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Abstract

This status report presents preliminary analyses of flow through the rooms, drifts,
The purpose of these
seals, and shafts of the Waste Isolation Pilot Plant (WIPP).
analyses is to evaluate the importance of various components and parameters of the
transuranic waste repository. These analyses are presented to show the current status
of repository/shaft system modeling, and to provide input for evaluating proposed
engineered modifications to the waste and rooms to ensure compliance with the
Environmental Protection Agency's Environmental Standards for the Management and
Disposal of Spent Nuclear Fuel, High-Level and Transuranic Waste. Detailed
descriptions are given for nine computational models of the WIPP repository for
either undisturbed or human intrusion conditions. Some models are refined versions
of earlier models; others include rudimentary studies of an additional phenomenon,
flow of generated gas. The models of an undisturbed repository substantiated the
results of earlier models by showing that no waste leaves the vicinity of the disposal
The models that studied gas flow agreed with this position;
area in 10,000 yr.
however, the models are too rudimentary to permit conclusive statements. The five
models of the human intrusion event explored the importance of parameters (e.g.,
waste permeability and Salado Formation heterogeneity) that influence the flow of
brine through the waste, establishing a base for understanding the behavior of the
waste, disposal rooms, drifts, and interbeds in the host rock.
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1. INTRODUCTION

1.1

PURPOSE AND ORGANIZATION OF REPORT

PURPOSE

This report presents preliminary analyses of brine and gas flow through the rooms, drifts, seals,
and shafts that make up the repository/shaft system of the Waste Isolation Pilot Plant (WIPP),
assuming various conditions and using several different models. The analyses primarily examine
brine and gas transport. Mechanical phenomena, such as creep closure of the repository, or
chemical phenomena, such as solubility of radionuclides within the room environment, are not
included. The purpose of these analyses is to evaluate the importance of various phenomena
and components to the performance of this transuranic

(TRU) waste repository.

Preliminary calculations of the repository/shaft system are being reported now to help evaluate
various engineered modifications to the waste, backfill, and room design that are being proposed
to ensure compliance with Subpart B of the Environmental Protection Agency's (EPA)
Environmental Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level
and Transuranic Waste (hereafter referred to as either "the Standard" or 40 CFR 191, Subpart B).
The Standard regulates disposal of TRU waste from U.S. Department of Energy (DOE) weapon
facilities.

Although care was taken in developing models for the calculations presented here, the
As
calculations must be considered preliminary in nature; further development is ongoing.
refinements continue and model assumptions become more accurate, results and conclusions may
change.

ORGANIZATION

The report is composed of five chapters. This Introduction provides some background on the
WIPP, on sensitivity analysis, and on the capabilities of the software developed to assess
regulatory compliance of the WIPP with 40 CFR 191, Subpart B. The material covered in this
chapter is general knowledge to readers familiar with the WIPP; such readers may want to skip
to Chapter 2 after glancing at the Chapter 1 figures. However, readers who are not familiar
with either the WIPP or the compliance assessment process should find the rest of this chapter
helpful.

Also,

a

glossary of terms can be found at the end of the report.

Chapter 2 summarizes the immediate technical issues of the WIPP that must be resolved, the
types of conceptual models developed for these analyses, and the computer programs used to
develop computational models of the conceptual models.
Chapter 3 describes in detail the
computational models and results of modeling brine flow through the WIPP repository assuming
undisturbed conditions (e.g., no human intrusion). Chapter 4 describes the computational
models and results assuming human intrusion into the TRU waste disposal area. The results and
conclusions of these preliminary calculations are summarized in Chapter 5.
Appendix A
contains a listing of the material properties used for the models described in Chapters 3 and 4.
Variables, acronyms, and initialisms used throughout are defined in the Nomenclature at the
front of the document.
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1.2 BACKGROUND ON WIPP
PURPOSE OF WIPP

The WIPP was authorized by Congress in 1979 as a research and development facility to
demonstrate the safe management, storage, and eventual disposal of TRU waste generated by
Only after demonstrating compliance with 40
defense programs (Public Law 96-164, 1980).
CFR 191, Subpart B and the Resource, Conservation, and Recovery Act of 1976 (RCRA) will
the DOE dispose of TRU waste at the WIPP repository.
SNL 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 (SNL) in Albuquerque, NM,
which functions as scientific investigator; and Westinghouse Electric Company, which is
The specific tasks of SNL are (1)
responsible for the management of WIPP operations.
to
specific concerns of the State of New
characterizing the disposal system and responding
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.
LOCATION AND STRATIGRAPHY

The WIPP

located in southeastern New Mexico, approximately 38 km (24 mi) east of
Carlsbad, an area of low population density (Figure 1-1). Fewer than 30 permanent residents
live within a 16-km (10-mi) radius. The location was chosen because of the underlying 600-m
(2,000-ft)-thick Salado Formation and 300-m (l,000-ft)-thick Castile Formation marine
evaporites, which are a desirable medium for nuclear waste disposal. 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 (Figure 1-2). The bedded salts consist of thick halite and interbeds of minerals
such as clay and anhydrites of the late Permian period (Ochoan series) (approximately 255
million yr old ) that do not support flowing water (Figure 1-3). One interbed of interest to
this report. Marker Bed 139 (MB139), is located about 1 m (3.3 ft) below the repository interval
(Figure 1-3), is about 1 m (3.3 ft) thick (Figure 1-4), and is one of about 45 siliceous or
sulfatic units within the Salado Formation consisting of polyhalitic anhydrite (Figure 1-5)
(Lappin, 1988; Tyier et al., 1988).
is

DESIGN OF REPOSITORY, BACKFILL, AND SEALS

The WIPP repository is composed of a single underground disposal level connected to the
surface by four shafts (Figure 1-6). 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.

*

This time period reflects the revised 1983 geological timescale.

1.2 Background on WIPP

Texas

Figure 1-1. WIPP Location in Southeastern New Mexico (after Rechard, 1989).
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Figure 1-2.

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 Repository Horizon (after Lappin et al., 1989). Units in disposal area dip
slightly to the south, but disposal excavations are always centered about the orange marker
band (reddish-orange halite).
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Figure 1-4.

Generalized Stratigraphic and Structural Cross Section of MB139. The figure demonstrates
the internal variability of the unit and the character of both the upper and lower contacts
(after Borns, 1985).
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Figure 1-5.

Marker Bed 139, One of Many Polyhalite Anhydrite Interbeds near the WIPP Repository
Horizon.
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Proposed WIPP Repository, Showing Both TRU Disposal Areas and Experimental Areas
(after Nowak et al., 1990).

1.2 Background on WIPP

The four shafts are (1) the Air Intake Shaft, 5 m (16 ft) in diameter; (2) the Exhaust Shaft, 4 m
(14 ft) in diameter, (3) the Construction and Salt Handling (C&SH) Shaft, 3 m (10 ft) in
diameter, and (4) the Waste Shaft, 6 m (19 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 1-7 and
1-8) (Nowak et al., 1990).

All of the underground openings are in the

same stratigraphic interval, which dips slightly
the south, and rectangular in cross section. The disposal area drifts are generally 4 m (13
high by 8 m (25 ft) wide; the disposal rooms are 4 m (13 ft) high, 10 m (33 ft) wide, and 91
(300 ft) long. Other drifts range from about 2 to 4 m (8 to 12 ft) high and 4 to 8 m (14 to
ft) wide. The width of the pillars between rooms is 30 m (100 ft). (Specific dimensions can

to

ft)
m

25
be

found in Appendix A.) 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 (Figure 1-9) (Nowak et al., 1990). The conceptual design for sealing the MB139
envisions a salt-based grout, if sealing is necessary (Nowak and Tyier, 1989) (Figure 1-9).
DESCRIPTION OF WASTE FORM AND CONTAINERS

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, 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. Approximately 60 percent 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
remainder 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 10^ m3 (4 x 10^ ft3) of TRU waste. 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 (Lappin et al., 1989).
The total curie content of the CH-TRU waste is about 9.4 x 10^ Ci. Although a room can
ideally store 6,800 noncompacted drums stacked three deep, each of the 56 rooms and associated
access drifts (about 56 room equivalents) will contain a repository average of 5,200

drum-equivalents.
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 10^ Ci
according to the agreement between DOE and the State of New Mexico (DOE/NM, 1984). The
RH-TRU containers will be stored horizontally in the walls of the rooms. All CH- and RHTRU waste must meet the WIPP Waste Acceptance Criteria (WEC, 1985) and be certified for
A

shipment to the WIPP.
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Figure 1-7.

Schematic Diagram of Typical Backfilled and Sealed Access Shaft (after Nowak et al., 1990).
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Figure 1-8.

Schematic of Typical Multicomponent Seals. The drawing shows a seal between waterbearing 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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WIPP WASTE CONTAINMENT SYSTEM

Figure 1-10 depicts the entire WIPP waste containment system including its three subsystems
(institutional controls, engineered barriers, and geologic barriers) and its major components.
The physical features of the repository that were described in the previous sections (e.g.,
stratigraphy, design of repository, waste form) are components of the engineered and geologic
barrier subsystems. The disposal system defined in 40 CFR 191, Subpart B, consists of the
engineered barrier and geologic barrier subsystems. The third subsystem, institutional controls,
consists of many parts, e.g., the legal ownership and regulations of the land and resources by
the U.S. Government, the fencing and signs around the property, permanent markers, public
records and archives, and other methods of preserving knowledge about the disposal system.
As part of the compliance assessment (i.e., determining whether the WIPP complies with 40 CFR
191, Subpart B), analysts investigate how the disposal system behaves under specific scenarios,
i.e., combinations of events and processes that represent possible future conditions at the
repository. Depending on the scenario, different pieces of the engineered and geologic barrier
subsystems are assembled into a system that can be modeled. In this report, the repository/shaft

modeled with the backfill component, seal component, and
Formation (Figure 1-10).

subsystem

is

a

portion of the Salado

1.3 BACKGROUND ON SNL METHOD TO ASSESS COMPLIANCE
FIVE STEPS OF COMPLIANCE ASSESSMENT
Assessing compliance with the cumulative release limits for 10,000 yr (i.e., the Containment
Requirement of 40 CFR 191, Subpart B) requires extensive calculations that, in turn, require a
well-defined procedure. (Refer to Rechard, 1989, and Bertram-Howery et al., 1989, for a
description of 40 CFR 191, Subpart B.)

Similar to other risk assessments, SNL's compliance assessment methodology (CAM) consists of
five steps (Rechard, 1989; Bertram-Howery et al., 1989) (Figure l-ll): (1) Collecting data on
waste properties, site and regional geology and hydrology, and preliminary facility design to
characterize the disposal system (disposal-system characterization) (e.g., see Lappin, 1988; Tyier
et al., 1988); (2) identifying the events and processes whereby radionuclides might be released
outside the disposal system (scenario development) (e.g., see Guzowski, 1990; Hunter, 1989); (3)
predicting the amount of these releases through modeling (consequence analysis) (a portion of
this task is reported here); (4) evaluating the uncertainties associated with these predictions and
the most important variables that influence these uncertainties (sensitivity/uncertainty analysis)
(a portion of this task is reported here); and (5) combining the product of scenario probability
and release consequence into a complementary cumulative distribution function (CCDF) and
comparing with the Containment Requirements of the Standard (compliance evaluation) (e.g.,
see

Marietta et al., 1989; Bertram-Howery et al., 1989).

Requirements are treated as

*

12

a

The Individual Protection

special case of the Containment Requirements.

Hereafter referred to as the repository/shaft system, since it is the only WIPP disposal subsystem that is examined in this report.

1.3 Background on SNL Method to Assess Compliance
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0

The requirement in 40 CFR 191 to consider human intrusion implies that parts or all of the geologic barrier
can be effectively removed. For example, a borehole penetrating the repository would at least temporarly
negate the Salado Formation's function as a barrier.
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Figure 1 -10. Subsystems and Components of WIPP Waste Containment System.
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Figure 1-11.

Tasks Performed During the Five Major Steps of Assessing Regulatory Compliance of WIPP
with 40 CFR 191, Subpart B (after Rechard, 1989).

1.3 Background on SNL Method to Assess Compliance

The first two steps establish the conceptual model (or models) of the disposal system and
surrounding region for each significant scenario. (Chapter 2 discusses pertinent processes of the
conceptual model.)
Step 3 mathematically simulates the conceptual model (for this report, the model of the
repository/shaft, which is discussed in the next section) using CAMCON (discussed in a later
section).

THE REPOSITORY/SHAFT SYSTEM MODEL

In general, the repository/shaft system is described by a model (or models), representing the
major features of the entire underground repository, which is used to predict the migration of
radionuclides (or other hazardous waste) from the consolidated waste-disposal rooms through the
The time versus radionuclide concentration curves that are predicted
seals, drifts, and shafts.
this
by
repository scale model at its boundary are then used as a source term to evaluate
transport to the accessible environment within a larger, local scale model, e.g., the Culebra
Dolomite (Rechard, 1989).
For the WIPP, the repository scale model is as complicated as that of the overall system.
Because the physical processes that affect the repository/shaft system are so complex, a great
effort is required to explore the importance of the various phenomena that affect the repository
and to develop a consequence module that will be appropriate for use in the overall compliance
assessment. Specifically, the relative importance of four phenomena must be determined (Figure
1-12):
1.

Mechanical phenomena, including (a) creep closure and consolidation of disposal rooms, (b)
consolidation behavior of backfill and seals, (c) characteristics of the disturbed rock zone
(DRZ), and (d) deformation of waste drums (not modeled in this report)

flow into and out of rooms

2.

Hydrologic phenomena, including saturating brine and
(major phenomena modeled in this report)

3.

"Chemical" phenomena, including (a) amounts of radioactive, organic, and inorganic
components, (b) adsorption of radionuclides in backfill and host salt, (c) dissolution and
entrainment of radionuclides, and (d) generation of gases from corrosion and biological

gas

decomposition (not modeled in this report)
4.

Solute Transport phenomena, including (a) diffusion and (b) porous or fracture media
fluid flow (one model in this report evaluates transport for undisturbed conditions)

The repository/shaft system model includes six modeling components (Figure 1-12). They are
(1) a room component, (2) a panel seal component, (3) a drift-backfill component, (4) a shaft
backfill and seal component, (5) interbed components, and (6) Salado Formation salt. These
modeling components include parts of the major component categories as shown for the
engineered and natural barriers in Figure 1-10. Depending on the component in question, the
relative importance of the four phenomena described above varies. Therefore, the tasks in
establishing the behavior of the repository/shaft system are to (a) determine the relative
importance of the phenomena for each modeling component and then (b) link the four modeling
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Figure 1-12.

Basic Phenomena, Major Interactions, and Components of the Repository/Shaft Model (after
Rechard, 1989).

1.3 Background on SNL Method to Assess Compliance

components so that the repository/shaft system can be viewed in the context of the whole
system. An important step in accomplishing these two tasks is to perform a sensitivity analysis
to determine the relative importance of two or more phenomena and components, e.g., the
repository's panel seals and shaft seals. This report describes the work currently in progress in
which the importance of the modeling components is being investigated by modeling only
hydrologic phenomena, such as gas and brine flow.
BACKGROUND ON SENSITIVITY AND UNCERTAINTY ANALYSIS
Step 4 of the

CAM requires uncertainty and sensitivity

analysis on the disposal system as a
With uncertainty analysis, an analyst evaluates the level of

whole and on individual parts.
confidence to place on a calculation.

It

is useful

throughout the assessment.

With sensitivity analysis, on the other hand, an analyst identifies parameters that, when varied,
can significantly affect the results.
Thus, sensitivity analysis is a technique to gain insight
Its primary usefulness then is in the early phases of an assessment to help
about a system.
produce understanding, identify data needs, set priorities, allocate resources, and help direct
development or selection of a conceptual model of the disposal system or its parts.

Although not completed in this report, the authors examine, through phenomenological models,
the repository/shaft system to provide an understanding that will help others evaluate proposed
modifications to this system (e.g., the form of the TRU waste) and help the authors develop
simplified models (if possible) of this system for later compliance assessments. This process
continues until either compliance with the Standard can be shown, or modeling identifies
engineered modifications (to the waste, backfill, room design, or waste management) that can be
implemented to achieve compliance.
Uncertainty/sensitivity analysis is more precisely explained as follows. A consequence module,
such as a groundwater flow model used in Step 3 (Figure 1-11), is a function, Fi(xi,...,Xn), of
parameters xi,...,Xji. Because xi,...,Xn have ranges and distributions, Fi(xi,...,Xn) will also have
a
range and distribution.
Uncertainty analysis involves determining properties of the
distribution of FI. These properties include the distribution shape, expected value, and
Sensitivity analysis involves determining the importance of an individual
variance of F[.
in
the distribution of F] (e.g., shape, expected value, or variance).
influencing
parameter, x^,
This report is concerned with sensitivity analysis on the repository/shaft system. The major
phenomenon evaluated in the system was hydrologic, specifically, brine and gas flow. The three
parameters of interest are the permeability of the media, compressibility of the media, and the
pressure (or flux) boundary conditions.

