pass (6.7 x 10-4 1b/sft).
HYDROGEN GAS

Hydrogen Formation Volume Factor

Figure IV-2 shows the formation volume factor for hydrogen gas. The formation
volume factor is the ratio of the volume at reservoir conditions to the volume
at reference conditions (303.15 K [25°C], 101.325 kPa [1 atm]). The molar
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Formation Value Factor

’
Formation
Value Pressure
Factor (Pa)
1.000 101,320
0.900 112,590
0.800 126,680
0.700 144,790
0.600 168,940
0.500 202,780
0.400 253,550
0.300 338,240
0.250 406,060
0.200 507.890
0.143 711,960
0.100 1,019,000
0.090 1,133,000
0.080 1,275,700
0.070 1,459,600
0.060 1,705,400
0.050 2.050,800
0.040 2,571,700
0.030 3,447,400
0.025 4,154,900
0.020 5.227,900
0.014 7,418,200
0.010 10,819,000
0.009 12,117,000
0.008 13.768.000
0.007 15,943,000
0.006 18,937,000
0.005 23,321,000
0.004 30,364,000
0.003 43,551,000
0.003 55,661,000
s 1 1 11 )

Pressure (Pa)

TRI1-6342-642-0

Figure IV-2. Formation Volume Factor for Hydrogen Gas.

volume of hydrogen gas is computed using the Redlich-Kwong-Soave equation of
state (Walas, 1985):

where

o] IS

H

pPv _ v aa (IV-9)

cmb bar]

0.42747 R2T;:2/pei [_EEZIT‘

— cm3
0.08664 RTCi/pCi -gTOT

pressure (bar)

3
universal gas constant = 83.144 cm” bar f_ 8.3144 Pa
gmol K gmol

temperature (K)

3
molar volume [cm ]
gmol

critical pressure (bar)

= critical temperature (K)

[1 + (0.48508 + 1.55171 w - 0.1561 w2) (1 - T9-5)]2 (dimensionless)




Fluid Properties

W = acentric factor (dimensionless)
Er = reduced temperature = T/Ec (dimensionless)
Z = compressibility factor (dimensionless).

For hydrogen:

Tei = _‘&25%75 (K)
1+ﬁ—
Pci = ——ggjézg (bar)
1+W
M = molecular weight = 2.01594 g/gmol
a = 1.202 exp (-0.30288 Ty)
w = 0.0

Note that temperature-dependent effective critical properties are used for
hydrogen (Prausnitz, 1969). Hydrogen also requires a special expression for
(a) (Graboski and Daubert, 1979), and an acentric factor of zero (Knapp et
al., 1982).

Equation IV-9 is solved numerically for molar volume, v, at the reference
condition and at reservoir conditions to provide the values used to calculate
the formation volume factor (Figure IV-2).

Viscosity

The literature value for the viscosity of hydrogen gas ranges between 8.84 x
10-6 and 9.8 x 10-6 Pa+s (5.9 x 10-6 and 6.6 x 10-6 1b/s«ft) (Buddenberg and
Wilke, 1949; Streeter and Wylie, 1975, Figure C-1). The PA Division uses the
average of 9.32 x 106 Pa.s (6.26 x 10-6 1b/s-ft).

Drilling Mud Properties

When drilling through salt in the Delaware Basin, the drilling fluid is most
likely to be brine with the original brine density maintained when
transporting cuttings by adding an emulsified oil (Pace, 1990, Letter 1b
[Appendix A]). The density, viscosity at zero shear rate (assuming a Bingham
Plastic fluid), and viscosity parameters for Oldroyd type drilling fluid
(Oldroyd, 1958) of 1,200 kg/m3 (75 1b/ft3), 0.02 x 10-3 Paes (0.01 x

10-3 1b/s+ft), and 1.65 x 10'6, respectively, assumed this drilling fluid.
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Climate Variability and Intrusion Characteristics

Climate variability and human intrusion parameters are characteristics that

define the future state of the disposal system. A major uncertainty arises
from human intrusion; however, the guidelines in 40 CFR 191, Appendix B

provide upper bounds on the severity of the human intrusion.
bounds were used to establish the parameters in Table IV-2.

These upper

TABLE IV-2. BOREHOLE FLOW, CLIMATE VARIABILITY, AND INTRUSION CHARACTERISTICS

Distribution
Parameter Median Range Units Type Source
Borehole Flow Properties
Density, average (paye) 2.30x 103 kg/m3 Constant See text (Salado).
Density, bulk (pbyik) 2.14x 103 kg/m3  Constant See text (Salado).
Permeability, initial (k) 3.16x10°12  1x10:14 1x10-11 m2 Lognormal  Freeze and Cherry, Table 2.2
(silty sand)
Porosity (¢) 375x 10V 250x101  5x 101 none  Normal Freeze and Cherry, Table 2.4
(sand)
Creep 0.02 08 none Table Sjaardema and Krieg, 1987
Climate Characteristics
Boundary recharge factor 1 0 2 none Uniform Marietta et al., 1991
Precipitation climate factor 1 0 2 none Uniform Marietta et al., 1991
Drilling Characteristics
Drill bit cross sectional
area (A) 3.1420x 102 1.1430x 102 15518 x 10-1 m2 Histogram  Brinster, 1990, Memo 10 (see
Appendix A)
Drill string angular
velocity (3) 8.5920 4.18 2.30 x 101 rad/s Beta Driscoll, 1986
Drilling mud uphole
velocity () 1.36 9.90x 10°1 1.73 m/s Uniform Pace, 1990, Letter 1b (see
Appendix A)
Scenario Intrusion Characteristics
Time of intrusion 7x 1010 3.156x 109 3.156x 1011 s Exponential  Tierney, 1990b, Appendix C
Scenario probability
P{E1} 3.6914x 102 3.2786 x 10-3 7.055 x 10-2 Uniform Guzowski, 1990; Marietta et
al., 1989
P{E2} 8.1014x 102 6.4786 x 10-3 1.5555 x 10°1 Uniform Guzowski, 1990; Marietta et
al., 1989
P{E1E2} 7.2357 x 10-3 2,145x 105  1.445x 102 Uniform Guzowski, 1990; Marietta et
al., 1989
P{base case} 87484 x 101 9.90221 x 10-1 7.5945 x 10-1 Uniform Guzowski, 1990; Marietta et
al., 1989
Multiple Intrusion Characteristics
Number of intrusions 3 1 1.30 x 101 m2 Poisson Tierney, 1990b, Appendix C
Room ID 7.20x 101 1 1.44 x 102 none Uniform See text (Location of
intrusion).
Time of intrusion 15936 x 1011 3.156x 109  3.156x 1011 s Uniform Tierney, 1990b, Appendix C
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Climate Variability and Intrusion Characteristics

BOREHOLE FLOW PROPERTIES

The EPA Standard (40 CFR 191, Appendix B) states that the PA pProcess "... need
not assume consequences of an inadvertent intrusion to be more severe
than...the creation of a ground water flow path with a permeability typical of
a borehole filled by the soil or gravel that would normally settle into an
open hole over time--not the permeability of a carefully sealed borehole."

The PA process assumes that degrading concrete plugs and uncompacted salt
initially present in the hole would have a permeability (Figure IV-3) and
porosity (Figure IV-4) of silty sand (Freeze and Cherry, 1979), but with a
bulk and average density equal to that of the Salado Formation (Table IV-2).
The permeability and porosity were assumed to vary lognormally and normally,
respectively, between the typical range for silty sand, typical of
distributions of the parameters in the literature (Harr, 1987).

Salt "would normally settle into an open hole" and naturally seal the hole
shut. The numerically predicted creep closure used in PA calculations is
shown in Figure IV-5 (Sjaardema and Krieg, 1987).

CLIMATE VARIABILITY

The PA Division will evaluate effects of climate variability, particularly
long-term increases in precipitation, on the performance of the WIPP. Field

~ data from the American Southwest and global climate models indicate that the
coolest and wettest conditions in the past at the WIPP occurred when the North
American ice sheet reached its southern limit (roughly 1,200 km (745 mi) north
of the WIPP during the last glacial maxima 18,000 to 22,000 years before
present); under these conditions, the jet stream’'s nominal position was much
further south than its present location. The average precipitation in the
Southwest increased to about twice its present value. Wet periods have
occurred since the retreat of the ice sheet, but none has exceeded glacial
limits. Data from deep-sea sediments indicate that fluctuations in global
climate corresponding to glaciation and deglaciation of the northern
hemisphere have been regular in both frequency and amplitude for at least
780,000 years. Using this data, modeling of glacial periodicity suggest that,
barring human disruption by the greenhouse effect, the next glacial maximum
may occur in about 60,000 years. Furthermore, global models of the greenhouse
effect suggest no significant increase in precipitation at the WIPP (Marietta
et al., 1991).

Therefore, the PA model evaluating precipitation changes uses a linear
increase of precipitation to twice the present value in 60,000 years.

Figure IV-6 shows the distribution for precipitation, and Figure IV-7 provides
the distribution for the boundary condition recharge factor.
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Figure IV-3. Lognormal pdf and cdf for Borehole Permeability.
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Figure IV-4. Normal pdf and cdf for Borehole Porosity.
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Figure IV-7. Uniform Distribution for Climate Boundary Condition Recharge Factor.

DRILLING CHARACTERISTICS
Cross-Sectional Area of Intrusion Drill Bit

The histogram of a bit cross-sectional area (calculated from the bit diameter)
comes from records of bit diameters used in the Delaware Basin for oil and gas
exploration. PA calculations used a discrete histogram; thus, bit cross-
sectional areas cannot vary continuously between the minimum of 0.01143 m2
(0.1230 ft2) and the maximum of 0.15518 m2 (1.670 ft2) (0.1206 m and 0.4445 m
diameter or 4-3/4 in. and 17-1/2 in., respectively), but must be the area of a
bit that was actually used (Brinster, 1990, Memo 10 [Appendix A]). The median
bit cross-sectional area is 0.03142 m2 (0.3382 ft2) (0.2000 m or 7-7/8 in.
diameter) (Table IV-3 and Figure IV-8).

From the bit cross-sectional area, the drilled area through the waste is
predicted based on strength properties of the waste (e.g., shear strength) and
angular velocity of the drillstring, viscosity of the drilling fluid, fluid
density, and annular uphole fluid velocity (Berglund, 1990; Rechard et al.,
1991). Shear strength and surface roughness of the waste also influence the
drilled area and are discussed with waste properties.
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TABLE IV-3. DISCRETE PROBABILITY OF DRILLING AN INTRUSION BOREHOLE WITH A SPECIFIC

CROSS SECTIONAL AREA

Climate Variability and Intrusion Characteristics

Median

Range Area

Probability

Units

Source

3.142x 102

1.143x 102 1.5518x 10-1 1.143x 102

1.533x 102
1.824 x 10-2
1.979x 10-2
2,059 x 102
2.141 x 1072
2.309x 10-2
2,629 x 102
3.142x 102
3.243x 102
3.449 x 10-2
3.661 x 102
3.769x 10-2
3.879x 10-2
4573 x 10-2
4,694 x 10-2
572x 102
6.131 x 10-2
7.604 x 10-2
7.76x 102
8.237 x 102
9.755x 102
1.1401 x 10-1
1.4644 x 10-1
1.5078 x 10°1
1.5297 x 101
1.5518x 10-1

1.29 x 102

2,58 x 102
1.29x 102
5.16 x 10-2
6.50x 10-3
1.94x 102
1.36 x 10°1
1.29x 102
3.42x 1071
1.94 x 102
6.50x 10-3
1.29x 102
1.29x 102
6.45x 102
3.87x 102
1.94 x 102
6.50 x 103
1.94 x 10-2
9.03x 10-2
6.50 x 103
6.50 x 10-3
6.50 x 103
6.50x 10-3
6.50x 10-3
6.50x 10-3
6.50x 10-3
452 x 102

me

Brinster, 1990, Memo 10

(see Appendix A)
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Figure IV-8. Histogram Distribution for Drill Bit Cross-Sectional Area.

Angular Drilistring Velocity

For drilling through salt, the drillstring angular velocity (j) can vary
between 4.18 and 23 rad/s (3.8 and 220 rpm) (Austin, 1983), with the most
probable speed about 7 rad/s (70 rpm) (Pace, 1990, Letter 1lb [Appendix A]).

Annular Uphole Velocity

Flowrates of the drilling fluid usually vary between 5 x 10-5 and 8 x 10-°
m3/s/m of drill diameter (30 and 50 gal/min/in.) (Austin, 1983). PA
calculations assumed that the annulus between the drill collar and borehole
was initially about 2.5 cm (1 in.). Thus, for the minimum and maximum
diameters typically used in the drilling near the WIPP, the uphole velocity
varies between 0.99 and 1.73 m/s (2.8 x 105 and 4.9 x 105 ft/d).

INTRUSION CHARACTERISTICS FOR SCENARIOS
The EPA Standard requires a study of scenarios in which the WIPP is
hypothetically intruded by humans doing exploratory drilling. The current

mathematical interpretation of this requirement is examined by Tierney (1990b,
Appendix C) from which the following discussion is summarized.
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Time of First Intrusion for Scenarios

The current probability model for determining the time of the first intrusion
for scenarios is based upon the failure rate function (r(t)):

0 , 0<t<t,
r(t) = {-d/dt M[1-F(t)], t;<t (IV-10)

where

ct
I

time elapsed since disposal system placed in operation
tp = time when active government control ceases (100 yr [40 CFR 191))

F(t)

cumulative distribution for first time of disturbing event.

Integrating to evaluate F(t) yields

CF(E) = 1 - exp[-ftr(r)dr] (Iv-11)
to

Currently, PA calculations assume r(t) is a constant (A)* , thus F(t) is a
cumulative exponential distribution (Figure IV-9)

1 - exp(-At), if t > t (IV-12)

0 , If 0 <t < t0
F(t) - { 0

= p {time of hit < t})
where

1/X + tg = the average time one must wait until the first drilling occurs.

The EPA Standard places an upper bound on the failure rate function from
which X can be evaluated:

the Agency assumes that the likelihood of such inadvertent and
intermittent drilling need not be taken to be greater than 30
boreholes per square kilometer per 10,000 years for geologic
repositories-im proximity-to sedimentary rock formations...

* Though conservative, the constant failure rate is unrealistic because the
effects of markers (required by the EPA Standard to warn of the presence of
the repository) is ignored.
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Figure IV-9. Exponential Distribution for Time of Intrusion for E1, E2, and E1E2 Scenarios.

or

30 boreholes

A = + area of excavated disposal region (IV-13)

10%02 10%yr

Hence, for WIPP XA = 3.28 x 10-%4 yr'1 assuming an excavated disposal region of
about 1.09 x 105 m2 (1.1 x 106 ftz).‘ The mean time of the first intrusion is
1/X or about 3,000 yr. However, the time for each simulation is sampled from
an exponential distribution.

Because the PA Division grouped the occurrence of human intrusion into a
separate scenario class, PA calculations used the conditional probability.

The conditional probability on the time when drilling will occur given that
drilling occurs at least once before t > t], where t] is the regulatory period
of 10,000 years is (Miller and Freund, 1977)

P{time of hit < t]time of hit < tj)
= P{time of hit < t}/P{time of hit < tj} (IV-14)
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where
P{time of hit 1 - exp[-A(t] -tg)]
Hence,

P{time of hit < t| time of hit < t7)
= {1 - exp[-A(t -t0)]}/{1 - exp[-A(t1 -tg)]} (IV-15)

Scenario Probability

Undisturbed Performance Scenario. As defined in the EPA Standard,
"undisturbed performance" means the predicted behavior of a disposal system,
including the consideration of the uncertainties in predicted behavior, if the
disposal system is not disrupted by human intrusion or the occurrence of
unlikely natural events. The undisturbed performance is the base case for
scenario development (Guzowski, 1990). For the PA calculations, the base case
probability is one minus the sum of the human intrusion probabilities
described below.

Human Intrusion Scenarios. The EPA Standard requires an analysis of the
consequences of humans intruding into the repository (e.g., drilling an
exploratory borehole through the repository). For the WIPP disposal system,
screening has reduced the initial list of events and processes for scenario
development to three (Hunter, 1989; Guzowski, 1990; Bertram-Howery, 1990):
(1) conventional or solution mining of potash beyond the disposal system
resulting in areas of subsidence that act as areas of recharge to underlying
aquifers (designated as Transport/Subsidence or TS):; (2) intrusion of a
borehole through a disposal room or drift and into a pressurized brine pocket
(reservoir) in the Castile Formation (designated as Event 1 or El); and

(3) intrusion of a borehole into a disposal room or drift (Event 2 or E2).
Current calculations have not included the TS process; hence, the probability
values are calculated from a truncated logic diagram (Figures IV-10 and
Iv-11).

Final probability assignments for events of the compliance assessment will
likely rely on expert judgment. However, rough estimates were made when
demonstrating the Sandia Compliance Methodology (Marietta et al., 1989,

Figure 4-16). The estimated values for scenarios involving only events E1,
E2, and E1E2 (0.0705, 0.1556, and 0.0144, respectively) are the current
maximum values (Figure IV-10). Possible approaches to assigning probabilities
to the events were more thoroughly reviewed and new estimates made by Guzowski
(1990). The newly proposed probabilities for scenarios El, E2, and ELE2
(0.00328, 0.00648, and 0.00002) are the current minimum values (Figure IV-11).
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Figure IV-10. Current Maximum Probability Values for Scenarios E1, E2, and E1E2.
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Figure IV-11. Current Minimum Probability Values for Scenarios E1. E2. and E1E2.
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Both ends of this probability range were included in PA compliance
calculations reported by Bertram-Howery et al. (1990). Helton (1990) reports
on a compliance calculation of the complementary cumulative distribution
function (CCDF) where the probability of the scenarios for each simulation
were randomly sampled between the two limits assuming a uniform pdf.

INTRUSION CHARACTERISTICS FOR MULTIPLE INTRUSIONS
Number of Intrusions
Assuming that the times of attempted drilling are independent of each other,

the probability that drilling will occur more than once is given by the
Poisson distribution (Ross, 1985, Chapter 7):

P{N=n} = [(At)D/n!] exp(-At) (Iv-16)
where

t = time

A = average time one must wait until first drilling occurs

N number of intrusions.

Because the PA Division grouped the occurrence of human intrusion into a
separate scenario class, PA calculations used the conditional probability.
The conditional probability that drilling will occur more than once (N > 0) is
P{N=n|N>0} = P{N=n)/P{N>0) (IV-17)
where
P{N>0} = 1 - P{N=0)}) = 1 - exp(-\t)
Hence,

P{N=n|[N>0} = {[(At)D/n!] exp(-At)}/[l-exp(-At)] (IV-18)

The discrete probability of intrusion, P{N=n|N>0}, is given in Table IV-4 and
Figure IV-12 for between 1 and 13 intrusions.

Location of Intrusion
The waste disposal area was subdivided into 144 "rooms" approximately 100 m
(300 ft) long. The location of an intrusion was then randomly selected from

these 144 "rooms" using a uniform distribution (Figure IV-13). Multiple
intrusions into the same room were permitted.
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TABLE IV-4. PROBABLITY OF MULTIPLE HITS INTO DISPOSAL AREA OF REPOSITORY

Median

Range Value Probability Units Source

1.2810x 10-1 m2  Tierney, 1990b, Appendix C
2.1020 x 10°1
2.2990 x 1071
1.8860 x 10°1
1.2380 x 10-1
677 x 102
3.17x 102
1.30x 102
470 x 103
1.60x 10°3
5.00x 104
1.00x 104
1.00x 104

O NGO E WD =

- o = D
w NN -=0
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Figure IV-12. Histogram Distribution for Number of Intrusions for Multiple Hits.
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Figure IV-13. Uniform Distribution for Location of Intrusion (Room Number).

There were 13 equivalent rooms in each side panel, and 20 rooms in each
northern and southern equivalent panel (see Figure II-16). The "rooms" of the
northern and southern equivalent panels were slightly shorter, which resulted
in more rooms and consquently a slightly greater probability of hitting the
northern and southern equivalent panels. Refinements in the subdivision of
the waste disposal area so that the probability of an intrusion more closely
equals the surface area will be considered in future work.

Times of Multiple Intrusions

The times of the N intrusions are evaluated from a uniform distribution
between 100 and 10,000 years® (Figure IV-14). The N random samples from the
uniform distribution are then ordered from the smallest to the largest.
Identical times for intrusions are permitted. It can be shown that for a
Poisson process, the waiting time between successive intrusions have
exponential distributions. Consequently, the mean time of intrusion (or mean
time between intrusions) is 1/X + tg or about 3,000 yr, as for the scenarios.

* For compliance calculations, 100 years is the time period after which
active government control of the WIPP must be assumed to stop (40 CFR 191);
10,000 years is the end of the regulatory period.
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Figure IV-14. Uniform Distribution for Global Time of Intrusion for Multiple Hits.




V. SUMMARY OF SAMPLED DATA

Table V-1 is a summary of data sampled using Latin Hypercube Sampling as
reported in the Performance Assessment report, Bertram-Howery et al., 1990,
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation
Pilot Plant, December 1990, SAND90-2347. Albuquerque, NM: Sandia National
Laboratories. For all parameters not sampled, the median value was used

unless stated otherwise.




Chapter V: Summary of Sampled Data

TABLE V-1. DISTRIBUTIONS OF SAMPLE PARAMETERS IN DECEMBER 1990 WIPP PERFORMANCE

ASSESSMENT
Distribution
Parameter Median Range Units Type Source
Salado Formation
Capacitance 3.2x10-1 1x101t  1x10-10 Pa-1 Lognormal Beauheim, 1990, Memo 3¢ (see
Appendix A)
Permeability 3.5x 1021 1x1022 3x1020 m2 Density Beauheim et al., 1990
Pressure at
repository level 1.1 %107 7 x 106 1.5x 107 Pa Uniform Wawersik and Stone, 1985;

2*g* Phrine; Beauheim, 1990,
Memo 3c (see Appendix A)

Castile Formation Brine Pocket
Initial pressure 1.27 x 107 7 x 106 1.74 x 107 Pa Cumulative Lappin et al., 1989, Table 3-19;
Popielak et al., 1983
Initial compressive

volume 7 x 106 48x103  1.4x107 m3 Uniform Lappin et al, 1989, Table 3-19
TRU Waste
Solubility of all
radionuclides 2.4 x 107 24x1010 24x104 kg/kg Loguniform Lappin et al., 1989, p. 4-29.
Molecuiar diffusion
coefficient 48x1011 43x1010  m2/s Uniform Lappin et al., 1989, Table E-7.
Drilling Characteristics of Intrusion Borehole )
Drill bit area 3.142x 102 1.143x 102 15518 x 10-1 m2 Histogram Brinster, 1990, Memo 10 (see
Appendix A)
Multiple Intrusion Time and Location
Time of intrusion 5 x 103 1x102 1x 104 yr Uniform 40 CFR 191, Subpart B
Number of hits ,
(multiple intrusions) 3 1 1.3x 101 m2 Poisson Tierney, 1990b, Appendix C
Room number
of intrusions 7.2x 101 0 1.44x 102  none Uniform See text (Chapter V)
Scenario Intrusion Time 3 x 103 1x 102 1x 104 yr Exponential  Tierney, 1990b, Appendix C
Intrusion Borehole Flow Parameters
Permeability 3.16x 10-12 1x10°14  1x10-M m2 Lognormal Freeze and Cherry, Table 2.2
(clean sand)
Porosity 3.7 x 10-1 0.25 0.5 none Normal Freeze and Cherry, Table 2.4
(sand)
Culebra Dolomite Member of Rustler Formation
Fracture spacing 2 25x101 7 m Cumulative Lappin et al., 1989, Table 1-2,
Table E-6
Tortuosity 1.2x 101 3x 102 3.3x10°1 none Density Lappin et al., 1989, Table E-9
Matrix partition coefficient
Am 1.1x 10-1 0 3.8x 101 m3/kg  Cumulative Siegel, 1990, Memo 3a (see

Appendix A); Lappin et al., 1989,
Table 3-14, E-10, E-11, E-12

Np 6x 104 0 1x 102 m3/kg  Cumulative Siegel, 1990, Memo 3a (see
Appendix A); Lappin et al., 1989,
Table 3-14, E-10, E-11, E-12

Pu=Th 8x 102 0 1.05 m3/kg  Cumulative Siegel, 1990, Memo 3a (see
Appendix A); Lappin et al., 1989,
Table 3-14, E-10, E-11, E-12

U=Ra=Pb 6x 104 0 750x 103 m3/kg = Cumulative Siegel, 1990, Memo 3a (see
Appendix A); Lappin et al., 1989,
Table 3-14, E-10, E-11, E-12




Distributions of Sample Parameters

TABLE V-1. DISTRIBUTIONS OF SAMPLE PARAMETERS IN DECEMBER 1990 WIPP PERFORMANCE
ASSESSMENT (CONCLUDED)

Distribution
Parameter Median Range Units Type Source

Fracture partition coefficient

3x 101 0 4.10 m3/kg  Cumulative Siegel, 1990, Memo 3a (see
Appendix A); Lappin et al., 1989,

Table 3-14, E-10, E-11, E-12

Np 1x 102 0 5x 102 m3/kg  Cumulative Siegel, 1980, Memo 3a (see
Appendix A); Lappin et al., 1989,

Table 3-14, E-10, E-11, E-12

Pu=Th 3x10°1 0 4x 101 m3/kg  Cumulative  Siegel, 1990, Memo 3a (see
Appendix A); Lappin et al., 1989,

Table 3-14, E-10, E-11, E-12

U=Ra=Pb 1x102 0 5x 102 m3/kg  Cumulative Siegel, 1980, Memo 3a (see
Appendix A); Lappin et al., 1989,

Table 3-14, E-10, E-11, E-12

Hydraulic Conductivity
E1, E2, E1E2 scenarios:

Zone 1 1.2x 105 27x106  55x10%5 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Zone 2 3x108 9.9x109 4.3x108 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Zone 3 2.2x 107 1.3x107 3.2x107 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Zone 4 7.35x 108 35x108 12x107 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Zone 5 44x106 4x 106 4.8x106 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Zone 7 1.16 x 10-4 1.6x105 2x104 m/s Density Brinster, 1990, Memo 8 (see
Appendix A)

Multiple Intrusions:

Zone A 26x 104 1.6x104 1x103 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone B 4x105 16x105  1.3x104 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone D 3.3x 105 33x105 52x105 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone E 4.1 x107 1.6x107 13x106 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone F 6.5x 106 26x106 1.6x105 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone G 8.2x 108 1.3x108  1.6x107 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone H 8.8x 107 33x107 4.1x105 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone | 8.25x 10-10 6.5x10-10 1x109 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone J 4.1x10°5 52x106 7.3x105 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)

Zone K 1.3x 108 26x109 33x108 m/s Density Brinster, 1990, Memo 9 (see
Appendix A)
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APPENDIX A:

MEMORANDA AND LETTERS REGARDING REFERENCE DATA

The memoranda provided are as follows:

Memo 1 Date:
To:
From:

Subject:

Memo 2 Date:
To:
From:

Subject:

Memo 3 Date:
To:
From:

Subject:

7/17/90

Distribution

R. P. Rechard, 6342

Data to use in Performance Assessment of the WIPP for
August Calculations

3/14/90

Distribution

D. R. Anderson (6334), Melvin G. Marietta (6334), Martin
Tierney (6415)

Request for assistance in assigning probability
distributions to the parameters being used for the
preliminary performance assessments of the WIPP relating to
EPA 40 CFR Part 191.

8/3/90

Rip Anderson, 6342

Elaine Gorham, 6344

Data for use in August Performance Assessment Calculations

NOTE: Memo 3 includes the following memos:

Memo 3a

Memo 3b

Memo 3c

Memo 4 Date:
To:
From:

Subject:

Date: 6/12/90
To: Distribution
From: M. D. Siegel, 6344

Subject: Representation of Radionuclide Retardation in the
Culebra Dolomite in Performance Assessment

Calculations

Date: 8/1/90

To: Elaine Gorham, 6344

From: Peter Davies, 6344, and Marsh LaVenue (6344,
INTERA)

Subject: Comments on Model Implementation and Data for Use
in August Performance Assessment Calculations

Date: 7/31/90
To: Elaine Gorham, 6344
From: Rick Beauheim, 6344

Subject: Review of Parameter Values to be Used in
Performance Assessment

8/1/90

D. R. Anderson, 6342

L. H. Brush and A. R. Lappin, 6345

Additional Estimates of Gas Production Rates and
Radionuclide Solubilities for Use in Models of WIPP
Disposal Rooms
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Memo 5

Memo 6

Memo 7

Memo 8

Memo 9

Memo 10

Memo 11

Letter la

Letter 1b

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:
From:

Subject:

Date:
To:

From:

Subject:

Date:
To:
From:

Subject:

7/24/90 :

M. G. Marietta, 6342

B. M. Butcher, 6345

Disposal room porosity and permeability wvalues for
disposal room performance assessment

8/24/90

Rob Rechard, 6342

Martin Tierney, 6415

Values of Room Porosity and Hydraulic Conductivity

10/12/90

R. P. Rechard, 6342

A. C. Peterson, 6342

Preliminary Contact Handled (CH) and Remote Handled (RH)
Radionuclide Inventories

August 1990

R. P. Rechard, 6342

K. Brinster

Transmissivity zones in Culebra Dolomite Member of
Rustler Formation

October, 1990

R. P. Rechard, 6342

K. Brinster

Transmissivities and pilot points for the Culebra
Dolomite Member

August 1990

R. P. Rechard, 6342

K. Brinster

Well data from electric logs

11/19/90

R. P. Rechard (6342)

P. B. Davies (6344) and A. M. LaVenue (6344, INTERA)
Additional Data for Characterizing 2-Phase Flow Behavior
in Waste-Generated Gas Simulations and Pilot-Plant
Information for Final Culebra 2-D Model (SAND89-7068/1)

9/11/90

Bob 0. Pace, Manager, Technology

Exchange Technical Services,

Baroid Drilling Fluids, Inc.

J. W. Berglund, UNM

Bar graphs representing range of values for drilling
operations near WIPP site

9/18/90

J. W. Berglund

Bob 0. Pace

Changes to bar graphs
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Memo 1
Date: 7/17/90
To: Distribution
From: R. P. Rechard, 6342

Subject: Data to use in Performance Assessment of the WIPP for
August Calculations
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Memo 1

Sandia National Laboratories

date: July 17, 1990 Albuquerque, New Mexico 87185

to: Distribution

from: R, P. Rechard, 6342 Vé“&

subject: Data to use in Performance Assessment of the WIPP for August Calculations

As indicated in the meetings on July 13, the data reported in Appendix A of SAND89-2030 (Rechard et
al,, 1990) is being used as a starting point for data to use in the August calculations. These calculations
will be documented in a SAND report and presented at the December NAS meeting. Appendix A is
part of the attachments of this memo. Data highlighted in Appendix A, is data that will actually be
sampled for uncertainty analysis. For all other data needed, the median value will be used. (After the
discussion on July 13, you all indicated that the value listed under "expected value" in Appendix A
should be treated as the median value by the PA division.)

In addition to Appendix A, the conceptual models for the Culebra Dolomite member, the Salado
Formation around the repository, and the brine pocket are included. For the Culebra, permeability data
for the zones shown will be sampled. For the Brine Pocket, the initial brine pocket pressure and volume
release per unit decrease in brine pocket pressure will be sampled. (The conceptual model for the brine
pocket will be discussed this Friday, July 20 at the Rustler Working Group Meeting.)

Clearly, the median values of all data, and the ranges on data to sample must be approved by you. We
would also appreciate your examination of ranges on other data. Please indicate your approval or
changes to as much of the data as possible in a memo to your supervisor. Your supervisor will then
collect the individual memos and pass them on to Rip or me.

Because this is the first time and because of our lack of time before the PA calculations must begin, the
data collection is process is a little rough. For future data requests, we hope to hand out a data form
with current estimates of distributions on data, the plots of the distributions, space for changes, space
for indicating your approval on each data item, and figures on conceptual models.

The PA division greatly appreciates the time spent in delivering data to us.

RPR:6342:rpr

Copy w/ attachments: Copy w/o attachments:

6342 M. G. Marietta 6341 R. C. Lincoln

6342 R.P. Rechard 6342 S. G. Bertram-Howery
6344 R. L. Beauheim 6342 A. C. Peterson

6344 P. B. Davies 6343 T. M. Schultheis

6344 S. J. Finley 6344 E. D. Gorham

6344 S. M. Howarth 6345 A.R. Lappin

6344 C. F. Novak 6346 J. R. Tillerson

6345 L. M. Brush

6345 B. M. Butcher
6346 J. E. Nowak
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APPENDIX A
MATERIAL PROPERTY VALUES

The tables in this appendix contain the material properties that are used in the calculations
described in this report. Any exceptions to these values are specifically noted in the
descriptions of the simulations (Chapters 3 and 4). The sources of the data are noted in the
tables. The primary source of information is the deterministic disposal system analysis by
Lappin et al. (1989). However, an important addition to the data is an expanded range for the
capacitance (i.e., specific storativity divided by specific weight) for the Salado Formation, which
is three orders of magnitude larger than the expected value of Lappin et al. (1989) (McTigue,
1989). A significant revision might occur in this capacitance value, but it currently provides an
upper bound. Also included are data for two-phase properties to account for waste-generated
gas. These later parameter values are rough estimates, and significant revisions are expected in
the future.
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Memo 1

TABLE A-1. PARAMETER VALUES FOR SALADO FORMATION

Expected
Parameter Value Range Units Source

Fapacitance ) T T 754107 1L LSITT 781092 <7 8.4x109 7T U Par U7 McTigue, 1989; Lappin et al., 1989, p. A-87

Density
Average (pp) 2.30x103 kg/m3  Krieg, 1984, Table 4
Jntact salt (pp) 2.14x103 kg/m3  Holcomb and Shieids, 1987, p. 17
Dispersivity
Longitudinal (o) 1.52x101 m Lappin et al., 1989, Table D-2
JFressure at repository level (657 m) (P)
7 LUthostatlc 1.49x101 1.43x101 1.79x101 MPa Wawersik and Stone, 1985
7 -~ Fmﬂ!tlc
. Brine 7.7 MPa Pbrine*ge°d
Water 6.4 MPa Pwater®*ged
fPormenblity &) T 34x1021 T w1023 - ax1018 m2 ;7 Lappin st al., 1989, Table 3-2,

Fig. 41, p. 443

f"""“y @) e 10.0DF oI 103 S I0R T RN ST Lappin et al., 1989, p. 4-45;
) Black et al., 1983
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TABLE A-2. PARAMETER VALUES FOR MARKER BED 139 % An, N ¢ 5

Expected
Parameter Value Range Units Source
Density, rock (p) (See Table A-9, anhydrite.)
ndition, disturbed
“Permeability (k) 3.3x10-7 m2 Lappin et al., 1989, Table D-2
Porosity (#) 1.0 Lappin et al., 1989, Table D-2
Fracture 1x10-1 Lappin et al., 1989, p. 4-62
@ondition, undisturbed |
Permeability (k) 1x10-19 1x10-20 1x10-18 m2 DOE, 1989, §1.2
Thickness 9.0x10-1 6.5x10°1 1.05 m Borns, 1985, Fig. 3

A-10
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TABLE A-3. PARAMETER VALUES FOR CULEBRA DOLOMITE MEMBER OF RUSTLER FORMATION

Expected
Parameter Value Range Units Source
Density, grain (og) 2.82x103  2.78x103 2.86x103 kg/m3  Lappin et al., 1989, Table E-6
Depth, average (z) 2.24x102 m See Table A-13.
Dispersivity (a)
Longitudinal (cx|) 1x102 5x101 3x102 m Lappin et al., 1989, Table E-6
Transverse (aT) 0.05° Haug et al., 1987, p. 3-21
: Euctun. spacing 20 2.5x10°1 7.0 m Lappin et al., 1989, Table 1-2, Table E-6
£¥ydrauflc conductivity (K)
path to WIPP boundary  7.81x107  1.77x10°7 1.20x10°5 m/s
path to 5-km boundary 1.38x106  1.77x107 1.20x10°5 m/s
Partition Coefficients Matrix (Kq)
- Am, Cm 2x10-1 m3/kg  Lappin et al., 1989, Table E-10
Np, U 1x10-3 m3/kg  Lappin et al., 1989, Table E-10
Pb, Ra 1x10-3 m3/kg Lappin et al., 1989, Table E-10
Pu 1x10-1 m3/kg  Lappin et al., 1989, Table E-10
Th 1x10-1 m3/kg  Lappin et al., 1989, Table E-10
Lays )
"~ Am,Cm sx10-1 m3/kg Lappin et al., 1989, Table E-11
Np, U 1x10-2 m3/kg  Lappin et al., 1989, Table E-11
Pb, Ra 1x10°1 m3/kg Lappin et al., 1989, Table E-11
Pu 3x10°1 m3/kg  Lappin et al., 1989, Table E-11
Th 3x10-1 m3/kg Lappin et al., 1989, Table E-11
Fractures (Ka)
Am, Cm 1x10-2 m3/m2 Lappin et al., 1989, Table E-12
Np, U 2x10-4 m3/m2 Lappin et al., 1989, Table E-12
Pb, Ra 2x10-3 m3/m2 Lappin et al., 1989, Table E-12
Ru 6x10°3 m3/m2 Lappin et al., 1989, Table E-12
Th 6x10-3 m3/m2 Lappin et al., 1989, Tabie E-12
Permeability
(pathway) sx10-15 3x10-13 m2 Lappin et al., 1989, Table 1-2
Porosity (¢)
Matrix (dm) 1.6x10°1 7x102 3x10°1 Lappin et al., 1989, Table E-6
Fracture (¢) 1.5x10-3  1.5x10-4 1.5x10°2 Lappin et al., 1989, Table 1-2, Table E-6
Storativity (Sg) 4,6x105 9.4x1074 LaVenue et al., 1988, Table 3-3
Thickness (Az)
WIPP area 7.7 5.5 1.13x101 m LaVenue et al., 1988, Table B-1

Sortuosity (1) T 0] 102 T30 i . Lappin et al, 1989, Table E9
L2

i AT e et
m,.#aﬂ&"m‘"“’“* E B o kM O
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TABLE A-4. PARAMETER VALUES FOR CASTILE FORMATION BRINE POCKET

Expected ’
Parameter Value .7 Range Units Source
* Compressibility (5) 1x108 9 1x10-910 1x104 8 Pa-1 Lappin et al., 1989, p. 3-145, Tabie 3-19
Density, rock {p) (See Table A-8, anhydrite.)
Depth (z) 9.24x102 - m Lappin et al., 1988, Fig. E-5
Permeability (k)
inner zone 1x10-11 1x10-13 1x10-9 -m2 Lappin et al., 1989, Table 3-19
Middte zone 1x10-13 1x10-15 1xio- 11 m2 Lappin et al., 1989, Table 3-19
Outer zone 1.4x10-19 m2 Lappin et al., 1989, Table 3-19
< Porosity (¢) 5x10-3 1x10-3 1x10-2 Lappin et al., 1989, Table 3-19
[pressure, initial (p;) 1.27x101 0 = 1,74x101 MPa Lappin et ai., 1989, Table 3-19 ) N\
Radius of
inner zone 3x102 1x102 9x102 m Lappin et al., 1989, Table 3-19
Middle zone 2x103 3x101 8.6x103 m Lappin et ai., 1989, Table 3-19
» Thickness (all) 7.0 3 Zs m Lappin et al., 1989, Table 2-19

Mlowe, Wbl () 2.0 dgagd 115 o Lagpmetel 198 pegs [\
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TABLE A-5. RELATIVE PERMEABILITIES FOR TYPICAL SALT (Rough Estimates)

Memo 1

Saturation for water Saturation for gas
S (krw) S {krg)
0.275 0.0 0.0 0.0
0.2875 4,600 x 108 0.035 0.0
0.30 8.525 x 10°7 0.0425 2.554 x 105
0.35 8.718 x 10-5 0.05 2.032 x 10°5
0.40 7.497 x 104 0.10 1.59% x 10°3
0.50 8.915x 103 0.20 2.408 x 10-2
0.60 4.195x 10-2 0.30 9.154 % 10-2
0.70 1.209 x 10-1 0.40 2.177 x 1071
0.80 3.163x 10-1 0.50 4,059 x 10°1
0.90 6.592 x 10-1 0.60 6.485 x 10-1
0.95 9.116 x 10-1 0.65 7.850 x 10°1
0.9575 9.550 x 10-1 0.70 9.276 x 101
0.965 1.000 0.7125 9.638x 10°1

0.725 1.0000
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TABLE A-6. PARAMETER VALUES FOR ENGINEERED MATERIALS

Expected
Parameter Value Units Source
Crushed Salt

Upper Shaft Seal
Permeability (k) 1x10-12 1x10-14 1x10-10 m2 Lappin et al., 1989, p. 4-67
Porosity (¢) 2x10-1 1x10-1 3x10-1 Lappin et al., 1989, p. 4-67

Drift and Panel Backfill
Density (pb) ,

initial (0.6 pgalado) 1-35x103  1.3x103 1.4x103 kg/m3  Lappin et al., 1989, p. 4-58;
Nowak et al., 1990.
Final 2.01x103 kg/m3 Holcomb and Shields, 1987, Fig. 4
Permeability (k)
Initial 1x10-10 m2 Holcomb and Shields, 1987, Fig. 4
extrapolated
Final 1x10-20 m2 Holcomb and Shields, 1987, Fig. 4
Porosity (¢)
Initial 3.7x10°1 Lappin et al., 1989, p. 4-58
Final 6.0x10-2 Holcomb and Shields, 1987, Fig. 4

Drift, Panel, and Consolidated Lower Shaft Seals

Density (pp)
Initial (0.8 pgalado) 1.7x103 kg/m3 Holcomb and Shields, 1987, Fig. 4
Final 2.01x103 kg/m3  Holcomb and Shields, 1987, Fig. 4
Permeability (k)
initial (salt) 1x10-14 m2 Holcomb and Shields, 1987, Fig. 4
Final (salt) 1.65x10-20  3x10-21 4x10-19 m2 Holcomb and Shields, 1987, Fig. 4;
Nowak et al., 1990
Lappin et al., 1989, p. 4-60
Porosity (¢)
Initial 2.0x10"? Holcomb and Shields, 1987, Fig. 4
Final 6.0x102  1x10-3 9x10-2 Holcomb and Shields, 1987, Fig. 4;
Lappin et al., 1989, p. 4-64

Interbed Seals
Permeability (k) 4x10-18 1x10-18 4x10-18 m2 Lappin et al., 1989, p. 4-63
Porosity (¢) 3x102 2x102 4x10-2 Lappin et al., 1989, p. 4-63

Concrete

Lower Shaft,

Drift, Panels
Unconfined
compressive strength 3.1x10! MPa Gulick and Wakeley, 1990.
Young’s modulus (E) 2.1x101 GPa Gulick and Wakeley, 1990.
Poisson’s ratio () 2.0x10°1 Gulick and Wakeley, 1990.
Restrained expansion 9.0x10°2 Gulick and Wakeley, 1990.
Permeability (k) 2.7x10-19 m2 Gulick and Wakeley, 1990,

Upper Shatt 6.9x101 MPa Gulick and Wakeley, 1990.
Young's modulus (E) 3.3x101 GPa Gulick and Wakeiey, 1990,
Poisson’s ratio (V) 1.7x10°1 Gulick and Wakeley, 1990.
Restrained expansion 3.0x102 Gulick and Wakeley, 1990.
Permeability (k) 2.7x10-19 m2 Gulick and Wakeley, 1990.