BACKGROUND ON CAMCON

The compliance assessment methodology (Figure 1-11) (Rechard, 1989) places two general
requirements on computational tools that are developed to assist the analyst: flexibility and
adequate quality assurance (QA).
In the compliance assessment procedure, the variety of
scenarios analyzed, the varying complexity of the models used, and the desire to switch codes
when cycling through the procedure all require flexible and versatile computational tools.
Likewise, the number of repetitive computer simulations, the need to properly identify
simulations, and the potential need to recreate simulations all require QA in the executive
package.
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Two important computational tools developed for assessing WIPP compliance with the Standard
are CAMDAT (Compliance .Assessment Methodology DATa) and CAMCON (Compliance
CAMDAT is a computational data base (sometimes
Assessment Methodology CONtroller).
a
file)
as
to
code
neutral
containing
output and used as the link between codes required
referred
in the compliance assessment. The computational data base, CAMDAT, has two main features:
(1) it provides a trail for QA by recording the code names that have written data to the data
base, and (2) it is versatile enough to handle data from different types of codes (e.g., finitedifference or finite-element codes).

CAMCON, the controller for compliance calculations,
allow an analyst to properly build and execute all of
consequence analysis (e.g., the repository/shaft model).

consists of
a

a

series of procedural files that

compliance assessment or portions of

a

The complexity and data requirements of the codes (either analytical or numerical) that
comprise the analysis determine the difficulty of applying CAMCON. However, CAMCON is
composed of several computer modules (e.g., mesh generation codes and groundwater codes) that
can be readily assembled to analyze models, such as the repository/shaft system. It was this
versatility of CAMCON that allowed the authors of this report to compute the detailed analysis
in a timely manner.
The computer modules pertinent to this report are briefly described in Chapter 2.

2. REPOSITORY/SHAFT SYSTEM ISSUES AND MODELS

2.1 ISSUES
As described in the Introduction, this report presents a preliminary analysis of the
repository/shaft system using several different models to evaluate the behavior of the system's
The computational models developed were
components (i.e., rooms, drifts, seals, and shafts).
used to examine the behavior of these components for both an undisturbed performance
Briefly, the undisturbed
scenario (Chapter 3) and a human intrusion scenario (Chapter 4).
is
not disrupted by human intrusion or unlikely
performance scenario implies that the repository
natural events. The human intrusion scenarios consider the possibility of a borehole penetrating
(Both scenarios are described more fully in a later section.) Issues concerning
mechanical phenomena such as creep closure or chemical phenomena such as radionuclide
adsorption or solubility are not covered in this report.
the repository.

ISSUES CONCERNING UNDISTURBED PERFORMANCE

For models simulating the undisturbed scenario (Chapter 3), the major issue is to develop
performance measures, both short and long term, for the shaft, panel, drift and interbed seals,
and the backfill to answer questions of repository design concerning the required permeability,
location, and redundancy of these components. Modeling the undisturbed scenario with a onedimensional model, two major earlier works (Marietta et al., 1989; Lappin et al., 1989) showed
no radionuclide releases (even with degraded properties) beyond the immediate vicinity of the
repository over 10,000 yr. Based on these earlier works, the current seal and backfill design
specifications greatly exceed (by orders of magnitude) the required undisturbed performance
over the long term. However, the earlier modeling did not include gas generated from anoxic
corrosion of the steel drums or microbiological degradation of the combustible waste or
radiolysis. Consequently, the immediate issues that were examined for the undisturbed scenario
were
•

Verification of the previous bounding calculations on species transport without
long term with a two-dimensional model (Sections 3.1 and 3.2)

gas

for the

•

Evaluation of the redundancy of seals (Section 3.1)

•

Estimation of gas transport (Sections 3.3 and 3.4)

•

Exploration of the need for effective seals and backfill in the short term (Sections 3.3
through 3.4).

*The behavior characterization and model development of the repository/shaft system
Bertram-Howery and Hunter (1989)

in

is one of the major issues described by
Preliminary Plan for Disposal-System Characterization and Long-Term Performance

Evaluation of the Waste Isolation Pilot Plant.
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ISSUES CONCERNING HUMAN INTRUSION

For models simulating the human intrusion scenario (Chapter 4), the major issues are behavior
of the panel and drift seals and the backfill, and performance of the waste form and transport
within the Culebra Dolomite (the latter will be discussed in a later report). Behavior of the
waste form was added because the requirement imposed by 40 CFR 191, Subpart B, demands a
study of a scenario in which a waste repository is hypothetically intruded by humans. In this
scenario, the primary component of the geologic barrier (the Salado Formation) has been
removed, leaving only the waste form or, possibly, intervening panel seals and the Culebra
Dolomite as barriers. Thus, characterizing the behavior of the waste is much more important
under these conditions than for the undisturbed scenario. The immediate issue explored in
Chapter 4 for human intrusion scenarios was the examination of basic phenomena, including
•

•

Evaluation of the range of expected brine inflow from the Salado Formation (Section 4.1) and
underlying brine pocket (Section 4.4) to determine (1) how much waste is accessible to brine
and gas transport and (2) the corresponding discharge

The potential impact of heterogeneity within the Salado Formation on brine inflow
(Section 4.2)

•

The characteristic response times for room and panel depressurization and brine flow
(Section 4.3)

•

The potential impact of geometrical effects on the quantity of waste that is accessible to brine
transport (Section 4.5).

2.2 GENERAL MODELING DESCRIPTION
SCENARIOS MODELED

Currently, two main scenarios are being examined: the undisturbed performance (or base-case)
scenario and a human intrusion scenario.
Undisturbed Performance Scenario. Undisturbed performance is the base case for scenario
development (Guzowski, 1990). As defined in the 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. For the undisturbed scenario, four simple numerical models have
been developed and are described in Chapter 3.

Human Intrusion Scenarios. In addition to the undisturbed performance, the Standard also
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 four (Hunter, 1989;
Guzowski, 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 (also referred to as a brine reservoir) in the Castile Formation
(designated as Event 1, or El); (3) intrusion of a borehole into a disposal room or drift (Event 2
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or E2); and (4) drilling a withdrawal well downgradient from the repository (Event 3 or E3).
The models reported here use either event El in which a borehole has been drilled through a
disposal room or drift and into pressurized brine in the Castile Formation, or E2 in which a
borehole has been drilled into a disposal room or drift but no further. Marietta et al. (1989)

El and E2 scenarios in greater detail.
this scenario and are described in Chapter 4.

discusses the

Five numerical models were developed for

CONCEPTUAL MODEL OF PANELS AND ROOMS IN DISPOSAL AREA

In an earlier study, very conservative assumptions were selected to evaluate the two scenarios
listed above (Lappin et al., 1989).
Furthermore, boundary conditions for the models were
sometimes selected so that release would be maximized; consistency in phenomenological
conditions among the problems was not maintained. For example, some models assumed
lithostatic pressure in the room and hydrostatic pressure elsewhere for undisturbed conditions,
while for disturbed conditions, the models assumed lithostatic pressure in the far field (i.e.,
Salado Formation) and hydrostatic pressure in the room.
In this report, some models are an extension of these earlier calculations, using primarily twodimensional numerical models. Often the conservative approach in the original problem is
carried over. However, many of the models here are an attempt to begin to develop realistic
models that can estimate repository conditions over the 10,000-yr regulatory period.
Furthermore, some models here include a phenomenon not modeled in the earlier studies: flow
of gas generated by the waste.
Hypothesized Episodes for Closure of Disposal System. The assumptions for the models in this
report are based on the hypothesized episodes (sequence of events in rooms) described below.
(For a more detailed description of events, refer to Guzowski, 1990; Marietta et al., 1989;
Lappin et al., 1989; and the "No Migration Petition Addendum" [DOE, 1989].) Although the
authors thought the following hypothesis was valid at the time that work for this report was
begun, current calculations being performed at SNL -- including the results of some models
this hypothesis obsolete. Nevertheless, the hypothesis is presented
described here
-- may render
to provide a framework by which to understand the models.

The following is the proposed sequence of events.
Initially, panels are filled with waste and
backfill and no free brine is present. All access drifts and the experimental area are backfilled,
and the drifts and shafts are sealed (Lappin et al., 1989). Grout seals are in place in Marker
Bed 139 (MB 139) directly under panel seals. MB 139 is fractured as a result of excavation of
the drifts and panels, and in response to later salt creep into these excavations.
These new
fractures occur directly under all excavations, but not under the intact salt pillars and concrete
components of the seals. During the operational life of the repository, the fractures in MB139
have filled with brine from Salado Formation seepage (Figure 2-la).

*

The operational life of the repository is about 25 yr, which means that each panel of rooms is at
time. This hypothesis describes episodes for the final panels and rooms.

a

slightly different state in terms of
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Rock Bolts

Air Gap

DRZ

Brine-filled

MB139

DRZ

Brine

Saturated

Brine-tilled

MB139
(b)

Figure 2-1.

Hypothesized Episodes in Disposal Area Leading to Undisturbed Conditions. This drawing
shows (a) initial conditions after decommissioning and (b) room creep closure and brine
inflow.
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DRZ

Gas Saturated
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Brine-filled

MB139

Gas Saturated
Brine

DRZ

Brine-filled

MB139
Not to Scale

Hypothesized Episodes in Disposal Area Leading to Undisturbed Conditions. (Continued)
This drawing shows (c) gas generation, brine outflow, and room expansion, and (d)
undisturbed conditions with gas-filled room surrounded by gas-saturated brine.
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As closure occurs, the rooms and drifts approach a very dense state. Brine flows into the
remaining disturbed rock zone (DRZ) and then into the remaining voids in the rooms and drifts
(Figure 2-lb). Gas generates slowly, so that the consolidation process is nearly complete before
anoxic corrosion of the containers begins. Microbiological degradation of the organic material
may begin earlier, but its rate is hypothesized to be very slow. The lower shaft seal is assumed

well consolidated; the upper seal is less well consolidated. Gas generates in the room,
filling any voids in the DRZ and leaking into the clay and anhydrite layers above the repository
The gas generation reverses the flow of brine, driving it primarily
and the consolidated room.
As the pressure approaches lithostatic, the room above the
out of the bottom of the room.
waste begins to expand, which keeps the pressure less than about 20 MPa (Figure 2-lc).
to be

a conservative modification is to assume
This
that gas generates faster than represented above, and impedes complete consolidation.
a
few models in
conservative case was examined in an earlier report (Lappin et al., 1989), and
this report continue to study these conditions. In this conservative version of the hypothesis,
however, the faster rate of gas generation might result in much less brine inflow and, therefore,
less radionuclide leaching and migration (unless disturbed by human intrusion).

Although these conditions are thought to be reasonable,

this
Undisturbed Conditions
-- In the undisturbed performance scenario, the room remains in
stable, gas-filled state. Any brine that initially filled the voids in the room is expelled because
the direction of brine flow has been reversed by gas generation. The brine has been driven
from the room primarily through the floor (down into MB 139) (Figure 2-Id).
a
is
Conditions as the Result of Human Intrusion
-- In the human intrusion scenario. El, hole
drilled through a disposal room or drift and into pressurized brine in the Castile Formation.
During drilling the room quickly depressurizes, but the entire panel does not (Figure 2-2a).
According to the Standard, the intruders "soon" detect that the hole has penetrated the
repository and that the area is "incompatible" with their activities. ("Soon" is a term used in the
guidance for 40 CFR 191, Subpart B, but its time limit is not specifically defined. The authors
assume it means less than one month.) The drillers seal and then abandon the borehole. When
the borehole is abandoned, the room repressurizes from continued gas generation (Figure 2-2b).
Degradation of the borehole plug, which is emplaced using technology currently used today,* is
assumed to occur after about 75 yr (Lappin et al., 1989).

After the borehole plug degrades, any remaining gas moves out of the panel, and the waste
consolidates, followed by brine saturation. Depending on the pressure differences, whether
borehole plugs above or below the repository degrade first, and the depth of drilling, brine
could flow down from the repository into underpressurized formations below the repository.
However, the case considered here is brine flow up the borehole to the accessible environment.
Brine inflow from the Salado Formation through the room and into the borehole is assumed to
be the primary carrier of radionuclides (Figure 2-2c).

'

A subtle contradiction exists in the guidance to the 1985 Standard in that although we can assume that the intruders soon detect that
the area is incompatible with their activities, we cannot assume that they take special precautions to seal the borehole.
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Gas Saturated
Brine

DRZ

Brine-filled
MB139

Brine Pocket

(c)
Disturbed Conditions

Not to Scale

Hypothesized Episodes in Disposal Area After Human Intrusion. This drawing shows (a)
initial room gas depressurization when penetrated by exploratory borehole, (b) final
gas and
brine depressurization as borehole seals degrade, and (c) brine flow through borehole to
Culebra Dolomite.
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Again, although this hypothesized sequence for the human intrusion scenario is considered to be
reasonable, a wide range of responses of the system from borehole plug degradation can be
expected to occur. For example, changes in the rate and timing of gas generation, the timing of
human intrusion, and the rates of gas leakage through the borehole could affect the system.
Some mechanisms might operate only immediately after plug degradation, such as
depressurization within the repository. Others, such as circulated fluid from the brine pocket
and brine inflow through the Salado Formation, might be active over much longer time periods.
MODELING OF THE REPOSITORY/SHAFT SYSTEM

Generally, the repository/shaft system models described in Chapters 3 and 4 consist of at most
seven components (or features): (1) a room or disposal region; (2) a panel or drift seal; (3) drift
backfill; (4) shaft backfill and seal; (5) Salado Formation salt; (6) anhydrite interbeds; and (7)
brine pocket. Except for one model, the only phenomenon examined was hydrologic, such as
brine or gas flow (i.e., brine or gas flow was the performance measure [F^]). Mechanical,
chemical, and solute transport and the complex interactions alluded to in the hypothesized
episodes described above were neglected.

The governing partial differential equation describing conservation of
Brine Flow Equation.
fluid mass in a saturated porous medium is given by (Voss, 1984)
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The capacitance (c) is defined as the volume of fluid released from pore storage due to a unit
drop in fluid pressure per total matrix and pore volume. It is the combined compressibility of
the porous matrix and fluid within the pores and defined in SUTRA as
c

=

(1-^)^

+

^

where

26

Pf

=

Ps

=

(j>

=

fluid compressibility (Pa~^)
porous matrix compressibility (Pa~1)
porosity.

(2-2)
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Fluid compressibility (<8f) is defined by
fi
^f =lspp 5p

(2-3)

In all the models, the varied parameters were permeability, capacitance, and pressure (or flux)
boundary conditions. All the models varied permeability. In several of the models, capacitance
and the pressure boundary conditions were varied also, but in a few models capacitance and the
pressure boundary conditions were set at maximum values to evaluate whether flow was adverse
enough to require varying them in future calculations.
The major compliance issues surrounding these parameters were discussed earlier in this chapter.
The major sensitivity issues were: (1) whether within the range of values specific to the WIPP,
one parameter was most important; (2) whether permeabilities of the repository/shaft model
components (e.g., shaft seals or anhydrite interbeds) dominated the flow response; and (3)
whether shapes of repository features (e.g., panel shape) greatly influenced the flow response.
Although these sensitivity issues are not always explicitly discussed, the sensitivity of the brine
or gas inflow to parameter changes are graphically presented for each model.
Gas Flow Equation.
For pure gas flow, Eq. 2-1 governs except that the density and fluid
compressibility are variable and must be described by an equation of state. For completeness,
this section describes the equations and the modification made to SUTRA. Although several

new parameters were added (most notably, the composition of the gas) only permeability was
varied in the models described in Chapters 3 and 4. Consequently, the reader may wish to
defer reading this section until later.