Wyoming Bentonite
Hydraulic conductivity
to brine (max) (K) 1.4x10-19 m2 Nowak et al., 1990.
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TABLE A-7. PARAMETER VALUES FOR UNMODIFIED AVERAGE WASTE

Expected
Parameter Value Range Units Source
Compressibility (»35) 1x10°9 Pa-1 Author's opinion, based on Freeze and
‘ Cherry, 1879, Table 2.5.
En generation
“Rates
Corrosion (Hp) 0 1.7 mole/drum /yr Lappin et al., 1989, p. 4-84
Microbiological 0 8.5x101 mole/drum /yr Lappin et al., 1989, p. 4-84
Potential
¢ Corrosion (Hz) 0 8.9x102 mole/drum-eq  Lappin et al., 1989, p. 4-78
Microbiological 0 6.0x102 mole/drum-eq Lappin et al., 1989, p. 4-78
Permeability (k)
initial sx10-11 m2  Holcomb and Shields, 1987, Fig. 4,
extrapolated
Final 1x10-15 1x10-18 1x10-13 m2  Lappin et al., 1989, Table 4-6
Porosity (¢)
Initial 6.8x10°1 Lappin et al., 1989, Fig. 4-8
Final 1.8x10-1 1.5x10-1 2.1x10-1 Lappin et al., 1989, Tabie 4-6
JBolubility (S) : 1x106 109 1x10-3 Molar  Lappin et al., 1989, p. 4-29
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TABLE A-8. PARAMETER VALUES FOR SPECIFIC MATERIALS

Expected
Parameter Value Range Units Source
Anhydrite @ 25°C
Density, grain (pg) 2.963x103 kg/m3  Clark, 1966, p. 46;
Krieg, 1984, p. 14
Young's modulus (E) 7.51x101 GPa Krieg, 1984, p. 16
Poisson's ratio (/) 3.5x10"1 Krieg, 1984, p. 16
Distribution Coefficients
k
%, Cm 2.5x10-2 m3/kg  Lappin etal,, 1989, Table D-5
Np, U 1x10-3 m3/kg  Lappin etal., 1989, Table D-5
Pb, Ra 1x10-3 m3/kg  Lappin et al., 1989, Table D-5
Pu, Th 1x10°-1 m3/kg  Lappin etal., 1989, Table D-5
ka
Am, Cm 9.2x10°1 m3/m2  Lappin et al., 1989, Table D-5
Np, U 3.7x10-2 m3/m2  Lappin et al., 1989, Table D-5
Pb, Ra 3.7x102 m3/m2  Lappin et al., 1989, Table D-5
Pu, Th 37 m3/m2  Lappin et al., 1989, Table D-5
Clay
Distribution Coefficients (kg)
Am, Cm 1x10-1 m3/kg  Lappin etal., 1989, Table D-5
Np, 1x102 m3/kg  Lappin et al., 1989, Table D-5
Pb, Ra 1x10-3 m3/kg  Lappin etal., 1989, Table D-5
Pu, Th 1x10-1 m3/kg  Lappin etal., 1989, Table D-5
u 1x10-3 m3/kg  Lappin et al., 1989, Table D-5
Halite @ 25°C
Density, grain (pg) 2.163x103 kg/m3  Carmichael, 1984, Table 2;
Krieg, 1984, p. 14; Clark, 1966, p. 44
Young's modulus (E) 3.1x101 GPa Krieg, 1984, p. 16
Poisson's ratio (/) 2.5x10-1 Krieg. 1984, p. 16
Polyhalite @ 25°C
Density, grain (pg) 2.78x103 kg/m3 Shakoor and Hume, 1981
Young's modulus (E) 5.53x101 GPa Krieg, 1984, p. 16
Poisson's ratio (V) 3.6x10-1 Krieg, 1984, p. 16
Molecular diffusion (D°) 1x10-10 sx10-11  2x10°9 m2/s Lappin et al., 1989, Table E-6;
Haug et al., 1987, p. 3-22
Radionuclides
241am
Molecular Diffusion (D°) 5.3x10-11 3x10-10 m2/s Lappin et al., 1989, Table E-7
Solubility 1x106 1x109  1x10°3 Lappin et al., 1989, p. 4-29, Table E-1
Activity-conversion 3.43x10°3 kg/Ci
Half-Life (ti) 4.32x102 ¥ ICRP, Pub 38, 1983
Inventory
Initial 6.37x105 Ci Lappin et al., 1989, Table 4-2a
Modified 7.75x10% Ci Lappin et al., 1989, Table 4-2b
244Cm
Molecular Diffusion (D°) (no data, use Am)
Solubility 1x106 X109  1x10°3 Lappin et al., 1989, p. 4-29, Table E-1
Activity-conversion 8.09x104 kg/Ci
Half-Life (ti;) 1.81x101 yr ICRP, Pub 38, 1983
Inventory )
Initial 1.27x10% Ci Lappin et al., 1989, Table 4-2a
Modified 0.0 Ci Lappin et al., 1989, Table 4.2b
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TABLE A-8. PARAMETER VALUES FOR SPECIFIC MATERIALS (Continued)

Expected
Parameter Value Units Source
Molecular Diffusion (D°) 5.2x10-11 3.1010 m2/s Lappin et al., 1989, Table E-7
Solubility 1x10-5 Lappin et al., 1989, p. 4-29, Table E-1
Activity-conversion 7.05x10°7 kg/Ci
Half-Life (t1s) 2.14x106 yr ICRP, Pub 38, 1983
inventory
Initial 8.02 Ci Lappin et al., 1989, Table 4-2a
Modified 8.02 Ci Lappin et al., 1989, Table 4-2b
Pu (element) gy s o
[ 37 Molecular Diffusion [D°) 523 = ate— 48x10°11 3x10-10 m2/s T Lappin et al., 1989, Table E-7
Solubility 1108 Lappin et al., p. 4-29, 1989, Table E-1
238py
Activity-conversion 1.71x104 kg/Ci
Half-Life (tis) 8.77x101 yr ICRP, Pub 38, 1983
inventory
Initial 3.90x106 Ci Lappin et al., 1989, Table 4-2a
Moditied 3.90x106 Ci Lappin et al., 1989, Table 4-2b
239py
Activity-conversion 6.22x10-5 kg/Ci
Half-Life (ty,) 2.41x104 yr ICRP, Pub 38, 1983
Inventory
Initiat 4,25x10% Ci Lappin et al., 1989, Table 4-2a
Modified 4.25x105 Ci Lappin et al., 1989, Table 4-2b
240py
Activity-conversion 2.28x10°4 kg/Ci
Half-Life (ty;) 6.54x103 yr ICRP, Pub 38, 1983
inventory
Initial 1.05x105 Ci Lappin et al., 1989, Table 4-2a
Modified 1.05x105 Ci Lappin et al., 1989, Table 4-2b
241py
Activity-conversion 1.03x10-! kg/Ci
Half-Life (t1s) 1.44x101 yr ICRP, Pub 38, 1983
Inventory
Initial 4,08x106 Ci . Lappin et al., 1989, Table 4-2a
Modified 0.0 Ci Lappin et al., 1989, Table 4-2b
Pb (element)
Molecular Diffusion (D°) 4x10-10
Solubility 1x10-6 Lappin et al., p. 4-29, 1989, Table E-1
210pp
Activity-conversion 7.63x10-2 kg/Ci
Half-Life (tis) 2.23x101 yr ICRP, Pub 38, 1983
inventory
Initial 0.0 Ci Lappin et al., 1989, Table 4-2a
Modified 0.0 Ci Lappin et al., 1989, Table 4-2b
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TABLE A-8 PARAMETER VALUES FOR SPECIFIC MATERIALS (Concluded)

Expected
Parameter Value Range Units Source
226pa
Molecutar Ditfusion (D°) 7.5x10°6
Solubility 1x10-6 x109 1103 Lappin et al., 1989, p. 4-29, Table E-1
Activity-conversion 9.89x104 kg/Ci
Hali-Life (t15) 1.60x103 yr ICRP, Pub 38, 1683
Inventory
Initial 0.0 Lappin et al,, 1989, Table 4-2a
Modified 0.0 Lappin et al., 1989, Table 4-2b
232Th
Molecular Ditfusion (D°) sx10-11  1.5x10-10 m2/s Lappin et al., 1989, Table E-7
Solubility 1x10-6 109 w103 Lappin et al., 1989, p. 4-29, Table E-1
Activity-conversion 1.10x1010 kg/Ci
Halt-Life (tys) 1.41x1010 yr ICRP, Pub 38, 1983
Inventory
Initial 2.74x10-1 Ci Lappin et al., 1989, Table 4-2a
Modified 0.0 Ci Lappin et al., 1989, Table 4-2b
U (element)
Molecular Diffusion (D°) 1.1x10-10  4.3x10-10 m2/s Lappin et al., 1989, Table E-7
Solubility 1x10-6 1x109  1x10°3 Lappin et al., 1989, p. 4-29, Table E-1
233y
Activity-conversion 9.68x10-6 kg/Ci
Half-Life (ti4) 1.59x105 yr ICRP, Pub 38, 1983
inventory
Initial 7.72x103 Ci Lappin et al., 1989, Table 4-2a
Modified 7.72x103 Ci Lappin et al., 1989, Tabie 4-2b
235y
Activity-conversion 2.16x10-9 kg/Ci
Halt-Life (1) 7.40x108 yr ICRP, Pub 38, 1983
inventory
Initial 3.7x10-1 Gi Lappin et al., 1989, Table 4-2a
Modified 3.7x10°1 Ci Lappin et al., 1989, Table 4-2b
238
Activity-conversion 3.36x10°10 kg/Ci
Half-Life (ts) 4.47x109 yr ICRP, Pub 38, 1983
Inventory
Initial 1.47 Ci Lappin et al., 1989, Table 4-2a
Medified 0.0 Ci Lappin et al., 1989, Table 4-2b
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TABLE A-9. FLUID PROPERTIES

Memo 1

Expected
Parameter Value Range Units Source

Brine, Culebra

Density (pf) 1.002x103 kg/m3  Marietta et al., 1989, Table 3-9

Diffusivity (D°) 2x10°9 mé/s  Haug etal, 1987, p. 3-22

Viscosity (1) 1.0x10-3 Pa-s Haug et al., 1987, p. 3-20
Brine, Castile Reservoir

Density (o) 1.24x103 kg/m3  Lappin et al., 1989, Table 3-19
Brine, Salado, 1.013x105 Pa, @ 28°C

Density (pf) 1.2x103 kg/m3  Stein and Krumhansl, 1986

Compressibility (8) 2.7x10-10 Pa-1 Kaufman, 1960, p. 609

Viscosity () 1.6x10-3 Pa-s Kaufman, 1960, p. 622
Gas, 100% Hp, 1.013x105 Pa, @ 25°C

Viscosity (u) 8.84x10°6 9.8x106 Pa-s Buddenberg and Wilke, 1949;

Streeter and Wylie, 1975, Fig. C-1

Water @ 25°C

Compressibility (8y) 4,53x10-10 Pa-1 Haug et al, 1987, p. 3-17

Density (py) 9.971x102 kg/m3  Weast, 1974, p. F-11

Viscosity (i) 8.90x10-4 Pa-s Weast, 1974, p. F-49




Appendix A

TABLE A-10. SALADO BRINE COMPRESSIBILITY (Rough Estimates)

Pressure Compressibility Formation
(MPa) (Pa-1 x 10-10 Volume Factor

0.1 270 1.00000
1.0932 2.70 0.99954
20 270 0.99912
5.0 2.69 0.99773
10.0 2.69 0.99541
20.0 2.68 0.99077
50.0 264 0.97685
100.0 2.57 0.95365
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TABLE A-11. CLIMATE VARIABILITY AND INTRUSION CHARACTERISTICS

-

)
N~

Expected
Parameter Value Range Units Source
Climate Variabilffy{
Glaciagior?; next ) 8x104 4x104 1.2x105 ¥ Marietta et al., 1990
Peak plecipitation; 6x101 4.5x101 9.0x101 cm/yr  Marietta et al., 1990
Human intrusion
Borehole properties
Compressibility (Bs) 1x10-8 1x10-7 1x10-9 Pa-1 Freeze and Cherry, 1979, Table 2.5
Permeability, fill ikl 1x10-12 1x10-13 1x10-11 m2 Lappin et al., 1989, Table 1-2, Table C-1
Porosity (¢} 2x10-1 1x10-1 ax10°1 Marietta et al., 1989, Table 3-10
Radius () 1.67x10°1 8.89x10-2 2.54x10-1 m Lappin et al., 1989, Table C-1; welf logs
-~ Timeofintrusionty  3.15x1010 3.15x109 3.asx1011 s Marietta et al., 1989, Table 3-10
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Memo 2

Memo 2
Date: 3/14/90
To: Distribution
From: D. R. Anderson (6334), Melvin G. Marietta (6334), Martin

Tierney (6415)

Subject: Request for assistance in assigning probability
distributions to the parameters being used for the
preliminary performance assessments of the WIPP relating
to EPA 40 CFR Part 191.
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Memo 2

Sandia Natignal Laboratories

ADLGuerdue. New M2x.c0 377853
Date: March 14, 1990
To: Dlstrlbutl
) «Q Loy gy~ / .
From: . R. Anderson Melvin G{ Marietta, 6334; Martin Tierney 6415

Subject: Request for assistance in assigning probability distributions to
the parameters being used for the preliminary performance
assessments of the WIPP relating to EPA 40 CFR Part 191.

We are requesting investigators on the distribution list to assist us in
creating probability distributions associated with the hydrologic and
geochemical properties listed on Attachment A (Tables 3-9 and 3-10, Marietta
et al., 1989) and in Appendix A, Rechard et al., 1990 (already circulated).
The probability distributions of these parameters will be used in
simulations of release scenarios in the next round of preliminary
performance assessments of the WIPP relating to EPA 40 CFR Part 191.

The next set of calculations will be presented to the NAS at the June 7-8
meeting. The calculations will be repeated and fully documented for the
December NAS meeting. The set of uncertain input parameters that will be
sarpled for these calculations will not be the same as listed in Tables 3-9
and 3-10. Brine pocket, intrusion borehole, and more Culebra and room
parameters will be added. The set of parameters to be sampled will clearly
not include everything in Appendix A, yet unsampled parameter values must be
reviewed too. This memo is concerned with constructing probability models
for those parameters that will be sampled.

The kirnds of information being requested:

“e are not asking that investigators supply probability estimates directly;
instead, we ask those investigators most familiar with the data associated
ith a parameter to please record (in a short memo) any information they may
have concerning the numerical values likely to be taken on by that parameter
in the context of the WIPP. The forms this information might take are listed
below in order of decreasing usefulness in the construction of probability
distributions that could reflect the real conditions at the WIPP.

1. A table of measured values of the parameter.

2. Reasoned estimates of percentile points for the parameter: for
example, provide statements like " 90 percent of the solubility

.4
values lie below 10 Molar."
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Appendix A Anderson et al. to Distribution 2

3. Reasoned estimates of the mean value and standard deviation of the
parameter (quantities that usually apply to spatially inhomogeneous
hydrologic and geochemical parameters such as porosity, conductivity |
and sorption coefficients [de]). In other words, what we are |

seeking here are measures of the "clustering" and "spread" of a
spatially inhomogeneous quantity.

4. Reasoned estimates of only the mean value of the parameter.

5. At the minimum, and in addition to information of types 1 through 4,
we need reasoned estimates of the maximum and minimum values (the
range) that the parameter can take in the context of the WIPP.

In providing information about the parameters in Attachment A, investigators |
are urged to indicate the size of the reference volume to which the data or |
estimates apply and to provide any other qualifications they may believe are

necessary for an understanding of their data.

How the information will be used:

If a table of measured values of the parameter is provided, the entries from
the table may be used to create an empirical cumulative distribution
function (CDF). An example of an empirical CDF is shown on Attachment B;
this example shows the normalized frequency of the diameters of boreholes
that have been taken from well logs in the vicinity of the WIPP. The
resulting empirical CDF will be used as the sampling distribution for the
parameter in the performance-assessment simulations. An example of a Latin’
Hypercube Sample is also shown on Attachment B.

If information of types 2 through &4 (see above) are the only types of
information about a parameter that can be supplied at this time, then these
kinds of information may be used as ingredients in the Maximum Entropy
Formalism (MEF; see Jaynes 1982, or Cook and Unwin, 1986) to construct a CDF
for the parameter. Examples: If only the range, [a, b], of a parameter can
be estimated, then application of the MEF will yield a uniform distribution
on the interval [a, b]. If estimates of the range and mean are provided,
then application of the MEF will yield a truncated exponential distribution.
If estimates of the range, the mean and the standard deviation are provided,
then application of the MEF will yield a truncated normal distribution on
the interval [a, b]. Finally, if percentile points are provided, then
application of the MEF yields a piecewise-linear CDF.
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3/14/90 Anderson et al. to Distribution Memo 2

Brief meetings with investigators from each division would be useful to
answer any questions about how data will be used and to educate PA on
correct data interpretation. We suggest that information transfer to PA can
be accomplished by short memos, but complete documentation by investigators
for the PA data base manager will still be required on a regular basis. A
formal procedure for this process should be implemented.

REFERENCES
Cook, Ian and S. D. Unwin, 1986, "Controlling principles for prior
probability assignments in nuclear risk assessment," Nuclear Science

and Engineering: 94, 107-119.

Jaynes, Edwin T., 1982, "On the rationale of maximum entropy methods,"
Proc. IEEE: 70, 939 - 952.

Marietta, Melvin G., et al. 1989, "Performance assessment methodology
demonstration: methodology development for evaluating compliance with
EPA 40 CFR Part 191, Subpart B, for WIPP," SAND89-2027.

Rechard, Robert P., et al. 1990, "Parameter sensitivity studies of selected
components of the WIPP repository system," SAND89-2030. In preparation.
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Appendix A

Attachment A
Page 1 of 4

TABLE 3-9. REFERENCE DATA BASE FOR NEFTRAN SIMULATION OF UNDISTURBED CONDITIONS

Expected Value*
Variable Distribution Range Units or Median**

Marker Bed 139 Pathway: Sampled Parameters

Room Pressure Uniform [6.0,15.0] MPa 10.5
Solubility Loguniform [10-9,10-3) , Molar 10-6
Room Conductivity Beta [10-11,1076) m/s 10°7
MB139 Seal Conductivity Lognormal [10-72,4 x 10-19) m/s 2x 101
MB139 Seal Porosity Normal [0.02,0.04] 0.03
Lower Shaft Seal Conductivity Lognormal [3x10-14,10-11] m/s 5x10-12
Lower Shaft Seal Porosity Beta [0.001,0.08] 0.05
Upper Shaft Seal Conductivity Lognormal [10-7,1079) m/s 10-5
Upper Shaft Seal Porosity Normal [0.1,0.3] 0.20
MB139 Retardation (Pu,Th) Beta (1.0,10.0] 4.7
MB139 Retardation (Am) Beta {1.0,10.0] 1.9
Lower Shaft Seal Retardation

(Pu,Th,Am) Beta (1.0,10.0) 5.2
Lower Shaft Seal Retardation (Np) Beta [1.0,10.0] 1.4

Upper Shaft Seal Retardation
{Pu,Th,Am) Beta (1.0,10.0] 1.7

Marker Bed 139 Pathway: Unsampled Parameters

MB139 Retardation 1.0
{U,Np,Ra,Pb)

Lower Shaft Seal Retardation 1.0
{U,Ra,Pb)

Upper Shaft Seal Retardation 1.1
(Np)

Upper Shaft Sgal Retardation 1.0
{U,Ra,Pb)

*Lappin et al., 1989
**Median value is listed for loguniform and lognormal distributions




Memo 2

Attachment A
Page 2 of 4

TABLE 3-9. REFERENCE DATA BASE FOR NEFTRAN SIMULATION OF UNDISTURBED CONDITIONS

(Concluded)
Expected Value*
Variabl Distribytion Range nit or Median**
Salado Pathway Parameters
Salado Conductivity 2.9x 1014 m/s
Salado Porosity 0.001
Salado Retardation
(Pu,Am,Th) m?2 231.0
Salado Retardation (Np) m2 24.0
Salado Retardation
(U,Ra,Pb) m?2 3.3
Marker Bed 139 Pathway Constant Parameter Values
Marker Lower Upper
Bed Marker Shaft Shaft Culebra Culebra Culebra Culebra
Legs: Repository Seal _Bed Seal Seal Leg _Leg Leg _Upgradient
Length (m) 91.4 30 366 200 200 430 1030 3444 400
Area (m?) 38.9 5,57 5.57 29.2 29.2 800 800 800 800

Rock Density (kg/m3) 2720 2720 2720 2720 2720 2720 2720 2720 2720
Fluid Density (kg/m3) 1186 1186 1186 1186 1186 1092 1092 1092 1092

*Lappin et al., 1989
**Median value is listed for loguniform and lognormal distributions
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Page 3 of 4
TABLE 3-10. REFERENCE DATA BASE FOR NEFTRAN SIMULATION OF HUMAN INTRUSION
SCENARIOS
Variable Distribution Range Units E;?:Acetg?ar\:ﬂue*

Time of Release Uniform [0.0,10¢] yrs 5x 103
Solubility Loguniform [10-8,10-3] Molar 10-6
Alternative Solubility Loguniform [10-8,10-4] Molar 10-6
Room Conductivity Beta [10-11,10°6) m/s 10-7
Alternative Room Conductivity Beta [10-14,10-19) m/s 10-1
Room Porosity Normal [0.15,0.21) 0.18
Alternative Room Porosity Lognormal [0.05,0.20) 0.10
Borehole conductivity Lognormal [10-6,10-4] m/s 10-5
Borehole porosity Normal [0.10,0.30] 0.20
Culebra conductivity Leg 4 Lognormal [10°7,10°9] m/s 10-€
Culebra conductivity Leg 5 Lognormal [10-8,10-6) m/s 10-7
Culebra conductivity Leg 6 Lognormal [10-8,10°8) m/s 10-7
Culebra porosity Leg 4 Lognormal [0.00015,0.015] 0.0015
Culebra porosity Leg 5 Lognormal [0.00015,0.015] 0.0015

Lognormal [0.00015,0.015] 0.0015

Culebra porosity Leg 6

Marker Bed MB139 Pathway: Retardation Factors*

Radioisotope Repository

240py
236
241 Am
237N
zaaup
223Th
238p,
234y

230Th
226R a

210pp
239p,

P i i i G I G G
O0O0O00O0O00O0O0O0O00OO0O

*Lappin et al., 1989

Legs

Lower

Borehole

1.74
1.007
1.74
1.07
1.007
1.74
1.74
1.007
1.74
1.007
1.007
1.74

**Median value is listed for loguniform and lognormal distributions

Culebra Culebra
from to Culebra

Barehole 2.5 km 10 5.0 km
1.12 1.12 1.12
1.001 1.001 1.001
1.12 1.12 1.12
1.001 1.001 1.001
1.001 1.001 1.001
112 1.12 1.12
1.12 1.12 1.12
1.001 1.001 1.001
1.12 1.12 1.12
1.006 1.006 1.006
1.006 1.006 1.006
1.12 1.12 1.12
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TABLE 3-10. REFERENCE DATA BASE FOR NEFTRAN SIMULATION OF HUMAN INTRUSION
SCENARIOS (Concluded)

Marker Bed MB139 and Salado Formation Pathway Constant Parameter Values*

Lower Upper Culebra Culebra Culebra

Legs: Repository Borehole  Borehole Leg 1 to 2.5 km to 5.0 km
Length (m) 300.0 270.0 440.0 300.0 2140.0 2560.0
Area (m?) 38.9 0.01 0.02 800.0 800.0 800.0
Rock Density

(kg/m3) 2720 2720 2720 2720 2720 2720
Fluid Density

kg/m3 1186 1186 1186 1092 1092 1092
Node Pressure: 10.5 MPa Repository

16.0 MPa Castile Brine Occurrence
0.92 MPa Culebra at 5 km

* Lappin et al., 1989
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Data for use in August Performance Assessment Calculations
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date:

to:

from:

subject’

Memo 3

Sandia National Laboratories

AuguSt 3, 1990 Albugquerque. New Mexico 87185

Rip Anderson, 6342

Clo Gonbd

Elaine Gorham, 6344

Data for use in August Performance Assessment Calculations

Attached are three memos which will, along with comments in this
memo, supply all the information that is needed by performance
assessment to perform the December calculations.

As you will see after reading the memos, there are suggestions
for making model changes. I support those suggestions, although
I am aware that implementation of the suggested changes may not
be possible in the time available.

In a few cases Rick and Peter have suggested slightly different
distributions for hydrologic model parameters. I have
deliberately not asked them to devise a consensus distribution.
Where the distributions differ, you should implement the average
distribution. Calculation of the averages should be simple and
straightforward. I will be willing to construct them myself if
you wish.

The memo from Malcolm Siegel should be used to define PA
transport parameters. It currently represents the judgement of
both Malcolm and Craig.

A source of values for Kys appropriate to the backfill were
supplied to Barry Butcher by Craig Novak. Barry will include
those values and their rationale in a memo from him.

Finally, I will work with my staff to generate final write-ups
for inclusion in the PA documents due out in December. I’m not
sure how to handle Peters suggestions for you to change your
Culebra modeling approach if you don’t have time to make the
changes. Maybe this is one of the things we can work out in our
Quality Team sessions.

Copies:

6340 Weart
6344 Beauheim
6344 Davies
6344 Finley
6344 Howarth
6344 LaVenue

6344 Novak
6315 Siegel
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Memo 3a
Date: 6/12/90
To: Distribution
From: M. D. Siegel, 6344

Subject: Representation of Radionuclide Retardation in the
Culebra Dolomite in Performance Assessment
Calculations
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Sandia National Laboratories

Albuquerque, New Mexico 87185
date: June 12, 1990

to: Distribution

Neplytov 8 Sz

from:M. D. Siegel, 6344

subject: Representation of Radionuclide Retardation in the Culebra Dolomite in
Performance Assessment Calculations

Summary

The purpose of this memo is to describe probability distribution
functions for Ky values for use in the next round of performance
assessment calculations. The paucity of relevant site-specific data
necessitated the use of conservative (low) Ky values in the Final
Supplemental Environmental Impact Statement (cf. Lappin et al., 1989)
and in the performance assessment calculations described in SAND89-2027
(Marietta et al., 1989). 1In this memo, higher K; values, chosen from a
distribution of Kys, are recommended as a result of work carried out
during 1989 - 1990. The most important of these results include: 1) the
observation that the clay mineral, corrensite comprises up to 25% by
weight of material scraped from open fractures in the Culebra Dolomite;
2) demonstration that corrensite adsorbs large fractions of the uranium
in solution at pH ranges (6.5-7.5) typical of the Culebra; and 3)
evidence that uranyl-carbonate and uranyl-EDTA complexes are adsorbed by
corrensite and iron oxyhydroxides.

A second objective of the memo is to provide some guidance in the
representation of radionuclide retardation in the Culebra Dolomite.
Previous transport calculations have considered retardation in either the
fractures or the dolomite matrix but not both. Marietta et al. used a
retardation factor of 1.12 for transport of plutonium within fractures in
the Culebra and concluded that the Culebra was not an effective barrier
to radionuclide migration. In contrast, using the data and equations
described in this memo, retardation factors for plutonium transport
ranging from 76 to 676, and 625 to 2000 in the fracture and matrix
respectively are calculated at the midpoint of the recommended K4
distribution function. These results suggest that a dual porosity
transport model should be used in the next round of performance
assessment calculations.
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Background

Radionuclide distribution coefficients (Kis) and retardation factors are
important in calculations of radionuclide migration. Ky values describe
the intensity of sorption; retardation factors provide information about
the sorption capacity of the rock. As discussed below, two recently
published SAND reports used identical Ky values but different approaches
to calculate retardation factors and consequently produced very different
results and conclusions.

Transport calculations described in SAND89-2027 (Performance Assessment
Methodology Demonstration: Methodology Development for Evaluating
Compliance with EPA 40 CFR 191, Subpart B, for the Waste Isolation Pilot
Plant) (Marietta et al., 1989) considered retardation only in the
fractures of the Culebra and ignored any retardation in the dolomite
matrix. This calculation strongly contrasts with the transport
calculations done in SANDB89-0462 (Systems Analysis. Long Term
Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot Plant
(WIPP), Southeastern New Mexico) (Lappin et al., 1989). In the latter
report, retardation was assumed to occur only in the matrix and the
calculated retardation factors were much higher than those used by
Marietta et al.

In Lappin et al. (1989), the sorption capacities of fractures and matrix
were calculated using their respective surface areas. A conservative
single porosity retardation factor for the fractures (i.e., assuming
sorption will occur only in the fractures) was calculated using the
surface area of smooth fractures calculated from an estimated fracture
porosity. Similarly, the sorption capacity of the matrix was calculated
using the intergranular surface area of the matrix from studies of
dolomite powders.

Lappin et al. ignored retardation in the fractures because the calculated
single porosity matrix retardation factor was much larger than the
calculated single porosity fracture retardation factor. SAND89-2027
(Marietta et al., 1989) however, used the single porosity £fracture
retardation factors calculated in Lappin et al. to represent all
retardation in the Culebra Dolomite and ignored retardation in the
matrix. The implicit conclusion of Marietta et al. that retardation in
the Culebra Dolomite provides little or no barrier to radionuclide
migration is a direct consequence of this choice.

The use of a dual porosity model would provide a more realistic estimate
of the ability of the Culebra Dolomite to retard radionuclide migration

to the accessible environment. In this approach, the volume of the
fracture-coating minerals would be used to to calculated the sorption
capacity and retardation factor of the fracture. The retardation factor

for the matrix would be calculated separately. For this reason, separate
probability distribution functions are given for the Kys in the fracture
and dolomite matrix in this memo.
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Some Caveats Concerning the Use of K;s in Transport Calculations

Radionuclide distribution coefficients (Ky) are used in transport codes
to calculate the partitioning of radioelements between the groundwater
and rock. The definition, underlying assumptions and limitations of the
use of a K; to estimate radionuclide retardation have been reviewed in
Lappin et al. (1989; section 3.3.4). As discussed in that section, a Ky
value cannot be extrapolated with confidence to physicochemical
conditions that differ from those under which the data were obtained. In
addition, the use of a K; to calculate radionuclide partitioning is
theoretically valid only if: 1) chemical equilibrium exists among all
aqueous species containing the solute; 2) reversible, linear sorption is
the dominant process controlling exchange of the solute between the
groundwater and the rock; and 3) transport of the solute by particulates
(colloids) is insignificant. It remains to be demonstrated if these
assumptions are valid for radioelement transport in the Culebra or if
deviations from these conditions will produce errors that are significant
for performance assessment calculations.

In the following sections, the assumptions used in estimating defensible
probability distribution functions for K;s are described. The choice of
"recommended" Ky distributions required a large number of subjective
assumptions which cannot be supported rigorously. The values given in
Tables 1-2 are considered to be the realistic in light of available
data; however, research in progress may produce results that will
invalidate the logic and recommendations presented below.

Compositions of Groundwaters in the Culebra Dolomite

Measured K4s can be strongly dependent on the composition of the
groundwater (cf. Section 3.3.4 in Lappin et al. 1989 and cited
references). The composition of radionuclide-bearing solutions at
various locations within the Culebra will depend upon the composition and
volume of the solution from the repository that reaches the aquifer.
Separate ranges of K;s are given for two extreme scenarios.

In Case I, the ratio of the flux of the repository fluid to the flux of
Culebra water is very small; therefore, the major solute composition of
the resultant fluid is assumed to be similar to that of the undisturbed
Culebra. Ky data obtained in the "Culebra H,0" described in Lappin et
al. (1989; Table 3-16) are most relevant for this scenario. This solution
represents an average composition of waters sampled in well H-2B (sampled
2/77) and H-2C (sampled 3/77). This water is similar in composition to
the AISin reference water which has been modified (by reducing the Ca
content by 25%) for use in Pu speciation and sorption studies being
carried out at Lawrence Berkeley Laboratory and for U sorption studies
that are being carried out at SNL. The K; distribution for Case 1 is
described in Table 1. The composition of the AISin water is described in
Table 3.
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In Case 2, the mixing ratio (as repository fluid/Culebra fluid) is high
and the resultant composition resembles that of the repository fluid.
In Case 2, radionuclide sorption in the Culebra is assumed to be affected
by the high salinity of the Castille and Salado brines and organic
ligands from the waste. The information needed to construct the
distribution functions for these conditions are given in Table 2. Data
obtained in Brines A and B plus added organic complexants (Lappin et al.,
1989; Table 3-16) were used for this scenario.

The K4 ranges for Case 2 are very speculative; the compositions of Brine
A and Brine B may not be representative of the water in the facility
horizon. The addition of organic and metal-containing waste, cement and
backfill additives will change the solution pH, dissolved organic carbon
speciation, dissolved oxygen content and concentrations of metal ions.
At present, no reliable estimate of the organic composition of the
repositoty fluids 1is available. The inorganic composition of fluids
resulting from the mixing of Salado and Castille waters has been
estimated with the PHRQPITZ code. Table 3 describes the compositions of
two reference brines obtained from these calculations.

Estimation of Parameters Defining Cumulative Probability Distribution
Functions for Ky Values

Separate Ky distributions are given for the dolomite matrix and the clays
lining the fractures in the Culebra in this section. The use of these
data to calculate retardation factors is discussed in a later section of
this memo.

The cumulative probability distribution functions for the K; values are
defined by values for the 0%, 25%, 50%, 75%, 95% and 100% intervals.
Data from K; measurements and predictions based on theoretical
calculations were used to obtain the recommended K4 distribution
functions.

Tables 3-14 and 3-15 in Lappin et al. (1989) contain a compilation of
ranges of K3 values obtained under chemical conditions that were similar
in some way to those expected for a variety of mixing ratios in the
Culebra Dolomite. The sources for these data are identified in that
report and will not be repeated here. Data from parametric studies or
theoretical calculations for simple well-constrained systems were used to
estimate the magnitude of the change in the K; that might be related to
differences between the actual experimental conditions and the range of
conditions postulated for the WIPP.

The meaning of each of the points along the probability distribution
functions is given below:
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CASE 1 (Tables 1A and 1B):

100 percentile: The highest value for the Culebra H,0 was used. If data
for this water were not available, the highest minimum
value of the ranges from experiments carried out in WIPP
Solutions A, B, and C (see Tables 3-14 to 3-16 in Lappin
et al., 1989) was used. The use of the minimum values
introduces a degree of conservatism in the distributions.
Data from experiments which include organic ligands were
not considered.

75 percentile: (dolomite matrix) The values for Case I in Table E-10 in
Lappin et al. (1989) were used. These K; values
represent a compromise between the empirical data that
show that sorption will occur under WIPP-specific
conditions and theoretical calculations that suggest that
many factors can decrease the extent of sorption
significantly under other conditions that are possible in
the Culebra.

50 percentile: (dolomite matrix) The lowest reported value for Culebra
H,0 was used. If no data for Culebra H,0 were available,
the lowest of the values reported for organic-free WIPP
A, B, and C Solution was used.

75 percentile and 50 percentile (clays):

The values in Table E-11 in Lappin et al. (1989) and the
lowest value for Culebra H,0 were compared; the larger of
the two values was used for the 75 percentile. The
smaller value was used for the 50 percentile. If no data
for Culebra H,0 were available, the lowest value reported
for WIPP A, B, and C Solutions (organic-free) was
compared to the value in Table E-11.

25 percentile: The value for Case IIB in Tables E-10 (dolomite) or E-11
(clay) was used. The choice of this value reflects the

possible effect of organics on retardation.

0 percentile: The use of a Ky value of zero increases the conservatism
of the distributions.
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CASE 2 (Tables 2A and 2B):

100 percentile: The lowest maximum of the ranges of values for Brine B
with organics was used. Brine B is a saline NaCl brine
which is qualitatively similar to Castille Brine, the
dominant fluid in scenarios wherein fluid composition is
controlled by solutions from the repository (see Table
3). The concentrations of organics in the Brine B +
organics experiments may be higher than would be expected
in the PA scenarios. If data for this water were not
available, the lowest maximum of the ranges of values
from other data for inorganic Brine B, A or other saline
waters (see Table 3-14 in Lappin et al., 1989) was used.
The use of the minimum values introduces a degree of
conservatism in the distributions.

95 percentile: (dolomite matrix) The lowest maximum of ranges of value
for organic-rich Brine B was used. If no data for this
solution were available, the lowest maximum of ranges of
the values reported for organic-free Brine B was used.

50 percentile: (dolomite matrix) The values for Case IIB in Table E-10 §
in Lappin et al. (1989) were used. These K, values
represent a compromise between the empirical data that |
show that sorption will occur under WIPP-specific |
conditions and theoretical calculations that suggest that
many factors can decrease the extent of sorption
significantly under other conditions that are possible in
the Culebra.

95 percentile and 50 percentile (clays):

The values in Table E-11 for Case 2B in Lappin et al.
(1989) and the highest minimum for ranges of values for
Brine B (Table 3-14) were compared; the larger of the two
values was used for the 95 percentile. The smaller value
was used for the 50 percentile. If no data for Brine B
available, the lowest value reported for Brine A and
other saline solutions in Table 3-14 was compared to the
value in Table E-11.

0 percentile: The use of a Ky value of zero increases the conservatism
of the distributions.
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Calculation of Retardation Factors for Dual Porosity Transport in the
Culebra Dolomite

Data provided in this memo can be used to model dual porosity transport
in the Culebra. In this model, retardation in the matrix and fractures
provide separate barriers to radionuclide migration. The mineralogy of
the Culebra has been described in Siegel et al. (1990). The dominant
mineral in the matrix is a fairly pure dolomite. Clay, gypsum and
calcite are distributed heterogeneously, both vertically and horizontally
in the matrix. Clay and quartz together comprise about 3% by weight of
the matrix on average. '

In the dolomite matrix, both the clay and dolomite can sorb
radionuclides; however, 1 have not attempted to differentiate between the
independent contributions of these two substrates to the overall sorption
in the matrix. Table 1B and 2B provide the bulk matrix Kys for Case 1
and Case 2, respectively. The retardation factors can be calculated for
the bulk matrix using the standard expression for retardation in a porous
medium (Eq. 1) and used to model the extent of matrix diffusion 1In Eq.
1, p and ¢ are the grain density and porosity of the matrix respectively.

R =1+Kq p(1-¢)/9 (1)

Radionuclide transport within the fractures will be retarded by
interactions with fracture-lining minerals. The concentration of a
radionuclide in the fracture is coupled to matrix diffusion in the
calculations of a dual porosity transport model. Within the fractures,
gypsum and corrensite, a mixed-layer chlorite/smectite are most commonly
observed. Material scraped from the surfaces of open (?) fractures
contains up to 25% (gm/gm) clay. The retardation factors for the
fractures can be calculated from the following expression:

R=1+ p; Kge (6:/6) (2)

where K. is the distribution coefficient for the clay given in Tables 1B
and 2B; p. is the density of the clay (2.5 gm/cc); 6. is the thickness of
the clay coating the fracture and § is the fracture aperture (see
Neretnieks and Rasmusson, 1984).

At present, data are not available to estimate the true range or
distribution of §./6 in the Culebra. A normal distribution with a
maximum value of 0.9 and a minimum value of 0.1 could be used for the
current set of performance assessment calculations. Using these wvalues
and a Ky of 300 ml/gm for plutonium (cf. Table 1B, retardation factors
for the fracture ranging from 76 to 676 can be calculated. A retardation
factor of 2000 can be calculated for the dolomite matrix using Eq. 1,

with a K4 of 80 ml/gm (cf. Table 1A), a density of 2.8 gm/cc and porosity
of 0.1.
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Researchers from the University of New Mexico are currently measuring the
thickness of clay fracture coatings in Culebra core samples. The WIPP
hydrologists should be asked to provide an estimate of the distribution
of fracture apertures. From these two sets of data, a more defensible
distribution for 6.,/6 can be obtained for the next round of PA
calculations.

There is no reason to assume a priori that matrix diffusion will not be
significant in the Culebra. The amount of matrix diffusion and the
proper model for transport in dual porosity media depends on the relative
rates of transport through the fractures and diffusion in the matrix.
Several numerical criteria that can be used to determine the wvalidity of
alternative approximations for transport in porous fractured media are
presented by Erickson et al. (1986). A previous application of the
criteria to transport in the Culebra is described in Attachment 1 to this
memo. The parameter values used in the memo (written in 1986) are not be
the most current estimates of the properties of the Culebra; however the
calculations are significant because they show that matrix diffusion can
be important even if the travel time to the accessible environment is
less than 20 years. The method to calculate the criteria is
straightforward and can be applied to more recent data.

On the Conservative Nature of the Recommended Ky Distributions

In general, the bulk of the values sampled from the recommended Ky
distributions will be lower than those listed in Tables 3-14 and 3-15 of
Lappin et al. (1989). Many of the Kys for the actinides reported in the
literature are in the range 10,000 - 100,000 ml/gm. Such high values
were not allowed to dominate the shape of the distribution functions
recommended in this memo. In general, Kgs are calculated solely from the
loss of radioactivity from solution; therefore, small errors in the
measurement of a trace amount of radionuclide remaining in solution could
lead to large errors in the calculated Ky;. Review of experimental
procedures used to obtain the values, suggests that the results could be
compromised by unrecognized precipitation; this error would lead to high
K4s that would overestimate the extent of sorption.

Experimental data obtained during 1989-1990, and qualitative predictions
about the surface properties of the clays, however, do suggest that
actinides could be strongly adsorbed onto both fixed-charge ion exchange
sites and surface hydroxyl groups of clays in the presence of carbonate
complexation, high ionic strength, competition for sorption sites by
other cations such as Mg*? and Ca*?, and organic complexation. The
results of work carried out at Stanford University in support of this
project suggest that actinide carbonate complexes and organo-actinide
complexes will be sorbed by clays in the pH ranges typical of the
undisturbed Culebra Dolomite. The effect of mixing of water from the
repository and Culebra waters on sorption remains to be evaluated.
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The K4 values presented in Tables 1 and 2 were based on consideration of

experimental data obtained under oxic conditions. The sorption behavior
of the radioelements under anoxic conditions that may be present in the
repository cannot be extrapolated with these data. Some observations have
been made of radionuclide partitioning between soils, solutions and
organic matter that suggest that the Kss of the radioelements in their
lower oxidation states might be lower than those reported for the
oxidized forms.

Additional References

Erickson, K. L., et al., 1986, "Approximate Methods to Calculate
Radionuclide Discharges for Performance Assessment of HLW Repositories in
Fractured Rock," in Waste Management 86. Vol. 2, P. G. Post, ed.,
University of Arizona.

Siegel. M. D., Lambert, S. J. and Robinson, K., 1990, Hydrogeochemical
Studies of the Rustler Formation and Related Rocks in the WIPP Area,
Southeastern New Mexico, SAND88-0196 (in press).

Neretnieks, I., and Rasmusson, A., 1984, "An Approach to Modelling
Radionuclide Migration in a Medium with Strongly Varying Velocity and
Block Sizes Along the Flow Path," Water Resources Research, Vol. 20, pp.
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Table 1A. Probability Distribution Functions for K4 Values (ml/g)
for Culebra Dolomite Matrix (Case 1).

Percentile _Pu_ _Am_ Cm 0 _Np_
100% 1050 380 (12000) 7.5 (10)
75% | 100 200 (200) 1 (1)

50% 80 110 ng 0.6 (0.6)
25% 25 100 (100) ng ng
0% 0 0 0 0 0

Table 1B. Probability Distribution Functions for Ky Values (ml/g)
for Fracture Clays of the Culebra Dolomite (Case 1)

Percentile Pu_ Am Cm U.Np
100% 40000 4100 1.6E5 50
75% 2300 500 2700 20
50% 300 300 (500) 10

25% 100 200 (200) (1)

0% 0 0 0 0

() = value poorly constrained by available data; estimated by
assumption of similar behavior to homolog element.

ng = not given

«10-
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Table 2A. Probability Distribution Functions for K4 Values (ml/g)
for Culebra Dolomite Matrix (Case 2).

Percentile _Pu_ Am Cm U Np
100% 6000 5.7E4 (5.7E4) 7.1 28
75% 560 2.8E4 (2.8E4) 1.5 10

50% 25 100 (100) 1 1

0% 0 0 0 0 0

Table 2B. Probability Distribution Functions for K Values (ml/g)
for Fracture Clays of the Culebra Dolomite (Case 2)

Percentile Pu _Am Cm U _Np
100% 1.0E4 1000 (1.0E4) 50 2000
95% 300 100 (300) ng 5

50% 100 90 (100) 1 1

0% 0 0 0 0 0

() = value poorly constrained by available data; estimated by
assumption of similar behavior to homolog element.

ng = not given

-11-
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TABLE 3. COMPOSITIONS OF REFERENCE BRINES AND MIXTURES

SOLUTE SOLUTIONS?

SB-lah  ERDA-6  AISin
Ca2* (mmol) 10.5 13.2 22.8
MgZ* (mmol) 1171 20.8 21.5
Na* (mol) 3.92 5.35 0.61
K* (mmol) 586 107 8.2
Cl- (mol) 6.42 5.27 0.57
sof- (mmol) 186 187 80
TICZ (mmol) 0.4 17.5 1.74
logpCO, (atm) -2.4 -0.69 -2.75
pH 6.08 6.17 7.46
I (mol) 8.20 5.82 0.84

1The ERDA-6 brine is the average composition calculated for 10 samples
from the ERDA-6 well. The SB-lah brine is a composition calculated from
a reference Salado brine composition (PABl in Lappin et al. (1989); Table
3-4) which has been brought to equilibrium with anhydrite and halite in a
PHRQPITZ simulation. The AISin brine is a composition calculated from a
reference composition for samples from the WIPP Air Intake Shaft which

has been brought to equilibrium with calcite by adding CO, in a PHRQPITZ
simulation.

2Total Inorganic Carbon

-12-
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MEMORANDUM

DATE: August 12, 1986

SUBJECT: Approximate Methods to Calculate Solute Transport in
Fractured Porous Media: Application to the WIPP

FROM: M.D. Siegel, Div. 6431

TO: Distribution

Erickson and others (1986) have evaluated three approximate
methods for calculating radionuclide discharges in homogeneous systems
of fractured, porous rock. The approximations are: (1) a semi-infinite
medium approximation where radionuclide diffusion rates into the
porous matrix are calculated assuming a semi-infinite matrix (Crank,
1975); (2) a linear-driving-force approximation where radionuclide
diffusion rates into the matrix are proportional to the difference
between bulk concentrations in the fracture fluid and in the matrix
pore water; and (3) an equivalent-porous-medium approximation where it
is assumed that the time rate of change of radionuclide concentrations
in the matrix is proportional to that of radionuclides in the fracture
fluid. An evaluation of the accuracy of these approximations and
derivation of criteria for their application were made for simple
systems (see Figure 1.) in which the following assumptions are valid:

(1) the formation is a saturated, porous rock containing 1 set
of uniform, parallel, evenly-spaced fractures,

(2) fluid flow occurs only in 1 direction in the fractures,

(3) bulk diffusion in the matrix pore waters occurs only
perpendicular to the direction of fluid flow,

(4) radionuclide sorption is reversible and isotherms are linear.

(5) radionuclides exist as single chemical species,

(6 fluid flow in the porous matrix, hydrodynamic dispersion,
radiocactive production and decay, and colloidal transport of
radionuclides are all negligible.

Radionuclide transport in this system can be described by coupled
material balances for the fracture fluid and the matrix. The equations
are coupled through the expression for the radionuclude concentrations
in the matrix pore water. The three approximations are derived from
this exact solution by replacing this term with simpler expressions.
Criteria for application of these approximations are based on the the
error in the calculated radionuclide concentration in the matrix. For
the purposes of performance assessment calculations Erickson and
others (1986) suggested that errors on the order of 20% were
acceptable. The criteria were expressed in terms of the following
fundamental parameters: fracture porosity (¢f), matrix porosity (¢m),
the ionic diffusivity in the pore water (D), the tortuosity/constric-
tivity of the matrix (a), the fracture spacing (2B), the interstitial
velocity (v), and the travel path length (x).
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For systems in which the fracture porosity is small and less than
the matrix porosity, the numerical criteria are expressed as follows:

Define X = [(D/a)(l-¢f)¢mx]/vB24f

then:
X < 1 for the semi-infinite-medium approximation,
X 2 0.2 for the linear-driving-force approximation,
X 2 50 for equivalent-porous-medium approximation.

Figure 2 illustrates the application of these criteria to data
from the WIPP site. Lines representing X values of 0.2, 1, and 50
divide the graph into regions within which at least one of the
approximations will give acceptable results (ie. errors < 20% when
compared to the exact solution). The data plotted were chosen such
that the y-coordinates correspond to parameter values which gave the
best fit to early SWIFT-2 simulations of the H-3 tracer test ('average
values’), and to the extrema of parameter values considered reasonable
for the site ('best case’ and ’'worst case’ values). The x-coordinates
correspond to the breakthrough times observed at the H-3 tracer test
(0.9 and 3.8 days) and the extrapolated travel times to the accessible
environment ( 2.9 and 18.2 years). It can be seen that for the
‘average’ and ’'worst case’ values, the semi-infinite-medium
approximation would be valid for the tracer test if the geochemical
and hydrogeological assumptions listed above were valid. The linear-
driving-force approximation would give acceptable results for
regional-scale transport modeling for the ’'best case’ and ‘average’
values of X if these same assumptions held throughout the whole
region. Under such conditions, the computer code NWFT/DVM (Campbell,
1981) could be used for transport modeling. Figure 2 also shows that
for ’'best case’ values of X, the equivalent-porous-medium
approximation could be used for a fracture system that was homogeneous
on a regional-scale. Under 'worst-case’ conditions, only the exact
solution or the semi-infinite-medium approximation would give
acceptable results for the tracer test or the regional-scale modeling.