In SUTRA, the fluid compressibility is considered to be constant. In adapting SUTRA to
handle gas as the fluid, it was necessary to introduce an equation of state for the gas such that
given the pressure, the gas density and compressibility could be computed. To accomplish this
task a subroutine was added to SUTRA to evaluate the Redlich-Kwong gas equation of state
(Prausnitz, 1969). The gas density and compressibility are computed from
a
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For
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To obtain gas density as a function of gas pressure, Eq. 2-4 was solved for
volume. Density is then computed from
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2.3 Computer Modules

The fluid (gas) compressibility /3f was evaluated numerically
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for

a

e

small number.

Because the density and compressibility depend on the unknown gas pressure, an iterative
procedure was used to solve the nonlinear problem. Convergence was measured in terms of a
relative error criterion. Because SUTRA was already capable of treating nonlinearities resulting
from unsaturated flow, it was not necessary to alter SUTRA to handle nonlinearities resulting

from gas flow.
Multiphase Flow. The multiphase equations describing the brine and gas interaction within the
disposal area are not described here but may be found in the documentation of the BOAST code
(Fanchi et al., 1987). Even though the multiphase equations add several new parameters that
could be varied, none was varied except matrix permeability.
For the gas phase, density was calculated by the Redlich-Kwong equation of state at several
values of pressure over the full range of pressures expected. The results were then input into
BOAST as tabular values from which BOAST linearly interpolated to obtain necessary density
values when solving the mass balance equations.

Similarly, relative permeabilities and capillary pressures were input as tabular functions of gas
and brine saturation (see Appendix A). Although viscosities of the brine and gas, the solubility
of gas in the brine, and the compressibility of the salt can also be input as tabular data as
functions of pressure, the viscosities and compressibilities were assumed constant and the gas
assumed insoluble in the brine for calculations done in this report.

2.3 COMPUTER MODULES
MODULES USED IN CAMCON

Figure 2-3 shows a schematic representation of the main computer modules linked by
CAMCON. The numerous modules within CAMCON have been described in detail in earlier
reports (Rechard, 1989; Rechard et al., 1989). A summary of each module and a list of the
specific codes used in this report are provided below. The versions of code correspond to the
versions reported in Rechard et al. (1989).
1.

Mesh generation module

The mesh generation module discretizes the models needed for assessing consequences of
one scenario.
•

GENMESH:

Three-dimensional finite-difference mesh generator code
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^

TR 1-6334-258-0

Figure 2-3.

Schematic Diagram of Main Computer Modules Linked by CAMCON (after Rechard et
1989).
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al.

2.3 Computer Modules

2.

Material properties and Monte Carlo sampling module (Monte Carlo sampling not done in
this report)

The material properties module selects geologic, mechanical, and hydrologic properties that
are needed in subsequent calculations from the secondary data base. This module can also
sample from distributions of the material properties, which are needed for uncertainty and
statistical sensitivity calculations.

MATSET: Code

•

3.

to set material properties in

CAMDAT

Regional and local hydrologic modules

The groundwater flow module establishes flow conditions within the controlled area of the
repository.

SUTRA:

Finite-element simulation code for saturated-unsaturated, fluid-densitydependent groundwater flow with energy transport or chemically reactive single-species
solute transport (Voss, 1984).
For one model in this report, SUTRA was modified to
simulate compressible gas flow. A verification of this modification is contained in this

•

report.

PRESUTRA: Pre-processor (translator) for SUTRA
POSTSUTRA: Post-processor (translator) for SUTRA

-

-

•

HST3D: Computer code for simulation of heat and single-species solute transport in
three-dimensional groundwater systems (Kipp, 1987)
PREHST: Pre-processor (translator) for HST3D
POSTHST: Post-processor (translator) for HST3D
-

-

•

4.

BOAST II: Black Oil Applied Simulation Tool for simulating three immiscible fluids (oil,
water, and gas) in a three-dimensional porous medium. (The pre- and post-processors
for BOAST have not yet been written.)

Room module (not used in this report)

The room module develops a source term for transport calculations by incorporating the
complex processes in the waste storage room.
5.

Transport module

The transport module predicts radionuclide migration from the repository source to the
controlled area boundary.
•

NEFTRAN: Network flow and transport code (Longsine
PRENEF: Pre-processor (translator) for NEFTRAN

et al., 1987)

-

•

See also

SUTRA, SWIFT II, and HST3D
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6.

Compliance evaluation module (not used in this report)

The compliance evaluation module constructs the CCDF from simulations on all scenarios
For evaluating
to assess compliance with the containment section of the Standard.
this
is replaced
the
Individual
Protection
safety
with
(or
assessments),
module
compliance

with two modules,
7.

a

biosphere transport module and

a

dosimetry/human effects module.

Statistical module (not used in this report)

The statistical module correlates results with input to evaluate parameter sensitivity.
8.

Support modules (not shown in Figure 2-3)
Several codes are used to support the main modules listed above.
•

ALGEBRA: Code that algebraically manipulates data in CAMDAT (Gilkey, 1988)

•

BLOT:

•

«

Mesh and curve plot code (Gilkey and Glick, 1989)

C2FINTRP: Code to interpolate boundary conditions from
TRACKER: Code to track neutrally buoyant particles

a

coarse to fine mesh

CODE DESCRIPTIONS

Following are brief descriptions of the computer codes used for the models presented in
Chapters 3 and 4.

SUTRA (Saturated-Unsaturated TRAnsport) evaluates density-dependent saturated or
unsaturated groundwater flow in rigid, porous media with either (1) transport of a single-species
SUTRA.

solute subject to nonlinear equilibrium adsorption and zero- and first-order production or decay
or (2) transport of thermal energy in the groundwater and solid matrix of an aquifer. SUTRA
employs a two-dimensional hybrid finite-element and integrated-finite-difference method to
approximate the governing equations. The primary results are fluid pressures and velocities and

either solute concentrations or temperatures

as

they vary with time (Voss, 1984).

HST3D (Heat and Solute Transport in 3-Dimensional Systems) simulates Darcy flow of
saturated groundwater in three-dimensional systems, and the associated heat and single-species
solute transport. The three governing equations for this model
-- (1) conservation of total fluid
(2)
of
mass combined with Darcy's laws,
enthalpy for the fluid and porous
conservation
a
(3)
single-solute species that may decay and may adsorb
conservation of mass of
medium, and
A finite-difference technique using a
onto the porous medium
are solved numerically.
-point-distribution grid is used to discretize the governing equations in time and space. Two
techniques are available for solving the finite-difference matrix equations: a direct elimination
solver and an iterative solver that uses two-line successive overrelaxation. Boundary condition
types include specified value, specified flux, leakage, heat conduction, approximate free
All boundary conditions can be
surface, and two types of aquifer-influence functions.
solutions
obtained
at
functions of time. Time-dependent
each grid node for each of the
are
dependent variables: pressure, temperature, and mass fraction (solute concentration). Average
Darcy velocities can also be obtained at each computational cell (Kipp, 1987).
HST3D.
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BOAST. BOAST II (Black Qil Applied Simulation Tool, enhanced version) is a petroleum
reservoir model that simulates isothermal Darcy flow in three dimensions. BOAST II assumes
that reservoir fluids can be described by three fluid phases (oil, gas, and water) of constant
composition with physical properties that depend only on pressure. In this report, BOAST II is
used to simulate flow of brine and gas and the effects of gas generation in the waste. BOAST
finite-difference, implicit pressure, explicit saturation (IMPES) numerical technique
for solving the three differential equations that describe the simultaneous flow of the three
Both direct and iterative techniques are available to solve the resulting system of
phases.
algebraic equations. Except for flow boundaries, boundary conditions must be specified by
wells. The well model in BOAST II allows rate or pressure constraints on well performance to

II

uses

a

be specified, so that gas generation and brine sinks can be simulated in a variety of realistic
ways. Output from the model includes time-dependent pressures and saturations of each phase

in each grid block of the model region (Fanchi et al., 1987).

NEFTRAN* NEFTRAN (NEtwork Flow and TRANsport) simulates radionuclide transport
through porous or fractured media. The model assumes that all significant flow and
radionuclide transport take place along discrete one-dimensional legs or paths. These legs are
Using specified
assembled to form a multidimensional network representing the flow field.
pressure boundary conditions, NEFTRAN solves the flow equations. The source term within
NEFTRAN contains both leach-limited and solubility-limited models and can also account for
dilution of contaminants with a mixing-cell model. Each leg in the radionuclide migration path
serves as a source to the next leg, and the user has the option of selecting each leg as either
porous (single porosity) or fractured (dual porosity). A Distributed Velocity Method is used to
calculate travel times of each radionuclide in each leg of the path. An important feature of
NEFTRAN is that it allows transport of multiple radionuclide chains in a single run. The
results include the rates of discharge and concentrations of each radionuclide in each chain at
the end of the migration path as a function of time.
In addition, integrated discharges and
concentrations over the problem time, peak concentration, and concentration at a specified time
can be obtained. Because of the speed of the computations, repeated trials from Monte Carlo
sampling are possible, which allow parametric sensitivity to be examined (Longsine et al., 1987).

2.4 MATERIAL PROPERTY VALUES
Appendix A tabulates 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 model
simulations (Chapters 3 and 4). The sources of the data are also noted in the appendix. The
primary source is a deterministic analysis of the WIPP disposal system (Lappin et al., 1989).
However, important additions to these data are the expanded range for the capacitance (i.e.,
specific storativity divided by specific weight) for the Salado Formation (McTigue, 1989) and
two-phase properties for waste-generated gas. The expanded range for the capacitance may be
reduced in the future, but the calculations in this report explore the implications of the current
upper bound on capacitance. Also included are data for two-phase properties to account for
waste-generated gas. These latter parameter values are rough estimates, and significant
revisions are expected in the future.

*

Although NEFTRAN was not used in the models described in this report, several SUTRA calculations were compared to NEFTRAN
calculations (Lappin et al., 1989). Hence, its description is included here.
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3. UNDISTURBED REPOSITORY MODELS

The models in this chapter examine the relative importance of various phenomena and system
components for an undisturbed performance scenario. As defined in the Standard, "undisturbed
performance" means the predicted behavior of a disposal system, including gradual processes
and the consideration of the uncertainties in predicted behavior, if the disposal system is not
disrupted by human intrusion or the occurrence of unlikely or disruptive natural events.
Assumptions for the models described here are based on the hypothesized sequence described in
Section 2.2 and represent pieces of that sequence.
Not every aspect of the hypothesized
is
the models that are discussed must be
of
discussed
here;
development
sequence
furthermore,
considered as ongoing and not complete.

The first two models discussed consider only brine flow (i.e., gas flow is not addressed). The
first analysis is a two-dimensional model of brine flow from a room into MB 139. The second is
a cylindrical model of brine flow into a shaft.
The third and fourth models discussed in this
chapter include gas flow. One analysis is a two-dimensional model that evaluates only gas flow
through the drifts (i.e., brine flow is not addressed). The other analysis is a one-dimensional
model of both gas and fluid flow through MB 139.
Each description of the four models in this chapter begins with the purpose of the model and a
summary of the results. Subsequent sections describe in detail the model technique and results,
which the reader may wish to defer reading until later.

3.1

TWO-DIMENSIONAL MODEL OF RADIONUCLIDE MIGRATION PATHWAY

PURPOSE

The simulations in the model described here are designed to study the effect of repressurization
of the room as the result of gas generation. The hypothesized episodes described in Section 2.2
assume that under undisturbed conditions, the room remains in a gas-filled state after brine is
expelled. Brine is expelled from the room by the gas, which is generated from anoxic corrosion
of the containers and microbiological degradation of the waste. Because SUTRA models
groundwater flow instead of gas, fluid replaces the gas in these simulations and the repository is
The fluid generation at pressure nodes is small and
assumed to be completely saturated.
constant for the entire simulation (steady-state flow). The effect of substituting a fluid source
for the gas drive is that the fluid leaves the storage area in all directions; a gas-driven fluid
would be expected to leave primarily through the floor and then circle outward and up within
the

DRZ and

host rock.

SUTRA simulations of undisturbed performance
(Lappin et al., 1989, Appendix D, Case I). NEFTRAN

These two-dimensional

NEFTRAN

results

are compared with
models the response

of the repository/shaft system in terms of a series of discrete one-dimensional paths. SUTRA
calculates two-dimensional flow and solute transport in a region around the repository shaft
system. This comparison has two objectives: (1) to determine whether one or many important
migration pathways exist and to consider any attendent difficulties, and (2) to confirm that fluid
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fluxes resulting from a difference between lithostatic pressure in the room and hydrostatic
pressure in the Culebra Dolomite, calculated by NEFTRAN along this pathway, are reasonable
compared to a two-dimensional SUTRA simulation of the same conditions.
SUMMARY

In the SUTRA model, two sets of simulations were performed. The first set. Set I, was initially
run so that results could be directly compared with NEFTRAN results to confirm that the fluid
fluxes were reasonable (see the second objective in the Purpose) (Lappin et al., 1989). The
results of Set I were also included in an earlier report (Marietta et al., 1989). The second set,
Set II, was devised after analysis of Set I and provided better simulations of the problem. Set II
also estimates parameter sensitivity, the effectiveness of the panel seal over the long term, and
solute distributions.

In both Sets I and II, the nomenclature to describe the simulations was maintained from
previous work (Lappin et al., 1989). The letter "I" indicates undisturbed, "A" indicates expected
values, and "B" indicates degraded values. Thus, the first simulation. Case IA, used expected
values of material parameters; the second simulation. Case IB, used unrealistic, degraded
permeabilities for the MB 139 seal, lower shaft, and drift. The purpose of employing the
degraded properties was to investigate the response of the system to an extreme situation. In
1C
addition, a third case was added to Set II
-- Case
-- in which properties for the lower shaft
were further degraded to show the effect of not having the shaft seal system.
The two-dimensional model (SUTRA) shows that over the 10,000-yr regulatory period, the
brine generally moves out of the disposal area and marker bed region in all directions without a
significant preference to travel up the access shaft. A somewhat localized migration pathway
exists in both cases from the room, into MB 139, through the MB 139 seal, and then again into
MB 139. The path is more evident with degraded properties. However, the shaft does not serve
as the dominant migration path to the near-surface environment; only the local distribution of
solute is affected.
In general, for expected permeabilities, flow is radially away from the
disposal area; for degraded properties, flow moves down MB 139 and then is radial away from
both the disposal area and MB 139.
The fluid generation (influx at pressure nodes) required to maintain the pressure in the room
ranged from 0.07 to 0.35 m3/yr (2.5 to 12.4 ft^yr) for Set I and 0.04 to 0.2 m3/yr (1.4 to 7.1
ft^/yr) for Set II. It is important to note that the flux decreased in the improved simulations
(Set II) and is smaller for both sets than the brine inflow during saturation (1.3 m3/yr
[46 ft^/yr]) that was estimated earlier (Lappin et al., 1989). Also, the third calculation for Set
II (Case 1C), in which upper shaft properties were used for the lower shaft seal and drift, did
not influence repository performance under undisturbed conditions over the long term.
Furthermore, even with permeabilities similar to sand (lO"^ m2 [1Q3 mD]), very little fluid
flux moves up the shaft (0.05 m3/yr [1.8 ft3/yr]). Because of the minor movement of fluid and
More importantly, this long-term
solute, NEFTRAN provides an adequate approximation.
the early project choices of
conditions
confirms
isolation
undisturbed
under
repository
a
The
full
design
effect of gas or MB 139 on
and
location, for
gas-free repository.
repository
is
be
determined, but if other gas effects (e.g., gas-saturated
yet to
long-term performance
fluid) or MB 139 horizontal permeability do not change this conclusion, then the undisturbed
(This conclusion was also reached in Marietta et al.,
scenario will not be analyzed further.
1989.)

3.1

Two-Dimensional Model of Radionuclide Migration Pathway

DESCRIPTION OF GRID AND BOUNDARY CONDITIONS
As described above, NEFTRAN was used to model the repository/shaft system's response in
terms of a series of discrete one-dimensional paths (Figure 3-1). SUTRA was used to calculate
two-dimensional flow and solute transport in a region around the repository/shaft system. Two
sets of SUTRA simulations were performed; the simulations used steady-state flow of fluids and

transient transport of a single species (i.e., ten times the estimated initial lead concentration).
The reference data for the permeabilities and porosities used in SUTRA are provided in
Appendix A.

The SUTRA simulations were set up to match NEFTRAN leg lengths and cross-sectional areas.
However, because NEFTRAN did not model the drift, panel seal, or storage room, nominal
drift dimensions were used in SUTRA. MB 139 was modeled only under the drift and disposal
area so that the model would match the NEFTRAN simulations and maximize the flow up the
shaft. The length of one room, 90 m (300 ft), was modeled behind the drift seal (Figure 3-2).
Calculated fluxes in and around the seal and storage area were so small that scaling them to full
panel values is not expected to change the conclusions presented here.