Several important questions remain to be addressed before the
results of this type of analysis can be applied with confidence to the
WIPP site:

1. What is the effect of geometry on the numerical values
of the criteria for the approximations? The effects of
different shaped matrix blocks, heterogeneities in
fracture spacing and aperture, and anisotropy must be
examined before the use of a porous-medium approximation
can be evaluated for the site. Can the effects of
heterogeneity be bounded by the appropriate
choice of parameter values for a homogeneous system
which produces the same discharge?

2. What are the effect of nonlinear and irreversible
sorption on the numerical values of the criteria?
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3. In the analysis presented above it was assumed that
neither the rates of sorption or diffusion through the
boundary layer at the fracture/matrix interface limited
the rate of mass transfer into the matrix. Is this
reasonable for the rapid flow rates obtained from the
tracer test?

4. Can the analysis presented above be applied to a system
of discrete fractures or highly fractured zones with a
relatively impermeable matrix?

5. Radioactive decay and production were not considered in
the analysis presented above. How will these processes
affect the criteria for the approximations?

The major uncertainty in the analysis is fracture geometry. It
should be noted that a dual-porosity conceptual model using SWIFT-2
may also be subject to the same uncertainty; both the SWIFT-2 analysis
and the simple analysis described above assume a homogeneous fractured
media. Additional field data is needed to improve the analysis.

Some follow-up activities to this analysis are listed below. These
suggestions are based in part on discussions with K. L. Erickson, R.
Rechard, and P. Davis and are designed to address some of the
questions raised above.

1. Examine the effect of different geometries (prisms vs spheres
vs flat plates) on the exact solution of the transport equation
using the RAINBOW code. Comparison of elution curves for media
with different geometries but similar fracture porosities would
provide some insight into the sensitivity of this analysis to
geometric effects.

2. Derive the criteria for the three approximations for other
geometries. This work is nearly complete for spheres; it would
probably be considerably more difficult for prisms than the
analysis for flat plates.

3. Examine ways to represent heterogeneous systems by 'equivalent’
homogeneous systems by using representative elementary volumes
(REV's) of appropriate geometry.

4. Examine the validity of the criteria for a system composed of
a zone of high permeability within an impermeable matrix (ie.
what is the error introduced by edge effects at the boundary of
the permeable zone?)

5. Obtain additional field data to further comstrain the fracture
geometry used in the conceptual models.
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Figure 1. Schematic representation of fractured, porous rock.
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Figure 2. Application of criteria to selected hydrological and
chemical parameters for the WIPP site.
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Table 1. Parameter Values Used in WIPP Analysis

'Best Case’ Average 'Worst Case’
Matrix porosity 25 % 20% 2 %
Fracture Porosity 0.018 % 0.18 & 2 &
Fracture Spacing 2 4 4
2B (ft)
Diffusivity 1.3 E-6 7.0 E-7 1.4 E-7

D/a (em?/sec)
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Memo 3b
Date: 8/1/90
To: Elaine Gorham, 6344
From: Peter Davies, 6344, and Marsh LaVenue (6344,
INTERA)

Subject: Comments on Model Implementation and Data for Use
in August Performance Assessment Calculations
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Sandia National Laboratories

Albuquergue Newv. Mexc. ET1ES

DATE: August 1, 1990

TO: Elaine Gorham (6344)

FROM: Peter Davies (6344) and Marsh LaVenue (6344, INTERA)

SUBJECT: Comments on Model Implementation and Data for Use in August Performance

Assessment Calculations

The following material is our response to the recent request from Division 6342 for input on data,
distributions, and feedback on model implementation. This material is divided into the following
three categories: 1) comments about model implementation for brine reservoir, Culebra flow, Culebra
transport, and 2-phase flow; 2) general comments about data distributions for uncertainty analysis;
and 3) specific data and uncertainty distribution recommendations.

Our understanding of the model, data, and data-distribution needs of the Performance Assessment
Group is derived primarily from two sources: a July 13th meeting with PA in which model
implementation and data needs for the August calculations were described in a general fashion and
Rob Rechard’s July 17th memo which provided tables and schematics of specific data needs. PA has
requested that all information be provided by August Ist.

Comments op Model Implementation for PA Calculations

One of the most challenging tasks that PA faces is implementing flow and transport models that are
simple enough to run efficiently in the CANCOM, multi-run/uncertainty-sampling framework, yet
complete enough to capture essential system behavior. In order to accomplish this balance,
simplifying assumptions must be consistent with the importance, quality, and extent of the available
data, and simplified models must be tested against more rigorous models. With these objectives in
mind, we have the following comments concerning model implementation for the current round of
PA calculations:

o Brine-Reservoir Model: As discussed in detail at the July 20th Rustler Working Group
Meeting, the simplified exponential decay model proposed by PA for the brine reservoir is
fully supported by the detailed, brine-reservoir analysis that was recently completed by Mark
Reeves and others at INTERA. This simplified model should result in significant savings in
computational effort. We think that characterization of the “total capacitance” term in this
simplified model will require additional model analyses based on the parameters values
presented in Table A-4.

) Culebra Flow Model: Our understanding of the approach to Culebra flow modeling as
presented in the July 13th meeting and the July 17th memo is that the model is to be divided
into regional and local flow models. Also, the regional-scale model is broken into 8
transmissivity zones, with the transmissivity of each zone assigned based solely on the single-
well, small-scale test data. The transmissivity zones from the regional model are carried

A-65




Appendix A

directly to the local-scale model. The motivation for this regional/local model approach is
to use the regional model to calculate the impact of climate change, and then impose the
resulting flow-system change as boundary conditions on the local model.

As we have slready expressed in verbal communications to PA, we do not think that this
approach should be taken for the present PA calculations. The reason for our concern is as
follows: The Culebra is a highly heterogeneous unit and the transmissivity distribution in the
immediate site area plays a very important role in controlling offsite contaminant transport.
The combination of strong heterogeneity and large impact of this parameter has been the
primary motivation behind the extensive Culebra field testing and analysis program, and in
particular, is the primary motivation behind the large scale multi-pad pumping tests and
associated transient model calibration to those tests. Limiting the regional model to only eight
zones and then carrying those same zones into the local model results in an unrealistic
homogenization of the transmissivity distribution in the immediate vicinity of the site. Also,
basing the zones solely on smali-scale, single-well transmissivities essentially throws out the
valuable information that was obtained from the large-scale, multi-pad tests and associated
transient model calibration.

As we understand it, the motivation behind the regional model and associated coarse zonation
is the use of the regional model to calculate the impact of climate change. Compared to our
knowledge of the Culebra transmissivity distribution in the site area, gur current
. w i rainfal "
extremelv primitive. Also, the Culebra flow system is likely to be significantly more sensitive
to transmissivity than it is to climate change. Therefore, in our opinion, the present approach

tvi . . iv Wi W

What can be done given the current schedule for calculations? It is our opinion that the local-
scale model needs a more detailed zonation, and that sampling for uncertainty should focus
on this scale. We recommend that the transmissivity and zonation for the site-scale model be
based on the calibrated transmissivity distribution from the transient-calibrated model of
LaVenue et al. (1990), which directly incorporates the important information from the large-
scale multi-pad tests. Relative to climate change, our first approach would be to recognize
up front that we can not yet model climate impact on the Culebra in a meaningful fashion and
drop the regional model. If PA feels that it is absolutely necessary to have climate change,
even though we do not have a defensible model for the pertinent processes, then we suggest
that climate change be imposed directly on the local-scale model, as we do not think that the
regional-scale model provides much additional benefit at the present stage of model
development. In reaching this conclusion, we do not mean to imply that the regional scale
model will not be necessary for future calculations. Once we have a reasonable model for

“evaluating Culebra recharge and once inclusion of the regional scale does not require

unacceptable compromises to the local-scale model, then a dual-scale approach to modeling
Culebra flow may be quite useful.

More detailed recommendations for zoning and uncertainty of Culebra transmissivity is
presented in the third segment of this memo.

In order to provide defensible transport calculations, dual-porosity
processes should be included. If health effects calculations are to be included, then transport
modeling will require 8 two-dimensional approach (because lateral dispersion will
significantly impact contaminant concentration at a point source such as a well). If only
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cumulative release is to be calculated, the our recent sensitivity studies suggest that a one-
dimensional approach may be sufficient, as long as dual-porosity processes are adequately
implemented in the 1-D model. It is our understanding that PA is currently interested in both
integrated release and health effects. We recommend that PA consider the simplified uniform
flow field approach for the transport segment of the calculation (essentially 1-D flow and 2-D
transport) that was developed for the FSEIS and brine-reservoir-breach sensitivity
simulations. This approach should be checked against the current PA approach of fully 2-
dimensional flow and transport. In the long-term, we think that this alternate approach will
provide a computationally efficient, yet defensible simplification to transport.

) £-Phase Modeling: Based on the presentations of PA 2-phase modeling at the July 11th Salado
Working Group Meeting and the July 13th PA meeting, we think that the most important step
toward improving the PA 2-phase breach model is to fully implement non-zero capillary
pressures and the capability to handle dissolved gas in the BOAST code.

Gepersl Comments About Data Distributions for Uncertainty Apalvsis

Our first general comment is that the time and resources available to address this request are clearly
not adequate to carry out a thorough and rigorous response, particularly with respect to data
distributions for uncertainty analysis. While this is presumably recognized by all parties involved,
we are quite concerned that once the data values and distributions g0 into the calculations, the
questionable validity of the uncertainty distributions may be forgotten. Therefore, we think that it
is extremely important that g]] future model discussions (both written and verbal) carry explicit
caveats about the questionable validity of uncertainty information utilized in these calculations.

Given the limited time, we suggest the following approach for assigning uncertainty distributions.
Unless stated otherwise, we interpret the "expected”/"base-case® values cited in the SEIS (Lappin et
al., 1989), in Rechard et al. (1990), and in this memo as representing median values and the endpoints
of the "range” as representative of the Ist and 99th percentile on a cumulative probability plot.
Clearly there are some parameters for which there exist sufficient data to construct more realistic
cumulative probability distributions, and for such parameters, PA is encouraged to construct and use
these distributions in place of the Ist and 99th percentile approach taken in this memo.

Finally, we think that it is quite important that PA and the WIPP project as a whole recognize that
obtaining truly meaningful uncertainty distributions will be a major task. We have some parameters
for which we do not have (and never will have) adequate data to construct meaningful distributions,
- which will require expert panels to derive distributions (e.g. Culebra dispersivity). We have other
parameters for which we have sufficient quantities of data to directly construct distributions (e.g.
Culebra matrix porosity). However, the task of organizing data and constructing the distributions will
require significant time to complete and document. And finally, we have some very important
parameters for which the data are insufficient to construct meaningful distributions, but for which
alternate analytic approaches may yield very useful uncertainty information (e.g. using kriging and
pilot points to generate information about the uncertainty in the Culebra transmissivity distribution).
None of these are small tasks. Few of these are likely to be carried out well by staff members as a
peripheral activity. ine i i i istributions i i
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Specific Comments on the Current PA Dats Base

Attention needs to be paid to significant figures. For most data, 1 significant figure is all that
is justified. For some parameters, 2 significant figures may be appropriate, while for others,
only order of magnitude values are justified. ‘

A second broader issue concerns many of the citations in the Appendix A tables given in the
7-17-90 Rechard memo. In the long run, parameter values and rationales should be
referenced back to their original sources, not to some intermediate SAND report. Ultimately,
it probably would be very useful to publish a separate parameter data-base report that
rigorously documents this information. A first attempt has been made in this memo to cite
original references where that is possible, but time limitations have prevented rigorous
tracking down of all original citations. We have appended a copy of the reference list from
Lappin etal., 1989, as this is the most comprehensive list of original literature available at this
time.

JABLE A-1, SALADO SALT PROPERTIES

A-68

Capacitance: It is not clear how this capacitance value, and its range are derived for the cited
source (McTigue, 1987). We suggest that a median capacitance value be derived directly from
the rock properties cited in Krieg's (1984, p. 16) reference rock properties report and a brine
(water) compressibility from the CRC Handbook of Chemistry of Physics. For the upper end
of the range (99th percentile) we suggest increasing the capacitance value by two orders of
magnitude as a very rough approximation of the impact of dissolved gas in the Salado brine
as suggested by Bredehoeft, 1988 (EOS paper). We suggest this upper end only for
calculations that are limited to a single (brine) phase. For the lower end of the range, we
suggest computing a capacitance based on an assumption of a totally incompressible matrix.
Also note that the capacitance term is sometimes constructed differently in different flow
codes, and therefore, this parameter is somewhat code specific (see additional comments under
TABLE A-3).

Dispersivity: No rationale is given in Lappin et al., 1989 for the cited value (Table D-2) for
dispersivity in the Salado. For the present time, one could use 8 parameter rationale similar
to that used for the Culebra dispersivity. For the Culebra, dispersivity is expressed as a
function of the transport distance of interest. However, the rationale behind the Culebra
dispersivity is based on actual transport observations in relatively permeable media reported
in the literature. No relevant solute transport data exists for very low permeability media
such as the Salado. Therefore, at present, we see no basis for making a defensible estimate
of dispersivity in the Salado.

. We suggest 3 median value of 11 MPa, based on the
maximum far-field pore-pressure measured to date (personal communications from R.L.
Beauheim and E. Peterson). For the upper end of the range (99th percentile), we suggest a
pressure equal to lithostatic, 15 MPa based on Wawersik and Stone's (1985) hydraulic
fracturing study. For the lower end of the range (1st percentile), we suggest a pressure equal
to brine hydrostatic (6 MPa, based on Nowak et al., 1988, p.6).

Permeability: In our opinion, Salado salt permeability should be considered only on an order

of magnitude basis. We base the following recommendation on the early brine inflow work
summarized in Nowak et al. (1988) and on discussions with R.L. Beauheim on the preliminary
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results of his ongoing in-situ Salado permeability testing pro;ram. We suggest a median value
of 1e-20 m3, with an upper end (99th percentile of 1e-19 m? and a lower end (st percentile)
of le-23 m3. It is our opinion that the person best qualified to provide permeability values
and distribution is R.L. Beauheim, and his estimates should be given the highest weight.

® Porosity: We suggest a median value of 0.0] based on the electro-magnetic and DC resistivity
measurements of Skokan et al. (1989). For the upper end of the range (99th percentile), we
suggest a value of 0.03 based on the low end (10 ohm) of the DC resistivity range of Skokan
etal. (1989). For the lower end of the range (st percentile), we suggest 0.00] based on drying
experiments reported in Powers et al. (1978).

TJABLE A-2, SALADO INTERBED PROPERTIES

] Interbed Thickness: Use the reference stratigraphy presented DOE, 1989 (Geotechnical Field
Data and Analysis Report, DOE/WIPP 89-009).

o Undisturbed Interbed Permeability: Based on discussions with R.L. Beauheim on the
preliminary results of his Salado permeability measurement program we suggest a median
value of Je-19 m3, For the upper end of the range (99th rercentile). we suggest Je-18 m?,
and for the lower end of the range (Ist percentile) 1e-20 m®. It is our opinion that the person
best qualified to provide permeability values and distribution is R.L. Beauheim, and his
estimates should be given the highest weight.

. DRisturbed Interbed Permeability: No rationale is given in Lappin et al. (1989) for the cited
value (Table D-2) for disturbed interbed permeability. Disturbed interbed permeability will
change with time as the stress field around the WIPP excavations changes with time. We know
from observations of fracturing (e.g. Borns, 1985) that permeability is likely to be quite high
in some locations at some times. However, at this point in time, we have no reliable
measurements of disturbed interbed permeabilities. Given that fractured interbeds are likely
to have significantly higher permeabilities, we recommend a median value that is two orders
of magnitude higher than the median value for intact interbeds, i.e. le-17 m2. The
permeability for intact interbeds provides a lower bound (Ist percentile) of Je-19 m2. Based
on an arbitrary spread of 2 orders of magnitude, an upper bound (99th percentile) value is Je-
15 m®. Observations of large, open fractures at some locations beneath older excavations
suggests ,that the upper bound permeability could locally be orders of magnitude higher that
le-15 m*.
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TABLE A-3. CULEBRA DOLOMITE PROPERTIES

A-70

Dispersivity: A review of literature analyzing tracer tests at various scales and the
development of contaminant plumes in permeable, water-bearing units, at various scales (see
Lappin et al., 1989, p. E-51), dispersivity for moderate travel distances (on the order of a
kilometers), dispersivity can be expressed as a function of travel distance. In general,
dispersivity ranges from about one percent to about ten percent of the travel path length.
Given that the PA calculations are on the same scale (s few kilometers) as the SEIS
calculations, we suggest applying the same median value of 100 meters for longitudinal
dispersivity. :

The magnitude of lateral dispersivity is generally considered to be related to longitudinal
dispersivity. Reported ratios of longitudinal to transverse dispersivity range from S to 100
(de Marsily, 1986) and 10 to 20 (Bear and Verruijt, 1987). Given these ranges, & ratio of 10
was specified for the SEIS (Lappin et al., 1989, p. E-23) and is recommended as the median
value to be used for the August PA calculations.

Eracture Spacing (Matrix Block Length): The values and rationale presented in Lappinetal.,
1989 (Table E-6, and p. E-50 to E-51) are the best basis for this parameter, i.e. 2 meters for
the median value, 7 meters for the upper end (99th percentile) and 0.25 meter for the low end
(1st percentile).

Hvdraulic Conductivity: Primary guidance for hydraulic conductivity should be taken from
the transient-calibrated transmissivity distribution of LaVenue et al. (1990). This
transmissivity distribution has utilized the greatest breadth of hydraulic information available,
including both local-scale well tests and large-scale transient tests. (Note that if the LaVenue
et al. (1990) transmissivity is to be converted to hydraulic conductivity for PA calculations,
the Culebra thickness assumed by LaVenue et al. (1990) is 7.7 meters.)

If a zoning approach is to be used, we recommend that 1 order of magnitude zones be created
directly from the LaVenue et al. (1990, Fig. 5-22a,b) transient-calibrated transmissivity
distribution. For a median value in each zone, we suggest an area weighted mean of grid-
block log-T values, i.e..

Y A logT

log Toone =
08 lsone A

where A, and T, are the area and transmissivity of a given grid-block within the zone and A,
is the total area of the zone. Uncertainty within each zone can be estimated from the standard
deviations of the estimation errors (LaVenue et al., 1990, Fig. 2.10b) calculated by kriging the
log,, transmissivity data from hydraulic testing . Using a similar area-weighted average for
each zone produces an average standard deviation for the zone, i.e..

Y A
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where ¢; is the standard deviation of the estimation error for a given grid block and ¢ ne 1S
the area weighted standard deviation for a given zone. Ib order to facilitate construction of
this zoning and the corresponding uncertainty distributions, we have attached a floppy disk
containing the grid-block transmissivity values and grid-block estimation errors from the
LaVenue et al. (1990) model. PA should be aware that this is only at first cut at estimating
uncertainty distributions for Culebra transmissivity and that additional consideration should
be given on how to better handle these distributions in future calculations.

: Because Kd's are beyond the realm of our expertise, we have no
further input. We suggest that Malcolm Siegel is the best source for input on this parameter.

ity: Lappin et al., 1989 (Table E-8 and p. E-45 to E-48) provides a good review
of the available matrix porosity measurements on Culebra core. The mean value for matrix
porosity is 16 percent. While no distribution has been requested for this parameter, there are
probably enough measurements to construct a reasonable distribution if this becomes
Decessary at some point. While no distribution has been requested for this parameter, it
should be noted that the low end value for Culebra porosity is 0.03 as reported in Kelley and
Saulnier (SAND90-7011, in prep).

Eracture Porosity: Fracture porosity values are derived from the interpretation of tracer tests
at the H-3 and H-11 hydropads. As discussed in Lappin et al., 1989 (p. E-48 to E-50), the
current expected/median value for fracture porosity is 0.0015. No distribution has been
requested for this parameter.

Storativity: The recommended value for median storativity is 2e-5, which is based on sparse
well test data from 13 wells (see LaVenue et al., 1990, Table 2.5). This is the value that was
used by LaVenue et al. (1990, 1988) and by Haug et al. (1987). PA modelers should note that

this value has been used for SWIFT 1l simulations and that storativity in SWIFT 11 is defined
as follows:

S-¢épgb(a+p)

where:
¢ = porosity
p = fluid density
g = gravity
b = aquifer thickness

e = rock compressibility
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A-72

# = fluid compressibility

This definition is different from the definition of storativity used in many other ground-
water models. The more common definition for storativity is as follows:

S-pgb(c+ep)

Note that the difference between these two equations relates to the definition of rock
compressibility (defined with respect to pore volume in the first equation and with respect
to bulk volume in the second equation).

No distribution has been requested for this parameter.

Thickness: An extensive Culebra thickness data base is presented in Appendix B of Cauffman
et al. (1990, volume II of the recent Culebra modeling report). The mean value for thickness
is 7.7 meters. No distribution has been requested for this parameter.

Tortuosity: Tortuosity data is derived primarily from electrical resistivity measurements on
Culebra core as summarized in Lappin et al., 1989 (Table E-9 and p. E-48). We recommend
the use of a mean value of 0.14 from this data set. The upper end of the range (95th
percentile) is 0.33, and the lower end of the range (Ist percentile) is 0.03.




TABLE A-4, BRINE RESERVOIR PROPERTIES Mamo 3

° Expected and range values for brine reservoir parameters and rationales are well summarized
in Lappin et al., 1989 (Table E-4 and p. E-25 to E-34). As stated previously, we interpret
the expected/base-case values as being representative of the median and the endpoints of the
range as being representative of the Ist and 99th percentile. Note that there is one typo in
Lappin etal., 1989 Table E-4. The upper end of the transmissivity of the intermediate zone
is 7e-4 m%/s, not 7¢-2 m¥/s. In the July 20th Rustler Working Group meeting on brine-
reservoir-breach modeling, PA presented a simplified approach for modeling the brine
reservoir. Derivation of the parameters needed for that approach more detailed parameters
cited above should be documented.

° Compressibility: The expected values and range given in Table A-4 (le-5 and le-9 to le-4,
respectively) are not the values given in the cited Table 3-19 in Lappin et al. (1989). The
correct values are an expected/median value of Je-9 Pa~ and a range of le-10 to le-8 Pa~l.

° Permeability: The permeability values in Table A-4 have been calculated from
transmissivities given in Lappin et al., 1989. The original reference for these permeabilities
is Popielak et al. (1983), which gives a value for permeability of intact Castile anhydrite as
less than 2e-4 millidarcy (< 2e-19 m?).

TABLE A-5, RELATIVE PERMEABILITY FOR SALT
Measured data for the relative permeability of salt do not exist. At the present time our
approach to this parameter is to use test data from the lowest permeability material that we
could find for which relative permeability measurements have been made. The following
relative permeability table has been derived by applying a modified Brooks and Corey model
to data from a tight (on the order of 10 microdarcy) gas sand from the Multi-Well project.

k k

s'lt!l‘

™ rg
0.200 0.00E+0 1.00E+0
0.220 2.23E-9 9.34E-1
0.250 4.78E-7 8.40E-1
0.300 2.77E-5 6.94E- |
0.350 2.98E-4 5.60E-1
0.400 1.60E-3 4.38E-1
0.450 5.93E-3 3.29E-1
0.500 1.73E-2 2.33E-1
0.525 - 2.76E-2 1.90E-1
0.550 4.26E-2 1.52E-]
0.575 6.37E-2 1.18E-1
0.600 9.30E-2 8.79E-2
0.650 1.85E-1 4.19E-2
0.675 2.55E-1 2.58E-2
0.700 3.44E-} 1.40E-2
0.725 4.57E-) 6.29E-3
0.750 6.01E-1 1.98E-3
0.770 7.40E-1 4.49E-4
0.790 9.06E-1 1.74E-5
0.800 1.00E+0 0.00E+0
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TABLE A-6, ENGINEERED MATERIALS

We have no recommeéndations in the area of engineered materials.

TABLE A-7. UNMODIFIED AVERAGE WASTE

We have no recommendations in the area of unmodified average waste.

TABLE A-8. PARAMETER VALUES FOR SPECIFIC MATERIALS

We have no recommendations in the area of specific materials.

JABLE A-9, FLUID PROPERTIES

Culebra Fluid Density: Table A-9 cites a single value (1.092e+3 kg/m®) for Culebra fluid
density, referencing Marietta et al., 1989, Table 3-9. Fluid density in the Culebra is highly
variable, ranging from freshwater to relatively dense brine (1.00e+3 to 1.15e+3 kg/m%). The
citation of a single fluid density for the Culebra in this table takes the Marietta et al,, 1989
value out of context (it was used to specify fluid density along NEFTRAN legs in the
Culebra) and is misleading. Clearly there is no single value that characterizes Culebra fluid
density. Values chosen for specific analyses must be chosen carefully. We recommend that
if there is a need for Culebra fluid density in this data base, that either a table of wells with
associated density values or a contour plot is the best way to present this data in a manner that
will minimize potential misunderstandings by anyone who is not familiar with the Culebra.

Water at 25° C: State that these are reference properties for fresh water.

TABLE A-10, SALADO BRINE COMPRESSIBILITY

A-74

The purpose of this table is not clear. Salado brine compressibility (essentially the same value)
is specified in Table'A-9.
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Memo 3b
o  Climate Variability: Where is this information coming from and how is climate variability
(i.e. changes in peak precipitation) going to be implemented in the model? The WIPP project
has done relatively little work on climate variability and very little, if any, relevant data on

how precipitation reaches and impacts the Culebra has been collected. See additional
comments under the discussion of model implementation.

) Intrusion Borehole Properties: The reference given for the cited porosity values is Marietta
et al,, 1989, Table 3-10, which in turn cites a ponexistent value in Lappin et al., 1989. The
model for the degraded borehole (driven by the regulation) is unconsolidated sand. If that is
the model, then a consistent set of hydrologic data for unconsolidated sand needs to be used.
Possibilities include:

Freeze and Cherry (1979) - a widely cited, but yery general reference ->

Permeability: 10°% t0 10~ m? (silty and clean sand)
Porosity: 0.25 t0 0.50 (sand)
Compressibility 10-7 to 10-° (sand)

An alternative sources that are worth checking are:

Mercer et al., 1982: Parameters and Variables Appearing in Repository Siting Models,
NUREG/CR-3066.

Touloukian and Ho, ed., 1981: Physical Properties of Rocks and Minerals M,
McGraw-Hill/Cindas Data Series on Material Properties.

Note that it is not clear why porosity and compressibility are needed for the intrusion
borehole, as borehole transmissibility does not depend on these parameters. Note that Lappin
et al (1989) and Table A-11 cite a range of le-13 to le-11 m? for borehole permeability. The
range used for sensitivity calculations in the recent Reeves et al. sensitivity study is le-14 to
le-10 m3. Clearly we have no real data for this very important parameter. Ultimately we
may need to seek regulatory guidance on how to characterize the range for this parameter (in
particular, the upper end of the range).
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cc: W.D. Weart (6340)
D.R. Anderson (6342)
M.G. Marietta (6342)
R.P. Rechard (6342)
R.L. Beauheim (6344)
S.J. Finley (6344)
S.M. Howarth (6344)
C.F. Novak (6344)
S.W. Webb (6344)
File 5.2
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Note: The reference list mentioned on page 4 of this memo has not been
appended here. For the list of references, please consult

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.
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Memo 3c
Date: 7/31/90
To: Elaine Gorham, 6344
From: Rick Beauheim, 6344

Subject: Review of Parameter Values to be Used in
Performance Assessment
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Sandia National Laboratories

Albuquergue, New Mexico 87185

Date: July 31, 1990
To: Elaine Gorham, 6344
From: Rick Beauheim, 6344

Subject: Review of Parameter Values to be Used in Performance Assessment

With reference to Rob Rechard’s memo to distribution of July 17, 1990, I have
reviewed the data reported in Appendix A of SAND89-2030. My comments on the
data selection, in those areas where I either provide or use similar data,
are presented below.

Table A-1

capacitance -- the term that Dave McTigue describes as capacitance (c) is a
lumped parameter defined as ¢ = nc, + ¢y, where n is porosity, c, is fluid
compressibility, and ¢, is rock compressibility. In my test interpretations,
I input values for those three parameters separately. My base case porosity
is 0.01 (1%), base case brine compressibility is 3.1 x 10-10 Pa” and rock
compressibility depends_on rock type, ranging from 1.9 x 1029 Pa'1 for
claystone to 4.8 x 10~ Pal for halite to 1.2 x 10-11 Pa-l for anhydrite.
The rock compressibility values for halite and anhydrite come from Krieg
(1984; SAND83-1908), and are the inverse of the bulk moduli presented in his
Table V. The value for claystone comes from Touloukian et al. (1981). The
actual value of rock compressibility I use in a given simulation is a
weighted average depending on the percentage of each rock type in a
particular test interval. These values have ranged from 1.2 x 1011 pa-1

7.3 x 107 Pa'l, with associated capacitances ranging from 1.5 x 10711 pa-1
to 7.6 x 10~ Pa”". I consider an appropriate range on capacitance to be
from 1 x 10711 pa-l to 1 x 10710 pa- . I have tried to fit some of my tests

using McTigue’s high values of capacitance, and cannot do it. I suggest that
McTigue’s high values are more of an apparent capacitance than a real
capacitance, and must include factors/mechanisms in addition to those in the
formal definition of capacitance. These may include dewatering, gas drive,
or creep effects. If PA is going to use McTigue's high values, they should
be careful in their wording of what the parameter includes.

pressure at repository level -- values presented are okay, although I wonder
about the significance of the hydrostatic values? How are they to be used?

permeability -- my values for permeability range from < 10723 n? to 3 x 10-20
m“. The "expected value" in the table of 3.4 x 10~ n? is reasonable, but
extending the range to 1018 p2 5 at least an order of magnitude too much.

porosity -- the range in porosity I obtain from the same references given in
the table is 0.001 to 0.03. I always use a base case value of 0.0l in my
calculations. I think the "expected value” is a little low, but as long as
they sample over the entire range, they should be okay.

1
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Table A-2

disturbed permeability -- the "expected value” presented is entirely
synthetic, and does not reflect any actual measurements. _The highest value
ever measured is six orders of magnitude lower, 3.2 x 10~ m2 (Crawley, in
preparation). I would go with the measured value rather than the synthetic
value.

disturbed porosity -- values are okay

undigturbed permeability -- my measured values (all two of them) are 1 x
10°18 and 5 x 10"V m?, so the values presented are okay.

Tables A-3 and A-4
any comments I would make here would be based on exactly the same reports and
interpretations as Peter’'s comments

Table A-5
1'd find a real reference before presenting anything here.

Tables A-6, A-7, and A-8
no comments

Table A-9
Culebra brine density -- expected value ig a function of position. They
should use a range from 1000 to 1150 kg/m3 based on data in the WQSP reports.

Culebra brine viscosity -- viscosity is a function of pressure, temperature,
and dissolved solids concentration. They could very easily use a correlation
chart such as Figure D.35 in Earlougher (1977) to relate viscosity to
density. Viscosity is not, however, an important factor.

Castile brine density -- okay
Salado brine density -- okay

Salado brine compressibility -- value presented is slightla low_for brine
with no dissolved gas. A better value would be 2.9 x 10'1 Pa'l. For brine
saturated with §as (which is probably the case), compressibility should be
about 3.1 x 10~ 0 Pa'l.

Salado brine viscosity -- okay

Water compressibility, density, viscosity -- okay, but what are distilled
water properties ever used for?

Table A-10

Salado brine compressibility -- compressibilities at low pressures are too
low, and compressibilities at high pregsures are too high. The range should
be more like 2.9 x 10~ to 1.7 x 107 Pa'l, higher if gas saturation is
taken into account. What is the reference for these values?

Salado brine formation volume factor -- all values are slightly low,
2
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particularly if gas saturation is taken into account, and the range is too
great. What is the reference for these values?

Table A-11
no comments

With respect to the zoning of the Culebra, and the hydraulic conductivities
assigned to the zones, a greater effort needs to be made to make this model
agree with the final LaVenue et al. (1990) model. I see the desirability of
using a simple model for the PA calculations, but if a simplified model
produces results vastly different from those that would be obtained with the
LaVenue model, then the simple model is misleading and unreliable. 1I think
PA is really going to have to bite the bullet on this one, and invest the
time and effort it will take to come up with a reliable simplified version of
the LaVenue model (if it can be done at all). I would not pPresent any
results from the simplified model as it now stands. The NAS or any other
review group would be likely to ask 1) why we invested so much time and
energy in producing the LaVenue model if we aren’t going to use it, and 2)
why we think we can produce reliable results with an uncalibrated model.

With respect to the conceptual model for the Salado around the repository,
the zoning and parameters seem okay for a first cut. If the ranges from
Tables A-1 and A-2 are to be used here, I would keep the disturbed anhydrite
"a" and "b" permeability below 10713 g2,

no comments on conceptual model of brine pocket discharge

I believe that PA is familiar with all of the references I have cited above.
If not, I'll be happy to provide them to them.

I hope they find these comments useful.

A'83 L]

A-84




Memo 4

Memo 4
Date: 8/1/90
To: D. R. Anderson, 6342
From: L. H. Brush and A. R. Lappin, 6345

Subject: Additional Estimates of Gas Production Rates and
Radionuclide Solubilities for Use in Models of WIPP
Disposal Rooms
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from:

subject:

Memo 4

Sandia National Laboratories

August 1, 1990 Albuquerque, New Mexico 87185

D. R. Anderson. 6342

L.H. gPVUA»@L MS(W—

L. H. Brush and A. R. Lappin, 6345

Additional Estimates of Gas Production Rates and Radionuclide
Solubilities for Use in Models of WIPP Disposal Rooms

This memo provides: (1) estimates of the ranges and distributions
of the rates of gas production from anoxic corrosion and microbial
activity under humid conditions; (2) estimates of the range and
distribution of the rate of gas production from radiolysis of brine;
(3) an estimate of the distribution of radionuclide solubilities within
the previously estimated range of 1 nM to 1 mM.

ESTIMATES FOR ANOXIC CORROSION AND MICROBIAL ACTIVITY
UNDER HUMID CONDITIONS

Brush and Anderson (1989) estimated the rate of production of Hjp
from anoxic corrosion of Fe and Fe-base alloys and the production rate
of various gases from microbial degradation of cellulosics under
inundated conditions in WIPP disposal rooms for Lappin et al. (1989).
(I use "inundated" to specify direct contact between brine and
corroding metallic surfaces or cellulosics undergoing microbial
degradation. This is equivalent to the term "saturated," as used in
soil mechanics, or "partially saturated," if a thin film of brine coats
metals and cellulosics.) The estimated rates were 1.70 and 0.85 mole
per equivalent drum of waste per year for anoxic corrosion and
microbial activity, respectively. After J. D. Bredehoeft of the NAS
WIPP Panel correctly pointed out that the use of more than one
significant figure for such estimates is inappropriate, Brush (1990)
revised these estimates to 2 and 1 mole per drum per year.

Because the H90 content of WIPP disposal rooms could affect the
rates of anoxic corrosion and microbial activity significantly, R. E.
Westerman and D. Grbic-Galic are carrying out studies at Pacific
Northwest Laboratory and Stanford University, respectively, to quantify
these processes under humid and inundated conditions. (I use "humid"
to specify that H30 vapor in void spaces is in equilibrium with H90 in
brine on the floor, in the disturbed rock zone, or in the undisturbed
Salado Fm. At equilibrium, the thermodynamic activity of H0 vapor is
equal to its activity in the brine, about 0.7, and the relative
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humidity is 70%. If condensation induced by thermal gradients or
nwicking" of brine throughout the rooms deposits a thin film of brine
on metals or cellulosics, I refer to these conditions as "inundated,"
not "humid.")

In lieu of results from these studies, I propose a range of 0.002
to 2 and 0.001 to 1 mole per drum per year for the gas production rates
from anoxic corrosion and microbial activity under humid conditionms,
respectively. I also propose a log-uniform distribution of the rates
within these ranges. The maximum value of each of these ranges might
be expected if the concentration of Hg0 did not affect the rate of
anoxic corrosion or microbial activity significantly. This situation
could occur if the rate of the anoxic corrosion reaction itself were
the rate-limiting step instead of transport of H20 to sites of
reaction. The minimum value could occur if the rate of the anoxic
corrosion reaction were fast relative to H90 transport. However, 1
must stress that, until experimental results become available,
specification of these ranges and a log-uniform distribution is
arbitrary.

ESTIMATES FOR RADIOLYSIS OF BRINE

Reed (1989) calculated a total gas production rate of about
0.1 mole of Hy and 09 per equivalent drum of waste per year from
radiolysis of WIPP brine by dissolved Pu. He neglected brine
radiolysis by particulate Pu because, to a first approximation, the
short range of a particles in solids and the resulting self absorption
of energy by Pu-bearing particles would probably prevent significant
brine radiolysis in the absence of dissolution. He assumed an average
loading of 10 g of 239pu per drum (he neglected other isotopes), 7,000
drums per room, 106 m3 of brine per room (see below for an explanation
of the selection of this value and a discussion of other possible
choices), and a dissolved Pu concentration of 1 mM, the maximum
solubility of Pu in WIPP brines estimated by Brush and Anderson (1989)
for Lappin et al. (1989). The following equation from Reed (1989)
extends this rate to the minimum and intermediate estimates of Pu
solubilities estimated by Brush and Anderson (1989), 1 nM and 1 uM,
respectively:

R=29.2 - (Pu) - G.

In this equation, R is the gas production rate in moles of Ho and 03
per drum per year, (Pu) is the dissolved Pu concentration in g per L,
and the last term is the G value in molecules per 100 eV, about 0.04 to
0.05 according to Reed (1989). Assuming a molecular weight of 239
g/mole for Pu, the gas production rates are 1 - 10-7 and 1 - 10-%4 mole
of gas per drum per year for Pu solubilities of 1 nM and 1 uM,
respectively. The maximum estimate remains 1 - 10-1 mole per drum per
year. Reed will carry out a study at Argonne National Laboratory to
measure gas production rates for a radiolysis of representative WIPP
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brines with various dissolved Pu concentrations and calculate gas
production rates for particulate Pu. Pending results from this study,
specification of a log-normal distribution for rates of gas production
from radiolysis of brine is consistent with a log-normal distribution
for radionuclide solubilities within the previously estimated range of
1 nM to 1 mM (see below).

I suggested that Reed (1989) assume 106 m3 of brine per room
because I used this value for other estimates, such as the
concentrations of organic and inorganic ligands in any brine present in
WIPP disposal rooms (see Brush, 1990). In lieu of results from a model
of brine inflow that includes the effects of gas production,
pressurization, and room closure, I obtained a value of 106 m3 by
assuming that brine could eventually resaturate all of the residual
void volume of a room. Lappin et al. (1989) provided an intermediate
estimate of 3.0% of the initial room volume of 3,640 m3 for the
residual void volume by assuming that the residual porosity of the room
contents will be 18%.

Because Reed (1989) assumed 106 m3 of brine per room to derive the
equation given above, quantities of brine other than 106 m3 per room
will require revisions of the estimated range of 1 - 107 to 1 - 10-1
mole of gas per drum per year for brine radiolysis. Smaller quantities
of brine should decrease the rate estimated for any given dissolved Pu
concentration by a factor equal to the quantity of brine in m3 divided
by 106 m3. Larger quantities should increase these rates until the
entire quantity of Pu present in the room dissolves. Reed and I are
recalculating rates normalized to the quantity of brine instead of
drums of waste and will provide them as required. However, these rates
are quite low relative to current estimates of rates of gas production
from anoxic corrosion and microbial activity under inundated
conditions, especially for quantities of brine less than 106 m3 per
room, and may not be worth including in integrated models of WIPP
disposal rooms. Reed and I will also estimate gas-production rates
from radiolysis of brine by solid-phase Pu, but these rates will
probably be very low too.

Although these rates are low relative to the estimated rates of gas
production from anoxic corrosion and microbial activity under inundated
conditions, radiolysis of brine would continue, if sufficient brine
were present, until the rate of gas consumption by various back
reactions equals the rate of gas production. Experimental and modeling
results obtained for Permian Basin brines by Gray and Simonson (1984)
suggest an equilibrium pressure of 300 atm for brine radiolysis.
Because this pressure is high enough to raise concern about the
integrity of the repository, Reed will soon start a study to determine
the pressure at which net radiolytic gas production ceases.

It is impossible to estimate the gas production potential from
radiolysis of brine at this time because it depends on: (1) how much
brine is available; (2) the equilibrium pressure; (3) the void volume
of WIPP disposal rooms at the time the equilibrium pressure is

A-89




Appendix A

attained. These factors do not preclude estimation of gas production
potentials for anoxic corrosion and microbial activity because
pressures of a few hundred atmospheres would probably be insufficient
to stop these processes (see Brush, 1990).

Reed (personal communication) believes that the gas production rate
from radiolysis of Hg0 vapor will be much lower than from radiolysis of
brine. Furthermore, the rate of scavenging of 02 may equal or even
exceed its rate of production from radiolysis of H30 vapor. If so,
radiolysis of H20 vapor would not result in net gas production.
Therefore, 1 propose a rate of 0 moles per drum per year for gas
production from radiolysis of H20 vapor. '

ESTIMATES OF RADIONUCLIDE SOLUBILITIES

Brush and Anderson (1989) estimated the solubilities of
radionuclides in any brine present in WIPP disposal rooms for Lappin et
al. (1989). They estimated a minimum value of 1 nM, an intermediate
value of 1 pM, and a maximum value of 1 mM, but did not specify a
distribution for the values within this range.

There are very few thermodynamic data (stability constants for
complexes between Pu, Am, Th, and U and organic or inorganic ligands,
or solubility products for solids containing these elements) for high-
ionic-strength aqueous solutions such as WIPP brines. Therefore,
G. R. Choppin is carrying out a study at Florida State University to
quantify the speciation of Pu, Am, Th, and U in concentrated solutions
(see Brush, 1990). This study, which will take a few years to
complete, will provide input data for solubility calculations under a
wide range of conditions. He is also conducting a study to determine
the solubilities of these elements directly over the next few months
under selected combinations of conditions (see Brush, in prep.).

These studies will almost certainly demonstrate that, for design-
basis TRU waste, radionuclide solubilities will vary by several orders
of magnitude among closely spaced microenvironments with different
values of Eh and pH, and different concentrations of organic and
inorganic ligands (see Brush, 1990). Quantification of the
distribution of radionuclide solubilities will require:
(1) calculation and, in some cases, experimental determination of
radionuclide solubilities as a function of Eh, pH, and ligand
concentrations; (2) predictions of the Eh, pH, and ligand
concentrations for each type of waste after reaction with any brine
present in WIPP disposal rooms; (3) estimation of the quantities of
each type of waste in the WIPP inventory.

In lieu of these results, I propose a log-normal distribution for

radionuclide solubilities within the range of 1 nM to 1 mM.
Specification of this distribution is arbitrary.
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Memo 5
Date: 7/24/90
To: M. G. Marietta, 6342
From: B. M. Butcher, 6345

Subject: Disposal room porosity and permeability values for disposal
room performance assessment
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July 24, 1990
M. G. Marietta, 6342

B [BAA_

B. M. Butcher, 6345

Disposal room porosity and permeability values for disposal
room performance assessment

The following information has been prepared as input for
material property value distributions for performance
assessment. Four types of uncertainty are identified with the
porosity and permeability values.

1) Data variation from test to test of supposedly identical
samples. This source of uncertainty is considered small and
has not been included in the data variations reported in this
memo.

2) Varijations because of material variability from waste unit
to waste unit. For example, the nature of plastic material
may vary from drum to drum, one drum containing primarily
polyethylene, whereas another drum may contain primarily PVC
parts. In other words, although generically similar,
different plastics compact slightly differently. Another
example would be various mixes of different types of metals.
In view of the lack of precise definition of the waste
composition, this type of variability will be assumed to
dominate all other sources of uncertainty, and is the basis
for the ranges in data values quoted in this memo.

3) How much of each component of waste (plastics,
cellulosics, sorbents, etc.) exists in various categories of
waste is also variable. For example, the assumption has been
made, based on the INEL waste inventory study, that
combustible waste is composed of 9% by weight metals, 45%
plastics, 37% cellulosics, and 9% sorbents. While drum
contents are likely to differ from this mix, this uncertainty
has not been included in the absence of any information.

4) Finally, there is the uncertainty with regard to how much
of the various categories of waste will actually be stored in
the repository. For the present, the assumption is that 28%
by weight of the repository is metal and glass, 28% is
combustible, and the remainder, 44%, is sludge. Any change in
this mix would change the range quoted for the various
prgperties, a factor that has not been included in the quoted
values.
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At present, the best estimate for the repository-wide average
porosity of waste compacted to lithostatic pressure (14.8 MPa) is
0.186, with a minimum of 0.15 and a maximum of 0.27. These values
are interpreted as an estimated 10% probability that the porosity
is less than 0.15, a 50% probability that the porosity is less
than 0.186, and a 90% probability that the porosity is less than
.27. These values do not include any adjustment for intrusion of
salt into the voids of the metallic materials within the waste.
When 50% intrusion is considered, the repository average drops to
a porosity of 0.14 (50% probability), with a minimum of 0.095
(<10% probability) and a maximum of 0.23 (<90% probability). This
value was computed from the ranges of values for the various
waste components listed in Tables 1 and 2.

The range of permeability values for waste in the repository is
more difficult to define because less experimental information is
available (Table 3). Additional data is anticipated shortly.
Recommended values for the permeabilities of the various types of
waste, are compared in Table 4 with values assumed for DSEIS
analysis. The recommended values for combustibles are taken
directly from the experimental data: the minimum <10% :
probability) is from the second test on material #2 (Table 3),
the recommended (<50% probability) is the average of the two
tests on material #4, which is the mixture representing simulated
combustible waste, and the maximum (<90% probability) is the
average of the second test on material #2, a less well-founded
assumption.

The rationale for estimating the permeability of metallic waste
in this memo is different from that used for the DSEIS analysis.
The value for the DSEIS assumed uncorroded metal. The new values,
quoted in Table 4, are made with the assumption that some
corrosion has occurred, and that its consequence is a 50-50
mixture of uncorroded metals and magnetite. The minimum
permeability for metals is therefore assumed to be the minimum
value observed in the second test on mixture #7 (Table 3), the
maximum value is the value quoted for the DSEIS assuming
uncorroded metal, and the recommended is the maximum value of 500
millidarcy observed during the second test on mixture #7. Perhaps
a less conservative approach would be to use 11 millidarcy as a
value for the recommended permeability - the permeability
observed in the first test on mixture #7 (Table 3). Additional
experiments to verify the results of the mixture permeabilities
must be obtained, however, before these new values for metallic
waste are finalized.