For the SUTRA model, the in-plane thickness for the Salado Formation was calculated from the
cross-sectional area (-9000 m2 [-97,000 ft2]) and the room length (-90 m [-300 ft]) given in the
NEFTRAN model. This 100-m (330-ft) in-plane thickness was consistent with the Culebra
Dolomite layer thickness in NEFTRAN. Some plume expansion was accounted for by tapering
from the ceiling in-plane thickness to the Salado Formation thickness.

The first set of SUTRA simulations. Set I, used hydrostatic boundary conditions (Figure 3-2)
and a highly discontinuous out-of-plane thickness. Analysis of the results of Set I led to the
second, and more appropriate, set of simulations designated as Set II. In Set II, boundary
conditions were interpolated from corresponding large-scale, more coarsely defined simulations
(Figure 3-3), and in-plane thicknesses were smoothed over three zones surrounding the shaft,
drift, and seal system. The first simulation in each set, Case IA, used expected values of
material parameters. The second simulation, Case IB, used degraded permeabilities for the
MB 139 seal, lower shaft, and drift. In addition, a third calculation. Case 1C, was run for Set II
in which properties for the upper shaft were used for the lower shaft to represent an extreme
case where no shaft seals are used.
A

two-dimensional, finite-element mesh (Figure 3-4) that is finer around the shaft-drift
intersection (Figure 3-5) and the seal-drift-MB139 interfaces (Figure 3-6) is used for Sets I and
II. The mesh starts 150 m (500 ft) below the Culebra Dolomite at a depth of 400 m (1,320 ft)
with the drift located at a depth of 657 m (2,155 ft). Horizontal distances are measured from
the shaft (Figures 3-4 through 3-6). The shaft and MB139 are modeled with three elements of
constant thickness. The thickness of the drift, room, and seal are modeled with six elements,
which increase geometrically away from MB139. The seal has three elements along its length
and the room has ten. The mesh along the drift is variable, extending from fine near the shaft
to coarse near the seal. The in-plane thickness (third dimension) is 5 m (16 ft) for the shaft,
drift, and seal, and 1 m (3.3 ft) for the MB139; the remaining Salado Formation material is 100
m
(330 ft) thick.
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Figure3-1.

Conceptual Model and Network for the Undisturbed Disposal System Modeled by NEFTRAN
(after Lappin et al., 1989).

3.1 Two-Dimensional Model of Radionuclide Migration Pathway

0.76m

Not to Scale

a. Perspective View

2.9 MPa

-253m

727m

455m

Hydrostatic
Pressure

657m

^Gradient
Marker Bed
(Directly
Below Drift
and Room)

14.0 MPa
,-3 Solute Concentration
1.2 x 10'

888m
7.7 MPa
b. Elevation

View

TR 1-6334-175-0

Figure 3-2. Schematic and Boundary Conditions for SUTRA Simulation of Undisturbed Conditions (Set I).

39

Chapter 3; Undisturbed Repository Models

Section of Repository
Modeled with SUTRA

a. Plan View

-1423m

0

-253m

727

m

m

1443

m

Upper Shaft

-r

Culebra

Lower
Shaft

/\

Seal

^

^
MB139

Room

14.0MPa
1.2

x

10'3 kg/m3 Solute Concentration

-^< Boundary of Fine Zone (Same as Set I)

19.58MPa
b.

Elevation View

Not to Scale
TRI-6334-177-0

Figure 3-3.

Schematic and Boundary Conditions for Large-Scale SUTRA Calculations Used to Generate
Boundary Conditions for Embedded Fine Zone (Set II).
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Mesh of SUTRA Calculation of Undisturbed Repository/Shaft System for Sets I and II (Fine
Mesh). Regions illustrated in Figures 3-5 and 3-6 are shown.
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The two-dimensional mesh for Set II is identical to the mesh for Set I. However, the in-plane
thickness (Az) of the Salado Formation near the shaft, drift, seal, and room was modified. In
SUTRA, thickness is a nodal variable that equals the average thickness of elements surrounding
the node.
Thus, the estimated fluxes near the boundaries are affected by the average zone
thickness. To minimize the effect on fluxes in the room, drift, seal, and MB 139, the in-plane
thickness was tapered away from those regions over three zones, from 5 m to 100 m (16 ft to
330 ft).

The boundary conditions for Set I (Figure 3-2) are hydrostatic and based on a water table at a
depth of 100 m (330 ft) and fluid density of 1,000 kg/m3 (62 Ib/ft3) (water density was used in
Set I, brine density in Set II).
Hydrostatic conditions result in a pressure of 1.2 MPa at the
Culebra Dolomite Member (not modeled) and 5.4 MPa at the repository horizon in the Salado
Formation. Similarly, the boundary condition at 400 m and 888 m (1,310 ft and 2,910 ft)
depths are 2.9 and 7.7 MPa, respectively.

The fluid flow was driven by setting a pressure of 14.8 MPa at four nodes in the center of the
room, based on an assumption of a lithostatic maximum pressure (Lappin et al., 1989). This
pressure implies a fluid source in the room. The assumption is required to simulate the same
conditions modeled by NEFTRAN. The fluid sources and the steady-state assumptions actually
provide an upper bound to the expected flow rates. The fluid source has a solute concentration
of 1.16 x 10~3 kg/m3 (7.24 x 10~5 Ib/ft3) (10 times maximum lead concentration). Because the
solute transport occurs over a much greater time period than that required to establish the flow
field, and because the solute has little effect on the density, the calculations were run with

steady-state flow and transient transport. Calculations for transient flow show that steady-state
flow is effectively established within 2,500 yr, and solute has not traveled through the panel and
MB 139 seals in that time.

Pressure contours from the calculations for Set I revealed that the hydrostatic boundary
conditions were too close to the area of interest and affected the results, i.e., the region affected
by the pressurized room was much larger than the region modeled (Figures 3-7 and 3-8).
Because expanding the grid would have made the calculations too large to efficiently compute,
another set of calculations with properties corresponding to Cases IA, IB, and 1C were run solely
to generate boundary conditions for the Set II simulations.
The large-scale steady-state
a
simulations covered
region that was large enough so that hydrodynamic boundary conditions
would not be affected by the pressurized room; however, the mesh was too coarse to model the
details of the flow in and around the repository (Figure 3-3).
The large-scale simulations
included the Culebra Dolomite Member as well as the upper shaft. The top of the mesh was
located at the water table (128 m [420 ft] depth). The Culebra Dolomite, MB 139, shaft, and
MB 139 seal were modeled as one element thick. The drift, seal, and room were calculated as
All in-plane thicknesses remained the same as in Set I. Hydrostatic
three elements thick.
boundary conditions were calculated using brine density of 1,200 kg/m3 (75 Ib/ft3) and a water
table at 128 m (420 ft).

The boundary conditions for Set II were defined by interpolating the pressures in the large-scale
calculations along lines that corresponded to the boundaries of the smaller simulations (Figures
3-9 through 3-12). The pressure boundary conditions of Set II are shown and compared to the
hydrostatic pressures used in Set I in Figures 3-13 and 3-14. The third simulation performed in
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Pressure Contours for Large-Scale SUTRA Calculations Used to Provide Boundary
Conditions for Set II, Case IA (Steady State).
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Pressure Contour Details for Large-scale SUTRA Calculations Used to Provide Boundary
Conditions for Set II, Case IA (Steady State).

3.1 Two-Dimensional Model of Radionuclide Migration Pathway

Pressure (MPa)
A

=1.0
B=3.0
C=5.0
D

=

7.0

E=9.0
F=11.0
Q=13.0
H=15.0
I

=

17.0

J=19.0
-5=-3.4x101'"
-1.2

-0.8

-0.4

0.0

0.4

0.8

Distance from Shaft (km)
TRI-6334-2Z7-0

Figure 3-11.

Pressure Contours for Large-Scale SUTRA Calculations Used to Provide Boundary
Conditions for Set II, Case IB (Steady State).
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Figure 3-12.

Pressure Contour Details for Large-scale SUTRA Calculations Used to Provide Boundary
Conditions for Set II, Case IB (Steady State).
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Figure 3-13.

Comparison of Left and Right Boundary Conditions for Set II, Cases IA, IB with Hydrostatic
Boundary Conditions for Set I (Steady State).
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Figure 3-14.

Comparison of Top and Bottom Boundary Conditions for Set II, Cases IA, IB with Hydrostatic
Boundary Conditions for Set I (Steady State).

3.1

Two-Dimensional Model of Radionuclide Migration Pathway

Case 1C calculations were designed to illustrate whether the panel seal
is effective over the long term.
The Case 1C simulation used the same geometry as Cases IA
and IB (Set II), and the boundary conditions were interpolated from corresponding large-scale
calculations, as described above. To demonstrate the extreme case, properties for the upper
shaft were used for the lower shaft and drift in Case 1C, representing a six order-of-magnitude
Set

II

is labeled Case 1C.

increase in permeability and a factor of four increase in porosity. The area behind the seal was
modeled with degraded drift properties in Case IB, and with expected drift properties in Case
1C.

CONSTANT AND VARIED PARAMETERS
Several parameters were varied to assess each parameter's influence on flow and transport within
the repository, lower shaft, and surrounding host rock.
Those parameters include numerical
as
and material properties, such as
size
such
of
zones
and
time
material
step,
parameters,
thickness
MB
139.
The
and
of
results reported here are for
in-plane
porosity, permeability,
variations in permeabilities for the lower shaft, drift, and seal (Table 3-1).

There are two categories of material properties (Table 3-1): (1) constant parameter values for
the fluid and solid matrix and (2) parameter values that change between materials. Porosities
and out-of-plane thicknesses shown by material are actually stored in the calculation at nodes
because of the hybrid (integrated finite-difference/finite-element) numerical technique in
SUTRA. At material boundaries, porosities and thickness are the averages of the element values
around the nodes. Because of the SUTRA'S modeling techniques, in-plane thickness is treated
as a property.

Although the permeability of MB 139 used in NEFTRAN calculations corresponds to coarse
13 m2 [3 x 10^
gravel (3 x 10~7 m2 [3 x 10^ mD]), a value corresponding to silty sand (3 x 10"
12
14
to
mD]) was used in SUTRA. The value used in NEFTRAN,
orders of magnitude larger
than permeabilities for other materials such as rock salt, caused roundoff errors in SUTRA.
The largest permeability value (3 x 10-13 m2 [3 x 1()2 mD]) giving accurate results in a separate
hydrostatic equilibrium calculation was selected for the Set I simulations. Values between 3 x
10~11 and 3 x 10-13 m2 (3 x 104 and 3 x 102 mD) resulted in relatively small variations in flux
along MB 139 during the sensitivity analysis because this flux is controlled not only by MB 139
properties but also by surrounding rock permeability, which is 8 to 10 orders of magnitude
smaller.

The simulations in Set II used a permeability of 3 x 10-9 m2 (3 x 10^ mD). The value was
This
increased from Set I so that it would be closer to the value used by NEFTRAN.
permeability gave reasonable results in a separate hydrostatic equilibrium calculation, but not as
accurate as the results obtained using 3 x lO-^ m2 (3 x 10^ mD). However, the change in
fluxes that results from the change in permeability is small, because the flow is controlled by
the surrounding material and its value is still 10 to 11 orders of magnitude larger than the
surrounding material.
RESULTS

The solute concentration contours at 10,000 yr for Set I, Cases IA and IB are shown in Figures
3-15 and 3-16; they correspond to the steady-state pressure contours field defined in Figures
3-7 and 3-8. (Note that the top of the grid is 400 m [1,320 ft] below the ground surface and
150 m [500 ft] below the Culebra Dolomite layer.) Case IA (expected properties) shows radial
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TABLE 3-1.

MATERIAL PROPERTIES FOR SUTRA MODEL OF RADIONUCLIDE MIGRATION PATHWAYS

Material

Permeability, k (m2)

Upper Shaft

-I.Ox-10-12

0.20

15.2

5.0

Drift/Shaft

1.0x10-2°
I.OxlO-1813

0.05

15.2

5.0

MB139

3.0x10-13 to 3.3x10-7^
d
3.0x10-9

1.0

15.2

1.0

Salado
Formation

3.0x10-21

0.001

15.2

100.0

Seal

4.0x10-19
4.0x10-17 b

0.03

15.2

5.0

Porosity, 4>

Dispersivity,

a(m)

Thickness (m)

Fluid and Solid Matrix Constants

Compressibility of Fluid, /3f (water)

4.53x10-''0 Pa-1

Compressibility of Matrix, ^3

7.54x10-11

Fluid Viscosity, fi

0.0016 Pa-s

Density of Solid, p^

2300 kg/m3

Fluid Base Density, p\

1000 to 1200 kg/m3

Molecular Diffusivity, D°

1.0x10-11 m2/s

Pa-1

a

See Appendix A for the complete materials properties tables.
Degraded properties used in Case IB
c
An effective permeability was derived for the fractures in MB139 using k
e^/12 where e is fracture
aperture. A fracture aperture of 2 mm was used, and to be consistent with the treatment of flow
through fractures in NEFTRAN, a porosity of 1.0 was used (from Table D-2, Lappin et al., 1989).
d
Used in Set II
b

=
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Figure 3-15.

Solute Concentration Contours for SUTRA, Set I, Case IA, Expected Properties at 10,000 Yr.
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Figure 3-16.

Solute Concentration Contours for SUTRA, Set

I,

Case IB, Degraded Properties at 10,000 Yr.
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flow; Case IB (degraded properties) shows flow away from the room and MB139. Solute
concentrations downstream from the seal are overestimated in Case IB, because of a larger fluid
source. The larger fluid source is the result of the degraded properties behind the seal. More
fluid influx is required at the pressure node to maintain the pressure at 14.8 MPa.
Pressure and solute concentration contours for Set II, with modified boundary
in-plane thicknesses, are shown in Figures 3-17 to 3-22. Although solute travels
down MB139 and does not travel as far into the Salado Formation in Set II, the
are quite similar to those for Set I, even though the pressure contours are

conditions and
slightly farther
solute contours

quite different
the
the
The
in
change
because of
boundary conditions.
smaller, finepressure contours from
zoned calculations of Set II (Figures 3-17 and 3-19) compare favorably with the contours in the
large-scale calculations, shown in Figures 3-10 and 3-12, from which the Set II boundary

conditions were derived. The differences between the contours are due to the much greater
modeling detail in the Set II simulations. For example, the pressure contours for Cases IA and
IB (Figures 3-17 and 3-19) indicate a difference in pressure for MB139; in Case IB, MB139 is
near room pressure.

The highly degraded properties used for the lower shaft and drift in Case 1C result in essentially
hydrostatic pressure conditions in and around the shaft (Figure 3-21) and in a large gradient
through the seal. In Case 1C, higher concentrations of solute flow down MB139 than in Case
IB. Also, there is very little solute in the Salado Formation downstream from the seal. In Case
1C, solute flows largely into, rather than out of, the drift, indicating much more flow around
the seal than in either Case IA or IB.
Both Cases 1C and IA have competent panel seals
(Figures 3-23 and 3-18, respectively). Case 1C has a much more permeable material
downstream of the seal, yet the solute concentrations are similar enough to indicate that the seal
is effective in retarding solute flow. Comparing Case 1C with Case IB (Figure 3-20), however,
indicates that very little solute reaches the base of the shaft even with a highly degraded seal
and is no closer to the accessible environment than in the Salado Formation.
Thus, the
a
is
modeling shows that the drift seal
effective by itself, and thus
redundant component of the
disposal system (possibly desirable characteristic) for undisturbed performance for a 10,000-yr
evaluation period.
As an example, the interstitial-velocity vectors for Set II, Case IA, are shown in Figure 3-23;
the velocity vector field for Case IB (not shown) is similar to that for Case IA, but has smaller
velocities in the Salado Formation, larger velocities in MB139, and no flow around the seal.

The velocity behaves differently above and below the room. Above the room, flow is away
from the pressure nodes in the center of the room (only the left half of the room is shown in
the figure). Though not clearly visible in the figure, there is flow around the top of the seal.
In fact, slightly more fluid re-enters the drift around the top than around the bottom. Below
the room the flow is into and along MB139, through and around the seal, and along MB139
toward the shaft. Because of the large permeability difference between the seal and MB139,
some flow is diverted beneath the seal. However, very little fluid returns to MB139 in Case IA
and none returns in Case IB because of the degraded properties. All along MB139 (except near
the seal in Case IA) fluid flows away (up and down) from MB139.