Permeability values for simulated sludge can be determined, but
no results are available yet. The recommended value remains the
DSEIS value. An indication of a range of values is possible,
however, from the values of the physical properties of
cementitious grout quoted in Table 3.1 of the SKB report on
"Potentially Useful Materials for Sealing Nuclear Waste
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Repositories”! On the basis of this information, 2 minimum value
for sludge is that of ordinary portland cement (CSA Type 10)

cured for 130 days, and the value for a high alumina cement with
fly ash is used for the maximum value.

1. state-of-the Art Report on Potentially Useful
Materials for Sealing Nuclear Waste Repositories, W,
Coons, A. Bergstrom, P. Gnirk, M. Gray, B. Knecht,
R. Pusch, J. Steadman, B. Stillborg, M. Tokonami, M.
Vaajasaari, SKB Stripa Project Technical Report 87-
12, Swedish Nuclear Fuel and Waste Management Co.

(SKB), Box 5864, S-102 48 Stockholm, Sweden, June,
1987.
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Table 1: Density Ranges for Various Waste Materials

Cellulosics:
Density at 14.8 MPa
No-void density

Plastics:
Density at 14.8 MPa

No-void density

Metals:
Density at 14.8 MPa

No-void density

Sorbents:
Density at 14.8 MPa

No-void density

Sludge:
Density at 14.8 MPa

No-void density

Minimum

870 kg/m
940 kg/m?

1010 kg/m?
940

2090 kg/m3
6420 kg/m3

1160 kg/m?

2200 kg/m3

Recommended

940 kg/m3

1100

1090
1200

2740
7110

2050
3000

1975
2200

kg/m3

kg/m3
kg/m3

kg/m3
kg/m3

kg/m3
kg/m3

kg/m3
kg/m3

Maximum

1310 kg/m3
1490 kg/m3

1100 kg/m?
1350 kg/m3

3200 kg/m?

8200 kg/m3

2495 kg/m3
3000 kg/m?

2330 kg/m3
3000 kg/m3
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le 2: Density and Poro timates f mbu 1
alli n
Minimum Recommended Maximum
Porosity Porosity Porosity
Combustible:
Density at 14.8 MPa 1010 kg/m3 1132 kg/m3 1291 kg/m3
No-void density 1106 kg/m3 1310 kg/m3 1571 kg/m3
Porosity 0.087 0.136 0.178
Metallic:
Density at 14.8 MpPa 2308 kg/m3 2068 kg/m? 1657 kg/m3
No-void density 3923 kg/3 3440 kg/m3 2949 kg/m3
Porosity 0.33*" 0.40 0.44™
Sludge:
Density at 14.8 MPa 1907 kg/m3 2216 kg/m3
No-void density 2150 kg/m3 2827 kg/m?
Interconnected
Porosity 0.17 0.113 0.216
Average aﬁ?%??%%Fy:
Porosity 0.15 0.186 0.27

Average Repository with 50% of the metal

Porosity

* . estimated

** These values were computed using the recommended no-void density
of 4260 kg/m3 was used to compute these values because of

0.095

voids filled with salt:

0.143

0.23

inconsistency between the estimated no-void densities and the
estimated values at 14.8 MPa
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able 3: Measur imulated-Wast rmeabili alu
Days at Permeability
Material 14 MPa millidarcy
—f Description {two tests) {two tests)
1 40% PE bottles 30 No flow at 1000 psi
40% PVC Parts 30 25
20% Gloves
2 60% Pine Cubes 30 13
40% Rags 30 203 dropped to 2
4 45% Mat1. #1 30 19
37% Matl. #2 30 15
9% 1" metals
9% Dry Portland
7 50% Magnetite 24 hr 11
50% 1" Metals 24 hr 500 dropped to 4
6
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Jable 4: Hydraulic Conductivity and Permeability Estimates

for Combustible, Metallic, and Sludge Wa

Minimum Recommended Maximum

(millidarcy) (millidarcy) (millidarcy)

Combustible:
millidarcy 2 17 %gp
10-9 m/s 17 141 0
10-16 m2 20 168 990
DSEIS value: 10-9 m/s 10

Metallic:
millidarcy 11 500 1200
10-% m/s 91 4150 10000
10-16 m2 109 4950 12000
DSEIS value: 10-% m/s 10000

Sludge:
millidarcy 0.011 0.12 0.17
10-9 m/s 0.0013 1.0 1.4
10-16 m2 0.0016 1.2 1.67
DSEIS value: 10-8 m/s 1.0
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Distribution:

6340 W. D. Weart
6340 SWCF/XXXDRM (5 years)

6340 S. Y. Pickering
6341 R. C. Lincoln
6342 D. R. Anderson
6343 T. M. Schultheis
6344 E. D. Gorham
6344 P. B. Davies
6345 A. R. Lappin
6345 L. H. Brush
6345 B. M. Butcher
6345 F. 7. Mendenhall
6345 M. A. Molecki
6346 J. R. Tillerson
6415 M. S. Tierney
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Date:
To:
From:
Subject:

Memo 6

8/24/90
Rob Rechard, 6342
Martin Tierney, 6415

Memo 6

Values of Room Porosity and Hydraulic Conductivity
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Memo 6

Sandia National Laboratories
date:  August 24, 1990 Albuguerque, New Mexico 87185

to: Rob Rechard, 6342

———

from: Martin Tierney, 6415 Wadee 4. IAMf-“F

subject:  Values of Room Porosity and Hydraulic Conductivity

I suggest that the following values be used (no sampling) in current PA calculations

Porosity, ¢ Hyvdraulic Conductivity (K. m/s)

Reference(1) 0.19 1.2 x 10-6 m/s
Engineered(2)
Alternative 0.09 1.8 x 10-10 m/s

(1) Reference-case values are consistent with recommendation made in memo from Butcher
and Lappin (6345), dated 7/24/90.

(2) There is no change in engineered-alternative case since no change in % by volume of
waste components is indicated in the new Table 4.1 (Tru-waste Inventory Analysis) provided
by Butcher in his note of 8/13/90; presumably, the same curve of permeability versus
fractional density that was provided by Butcher on 5/18/90 still applies. [Note: Butcher
may want to give a new range and central value to permeability for this case, but I have
been unable to contact him.]

We may have to sample room porosity and hydraulic conductivity if the uncertainty in waste
composition, i.e. % by volume of metallic, combustible and sludge components, proves to be
large. So far, only one set of numbers has been provided for the % by volume:

Metals & glass 40%
Combustibles 41%
Sludge 19%

The volume contributions of steel containers, polyethylene liners, PVC liners, bugs and
wood/fiberboard are apparently ignored.
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Memo 7
Date: 10/12/90
To: R. P. Rechard, 6342
From: A. C. Peterson, 6342

Subject: Preliminary Contact Handled (CH) and Remote Handled (RH)
Radionuclide Inventories
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date:

from:

subject:

Memo 7

Sandia National Laboratories

Albuquerque, New Mexico 87185
October 12, 1990 duera

R. P. Rechard, 6342
(P,
AC. Peterson, 6342

Preliminary Contact Handled (CH) and Remote Handled (RH) Radionuclide
Inventories

A preliminary CH radionuclide inventory is tabulated in Table 1. This
inventory was based on input to the "1987 Integrated Data Base: Spent
Fuel and Radioactive Waste Inventories, Projection and Characteris-
tics," DOE/RW-0006 Rev 3, September 1987. The input to the Integrated
Data Base (IDB) does not contain the inventory of each radionuclide. A
draft report, DOE/WIPP 88-005, was the source of the information that
is contained in Table 1. The inventories were calculated based on the
isotopic mix, weight per cent, of the waste weights that were reported
by the generator sites. In addition, standard plutonium mixes were
used to calculate radionuclide distributions for sites that referenced
standard mixes. To my knowledge the calculations of the radionuclide
inventories have not been closely reviewed, however, this inventory
appears to currently be the most applicable that is available.

A preliminary RH radionuclide inventory is tabulated in Table 2. This
inventory was based on input to the "1990 Integrated Data Base: Spent
Fuel and Radioactive Waste Inventories, Projections, and Characteris-
tics," DOE/RE-0006, Rev 6, to be issued. The inventory was based on
knowledge about the waste that was reported by each generator site.

For instance assumptions were made about the distribution of
radionuclides in the mixed fission products that were reported at some
of the sites. The activity of the Hanford canisters was based on a
calculation using a uniform source to produce an external dose rate of
30 R/Hr. Subsequent to the 1990 IDB submittal, Oak Ridge National
Laboratory transmitted an update to their RH inventory that increased
their inventory from the value reported in the 1990 IDB. This change
in the Oak Ridge inventory was included in the inventory listed in
Table 2. These results will be documented in a report to be authored
by Hank Batchelder at WIPP/WID. To my knowledge these results have not
been reviewed and should be considered preliminary.

It is of interest to note that the projected annual volume in the CH
inventory reported in the 1990 IDB decreased by about one half from the
values in the 1987 IDB; whereas, the projected annual volume in the RH
inventory increased by about a factor of three.

Copy to:

6342 D. R. Anderson
6342 M. G. Marietta
6344 E. D. Gorham
6345 A. R. Lappin
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Table i

Systes
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Memo 8

Memo 8
Date: August 1990
To: R. P. Rechard, 6342
From: K. Brinster
Subject: Transmissivity zones in Culebra Dolomite Member of Rustler
Formation
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Memo 8

Sandia National Laboratories

date: August 1990 Albuquerque, New Mexico 87185

to: Rob Rechard

from: K. Brinstexjé

subject: Transmissivity zones in Culebra Dolomite Member of Rustler Formation
Enclosed is a map (from LaVenue, 1988) showing 8 transmissivity (T) zones

in the WIPP vicinity and a listing of the T's for each zone. The average
Culebra thickness is about 7.7 m (from LaVenue, 1988).
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REGION CULEBRAL:
LOG (TRANSMISSIVITY)
-4.68

-4.45
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REGION CULEBRA3:
LOG (TRANSMISSIVITY)
-6.00
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REGION CULEBRA4:
LOG (TRANSMISSIVITY)

REGION CULEBRAS:
LOG (TRANSMISSIVITY)
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-4.43

REGION CULEBRAG6:
LOG (TRANSMISSIVITY)
10.12

REGION CULEBRA7:
LOG (TRANSMISSIVITY)
-3.90

-3.26
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REGION CULEBRAS:
LOG (TRANSMISSIVITY)
-4.34
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CULEBRA TRANSMISSIVITY MEASUREMENTS (NO PILOT POINTS)
AND CALCULATED HYDRAULIC CONDUCTIVITY ( = 10 **1log(T)/7.7)
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Memo 9
Date: October, 1990
To: R. P. Rechard, 6342
From: K. Brinster
Subject: Transmissivities and pilot points for the Culebra Dolomite
Member
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Memo 9

Sandia National laboratories

date: October 1990 Albuquerque, New Mexico 87185

to: . Rob Rechard
from: K. Brinster

subject: Transmissivities and pilot points for the Culebra Dolomite Member.

Enclosed is a listing of transmissivities from the Culebra Dolomite Member
for actual wells and for the pilot points used by LaVenue 1990. The
accompanying plot of the points shows their locations. The Culebra
Dolomite Member is 7.7 m thick.
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" CULEBRA TRANSMISSIVITY MEASUREMENTS AND PILOT POINTS,
AND CALCULATED HYDRAULIC CONDUCTIVITY ( = 10**log(T)/7.7 )
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REGION CULEBRAG:
LOG (TRANSMISSIVITY)
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22950.00

19125.00

15300.00

12759

11475.00

7650.00

3825.00

0.00

0.00

IIIIIII‘I’/&I/TIIII

3758.82 7517.65 11276.47 15035.29 1879«
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Memo 10

Memo 10
Date: August 1990
To: R. P. Rechard, 6342
From: K. Brinster

Subject: Well data from electric logs
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Memo 10

Sandia National Laboratories

date: August 1990 Albuquerque, New Mexico 87185

to: Rob Rechard

from: K. Brinster*ﬁ/

subject: Well data from electric logs

The accompanying listing of wells and bit diameters is compiled from well
logs found in the WIPP library at SNL and from the USGS well log library in
Denver. The logs have been copied and are kept in a folder in my office,
at present, but will eventually be kept in the WIPP library.
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WELL NO.

LOCATION

DEFTH

BIT DIA. ERIT DIA.

g7ﬁ?0

WELL COUNT

Sec. T. R ftrom to IN. @ 2150
WELL NO. LOCATIOCN DEFTH BIT DIA. EBIT DIA. WELL COUNT
Sec. T. R from to IN. & 21507

WF-01908-1 20 22 32 O 510 7.875 W) )
WF-01908-2 20 22 31 S10 F0& 11 0 Q
WF—-0Q2084~1 17 22 21 Q 1037 7.875 o Q
WF-02084-2 17 22 321 1037 5848 7.873 7.875 1
WP—-02488 15 22 21 0 1025 7.8B75 0 0
WP-0G3Z521 23 24 Z0 0 73S 7.87% 0O 0O
WF-03528 04 24 =1 0 785 7.873 ] O
WF~-0O3959~1 11 22 31 0O 1036 . 203 o] O
WF-03939-2 11 22 31 10736 028 7203 7. 203 1
WF-04448-1 10 20 32 8 2622 17.5 17.5 i
WF-Q4448-2 10 20 32 2622 9926 12.295 0 8]

WF-04448-3% 10 20 32 9994 14200 8.75 ] 0
WF—-04448-4 10 20 ZE2 14200 147347 7.75 & 0
WF-04470 04 21 29 Q 11575 7.873 7.8795 1
WP~04472~1 18 21 2< 0 2006 12,25 12,25 i
WF-04472-2 1B 21 29 Z0064 12977 8.75 ] 0
WF—-04476-1 22 21 Z% 0 3501 8.75 8.75 i
WF-04474&-2 25 21 29 3901 &9F0 8.75 Q O
WP-(4476~-% 22 21 29 6990 3700 8.75 O 0
WF-04485 4 21 29 QO 133355 7.873 7.875 i
WF—04491~1 26 21 30 , Q 11187 10.625 10,625 1
WF-04491-2 26 21 0 11187 13632 7.875 Q Q
WF=-04492-1 25 21 30 0 638 15 15 1
WP-04492-2 35 21 30 36T 11287 7.5 O O
WF-04495-3  F5 21 Z0 11287 13800 6.75 O ]
WF-04499-1 01 21 32 0O 4000 12.25 12.25 i
WF-04499-2 01 21 32 4000 117300 8.5o O Q
WF-04499-% 01 21 32 11300 14515 6.9 G O
WF-04504 02 21 32 0 14500 7.875 7.875 i
WF—04505~-1 02 21 32 O 11235 12.25 12.25 1
WF-04505-2 02 21 32 11235 14250 8.75 o Q
WF-04505-2 02 21 =2 14230 14400 8.73 O 8]
WF—-04506&6-1 04 21 32 0 8951 12.25 12.25 1
WF-04506-2 04 Z1 Z2 8951 13800 8.9 0 0
WF-04309-1 10 21 32 0 11187 G.o .o 1
WP—-04509-2 10 21 ZZ 14Z74 14374 &.9 0 0
WF—-04520 11 21 32 (]2 Uk 0 Q
WP—-04523 21 21 32 UK Uk (8] )
WF-04529-1 21 21 22 O 1014 8.75 Q O
WF-04529-2 21 21 =2 1014 3918 203 7203 1
WF—04540-1 06 22 71 Q 700 UK Q Q
WF—-04540-2 Qb6 22 1 E700 10400 ?.5 Q O
WF-04%40-3 06 22 21 10400 11403 &5 O Q
WF-04%44-1 Q2 22 20 Q 405 22 O 0
WF-04544-2 02 22 30 405 3657 17 17 1
WF-04544-7% 2 22 20 4657 7490 ?.875 Q Q
WF—-04544-4 Q2 22 0 7490 12205 ?.875 0 )
WF-04544-3 02 22 30 12205 14259 5.25 0 o
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WELL NO. LOCATION DEFTH EIT DIA. EBIT DIA. WELL COUNT
Sec. T. R from to IN. @ 2150

WF—-Q43544~-4 O2 22 IO 14259 14924 4.7%5 O O
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Subject: Additional Data for Characterizing 2-Phase Flow Behavior in
Waste-Generated Gas Simulations and Pilot Point Information
for Final Culebra 2-D Model (SAND89-7068/1)
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Memo 11

Sandia National Laboratories

Albuguerque, New Mexico 87185

Date: November 19, 1990
To: R.P. Rechard (6342)
g i WV
From: P.B. Davies (6344) and A.M. LaVenue (6344, INTERA)
Subject: Additional Data for Characterizing 2-Phase Flow Behavior in Waste-Generated Gas
Simulations and Pilot Point Information for Final Culebra 2-D Model (SANDS89-
7068/1) ‘

In response to your request, this memo provides additional data for 2-phase modeling of waste
generated gas and pilot point information for the final Culebra 2-D model that is presented in
LaVenue et al. (1990) SAND89-7068/1.

2-Phase Data

In order to provide a complete discussion, this memo includes the information on capillary pressure
and relative permeability for Salado salt that was transmitted in the Davies and LaVenue memo of
8-1-90.

Experimental data on capillary pressure and relative permeability of Salado Fm. halite, Salado
Fm. interbeds, and the waste-backfill mixture in disposal rooms do not exist. Given the very low
permeability of the Salado lithologies, the possibility of fracture-controlled pore space in the
interbeds, and complexity in the evolution of the waste-backfill mixture during consolidation, direct
measurements of 2-phase properties is a complex task. Therefore, experimental data for WIPP
materials will not be available in the near future. Given this situation, our evaluation of 2-phase
properties has focused on two approaches. The first approach is to select approximate analogue
materials for which complete two-phase measurements have been made. This approach assures that
the capillary pressure and relative permeability relations are internally consistent with each other.
The second approach is to work on theoretically-based pore structure models that provide the basis
for calculating theoretical capillary pressure and relative permeability relations given basic
information about the nature of the pore structure in each of the pertinent materials at WIPP. Our
ultimate objective is to assemble a suite of capillary pressure and relative permeability relations that
will provide the basis for examining the impact of a variety of assumptions about the 2-phase
characterization of both the room and the Salado Formation.

We have completed selection of the first analogue group and the data from that group has been
used in most of our simulations to date. Given their higher permeabilities and lower threshold
pressure, the Salado interbeds are expected to be the primary units controlling gas release (Davies, in
prep). Also, because of the high threshold pressure in intact halite, significant gas penetration into
the halite may not occur. For the anhydrite interbeds, the analogue material that has been selected
is based on the lowest permeability material that we could find for which the complete capillary
pressure and relative permeability has been measured. The analogue material is a tight gas sand from
the multi-well experiment with an intrinsic permeability on the order of a few tens of microdarcies
(Morrow et al., 1985). The dominant pore geometry consists of intergranular cracks, small solution

1
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pores partially filled with dolomite, and some small fractures. Data from the laboratory measurements
on this material have been incorporated in to a slightly modified version of the Brooks and Corey
(1964) model to produce the complete capillary pressure and relative permeability relations presented
in Table 1, and Figures 1 and 2.

As noted previously, the high threshold pressure in intact halite means that significant gas
penetration into the halite may not occur. The mostimportant 2-phase parameter for the halite is the
threshold pressure. Threshold pressures for pure and impure halite have been estimated based on an
empirical correlation between intrinsic permeability and threshold pressure (Davies, in prep). This
type of correlation is commonly used in the analysis of caprock materials for underground gas storage
reservoirs (Thomas et al., 1968). Based on this correlation, estimated threshold pressure for Salado
halite is 4.6 MPa for 10°2% m?, 10 MPa for 107! m?, and 23 MPa for 10722 m? halite. For our
simulations to date, we have used k = 102® m? and Pt = 4.6 MPa as representing impure halite and
k = 10722 m? as representing pure halite. Because the halite is of secondary importance for gas flow,
what is assumed for the capillary pressure curve and for relative permeability is of less importance.
Therefore, we use the same analogue properties for halite that were used for anhydrite, except that
the capillary pressure curves have been computed using the higher threshold pressure values for pure
and impure halite. The resulting capillary pressure and relative permeability relations are presented
in Table 2 and Figures 3, 4 and 5.

Because there are no measured relative permeability or capillary pressure data for any of the
waste-disposal room materials, a similar analogue approach has been used. The analogue used is a
heterogeneous, unconsolidated mix of fragmented clay, sandstone, and volcanic sand (Brooks and
Corey, 1964). This material is characterized by a well aggregated structure with secondary as well
as primary porosity. Data from laboratory measurements on this material have been incorporated in
the Brooks and Corey (1964) model to produce the complete capillary pressure and relative
permeability relations presented in Table 3, and Figures 6 and 7.

Pilot Points

The calibration procedure employed for the final 2-D Culebra flow model (LaVenue et al., 1990)
utilized a geostatistical approach for adjusting the transmissivity field. The M.LT. kriging code,
AKRIP, was modified to allow for uncertainties assigned to the data and to calculated block-averaged
estimates and estimate errors. Calibration points, referred to as "pilot points", were added to the -
observed transmissivity data set which was used during the kriging process. The locations of the pilot
points were guided by the code GRASP II, an adjoint sensitivity post-processor to the flow code,
SWIFT II. GRASP II allows for the identification of areas where changes to the boundary conditions
or transmissivity values in the model domain will reduce a performance measure defined by the
modeler (e.g., differences between calculated and observed heads at selected borehole locations at
selected times). The logl0 transmissivity data set (used as input to AKRIP) for the transient
calibrated model is presented in Table 4.