3.1 Two-Dimensional Model of Radionuclide Migration Pathway
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Figure 3-17.

Pressure Contours for SUTRA, Set II, Case IA, with Expected Properties and Boundary
Conditions Interpolated from Large-Scale Simulation at 10,000 Yr. (Figure 3-10 shows the
corresponding large-scale simulation.)
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Figure 3-18.

Solute Concentration Contours for SUTRA, Set II, Case IA, Expected Properties at 10,000 Yr.
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Figure 3-19.

Pressure Contours for SUTRA, Set II, Case IB, Degraded Properties and Boundary Conditions
Interpolated from Large-Scale Simulations at 10,000 Yr. (Figure 3-12 shows corresponding,
large-scale simulations.)
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Figure 3-20.

Solute Concentration Contours for SUTRA, Set II, Case IB, Degraded Properties at 10,000 Yr.
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Figure 3-21. Pressure Contours for SUTRA, Set II, Case 1C, No Shaft Seal at 10,000 Yr.
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Figure 3-22.

Solute Concentration Contours for SUTRA, Set II, Case 1C, No Shaft Seal at 10,000 Yr.
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Figure 3-23.

Interstitial Velocities around Panel Seal, Set II, Case IA, Expected Properties at 10,000 Yr.
Relative size and direction of vectors denotes magnitude and direction of interstitial velocity
at vector tail. They do not necessarily indicate that flux crosses boundaries of materials.

3.1

Two-Dimensional Model of Radionuclide Migration Pathway

Volume flow rates (discharges) around the room, MB 139, and the seal for Sets I and II are
shown in Figure 3-24. The discharges are not output by SUTRA; rather they are estimated
using interstitial velocities, porosities, and zone dimensions as follows:
qx

-=

<t> Vx

(3-1)

Ay Az

where
QX

=

Vx

=

Ay

=

Az

==

<f>

=

x-component of discharge for element i (m3/s)
x-component of interstitial velocity in element i (m/s)
y dimension of element i (m)
the average of the thickness at the nodes surrounding element i
element thickness
(m)
the average of the porosities at the nodes surrounding the
porosity of element i
=

=

element.

Corresponding mass flow rates (m) can be found by multiplying by density (1,200 kg/m3 [75
lb/ft3]); solute flux is found by multiplying mass flux by concentration.
In Set I, approximately 28 percent of the fluid flow for Case IA occurs along MB 139, 34
percent through the top of the room, and 32 percent through the bottom of the room. For the
degraded properties. Case IB, approximately 70 percent occurs along MB 139, 12 percent through
the top of the room, and 8 percent through the bottom of the room. From the seal to an access
shaft, flux drops by 85 percent for expected values (Case IA) and 75 percent for degraded (Case
IB) along MB 139. Flux through MB 139 is two orders of magnitude larger than through the
drift, which justifies the removal of the drift in the NEFTRAN calculations. In Set II, the
fluid flow partitions are nearly the same, but the magnitudes are approximately one-half those
in Set I.

The apparent imbalance of fluxes into, through, and out of the seal has two causes. One, the
SUTRA code performs flux-balance calculations at nodes and does not actually generate flux as
an output.
Reported fluxes are calculated from element velocities that are averages of four
Gauss-point velocities and areas calculated from zone dimensions and out-of-plane thicknesses
with the additional problem of averaged properties at interfaces. The second cause is that only
specific components of flux are shown; flow is not one-dimensional as illustrated. In a real
seal, fluid flows in and out the top and bottom, thus contributing to horizontal flux (see the
velocities in Figure 3-23).
When the fluxes are summed out of the room, the fluid source at the pressure nodes can be
estimated.
For Case IA, the influx required to maintain the pressure is about 0.088 m3/yr
(3 ft3/yr); for Case IB, it is about 0.37 m3/yr (13 ft3/yr). Case IB is four times larger because
of the degraded room properties. Despite the fact that the values were calculated for distinctly

different problems, inflow versus outflow, the fluxes are similar to those calculated in Chapter
4, but smaller than the brine inflow of 1.3 m3/yr (46 ft3/yr) estimated in Lappin et al. (1989).
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Figure 3-24.

Brine Volume Fluxes in and around the Seal and across Boundaries around
as Calculated by SUTRA.
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Disposal Room

3.1 Two-Dimensional Model of Radionuclide Migration Pathway

The volume flux for Case 1C (No Shaft Seal) from the room into the Salado Formation is very
similar to Case IA because the room properties were the same. However, much of the fluid
entering the Salado Formation flows around the seal and back into the drift and MB 139, as
indicated by the increase in flux at the shaft end of MB 139. Flux up the shaft is significantly
increased over fluxes calculated in Cases IA and IB, which again demonstrates the inability of
the panel seal to retard long-term flow in the absence or failure of the lower shaft seal.

In Table 3-2, the mass flow rates from Figure 3-24 are compared to the NEFTRAN results.
Although the agreement is not exceptional, nor the solute movement in all directions completely
modeled, the simple NEFTRAN results were adequate as a first approximation. Flux into the
Salado Formation has two sources: the first originates from the room and MB 139 and behind the
seal (a); the second comes out of MB139 downstream from the seal (b). This second source is
not modeled in NEFTRAN. The difference is caused by different modeling techniques between
SUTRA and NEFTRAN. NEFTRAN models MB139 as a one-dimensional pipe. SUTRA is
two-dimensional so flow into surrounding host rock and along MB139 are both included,
accounting for the larger fluxes at the seal-MB139 interface. NEFTRAN does not include fluid
flow out the top or bottom of MB139 into surrounding host rock.
For these reasons, comparison between NEFTRAN and SUTRA is difficult. The best
comparison between NEFTRAN and SUTRA simulations is made between the flux into the
Salado Formation from the room plus MB139. The fluxes into the Salado Formation compare
favorably for Set I, 8.5 versus 12.1; they are a factor of 3 lower for Set II, 4.2 versus 12.1. In
the MB139, the SUTRA-estimated fluxes are higher (2 to 10 times) than NEFTRAN's in all
cases except Set II, Case IB. The SUTRA fluxes up the shaft are much lower for the expected
properties, but roughly similar for degraded properties.
In conclusion, for undisturbed conditions with an assumed pressure difference between
hydrostatic in the far field and lithostatic in the room (with an implied fluid source within the
room to maintain pressure), fluid migration occurs in all directions from the repository; no
A localized path along MB139 does
primany pathway exists.
exist, but for expected properties
its influence is minor. Only for degraded properties does the pathway along MB139 and up the
shaft become primary.
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TABLE 3-2. COMPARISON OF VOLUME FLUX BETWEEN SUTRA AND NEFTRAN

CASE 1 A

(Expected)

CASEIB
(Degraded)

(10-2m3/yr)

(lO-^rr^/yr)

Set I

Set II

NEFTRAN

Set!

Set II

10.9
30.1

4.7
14.4

26.0
6.8

11.5
1.8

5.5

1.2

CASE 1C
(No Shaft Seal)
(10-2 m3/yr)

NEFTRAN

Set II

Flux into Salado Formation

(a) from room
(b) plusMB139

6.4
8.5

Flux down MB 139
(c) at seal
(d) at shaft

2.5

1.2

0.36

0.13

Flux up shaft

0.004

0.004

3.1

4.2

12.1
-

0.03
-

0.03

12.1
-

3.4
2.3

2.6

2.2
3.2

2.6

6.3

-

3.2 Cylindrical Model of Shaft Saturation

3.2 CYLINDRICAL MODEL OF SHAFT SATURATION
PURPOSE

The sensitivity of brine flow into WIPP

access shafts to Salado

Formation permeability
cylindrical model to provide input for shaft seal design. In the model,
capacitance was set at an upper bounding value suggested by McTigue (1989), and
permeability varied. Different horizontal and vertical permeabilities were chosen to
sensitivity to the presence of horizontal interbeds with high permeabilities.
evaluated using

a

was
the

the
test

Long-term permeability of the shaft seal depends on the final density of the crushed salt
Fluid inflow during shaft closure may
component following creep closure of the shaft.
influence the final density if brine saturation inhibits consolidation of the crushed salt and,
therefore, seal permeability (Nowak and Stormont, 1987). Currently, no evidence exists that
initial brine contents greater than the final available pore space would prevent consolidation
(Nowak et al., 1990), because excess brine, if present, could migrate out of the column, for
example, up the shaft into less consolidated, more permeable zones.
SUMMARY

The SUTRA code was used to simulate brine flow from the Salado Formation into the Air
Intake Shaft. SUTRA simulates Darcy flow in an elastic porous medium; creep closure, and any
attendant variations in properties, were not modeled. Calculations were carried out to 200 yr, a
period that includes consolidation of crushed salt in the shafts (Nowak and Stormont, 1987).
Cumulative inflow volumes vary between 200 and 1,000 m3 (7,000 and 35,000 ft3) in 200 yr for
Salado Formation permeabilities ranging between 10~21 and 10~20 m2 (10~6 and 10~5 mD) and
10~9 Pa~1. These results bracket the estimated range of pore volume
a capacitance of 5.1 x
available in the shaft at the desired minimum backfill density of 95 percent relative to the WIPP
intact salt. (The range in available shaft pore volume results from an assumed range in initial
placement volume.)

The effect of preferential flow through anhydrite interbeds was approximated by increasing
horizontal permeability within the Salado Formation to 10" 19 m2 (10'4 mD). Little sensitivity
of cumulative inflow to horizontal permeability was noted. Although substituting an average
horizontal permeability applies to steady-state conditions, the substitution is not necessarily
applicable for transient conditions. Therefore, this result should be verified for transient
conditions using a model that explicitly includes layers with different permeabilities.
PROCESS DESCRIPTION

The shaft seal system is shown in Figure 1-7 of the Introduction. The lower shaft seal consists
of: (1) a long-term seal comprised of crushed salt in two continuous columns approximately 325
and 625 m (1,070 and 2,060 ft) below the ground surface, and (2) short-term seals comprised of
concrete, clay, and short-term crushed salt components. These short-term seals are located
above the long-term seal, near the middle of the seal (just below the Vaca Triste marker bed),
and below it (at the repository level).
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Following placement of shaft seals and backfill, brine from the Salado Formation is expected to
seep into the Air Intake Shaft at a rate established by pressure distributions in the Salado
Formation, pressure within the shaft, and the hydrologic properties of the Salado Formation.
Concurrent closure by salt creep of that portion of the shaft within the Salado Formation is
expected to occur (Nowak and Stormont, 1987; Stormont, 1988). Eventually, closure and inflow
will eliminate the free pore space.

Nowak and Stormont (1987) discussed the relationship between brine inflow and shaft closure in
reporting the range of final backfill densities expected. In addition to influencing the final
backfill pore volume (and consequently the total inflow), closure may alter the hydrologic
characteristics of the salt near the shaft, thereby influencing the rate of inflow. Although the
processes of closure and inflow may be closely interrelated, the model presented here focuses
exclusively on flow. Some possible effects of this limitation are discussed in the Results section.

After installing the shaft seals and backfill inflow into the shaft is assumed to occur in the
following stages: (a) inflow from the Salado Formation in response to the initial atmospheric
pressure in the shaft; (b) reduced inflow rate as pressure develops in the shaft as the result of
compression of entrapped gas and accumulation of free fluid at the base of the shaft; and (c)
reduced inflow rate as free pore space is eliminated by closure and inflow, and pore fluid is
pressurized to ambient Salado Formation fluid pressure. The approximations of these proccesses
are described in the next section.

The following considerations may be important in estimating inflow volume accurately. First,
the parts of the shaft above and below the short-term seal may pass through the stages
described at different times, depending on the vertical distribution of Salado Formation
permeabilities, relative permeabilities of the seal and Salado Formation, and vertical variability
in closure rate. Second, as the Salado Formation fluid drains into the shaft, gas stored in the
shaft may move into the Salado Formation, occupying pore spaces previously filled with fluid.
The shaft wall might in this case be thought of as a seepage face. Finally, rather than acting as
a homogeneous fluid
source, Salado Formation inflow might be localized in anhydrite beds, clay
seams, or lithologic interfaces.
DESCRIPTION OF GRID AND BOUNDARY CONDITIONS

Inflow during the 200 yr between short-term
SUTRA. Because all fluids are assumed to be

seal placement and closure was simulated

with

salt saturated, SUTRA'S transport capability was

not used. Uncertainties in mechanisms and parameters controlling flow preclude an accurate
simulation of inflow; the objective of the numerical model was to estimate a reasonable upper
bound for inflow. With this in mind, the following approximations were employed.

First, the possibility of partially saturated flow in the Salado Formation was ignored. The effect
of partial saturation would be a reduction in net inflow by a reduction of the shaft face area
available for flow. Accurate simulation of this process would require data on capillary retention
characteristics and relative permeability as a function of saturation for the Salado Formation, as
well as simulation of coupled fluid and gas flow.

3.2 Cylindrical Model of Shaft Saturation

Second, gas compression, localized saturation, and development of a fluid-filled zone in the
shaft were neglected. These processes, by contributing to the evolution of backpressure in the
shaft, would thereby reduce inflow rate. Ignoring the effects of fluid redistribution in the shaft
allows inflow to be estimated in terms of Salado Formation properties and shaft wall boundary
conditions alone. The shaft wall is assumed to impose a fixed-pressure boundary in the Salado

Formation. Two fixed-pressure distributions were used: atmospheric, providing a conservatively
low pressure during shaft saturation; and hydrostatic, corresponding to a fluid-filled shaft. The
hydrostatic fixed-pressure boundary allows the impact of shaft backpressure on inflow rates to
be gauged.

Third, preferential flow through anhydrite beds, clay seams, or anhydrite/halite contacts was
not explicitly represented. The effect of high relative permeabilities in these horizontal features
was approximated by raising the bulk horizontal conductivity in the Salado Formation.
Fourth, a cylindrical geometry was used, with the Air Intake Shaft at the axis. Other shafts at
the WIPP can be expected to drain the Salado Formation to the same degree as the Air Intake
Shaft, making the assumption of radial symmetry around the shaft only locally accurate.
Reduction in Salado Formation pressure by drainage at other locations will reduce flow rates to
the Air Intake Shaft below the rates expected for drainage into the Air Intake Shaft alone.
Neglecting drainage at other locations therefore produces an overestimate of inflow rate.
Figure 3-25 shows a schematic of the model geometry and boundary conditions. Figure 3-26
shows the model grid.
(In anticipation of future model features, such as MB 139, a fine grid
was used near the base of the shaft, causing the dark, horizontal band seen in Figure 3-26.)
The Salado Formation is assumed to be initially at lithostatic pressure. Four values of Salado
Formation permeability were used in combination with the two boundary pressures discussed
above. Table 3-3 presents the parameter values used in the simulations. Salado Formation
capacitance was selected from the interpretation of the recent brine inflow experiments in Room
D and is larger than values used previously (Lappin et
al., 1989; McTigue, 1989). The effect of
is
the
to
increasing capacitance
increase
characteristic time of inflow rate decay, and
consequently to increase inflow.
RESULTS

SUTRA output lists the flow rate at fixed-pressure boundaries for each simulated timestep.
Total flow volume was calculated by integrating these rates assuming exponential variation of
rates between timesteps.

Table 3-4 presents the estimated total inflow after 200 yr for each parameter combination
considered.

Figure 3-27 shows cumulative inflow along the shaft wall as a function of time for the
combinations of Salado Formation permeabilities and shaft wall boundary conditions explored.
The effect of boundary condition variation on total inflow is less than the uncertainty in
estimated inflow resulting from uncertainty in Salado Formation permeability. Inflow in the
case of anisotropic permeability (not shown in Figure 3-27) is marginally larger than estimated
inflow for the expected value of permeability.
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Figure 3-25.

Schematic Diagram of Geometry and Boundary Conditions Used in the Air Intake Shaft Inflow
Calculations.

3.2 Cylindrical Model of Shaft Saturation
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Figure 3-26. Mesh Used for Air Intake Shaft Simulations.
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HYDROLOGIC PROPERTIES AND BOUNDARY CONDITIONS USED IN AIR
INTAKE SHAFT SATURATION SIMULATIONS

TABLE 3-3.

Salado Formation Permeability (m2)
Horizontal
1. 1 x 10-21
2.

3x10-21

3. 1

X

10-20

4. 1 X10-19

Vertical
x 10-21

1

3x10-21
1

x

10-20

3x10-21

Shaft Wall Boundary Conditions

Atmospheric, Hydrostatic

Salado Formation Capacitance (c)
5.1 x 10-9 Pa-1

ESTIMATED INFLOW VOLUMES AND RATES FOR THE VARIOUS SALADO
FORMATION PERMEABILITIES AND BOUNDARY CONDITIONS

TABLE 3-4.

Cumulative

Salado Formation Permeability (m2)
Vertical
Horizontal

1x10-21

3x10-21

1x10-20

1x10-21

3x10-21

1x10-20

Shaft Wall

Flow at
200 yr

Average
Flow Rate

Boundary Condition

(m3)

(m3/yr)

hydrostatic

185

0.93

atmospheric

242

1.21

hydrostatic

362

1.81

atmospheric

474

2.37

hydrostatic

800

4.00

1050

5.25

atmospheric
1

Boldface

66

x

=

10-19

Expected Value

3x

10-21

hydrostatic

367

1.84

atmospheric

481

2.40

3.2 Cylindrical Model of Shaft Saturation
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Figure 3-27. Estimated Cumulative Air Intake Shaft Inflow (Qf) vs. Time (t).

Figure 3-27 also shows the estimated range of shaft backfill pore volume corresponding to 95
percent average backfill density relative to the in-situ host salt. Previous calculations (Arguello
and Torres, 1987) show that a relative backfill density of 95 percent achieves a backfill

permeability approximately equal to the permeability of intact WIPP salt. The range in
available pore volume in the Air Intake Shaft results from the range in initial placement density.
At a final relative density of 95 percent, the available pore volume (ftp) occupies a volume of
Op

-

M

0.05^

0.95ps

360 to 510

m~

(3-2)

where

Dr

=

h

=

M
rg
Ps

=

=

=

relative density
shaft height
total salt mass
shaft radius
grain density

=

Dr^s^i
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Oi

=

°m

=

initial volume of Air Intake Shaft
volume of mass.

=

wrgh

=

11,400 m3

The design-specified initial relative density of the crushed salt within the shaft (Dy) is 80
percent (Nowak et al., 1990). The upper bound was set at 85 percent. Although not applicable
to the shaft, the initial relative density of the crushed salt within the drift backfill is 60 percent
(Nowak et al., 1990) and was used as a lower bound.
This range brackets the estimated inflow volume for expected Salado Formation permeability,
and is bounded by estimated inflow volume for the bounding values of Salado Formation
permeability considered here. Excessive inflow does not preclude optimal compaction of some
portion of the backfill. Greater stresses at the bottom of the shaft are expected to result in
more rapid closure at depth.

Nowak and Stormont (1987) discusses the relationship of final backfill density to overall seal
system performance, and the influence of brine inflow from overlying units on the final density
of shaft backfill. By simulating shaft closure in the presence of uniform inflow from the top of
the shaft, Nowak and Stormont identified an acceptable average inflow rate of approximately
1 m3/year (40 ft^/yr), resulting in optimal compaction of the lower 100 m (330 ft) of the shaft
(Stormont, 1988, Fig. 7-7). The effective average inflow rate estimated here ranges from
approximately 1 to 5 mS/yr (40 to 200 ft^yr).
DISCUSSION

The present model suggests other effects that might be useful to consider in subsequent models,
such as coupled effects of closure and fluid flow. Closure of the shaft may influence shaft wall
permeability (Rechard and Schuler, 1982), and might possibly reduce far-field mechanical stress
in the Salado Formation, consequently reducing pore fluid pressure. In addition, the model did
not account for upward flow of shaft fluid as a result of progressive closure from the bottom to
A coupled mechanical-hydrological model would help to assess the
the top of the shaft.
importance of these processes.

Another future consideration might be backpressure in the shaft resulting from gas compression.
The results presented here using a hydrostatic shaft wall pressure suggest that accumulation of
free fluid in the shaft does not significantly retard inflow.

Other influences that might be considered include simultaneous drainage of the Salado
Formation into all repository/shaft excavations, and assumptions governing flow through the
Salado Formation, particularly the ambient pressure and flow mechanism.
The present model has not been used to assess the effects of uncertainty in long-term
capacitance. Because inflow rates are expected to be sensitive to this parameter, uncertainty in
capacitance should be included in any related, future work.

3.3 Two-Dimensional Model of Gas Flow from Disposal Area to Shaft Using SUTRA

3.3

TWO-DIMENSIONAL MODEL OF GAS FLOW FROM DISPOSAL AREA TO
SHAFT USING SUTRA

PURPOSE
This two-dimensional model simulates the flow of hydrogen gas in the disposal area, drift seal,
and drift backfill materials leading to a shaft. In the model, it is assumed that the surrounding
(This is initially true, relative to the drift,
Salado Formation is impermeable to gas flow.
is
because the drift
initially unsaturated.) The intent of the model is to evaluate (1) whether gas
from the disposal area will reach the bottom of the shaft before shaft consolidation is complete
and (2) the sensitivity of gas flow to the permeability of the seal and drift material.

The model also investigates the rate at which the gas pressures that are generated in the room
influence the gas pressures in the drift. Because of these limited purposes, gas flow up the
shafts was not modeled in this rudimentary simulation.
Although the hypothesized episodes
will
described in Section 2.2 assume that consolidation
occur before a significant amount of gas
is generated from anoxic corrosion of the containers and microbiological degradation of the
waste, this model investigates whether the drift seals will retard gas flow if the waste produces
high gas pressures before complete consolidation of drift seals.

The analysis examines the influence of the permeability of the seals and drift material on the
flow of gas to the base of the shaft.
SUMMARY
a modified version of SUTRA that models compressible fluid
the code allow fluid density to depend on pressure and
Modifications
to
flow (e.g., gas).
account for nonconstant fluid compressibility. Isothermal, transient flow from an initial
uniform gas pressure was considered. Solute transport was not addressed in these calculations.

This analysis was performed using

This model of gas flow demonstrates the influence of the seal and drift backfill properties
(permeabilities) on gas pressurization at the base of the shaft. Only one set of drift seals is
modeled, and the seal does not contain a concrete component. Because of hypothesized
predominance of hydrogen and its low viscosity, these studies used only hydrogen gas rather
than a mixture.
Assuming initial permeability in the drift and disposal area, the entire disposal area and drift
were uniformly pressurized in less than 5 yr. Assuming final permeabilities at final drift
consolidation, the pressure at the base of the shaft had not changed from the initial state even
after 1,565 yr. Additional calculations assuming a time-dependent decrease in permeability for
the disposal area and drift backfill materials showed that without drift seals, the pressure at the
base of the shaft increased to about 10 MPa after about 71 yr, but did not significantly increase

beyond that level even to times as great as 1,565 yr. For calculations including the drift seals,
but without the concrete component, pressures at the base of the shaft rose to about 2.5 MPa
after 24 yr, but remained at that level to at least 1,565 yr.

Thus, the calculations indicate that the slowly consolidating salt in the drift seal can be quite
effective in retarding gas flow to the shaft. Whether such an impermeable barrier to gas is
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required, however, demands a more detailed model that would simulate flow up the shaft to
examine the possibility of any adverse effects.
DESCRIPTION OF GRID AND BOUNDARY CONDITIONS

The calculations described in this section treat the flow domain as two dimensional (plane
geometry) with appropriate out-of-plane thickness specified to account for the actual volume of
each region under consideration. The plan view of the region under consideration is shown in
Figure 3-28a. Although the disposal region contains many rooms, it was not practical to model
each room individually.
Therefore, the approach adopted for this model was to group the
the
disposal
of
region into a single region, 630 m (2,060 ft) long. This length
excavated volume
was the approximate distance from the access drift seals to the southern edge of the disposal
region. The total excavated area of the disposal region was 1.1 x 10^ m2 (1.1 x 10^ ft2);
therefore, an out-of-plane thickness of 175 m (570 ft) was specified for the disposal region.
Likewise, there were four drifts leading into the disposal area. These were grouped in a single
region with an equivalent out-of-plane thickness of 19 m (60 ft). Only one set of drift seals
The seals were modeled as 30-m (100-ft) long sections with the same out-of
was modeled.
thickness
as the access drifts (19 m [60 ft]).
The modeled height of all regions was 4 m
plane
(13 ft), which was the preconsolidated thickness. Figure 3-28b gives some of the computational
dimensions of the mesh. Three hundred elements and 453 nodes were used in these calculations
to resolve flow gradients. While the physical dimensions are approximate, they are sufficient to
provide gross characterization of the overall flow and pressurization process.

The boundary conditions assumed in the analysis were based on the assumption that the Salado
Formation was impermeable, i.e., the boundary of the domain was treated as a no-flux
boundary. To provide a gradient for gas flow, the pressure in the center of the disposal area
(node 152) was assumed to increase from 0.101 MPa (1 atm) at time equal to 0.0 to 14.8 MPa in
100 yr, and then hold constant for the remainder of the simulation, as shown in Figure 3-29.
VARIED PARAMETERS

The parameters that were varied in the calculations were permeabilities of the seal, drift
backfill, and disposal area waste. Five calculations are discussed in this section; the simulations
Calculation 1
progress from extreme worst-case conditions to more realistic conditions.
corresponds to gas flow in the unconsolidated materials. (The term unconsolidated is used to
describe material that is at its initial placement density.) Calculation 2 corresponds to gas flow
in unconsolidated drift and consolidated seal and disposal area material; Calculation 3
The final two calculations represent the timecorresponds to fully consolidated materials.
dependent decrease in permeability during consolidation of the seal, drift, and disposal area.
Calculation 4 studies the effect of including the seal, and Calculation 5 eliminates the seal.
Together, these five calculations provide qualitative comparisons of the influence of material
permeabilities on the gas pressures in the shaft region of the drift.

This length was chosen before the reference design was completed. The current reference design uses
salt section with 10-m (33-ft) concrete components at each end (Figure 1-9).

a

20-m (66-ft) crushed

3.3 Two-Dimensional Model of Gas Flow from Disposal Area to Shaft Using SUTRA
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Figure 3-28.

Plan View of Disposal Area and Finite Element Mesh Used for Gas Flow to Shafts (300
Elements; 453 Nodes).
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Figure 3-29.

Time-Dependent Pressure Boundary Conditions at Center of Disposal Area (Node 152) for
Gas Flow Simulation.

The material properties for the first three calculations are shown in Table 3-5.
uses the unconsolidated material constants (Run 1, Table 3-5).

Calculation

1

TABLE 3-5. PERTINENT MATERIAL PROPERTIES FOR GAS FLOW THROUGH DRIFT TO SHAFT

Permeability (m2)
Region

Thickness (m)

Run 1

Porosity

x10-10
x10-14

1

10-8

1

Drift

19

0.05

1

Seal

19

0.03

1

0.18

1 x

Disposal Area

175

Run 2

x10-10

1 x

10-20

x10-15

Run 3

1x10-2°
1x10-20
1

x10-15

In Calculation 2, the seal and disposal area permeabilities were decreased to correspond to the
This calculation roughly corresponds to the use of
consolidated values (Run 2, Table 3-5).
initially compacted waste and a multicomponent seal since the seal contains a concrete
component, which has a low permeability initially. In Calculation 3, the drift, seal, and disposal
area permeabilities correspond to consolidated values (Run 3, Table 3-5).

3.3 Two-Dimensional Model of Gas Flow from Disposal Area to Shaft Using SUTRA

In Calculations

1

through 3, the time-dependent decrease in permeability as the result of
These effects were examined in Calculations 4 and 5.

consolidation was not simulated.

Figure 3-30 illustrates the permeability-time functions used in Calculations 4 and 5. These
functions describe permeability decreases that result from the time-dependent consolidation of
the crushed-salt backfill and waste materials, assuming creep closure results in consolidation in
about 100 yr (Sjaardema and Krieg, 1987). Creep closure of the drift is assumed to consolidate
the crushed salt until it reaches 95 percent of the intact WIPP salt density.
As noted for
Calculation 2, the concrete component of the seal, which was not modeled, has an initial
permeability that is lower than shown for the crushed-salt component.
The permeability-time function used for the drift seal was based on a combination of laboratory
consolidation data and numerical analysis of creep closure effects on seal density (Arguello and
Torres, 1987; Holcomb and Hannum, 1982; Nowak and Tyier, 1989). The laboratory data
provided permeability as a function of relative density (compared to intact Salado Formation salt
density); the numerical model provided an estimate of the relative density as a function of time.
From these two relations, it was possible to estimate the drift seal permeability during
consolidation using the following additional assumptions.

The drift and seal backfill materials are assumed to be identical, except that the initial relative
density of the seal is 0.80 compared to 0.60 for the drift backfill. Because the initial density of
the drift backfill was lower, it was assumed that the permeability decreased linearly from 10-1^
to 10-14 m2 (105 to 10 mD) in the first 50 yr. Since the drift permeability at 50 yr is the same
as the seal permeability at the start of the calculation, it was assumed that the permeability
followed the same relation as the first 50 yr for the seal.

The permeability of the waste material was assumed to decrease linearly from 10-8 m2 (10^
mD) to 10-15 m2 (1 mD) in the first 100 yr, and then remain constant.
To study the effects of eliminating the seal, Calculation 5 simply replaced the seal material with
drift backfill material.

In all calculations, the gas density was evaluated using the Redlich-Kwong equation of state for
a gas mixture (Prausnitz,
1969).
However, the only gas species treated in the analysis was
hydrogen because of its predominance and low viscosity. The viscosity of the hydrogen gas was
assumed to be 9.7 x 10-6 Pa-s at 30 °C.
RESULTS

Figures 3-31 through 3-33 are the gas pressure profiles computed along the center of the finite
element grid. Multiple curves on single plots indicate different times during the simulation.
Distance on the horizontal axis is measured from the shaft area towards the seal and disposal
area.

Figure 3-31 illustrates the pressures generated within the disposal area, seal and drift materials
for Calculation 1 (unconsolidated material). Because of the high permeability, the gas pressures
in the entire region become uniform in a short time (< 5 yr).
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Figure 3-30.

Time Variation of Permeability Due to Consolidation for Disposal Area, Drift, and Seal
(Calculation 4). Seal permeability does not include the concrete component.

Figure 3-32, from Calculation 2, shows the influence of decreasing the seal and waste area
permeability to consolidated values, while leaving the drift backfill permeability at the initial,
unconsolidated value. As shown in Figure 3-32b, the waste area pressurizes but the pressure in
the drift area is less because of the low permeability of the seal and waste area. After 1,565 yr
(Figure 3-32a), the drift gradually pressurizes to a level of 8.4 MPa. Because of the relatively
high permeability of the drift backfill material, the drift pressurizes uniformly.
Calculation 3 shows the effect of assuming permeability for fully consolidated material (Figure
3-33). Although the first 24 yr is nearly identical to the values for Calculation 2 (Figure
3-33b), later times indicate the effect of the lower drift permeability. Figure 3-33a shows that
the pressure within a region 200 m (654 ft) from the shaft has not changed from its initial
pressure, even after 1,565 yr.

Calculation 4 shows effects of time-dependent changes in permeability (Figure 3-34). Initially,
the high permeability causes a somewhat uniform pressurization of the entire area. After 24 yr,
the seal permeability is approximately six orders of magnitude smaller than the drift
permeability. The difference causes the disposal area to pressurize at a faster rate than the
drift. At 1,565 yr, a region about 120 m (392 ft) from the shaft area is still at a pressure of 2.5
MPa, the same pressure reached during the first 24 yr.
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Figure 3-31.

Gas Pressure Profile Using Unconsolidated Permeability for Drift, Seal, and Waste,
Calculation 1, (a) 0 to 153 Yr and (b) 0 to 4.8 Yr.
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Figure 3-32.

Gas Pressure Profile Using Unconsolidated Drift Permeability and Consolidated Seal and
Waste Permeability, Calculation 2, (a) 142 to 1,565 Yr and (b) 1 to 153 Yr.
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Figure 3-33.

Gas Pressure Profile Using Consolidated Permeability for Drift, Seal, and Waste, Calculation
3, (a) 142 to 1,565 Yr and (b) 1 to 153 Yr.
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Figure 3-34.

Gas Pressure Profile Using Time-Dependent Permeability for Drift, Seal, and Waste,
Calculation 4, (a) 142 to 1,565 Yr and (b) 1 to 153 Yr.