For additional details on the specifics of the kriging generalized-covariance model used during the
calibration procedure one should review (LaVenue et al., 1990).
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TABLE 1. Capillary Pressure and Relative Permeability for Interbeds

A-144

PARAMETER : | Relative Permeability and Capillary Pressure
Curves for the WIPP Interbeds
VALUE- @ Sy K, Keg P,

MPa bars
0.200 0.00E+0 1.00E+0
0.220 2.23E-9 9.34E-1 38.7 387
0.250 4.78E-7 | 8.40E-1 10.4 104
0.300 2.77E-5 6.94E~1 3.88 38.8
0.350 2.98E-4 5.60E~-1 2.17 21.7
0.400 1.60E-3 4.38E~-1 1.44 14.4
0.450 5.93E-3 3.29E-1 1.05 10.5
0.500 1.73E-2 2.33E-1 .808 8.08
0.525 2.76E~-2 1.90E~1 .720 7.20
0.550 4.26E-2 1.52E-1 .648 6.48
0.575 6.37E-2 1.18E-1 «587 5.87
0.600 9.30E-2 8.79E-2 .535 5.35
0.65Q 1.85E~1 4.19E-2 +452 4.52
0.675 2.55E-1 2.58E-2 -419 4.19
0.700 3.44E~-1 1.40E-2 .389 3.89
0.725 4.57E~1 6.29E-3 «363 3.63
0.750 6.01E~1 1.98E-3 .340 3.40
0.770 7.40E-1 4.49E-4 323 3.23
0.790 9.06E~-1 1.74E-5 «307 3.07
0.800 1l.00E+0 0.00E+0 300 3.00
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TABLE 2. Capillary Pressure and Relative Permeability for Pure and Impure Halite

Memo 11

PARAMETER : | Relative Permeability and Capillary Pressure
_Curves for Relatively Pure and Impure Halite
VALUE : P
pure impure
halite halite

Sy ke krg MPa bars MPa Dbars
0.200 | 0.00E+0 | 1.00E+0
0.220 | 2.23E-9 | 9.34E-1 | 2960 | 29600 | 593 5930
0.250 | 4.78E-7 | 8.40E-1 801 | 8010 160 | 1600
0.300| 2.77E-5 | 6.94E-1 297 | 2970 | 59.5 595
0.350 | 2.98E-4 | 5.60E-1 167 | 1670 | 33.3 333
0.400 | 1.60E-3 | 4.38E-1 110 | 1100 | 22.1 221
0.450 | 5.93E-3 | 3.29E-1 | 80.3 803 16.1 l6l
0.500 | 1.73E-2 | 2.33E-1 | 61.9 619 | 12.4 124
0.525 ] 2.76E-2 | 1.90E-1 | 55.2 552 | 11.0 110
0.550 | 4.26E-2 | 1.52E~1 | 49.7 497 {9.93 | 99.3
0.575 | 6.37E-2 | 1.18E-1 | 45.0 450 | 9.00 { 90.0
0.600 )} 9.30E-2 | 8.79E-2 | 41.0 410 | 8.21 | 82.1
0.650 1 1.85E-1 ] 4.19E-2 | 34.7 347 6.94 | 69.4
0.675 | 2.55E-1 | 2.58E-2 | 32.1 321 | 6.42 | 64.2
0.700 | 3.44E-1{ 1.40E-2 | 29.8 298 | 5.97 | 59.7
0.725 | 4.57E-1 | 6.29E-3 | 27.8 278 | 5.57 | 55.7
0.750 | 6.01E-1 | 1.98E-3 | 26.0 260 | 5.21 | 52.1
0.770 | 7.40E-1 | 4.49E-4 | 24.7 247 | 4.95 | 49.5
0.790 | 9.06E~-1 | 1.74E-5 | 23.6 236 | 4.71 | 47.1
0.800 | 1.00E+0 |{ 0.00E+0 | 23.0 230 | 4.60 ] 46.0
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‘TABLE 3. Capillary Pressure and Relative Permeability for Waste Disposal Room

PARAMETER : | Relative Permeability and Capillary Pressure
Curves for the Waste Disposal Room (initial,
intermediate, and final states)

VALUE : S, K.y X, P,
(MPa) (bars)

0.276 0.00E+0 1.00E+0
0.290 5.23E-7 9.59E-1 6.54E-3 | 6.54E-2
0.300 3.82E-6 9.30E-1 5.43E-3 | 5.43E-2
0.350 2.44E-4 7.83E-1 3.68E-3 | 3.68E~2
0.400 1.64E-3 6.43E-1 | 3.07E-3 | 3.07E-2
0.450 5.74E-3 5.14E-1 2.73E-3 | 2.73E-2
0.500 1.46E-2 3.98E-1 2.51E-3 | 2.51E-2
0.550 3.07E-2 2.98E-1 2.34E-3 | 2.34E-2
0.600 5.70E-2 2.13E-1 | 2.20E-3 | 2.20E-2
0.650 9.68E-2 1.44E-1 2.10E-3 | 2,10E-2
0.700 1.54E-1 9.11E-2 2.01E-3 | 2.01E-2
0.750 2.32E-1 5.21E-2 1.93E-3 | 1.93E-2
0.800 3.36E-1 2.57E-2 1.87E-3 | 1.87E-2
0.850 4.71E-1 9.96E-3 1.81E-3 | 1.81E-2
0.900 6;41E-1 2.38E-3 1.76E-3 | 1.76E-2
0.925 7.41E-1 7.85E-4 1.73E-3 | 1.73E-2
0.950 | 8.51E-~-1 1.29E-4 1.71E-3 | 1.71E-2
0.970 9.49E-1 4.83E-6 1.69E~3 | 1.69E~2
0.980 1.00E+0 0.00E+0 1.69E-3 | 1.69E-2
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TABLE 4. Pilot Points for Culebra Flow Model (LaVenue et al., 1990)

The pilot points are denoted by the name PP-n, where n is the pilot point number.

UTM CORD. UTM CORD. LOGIOT SIGMA WELL
EAST (m) NORTH (m) OF LOGIO T NAME
613423, 3581684. -6.02900 0.50 H-1
612651. 3581651. -6.20050 0.25 H-2
613729, 3580895. -5.60890 0.25 H-3
612380. 3578483. -5.99600 0.25 H-4
616872, 3584801. -7.01150 0.25 H-5
610594, 3585008. -4.45000 0.25 H-6
608124. 3574648. -2.81250 0.25 H-7
608683. 3563556. -5.05470 0.25 H-8
613989. 3568261. -3.90190 0.25 H-9
622975. 3572473. -7.12340 0.50 H-10
615346. 3579130. -4.50570 0.25 H-11
617023. 3575452, -6.71320 0.50 H-12
612341. 3580354. -6.48420 0.50 H-14
615315. 3581859. -6.38040 0.50 H-15
613369. 3582212. -6.11490 0.50 H-16
615718. 3577513. -6.63610 0.50 H-17
612264. 3583166. -5.77750 0.25 H-18
609084. 3581976. -3.55710 0.41 P-14
610624. 3578747. -7.03540 0.50 P-15
613926. 3577466. -5.96850 0.50 P-17
618367. 3580350. -10.12340 0.50 P-18
613710. 3583524. -6.96850 0.50 W-12
612644. 3584247. -4.12960 0.50 w-13
613735. 3583179. -6.49130 0.50 W-18
613739. 3582782. -6.19030 0.50 w-19
613743. 3582319. -6.57050 0.50 w-21
613739. 3582653. -6.40030 0.50 W-22
606385. 3584028. -3.54120 0.25 W-25
604014. 3581162. -2.91360 0.25 W-26
604426. 3593079. -3.36920 0.25 Ww-27
611266. 3594680. -4.68390 0.25 w-28
596981. 3578694. -2.96850 0.25 w-29
613721. 3589701. -6.60230 0.50 W-30
621126. 3589381. -6.55350 0.50 AEC-7
613696. 3581958. -6.29640 0.50 ER-9
613191. 3578049. -6.52130 0.50 CB-1
614953. 3567454. -4.33500 0.25 ENGLE
606462. 3569459. -3.25840 0.25 USGSI1
615203. 3580333. -4.42710 0.25 DOE-1
613683. 3585294. -4.01910 0.25 DOE-2
608702. 3578877. -5.68970 0.50 D-268
605250. 3587600. -2.07000 1.01 PP-1
606500. 3587600. -2.25000 0.98 PP-2
607750. 3588600. -2.32000 0.99 PP-3

7
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TABLE 4. [Continued]

The pilot points are denoted by the name PP-n, where n is the pilot point number.

UTM CORD. UTM CORD. LOGIOT SIGMA WELL
EAST (m) NORTH (m) OFLOGIOT NAME
608000. 3576750. -3.62000 0.74 PP-4
608000. 3577750. -3.58000 0.72 PP-5
612520. 3576550. -6.02000 0.75 PP-6
613585. 3576550. -6.42000 0.68 PP-7
613950. 3576000. -3.41000 0.63 PP-8
614950. 3577500. -2.71000 0.51 PP-9
614950. 3583000. -7.72000 0.61 PP-11
613950. 3581500. -8.08000 0.41 PP-12
612950. 3582500. -5.64000 0.41 PP-13
611900. 3580620. -8.34000 0.62 PP-14
613450. 3579500. -6.49000 0.54 PP-15
610450. 3580000. -5.13000 0.60 PP-16
610450. 3577500. -6.60000 0.66 PP-17
609100. 3587990. -2.63000 0.81 PP-18
609600. 3587990. -2.86000 0.83 PP-19
614200. 3574500. -2.94000 0.84 PP-20a
616200. 3574500. -3.00000 0.79 PP-21a
615700. 3576500. -3.85000 0.56 PP-23
613725. 3580900. -3.50000 0.33 PP-24
614100. 3580100. -6.00000 0.46 PP-25
612900. 3582100. -5.50000 0.36 PP-26
615300. 3581300. -4.25000 0.48 PP-27
615700. 3581300. -3.50000 0.54 PP-28
615700. 3579700. -3.25000 0.47 PP-29
614100. 3578500. -6.16000 0.50 PP-30
614500. 3578500. -5.87000 0.50 PP-31
613575. 3582200. -5.00000 0.31 PP-32
612675. 3584390. -3.59000 0.41 PP-34
612675. 3584240. -2.67000 0.41 PP-35
613300. 3580900. -5.17000 0.39 PP-36
613300. 3587500. -4.31000 0.74 PP-37
613700. 3589100. -3.90000 0.62 PP-38
613725. 3589700. -3.90000 0.62 PP-39
612675. 3582945. -5.93000 0.41 PP-40
613412, 3583520. ‘ -4.00000 0.41 PP-41
615125. 3580300. -3.50000 0.47 PP-42
612375. 3581895. -5.00000 0.41 PP-43
611250. 3579430. ~-5.00000 0.41 PP-44
8
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FIGURE 1. Relative Permeability Curves for Interbeds
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FIGURE 2. Capillary Pressure Curve for Interbeds
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FIGURE 3. Relative Permeability Curves for Pure and Impure Halite
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FIGURE 4. Capillary Pressure Curve for Pure Halite
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FIGURE §. Capillary Pressure Curve for Impure Halite
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FIGURE 6. Relative Permeability Curves for Waste Disposal Room
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FIGURE 7. Capillary Pressure Curve for Waste Disposal Room
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Letter 1a

Letter 1a

Letter la Date: 9/11/90
To: Bob 0. Pace, Manager, Technology
Exchange Technical Services,
Baroid Drilling Fluids, Inc.
From: J. W. Berglund, UNM
Subject: Bar graphs representing range of values for drilling
operations near WIPP site
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Letter 1a
THE UNIVERSITY OF NEW MEXICO ALBUQUERQUE, NEW MEXICO 87131

NEW MEXICO ENGINEERING RESEARCH INSTITUTE
CAMPUS POST OFFICE BOX 25
TELEPHONE (505) 844-1644

11 September 1990

Bob O. Pace

Manager, Technology Exchange
Technical Services

Baroid Drilling Fluids, Inc.

3000 N. Sam Houston Pkwy. E. (77032)
P.O. Box 1675

Houston, Texas 77251

Dear Mr. Pace:

I wish to thank you for the very informative "class" that you gave for us in Albuquerque on
current drilling procedures. The information that you provided will be very valuable in assessing
the vulnerability of the WIPP repository to a future drillhole intrusion.

As I explained during your seminar we are currently performing a series of calculations that
will ultimately determine the probable quantity of radioactive material that would be brought to the
ground surface by a drilling operation sometime in the distant future. The variables that have to be
considered in such an estimate are quantities such as drill speed and drilling mud properties.

During the last part of the seminar you provided to me some probable ranges for these
variables and these are currently being used in our calculations. Ihave plotted some of the
variables as bar graphs and attached them to this letter. To ensure that I have not misinterpreted
any of the data that you provided, and to further document our discussion, I would liked to ask
you if the attached bar graphs are in your opinion representative of the probable range of values
that might be expected for drilling operations at or near the WIPP site. I would greatly appreciate
your sending me a note confirming the data given in the graphs or suggesting any appropriate
changes. Iam also including a WIPP location map and a cross-section of the geology.

truly yours

Gecy ol
Berﬂlund

Serior Research Engineer
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1.2 Background on WIPP

Appendix A
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Figure 1-1. WIPP Location in Southeastern New Mexico (after Rechard, 1989).
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Chapter 1: Iniroduction

Letter 1a
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Figure 1-2. Level of WIPP Repository, Located in the Salado Formation. The Satado Formation is

composed of thick halite with thin interbeds of clay and anhydrite deposited as marine
evaporites about 255 million years ago (Permian period) (Rechard, 1989).
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Appendix A Distribution of Drilling Speeds (rpm)
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Drilling Mud Density
(mainly saturated brine)
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Letter 1b

Letter 1b
Letter 1lb Date: 9/18/90
To: J. W. Berglund
From: Bob 0. Pace

Subject: Changes to bar graphs
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Letter 1b

Baroid Drilling Fluids, Inc.

September 18, 1990

Jerry W. Berglund

NEW MEXICO ENGINEERING RESEARCH INSTITUTE
Campus Post Office Box 25

Albuquerque, New Mexico 87131

Dear Mr. Berglund:

After talking to one of our field engineers, | altered the percentages slightly so that they are
closer to what is currently being used.

If | were to look into the immediate future, | think that in the next 10 to 25 years, operating
pressures for drilling will rise with an increase in annular velocities being a part of it. | would not
be surprised at increases of 100 to 200 percent.

Attached are copies of your slides with my recommended changes.

If I can be of further assistance, please let me know.

Sincg}rely yours,

é/«/ OZZ/‘/

v.Z

Bob O. Pace

Enc:

3000 North Sam Houston Pkwy, East(77032) « PO. Box 1675 « Houston, Texas 77251 (713)987-5000
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Appendix A Distribution of Drilling Speeds (rpm)

60
50
o 40
[}
7]
33
(@]
© 30 -
=
158,
(9]
o 20 — ey
-5%
*10—
0 - .
40-60 60-80 80-100 100-120 120-140 140-160 160-180 180-200 200-220
Drill String RPM
Drilling mud velocity adjacent to collars \
as a percent of critical velocity
80
60
7]
o 4
7]
1
(8]
© 40
IS
]
2 L
Q
a.
20 -
0.-

85-95 95-105 105-115

% of critical velocity

A-168




Percent of Cases

Percent of Cases

£

oy

V272

100

100

Drilling Mud Yield Point
(mainly saturated brine)

507

10-18 18-26 26-34 34-42

2
Yield Point (  1b/1001t),

Drilling Mud Plastic Viscosity
(mainly saturated brine)

[0.4]
o
i

i

<
N

D
(@]
1

40 -

20

90%

10-15 15-20 20-25 25-30

Plastic Viscosity (cp)

Letter 1b

A-169




Appendix A

Drilling Mud Density
(mainly saturated brine)
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GLOSSARY

accessible environment - The 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 (40 CFR 191.12[k]).

alpha particle - A positively charged particle emitted in the radioactive
decay of certain nuclides. Made up of two protons and two neutrons
bound together, it is identical to the nucleus of a helium atom. It is
the least penetrating of the three common types of radiation -- alpha,
beta, and gamma.’

anhydrite - A mineral consisting of anhydrous calcium sulfate (CaSO4). It is
gypsum without water, and is denser, harder, and less soluble.

arenaceous - An adjective for rocks that are derived from sand or that contain
sand,

argillaceous - Containing clay-sized particles or clay minerals.

backfill - Material placed around the waste containers, filling the open space
in the room.

Bell Canyon Formation - A sequence of rock strata that form the topmost
formation of the Delaware Mountain Group (Early Permian).

bentonite - A commercial term applied to clay materials containing
montmorillonite (smectite) as the essential mineral.

borehole - A hole drilled from the surface for purposes of geologic or
hydrologic testing, or to explore for resources; sometimes referred to
as drillhole,

brine occurrence - Hydraulically isolated stagnant pocket of pressurized fluid
in the Castile Formation; also referred to as "brine pocket" or "brine
reservolr."

brine pocket - see brine occurrence.

CAMCON - Compliance Assessment Methodology CONtroller; controller (driver) for
compliance evaluations developed for the WIPP.

CAMDAT - Compliance Assessment Methodology DATa base; computational data base
developed for the WIPP.

capacitance - In hydrology, the combined compressibility of the solid porous
matrix and the fluid within the pores.

Castile Formation - A stratigraphic unit of evaporite rocks (interbedded

halite and anhydrite) of Permian period that immediately underlies the
Salado Formation (in which the WIPP disposal level is being built).

G-1




Glossary

CH-TRU waste - Contact-Handled TRansUranic waste, packaged TRU waste whose
external surface dose rate does not exceed 200 mrem per hour.

complementary cumulative distribution function (CCDF) - One minus the
cumulative distribution function.

compressibility - A measure of the ability to be reduced in volume by
application of pressure; quantitatively, the reciprocal of the bulk
modulus.

conceptual model - The set of hypotheses and data that postulate the
description and behavior of the disposal system (e.g., structural
geometry, material properties, and all significant physical processes
that affect behavior) (Silling, 1983). For WIPP, the data pertinent
for a conceptual model are stored in the secondary data base. Several
secondary data bases exist because each scenario may have a slightly
different conceptual model.

controlled area - The controlled area means (1) a surface location, to be
identified by passive institutional controls, that encompasses no more
that 100 km and extends horizontally no more than 5 km 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 (40 CFR 191.12[g]).

Culebra Dolomite Member - The lower of two layers of dolomite within the
Rustler Formation that are locally water bearing.

cumulative distribution function - The sum (integral) of the probability
density of frequency values that are less than or equal to a specified
value.

Delaware Basin - The part of the Permian Basin in southeastern New Mexico and
adjacent parts of Texas where a sea deposited large thicknesses of
evaporites some 200 million years ago. It is partially surrounded by
the Capitan Reef.

Dewey Lake Red Beds - A formation of the Permian Period that overlies the
Rustler Formation and is composed of reddish brown marine mudstones and
siltstones interbedded with fine-grained sandstone.

disposal system - Any combination of engineered and natural barriers that
isolate spent nuclear fuel or radioactive waste after disposal (40 CFR
191.12(a)). The natural barriers extend to the accessible environment.
The WIPP disposal system comprises the underground repository, shafts,
and controlled area.

DOE - The U.S. Department Qf Energy, established in 1978 as a successor to
ERDA and the AEC.

drift - A horizontal passageway in a mine.

G-2




Glossary

El - An event used to develop scenarios: intrusion of a borehole through a
disposal panel into a pressurized brine occurrence in the Castile
Formation, or a simplified notation for a scenario in which event El

occurs and other events do not (Eg, El, EE).

E2 - An event: intrusion of a borehole into a disposal panel, or a simplified
notation for a scenario in which event E2 occurs and other events do

not (TS, El, E2).

E1E2 - A scenario: intrusion of a borehole through a disposal panel into a
pressurized brine occurrence in the Castile Formation (El1) and another
intrusion of a borehole into the same panel (E2), without the

occurrence of other events. Simplified notation for scenario Tg, El,

E2, E3.
EPA - Environmental Protection Agency of the U.S. Government.

evaporite - A sedimentary rock composed primarily of minerals produced by
precipitation from a solution that has become concentrated by the
evaporation of a solvent, especially salts deposited from a restricted
or enclosed body of seawater or from the water of a salt lake. In
addition to halite (NaCl) these salts include potassium, calcium, and
magnesium chlorides and sulfates.

half-1life - The time required for the activity of a group of identical
radioactive nuclei to decay to half its initial value.

interbeds - Sedimentary beds that lie between or alternate with other beds
having different characteristics.

Latin Hypercube Sampling - A Monte Carlo sampling technique that divides the
distribution into intervals of equal probability and samples from each
interval.

lithostatic pressure - Subsurface pressure caused by the weight of overlying
rock or soil, about 14.9 MPa at the WIPP repository level.

MB139 - Marker Bed 139: One of 45 siliceous or sulfatic units within the
Salado Formation consisting of about 1 m of polyhalitic anhydrite and
anhydrite. MB139 is located within the WIPP horizon.

panel - A group of several underground rooms bounded by two pillars and
connected by drifts. Within the WIPP, a panel usually consists of
seven rooms connected by 10-m-wide drifts at each end.

performance assessment - The process of assessing the compliance of a deep,
geologic, waste repository with the Containment Requirements of 40 CFR
191, Subpart B. Performance assessment is defined by Subpart B as an
analysis that (1) identifies the processes and events that might affect
the disposal system, (2) examines the effects of these processes and
events on the performance of the disposal system, and (3) estimates the
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cumulative releases of radionuclides, considering the associated
uncertainties, caused by all significant processes and events. These
estimates are incorporated into an overall probability distribution of
cumulative release to the extent practicable (40 CFR 191.12(q)).

permeability - A measurement of the ability of a rock or soil to allow fluid
to pass through it.

Permian Basin - A region in the south-central United States, where during the
Permian Period (245 to 286 million years ago), there were many shallow
sub-basins in which vast beds of marine evaporites were deposited.

polyhalite - An evaporite mineral: KoMgCap(S04)4+2H20; a hard, poorly soluble
mineral.

radioactive waste - Solid, liquid, or gaseous material of negligible economic
value that contains radionuclides in excess of threshold quantities.

RH-TRU waste - Remote-Handled TRansUranic waste. Packaged TRU waste whose
external surface dose rate exceeds 200 mrem per hour, but not greater
than 1,000 rem per hour.

roém - An excavated cavity underground. Within the WIPP, a room is 10 m wide,
4 m high, and 91 m long.

Rustler Formation - A sequence of Late Permian age clastic and evaporite
sedimentary rocks that contains two dolomite marker beds and overlies
the Salado Formation.

sealing - Formation of barriers within man-made penetrations (shafts,
boreholes, tunnels, drifts).

shaft - A man-made hole, either vertical or steeply inclined, that connects
the surface with the underground workings of a mine.

storativity - The volume of water released by an aquifer per unit surface area
per unit drop in hydrologic head.

tortuosity - Measurement of actual path of flow through a porous medium.

transmissivity - The rate at which water of the prevailing kinematic viscosity
is transmitted through a unit width of the aquifer under a unit
hydraulic gradient.

transuranic radloactive waste (TRU Waste) - Waste that, without regard to
source or form, is contaminated with more than 100 nCi of alpha-
emitting transuranic isotopes with half-lives greater than 20 yr, per
gram of waste, except for: (1) HLW; (2) wastes that the DOE has
determined, with the concurrence of the EPA Administrator, do not need
the degree of isolation required by 40 CFR 191; or (3) wastes that the
NRC Commission has approved for disposal on a case-by-case basis in
accordance with 10 CFR 61. Heads of DOE field organizations can
determine that other alpha-contaminated wastes, peculiar to a specific
site, must be managed as TRU waste.

G-4




NOMENCLATURE

MATHEMATICAL SYMBOLS

DO

D*

o

m> Rf

o

- cross-sectional area (m2)

fracture aperature

thickness of minerals lining boths sides of fracture

solubility mass fraction (kg/kg); ce solubility concentration
(kg/m3)

capacitance (Sg/7v) (Pa'l)

molecular diffusion in fluid (m2/s)

molecular diffusion in porous media (m2/s) D* = 7D°)
gravity constant, 9.79 m/s? at repository level
hydraulic conductivity (m/s)

partition (or distribution) coefficient (m3/kg)
permeability (m2)

relative permeability for gas

relative permeability for water

length

molecular weight

pressure (Pa)

retardation

retardation of matrix and fracture, respectively

universal gas constant
coefficient of storage
specific storage coefficient [m-1]

saturation




Nomenclature

Se

aL., oT

ﬂS’ ﬁf

Pb

$m

effective saturation of porous material

transmissivity (Kb) (m2/s)

critical temperature of species (K)

temperature (K)

time, respectively (s)

radionuclide half-life (s)

volume

compressibility factor

depth, average (m)

dispersivity, longitudinal and transverse, respectively (m)
material compressibility of solids and fluid, respectively (Pa'l)
density (kg/m3)

bulk density

porosity

matrix porosity

specific weight/unit area (kN/m3) - pg

fluid viscosity (Pass)

specific volume (m3/kg)

tortuosity in porous media (g/zpath)2
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