3.3 Two-Dimensional Model of Gas Flow from Disposal Area to Shaft Using SUTRA

The effect of excluding the seal is illustrated in Calculation 5 (Figure 3-35). Before 48 yr, the
entire region uniformly pressurizes to about 7.2 MPa (Figure 3-35b). The pressure increase in
the drift is retarded, however, when the permeability of the drift begins to decrease at a higher
rate (Figure 3-30). Comparing Calculation 5 to Calculation 4 shows that the pressure at the
shaft area is approximately four times higher without the seal (i.e., 10 MPa for Calculation 5
and 2.5 MPa for Calculation 4).

In conclusion, these calculations demonstrate the influence of the seal and assumptions of timedependent changes in permeability on pressurization of the shaft region. This rudimentary
simulation indicates that the drift seals will likely be effective in retarding gas flow to the
shafts, even when the salt is unsaturated. Evaluating the implications and desirability of these
results will require more detailed modeling.
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Figure 3-35.

Gas Pressure Profile Without Seal and With Time-Dependent Drift and Waste Permeability,
Calculation 5, (a) 142 to 1,565 Yr and (b) 1 to 153 Yr.

3.4 One-Dimensional Model of Gas Flow from Disposal Area to Shaft Using BOAST

3.4 ONE-DIMENSIONAL MODEL OF GAS FLOW FROM DISPOSAL AREA TO
SHAFT USING BOAST
PURPOSE

The objectives of this model were twofold: First, the model was intended to verify (by a
model-model comparison) the modifications made to SUTRA in the previous section (Section
3.3); second, the model studied the effects of brine saturation on gas movement from the waste
disposal rooms to the shafts for the undisturbed scenario. As discussed in Chapter 2, BOAST is
a
three-dimensional, three-phase petroleum reservoir model that is designed to simulate
compressible multiphase flow through porous media.
The first set of calculations checked the accuracy of results using a modified version of SUTRA
to confirm that the models were being used and interpreted properly. Specifically, in Section
3.3, a modified version of SUTRA was used to model hydrogen generation and flow from the
waste repository assuming that the rooms, seals, and drifts were fully saturated with gas.
Calculation 3 of the SUTRA model, in which the permeability of the seals and drifts was
examined under consolidated conditions, was repeated here using BOAST.

It was assumed that hydrogen (and no other gas) was generated by anoxic corrosion of drums
and metallic wastes, and that this gas could flow through the rooms, seals, and drifts to the
The surrounding Salado
nearest shaft, which provides direct communication to the surface.
this assumption is selfto
be
(although
to
gas
and
brine
impermeable
assumed
Formation was
is
the source of the brine).
To match the SUTRA
conflicting, since the Salado Formation
model, the geometry of the repository is simplified to a one-dimensional conceptual model,

although BOAST actually numerically models the problem in three dimensions.

The second set of calculations was intended to probe the behavior of the repository when the
seals, drifts, and marker bed were initially saturated with brine. Hypothetically, gas generation
in the waste under these conditions could produce a number of complex interactions.
For
example, gas pressurization of the rooms may prevent further influx of brine, thereby
precluding continued gas generation. The presence of brine in the pore space retards flow of
gas (and vice versa), possibly to an extent that obviates the need for seals in the access drifts.
The calculations reported here are an initial examination of these complex interactions between
brine and gas in the WIPP repository.
SUMMARY
Calculations using BOAST to verify the modifications made to SUTRA in the previous section
(Section 3.3) showed excellent agreement between the two models. During a simulation of
200 yr, the difference in gas pressure in the waste between the models was never more than 8
percent; at 200 yr, it differed by 5 percent.

Under conditions of complete brine saturation, gas generation in the waste resulted in pressures
in the waste exceeding lithostatic very rapidly (i.e., in less than 2 yr). This result was expected
because of the overly simplified model.
In the model, the gas could move only through the
seals and drifts; with no free volume into which it could expand, the gas had to increase the
These results prompted an examination of slightly more realistic
pressure very rapidly.
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conditions, still using the one-dimensional grid. The drifts and seals were reinterpreted as
MB 139 and its seals, which allowed substantially greater flow than could be realized in the
drifts leading to the shaft. Marker Bed 139 and the seals were again assumed to be initially
saturated with brine, but the waste was modeled as initially saturated with gas.

For the MB 139 model, hydrogen generated continuously over 600 yr forced its way through to
the shaft (where hydrostatic pressure was maintained) in about 3 to 300 yr, depending on the
permeability of MB139 and the seals (between 10-9 and 10-15 m2 [106 and 1 mD]). At the
higher permeability (10~9 m2 [10^ mD], i.e., an essentially open channel), there was so little
resistance to flow that pressures throughout the grid were very nearly uniform. When the
marker bed and seals were assigned a moderate permeability (10-15 m2 [1 mD]), pressures in
the waste exceeded lithostatic pressure in less than 500 yr, but at later times, as gas saturation
throughout MB139 increased, the pressure rapidly dropped.
DESCRIPTION OF GRID AND BOUNDARY CONDITIONS

The approach in modeling the rooms, seals, and drifts is essentially the same as that used in
Section 3.3. The excavated volume of the disposal region was grouped into a single region with
a
length equal to the approximate distance from the drift seals to the southern end of the
disposal region (630 m [2,060 ft]). The height used was the preconsolidated initial height of 4
m
(13 ft). To give a volume equivalent to the excavated disposal volume, a width of 175 m
(574 ft) was used. Similarly, the four access drifts and seals were grouped into a single region
396 m (1,300 ft) long, 19 m (60 ft) wide, and 4 m (13 ft) high.
In the second set of
calculations, in which MB139 was the flow path, the height was 0.9 m (3 ft), while the other
dimensions were unchanged. BOAST uses a three-dimensional block-centered grid. Therefore,
each region was divided into blocks that were of uniform length in each region (Figure 3-36).
The drift was modeled as 30 contiguous blocks, each 12.2 m (40 ft) long. The seal was divided
into 5 blocks, each 5.97 m (20 ft) in length. The disposal "room" consisted of 48 blocks, each
13.1 m (43 ft) long.
The porosity of the waste was 0.18 in all the calculations reported in this section. The value of
porosity for the drift was 0.05; for the drift seals, 0.03. In the calculations involving MB139,
both the marker bed and its seals were assigned a porosity of 1.0 to represent open fractures; a
finite permeability was used to reflect the size of the fractures (see Table 3-1).
The Salado Formation was assumed to be impermeable. Thus, there was no flow of brine or gas
beyond the region modeled. Pressure was maintained at a constant value at the north end of the
drift where the access shafts are located. In the first case examined, in which the room and
drifts were assumed to be fully saturated with gas, the pressure at the north end was fixed at
0.101 MPa (1 atm). In the second set of calculations, the pressure was fixed at hydrostatic at
the level of the repository, or 6.3 MPa. In BOAST, this type of boundary condition is specified
by means of a gas or water production well located at the center of the block and held at
constant bottom-hole flowing pressure. A "productivity index" must also be specified, which is
a largely empirical function of the permeability of the porous medium comprising the block, the
dimensions of the block, and the diameter of the well. An arbitrarily large value of 4.6 x 10-5
m^/s (25 stock tank barrels per day) was used to preclude any resistance to flow from the well
to the formation, in effect fixing the pressure of the entire block to equal that of the wellbore.
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Figure 3-36. Model of Disposal Area, Seal, and Drift (or Marker Bed 139) Leading to Shaft (83 Blocks).

Gas generation in the waste region was simulated by rate-controlled gas-injection wells. One
well was located in each waste region block so that gas generation would be distributed
uniformly o sr the entire region. Each well had an injection rate of 7.49 m^/s (0.048 MCF/D)
at atmospheric pressure and 30 °C, which corresponds to the expected hydrogen production rate
of 9.5 x 1(P mol/yr as a result of anoxic corrosion of drums and metallic waste. This rate was

continued for 600 yr, the maximum duration of the calculations presented here. This time
period is juss slightly longer than the period in which hydrogen production from iron corrosion
is expected to be completed (527 yr).
VARIED PARAMETERS

No parameters were varied in the model-to-model comparison of the first two-phase
calculations. The permeabilities of MB 139 and its seals were varied in the second calculations.
The MB139 and its seals were given the same permeabilities, ranging from 10~15 to 10~9 m2
(10 to 10^ mD). The range examined is fairly large, because the permeability of MB139 has not
been accurately determined. If MB139 is widely fractured and the apertures are propped open,
it could have extremely high permeability. Less severe fracturing would result in a moderate
permeability, perhaps less than that of the consolidated waste.
In the second calculations, the degree of brine saturation of the waste was also varied.
extreme values, 1.0 and 0.0, were considered.

Only the

RESULTS

In the model-to-model comparison calculation, the waste, seals, and drifts were assumed to be
saturated with hydrogen, and atmospheric pressure was maintained at the north (shaft) end of
the drift. The permeability of the waste was assigned a value of 10-15 m2 (1 mD), while that
of the drifts and seals was assumed to be 10-19 m2 (10~4 mD). Pressure profiles at various
times during the 200-yr BOAST simulation are shown in Figure 3-37a and can be compared
with results obtained using the modified version of SUTRA (Figure 3-37b). The calculated
pressure in the room for each model is shown in Table 3-6. The agreement between the two
models is excellent. The small differences can be attributed to differences in model formulation
(SUTRA is a finite-element model, whereas BOAST is a finite-difference model) and to
differences in solution convergence criteria. In addition, the models calculate the
compressibility of hydrogen differently. SUTRA calculates a new value from the RedlichKwong equation of state (Prausnitz, 1969) at each node for each iteration and time step, which
is an accurate but relatively time-consuming procedure.
BOAST uses the same equation of
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Figure 3-37.

Comparison of Gas Pressure Profiles in Drift, Seal, and Waste Using SUTRA and BOAST (no
brines present).
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TABLE 3-6. GAS PRESSURE IN WASTE ROOM OBTAINED USING SUTRA AND BOAST*

Time (yr)
10
20
50
100
200

*Time step

=

Gas Pres sure (MPa)
BOAST
SUTRA

Difference (%)

0.438
0.746

0.404
0.710

7.8
4.8

1.68
3.28
6.69

1.63

3.1

3.18
6.36

3.2
4.9

1 yr.

a lookup table when a new value is required.
This technique is
faster computationally, but can be inaccurate if the table values are not closely spaced where the
compressibility changes rapidly.
The relatively coarse table values used by BOAST in these
calculations could account for the differences between the models.

state, but interpolates linearly in

The first two-phase calculation modeled hydrogen production in the waste when the drifts,
seals, and waste were all initially saturated with brine. The same porosities and permeabilities
were used as in the previous calculation. The results were as expected. They showed that
because of the low permeabilities, neither gas nor brine could move anywhere rapidly enough to
dissipate the large pressure increase from gas generation. In less than 2 yr after injecting gas
into the disposal area, gas pressures exceeded lithostatic pressure. While useful as a limiting
case, this model is not realistic because air that has initially been trapped in the disposal rooms
and in the backfilled drifts is assumed to dissipate before any gas can be generated by corrosion

of containers and waste.
In the second two-phase calculations, four assumptions were changed from the previous model.
First, the flow path from the room to the shaft was changed to MB 139. Although the length of
the path is the same, the change to MB139 provided a rationale for considering higher
permeabilities than could reasonably be expected in the drifts, and at the same time allowed an
analysis of a more probable flow path to the access shafts. Second, the waste was now assumed
to be completely saturated with gas initially.
Third, a slightly higher waste permeability of
10-13 m2 (i()2 mD) was used. The final difference from the previous calculations is that the
porosity of MB139 was set to 1.0 to simulate an open fracture. The height of this flow path
was reduced to 0.9 m (3 ft), but the volume of brine in this model of MB139. is clearly much
greater than the pore volume of the drift. Since a greater amount of brine must be displaced
for gas to flow through, the time frame for significant events would be expected to increase.
Figures 3-38 to 3-41 show gas saturation profiles at various times during the 600-yr
simulations, with the permeability of MB139 and seals assigned as 10-9, 10-11, 10-13, and
10-15 m2 (l06, 104, 102, and 1 mD), respectively. The lowest permeability delays the flow of
hydrogen into MB139 and into the shaft.
However, except for the lowest permeability, the
saturation profiles are nearly identical at 600 yr, indicating that a steady state is reached just
when hydrogen production from corrosion is expected to cease.
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Figure 3-38.

Gas Saturation Profiles in Marker Bed, Seal, and Waste, with Marker Bed Permeability Equal
to 10'9 m2. Marker bed and seal initially saturated with brine.
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Gas Saturation Profiles in Marker Bed, Seal, and Waste, with Marker Bed Permeability Equal
to 10'11 m2. Marker bed and seal initially saturated with brine.
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Gas Saturation Profiles in Marker Bed, Seal, and Waste, with Marker Bed Permeability Equal
to 10"13 m2. Marker bed and seal initially saturated with brine.
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Gas Saturation Profiles in Marker Bed, Seal, and Waste, with Marker Bed Permeability Equal
to 10-15 m2. Marker bed and seal initially saturated with brine.
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Using a marker bed permeability of 10~9 m2 (10^ mD), the calculations show that gas reaches
the shaft in less than 5 yr (Figure 3-38). (Such a high permeability represents an essentially
Pressures throughout the waste and marker bed are nearly uniform at
open channel.)
hydrostatic pressure, 6.3 MPa.

Decreasing the marker bed permeability by two orders of magnitude initially slows the
displacement of brine by hydrogen, but breakthrough still occurs in less than 5 yr (Figure 3-39).
Pressures in this case are also nearly uniform everywhere.
With the permeability of MB139 reduced to 10~13 ni2 (10^ mD) gas flow is significantly
retarded; gas reaches the shaft between 10 and 20 years (Figure 3-40). Gas pressure in the
waste shows a maximum increase of about 9 percent over hydrostatic at 50 yr (Figure 3-42),
after which gas saturation throughout the marker bed provides an easy conduit for gas flow,
and the pressure in the room drops. At 600 yr, the pressure is almost as low as at 2 yr. The
permeability of the marker bed in this case is the same as that of the waste.

At the lowest marker bed permeability considered, 10"^ m2 (1 mD), hydrogen does not reach
the shaft until after 200 yr (Figure 3-41). A very substantial increase in pressure in the room
occurs, reaching a peak in 500 yr slightly in excess of lithostatic pressure before decreasing
(Figure 3-43).
These calculations confirm one's intuition that the presence of brine can significantly retard the
flow of gas in a porous medium of low permeability. If the path of least resistance is a fully
brine-saturated drift under consolidated conditions, where the absolute permeability is low, gas
generated by anoxic corrosion of the waste drums and metallic components cannot travel

through the brine, and pressures in excess of lithostatic will result leading to expansion of the
room by salt creep. If some free gas initially exists in the waste, gas pressures will build more
slowly. If, at the same time, a much higher permeability path exists, such as a well-fractured
marker bed, brine and gas can be driven to a sink (located near the shaft in this analysis)
without excessive pressure being generated in the waste.

3.4 One-Dimensional Model of Gas Flow from Disposal Area to Shaft Using BOAST
Seal

Waste

————W

s.

u
s
a-

0.00

0.15

0.30

0.45

0.60

0.75

0.90

1.05

Distance from Shaft (km)

THl-6334-213-0

Figure 3-42.

Gas Pressure Profiles in Marker Bed, Seal, and Waste, with Marker Bed Permeability Equal to
10-13 m2.
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4. HUMAN INTRUSION MODELS

The five models discussed in this chapter examine the relative importance of system components
for a human intrusion scenario considering only brine and gas flow. Under the scenario
designated as El, an exploratory borehole is assumed to penetrate both the repository and an
underlying pressurized Castile Formation brine pocket as part of future natural resource
exploration. The exploratory borehole is assumed to be subsequently plugged in accordance
with state regulations effective in 1990.

The assumptions for the models described here are based on the hypothesized sequence
described in Section 2.2 and represent pieces of that sequence. Not every aspect of the
hypothesized sequence is discussed here; furthermore, the models that are discussed must be
considered as under development and not complete.

The first four models in this chapter are cylindrical approximations of a panel with a borehole.
The first model examines brine inflow from the Salado Formation; the second, brine flow from
a brine pocket through one room; the third, the effect of the anhydrite layers on brine flow
from a brine pocket; and the fourth, gas and brine flow from waste. The fifth model also
explores brine inflow using a two-dimensional model and a simple three-dimensional model.

Like Chapter 3, each major section begins with the model's purpose and

a summary of results.
Subsequent sections discuss in detail the modeling technique and present the numerical results.

4.1

CYLINDRICAL MODEL OF SALADO BRINE FLOW THROUGH PANEL TO
BOREHOLE

PURPOSE

The purpose of this axisymmetric simulation is to calculate the access fraction (i.e., the ratio of
the volume of waste through which brine can pass and still reach the borehole to the total
volume of waste). This access fraction can then be used as a performance metric for evaluating
engineered modifications of the waste (see, for example. Butcher, 1990).
Earlier analyses (Lappin et al., 1989) assumed that the radionuclide source is solubility-limited
until the radionuclide is depleted. The time of depletion depends upon the volume of waste
accessed. As a conservative assumption, those analyses assumed that an entire panel could be
This model explores the validity of this conservative assumption.
accessed.
Determining
realistic values for the calculations is important because if engineered modifications are
required, they must be designed using values that are realistic and not inflated. (See also
Section 4.5, which is a more accurate, two-dimensional model that was also designed to refine
the access fraction.)

The current hypothesis assumes that any gas will leave through the exploratory borehole
followed by further consolidation of the disposal area, slowing brine inflow. The current set of
calculations begins after this final escape of gas and the consolidation and saturation of the
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Minor transport of radionuclides during saturation was not modeled here. Also,
waste.
complications that could result from gas in other panels was not considered in these simulations.
Gas depressurization and brine saturation would likely leave the pore pressure in the panel near
hydrostatic. However, all but one of the simulations assumed the pore pressures in the waste
were lithostatic. This condition represents a slightly more conservative case.
SUMMARY

The results from these axisymmetric models show that under steady-state conditions, mass flux
to an exploratory borehole varies with permeability when the permeability of the waste is less
than three orders of magnitude above the permeability of the Salado Formation. Under
transient conditions, mass flux varies when the permeability difference is less than four orders
of magnitude.
Similar to strictly radial flow, flow to the borehole varies linearly with the
changes in pressure gradient, Ap.
Varying the capacitance of the Salado Formation has a significant effect on the amount of brine
seeping from the formation.
Because of the large variation in fluxes, the amount of waste
accessed in these axisymmetric models varies greatly, also. At the upper bound of capacitance
(5.1 x 10~9 Pa-1), essentially the entire panel is accessed. At the lower calculated bound (7.8 x
10-12 Pa-1), a maximum of only 54 percent of the panel is accessed.

In conclusion, if the pressure gradients specified for this simulation are valid (pressure gradient
reversed from the Two-Dimensional Model of Brine Flow to Shaft, Section 3.1), modifications
that reduce the waste permeability to within four orders of magnitude (and preferably three
orders) of the Salado Formation permeability can reduce the potential brine flux into an
intrusion borehole.
AMOUNT OF ACCESSIBLE WASTE

The amount of radionuclides transported from a repository region compared to the region's total
inventory is referred to as the access fraction. Access fraction is a convenient metric for
evaluating various scenarios or identifying important parameters. Although the amount of
radionuclides transported by a given flow field depends on chemical interactions of the waste,
fluid, and rock matrix, the assumption that contaminants are transported by advection and are
not retarded by interaction with the rock matrix allows access fraction to be estimated in terms
of the flow field alone. The influence of hydrologic parameters, and the impact of various
scenarios, can then be gauged without recourse to geochemical models.
However, the
a
in
does
of
depend
terms
on the gross
appropriate measure of access fraction,
Darcy flow field,
nature of source geochemistry. (The above simplifying assumption will be removed in future
studies.)

Two idealizations of source behavior lead to two methods of calculating access fraction
function of the flow field.

as

flow field created in some region of the repository, operating for a given time.
If the species is assumed to have infinite solubility, the amount of waste accessed in time
Consider

a

a

At.
At

Cylindrical Model of Salado Brine Flow through Panel to Borehole
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depends on the volume of the waste region that discharges fluid in time At.
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the species has limited solubility, then the access fraction is much reduced from
that estimated by Eq. 4-1. Considering the repository as a well-mixed chemical reactor with a
fixed waste inventory, the mass release rate at a given time is then (substituting the solubility
limit, S, for the starting concentration)

If, however,
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Integrating Eq. 4-2, assuming Si is time independent, yields a conservative expression for the
mass removed, from which the access fraction (Fg) can be expressed as
S

^

Jq(t)dt

S

Q

(4-3)

——M————=-^o

o

Eq. 4-3 assumes that outflow occurs continuously at the solubility limit, i.e., the source is not
depleted. Note that the access fraction varies for each containment. If

SiQ

<

(4-4)

psi»At

then the access fraction calculated by Eq. 4-3 is less than Eq. 4-2. If interested, the reader can
calculate Fg using the discharges reported in each section and the solubility limits of Appendix

A.

Currently, however, the upper limit of solubility for each isotope (10~3 mole/J!)
SjQ

>

/ogi^At'

as

a

very conservative assumption.

is set such that
For example, using the inventories, panel
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volume, and solubilities of Appendix A, only if S < 10~4 mole/-? for plutonium, S < 10-5
mole/-6 for americium and uranium, and S < 10-6 mole/-? for neptunium isotopes, does Eq. 4-3
determine the access fraction. (The above limits for Eq. 4-3 are only approximate; actual
calculations may be lower.
For example, in Marietta et al. [1989], some plutonium isotopes
S
10-6
At higher solubilities, only the access volume, Q^t'
depleted even when
mole/-C.)
evaluated from flow properties alone, determines the access fraction (neglecting adsorption as
initially stated).
=

Because Eq. 4-1, which involves flow properties alone, is easy to use and provides
upper bound, it is used for the access fraction in this and the following sections.

a

convenient

DESCRIPTION OF GRID AND BOUNDARY CONDITIONS

For this axisymmetric simulation, one WIPP waste panel was modeled as a disk 2.0 m (6.5 ft)
high (thickness after consolidation) and 60.6 m (200 ft) in radius centered about the borehole.
This radius preserves the exterior surface area of an actual panel of 11,530 m.2 (124,000 ft2).
The boundaries are 200 m (660 ft) above and below the disk and 500 m (1,600 ft) out from the
axis of symmetry (Figure 4-1). A variable mesh was used, proceeding from fine to coarse in
both the vertical and radial directions (Figure 4-1).
VARIED PARAMETERS

The varied parameters were pressure (p), permeability (k), and capacitance (c). Specifically, the
assumed conditions were the following: (1) initial and far-field boundary pressures (p) of 14.8
MPa (lithostatic), and 10.5 and 8.4 MPa (steady-state conditions); and (2) 6.3 MPa (-hydrostatic
for water) in the borehole within the panel (Figure 4-1).
Waste permeability was varied between 10-21 and 10" 13 m2 (10-6 and 102 mD).
Although
porosity varies directly with permeability, it was kept constant at 0.18 for the waste and 0.001
for the Salado Formation (expected conditions). For transient simulations, the Salado Formation
capacitance (c) was varied between 7.8 x lO-^ Pa-1 and 5.1 x 10~9 Pa-!.

RESULTS
Results from both steady-state and transient simulations are reported. The steady-state results
(A few of these steady-state results were summarized in Marietta et al.
[1989].) Note that only the relative changes in the results (not absolute values) are meaningful
for the steady-state simulations, since mass flux (or any other flow parameter) depends uniquely
on the geometry and boundary conditions (e.g., distances to boundaries and specified pressures).
are discussed first.

However, the relative changes in parameters are still useful for evaluating engineered
modifications to the waste; futhermore, steady-state results are very easy to obtain. Refer to
Butcher (1990) for examples of how the results reported here were used to rank engineered
modifications.

Steady-State Results. Using the cylindrical approximation to the panel, mass flux to the
borehole varies with changes in permeability of the waste when the waste permeability is less
than three orders of magnitude above the permeability of the Salado Formation (Figure 4-2).
At waste permeabilities greater than three orders of magnitude, the flow resistance provided by
the waste is negligible in relation to the low permeability of the Salado Formation. Figure 4-2
also shows that similar to a strictly radial flow problem, mass flux to the borehole varies linearly
with the changes in pressure gradient (Ap).
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10-'3
10-'°
10-"
Waste Permeability (m2)

TRI-6334-203-0

Figure 4-2.

Variation of Mass Flux to a Borehole as a Function of Waste Permeability at Several Pressure
Gradients Assuming Steady-State Conditions. Because mass flux is dependent upon pressure
and distance to boundary, only relative changes (not absolute values) are meaningful.

The volume of waste accessed in 10,000 yr for these steady-state simulations was estimated
from the radial distance traveled by a neutrally buoyant particle using TRACKER (Rechard et
The maximum volume of unmodified waste (k
lO"^ m2 [lO-^ ff2]) through
al., 1989).
which brine will flow and still reach the exploratory borehole within 10,000 yr is about 47
percent of one panel (Table 4-1). The more meaningful results, however, are the reductions in
=

this access fraction as the pressure gradient between the far-field boundary and the borehole are
reduced. For the radial distances examined, the access fraction decreases roughly linearly with

the pressure gradient (Ap) (Table 4-1).

Table 4-1 also tabulates the ratio of cumulative flux out of the borehole in 10,000 yr to the
cumulative flux in the base case. This flux can also be compared to the mass of brine in the
panel as follows. The volume of pores in the panel is 2.1 x 10^ m3 (7.4 x 10^ ft3), assuming a
porosity of 0.18. Using this pore volume and a brine density of 1.2 x 1Q3 kg/m3 (75 Ib/ft^),
simple arithmetic yields a total mass of brine in the panel of 5.0 x 10^ kg (1.1 x 10^ Ib).

Transient Results. Under transient conditions, permeability changes in the waste panel
influence mass flux to an exploratory borehole when the difference in permeability between the
waste and Salado Formation is less than about four or five orders of magnitude (Figure 4-3).

4.1 Cylindrical Model of Salado Brine Flow through Panel to Borehole

TABLE 4-1.

MAXIMUM REPOSITORY VOLUME ACCESSED BY BRINE AND CUMULATIVE
MASS FLUX IN 10,000 YR UNDER STEADY-STATE CONDITIONS

Gradient

Waste
Permeability

Access
Fraction^ b

Ap (MPa)

^Abase

^^ase

W^base

Pressure

a

b

Cumulative
Brine Flux3

4.1

1

0.55

0.49

1.9

1

0.26

0.25

8.5

10-3

0.98

1.00

8.5

10-4

0.94

0.95

8.5
8.5

10-5

0.66
0.19

0.64
0.15

10-6

10'13 m2Base case is kbase
TRACKER
Estimated by
=

10-21

^ase

=

O-47'
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10-17

=

2-59

10-16

x
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Figure 4-3. Variation of Transient Mass Flux to

a

Borehole as

a

Function of Waste Permeability.
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Although not affecting the relative importance of permeability changes discussed above, the
12
Salado Formation capacitance was varied between 7.8 x 10"
and 5.1 x 10-9 Pa-1 for transient
simulations in addition to varying waste permeability. With a smaller capacitance (smaller
compressibility), the pressure changes from initial conditions of 14.8 MPa move substantially
farther into the Salado Formation (Figure 4-4). This is analogous to sound (a pressure wave)
traveling much faster through steel (low compressibility) than air (high compressibility).

Varying capacitance has a profound effect on the amount of brine seeping from the Salado
Formation, through the waste, and into an exploratory borehole (Figure 4-5). The cumulative
fluxes over 10,000 yr plotted in Figure 4-5 were evaluated using a trapezoidal rule.
Because of the large variation in fluxes to the borehole when capacitance is varied, the amount
of waste accessed in these axisymmetric models varied greatly, also (Figure 4-6).

At the upper bound of capacitance (5.1 x 10-9 Pa-!) essentially the entire panel was accessed
(Table 4-2), while at the lower theoretical bound of capacitance (7.8 x 10-12 pa-1) a maximum
of only 54 percent of the waste was accessed using a cylindrical approximation of the waste
panel (Figure 4-6). (Calculations in Section 4.5 explore the influence of the panel shape upon
the access fraction.) As for the steady-state velocity fields, TRACKER was used to evaluate
A neutrally buoyant particle in the
these access fractions in the transient velocity fields.
a
typical exponential velocity increase as it approached the borehole
transient velocity had
(Figure 4-7).
Table 4-2 tabulates several values from Figure 4-6. It also shows the minor influence of the
initial pressure within the waste on access times and the cumulative flux (Q). As discussed
further in Section 4.3, provided the waste permeability is high, the time for the waste to
equilibrate with the borehole is very short and has only a small effect on the cumulative flux.

Figure 4-6 clearly shows that if engineered modifications to the waste are required, they must
reduce the permeability to within four orders of magnitude of the Salado Formation before
reducing brine passing through the waste. (However, reducing permeability is not the only
purpose of an engineered modification. For example, engineered modifications that reduce the
solubilities and leach rates of contaminants in the waste can greatly reduce contaminant
movement from the disposal area without reducing permeabilities to such low values.)
In summary, if the pressure gradients specified for this simulation are valid (14.8 MPa in the
far field and 6.3 MPa at the borehole) (pressure gradient reversed from the Two-Dimensional
Model of Brine Flow to Shaft, Section 3.1), modifications that reduce the waste permeability to
within four orders of magnitude (and preferably three orders) of the Salado Formation
permeability can significantly reduce the potential brine flux into an intrusion borehole.

4.1
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Figure 4-7.

Radial Distance versus Time for Neutrally Buoyant Particle in Transient Velocity Field for
Capacitance of 7.8 x 10-12 Pa-1 as Calculated by TRACKER.

TABLE 4-2.

MAXIMUM REPOSITORY VOLUME ACCESSED BY BRINE AND CUMULATIVE
MASS FLUX IN 10,000 YR UNDER TRANSIENT CONDITIONS FOR SALADO
CAPACITANCE OF 5.1 x 10-9 Pa-1

Initial

Waste
Permeability

Fraction

Access Times
for Entire Panel

Cumulative

Waste Pressure
Pi (MPa)

k(m2)

of Panel*

(yr)

M(kg)

14.8

10-19

0.12

—

7.15 x105

14.8

10-17

1.00

7000

1.57X107

14.8

10-13

1.00

4500

1.99X107

6.3

10-13

1.00

4800

1.82 x107

Volume

Brine Flux

From TRACKER

101

Chapter 4; Human Intrusion Models

4.2 CYLINDRICAL MODEL OF EFFECTS OF ANHYDRITE LAYERS ON SALADO
BRINE FLOW THROUGH PANEL
PURPOSE

When flow is modeled for disturbed and undisturbed conditions, the Salado Formation is
frequently treated as hydrologically homogeneous. However, the Salado Formation is composed
of halite with thin interbeds of polyhalite, clay, anhydrite, and other minerals. Results of
recent experiments at the WIPP indicate that far-field anhydrite permeability may be higher
than the permeability of intact halite in the Salado Formation (Beauheim, 1990). Therefore, the
amount of fluid entering the borehole from the panel may differ from previous estimates where
a homogeneous Salado Formation was assumed.
The purpose of this model is to estimate the
potential influence of hydrologic inhomogeneity on brine inflow through a panel as the result of
penetration by an exploratory borehole.
SUMMARY

The tendency of anhydrite beds near the panel to act as a drain, diverting brine around the
repository, or as a funnel, diverting brine to the repository, depends critically on the relative
permeabilities of the anhydrite immediately above or below the repository and the waste. If, in
the long term, anhydrite permeability above and below the repository remains high (e.g.,
>10~14 m2 r>io mD]) as expected, very little brine inflow from the anhydrite into the panel
would occur if an exploratory borehole penetrated the repository. Brine inflow through the
waste is, in this case, substantially less than brine inflow through the waste assuming
homogeneous halite.
If, however, strain-induced fractures in the anhydrite layers above or
below the panel close or fill to the degree that anhydrite permeability is less than waste
permeability, virtually all flow approaching the borehole through the anhydrite would divert
through the panel.

Although the relative rates of flow in the panel and anhydrite discussed above depend on the
relative permeabilities of the two materials, the amount of brine approaching the borehole from
the far field through the anhydrite interbeds depends on the permeability of the anhydrite. As
a conservative
example, a uniform anhydrite permeability of lO"^ m2 (10~3 mD) (below the
the
in
and
waste
far field) produced an enhanced Salado Formation drainage rate in the far
a
field along with
strong tendency for anhydrite fluid to discharge through the waste. Total
brine inflow through the panel, in this case, exceeded the predicted inflow from a uniform
halite formation by a factor of about two. However, if the anhydrite layer permeability is
greater than the waste permeability because of expected fracturing, the majority of flow
remains confined within the anhydrite, reducing the flow through the repository by more than
an order of magnitude.

Over the range of permeabilities considered, the amount of brine inflow was virtually
insensitive to the permeability of the halite that separates the repository from the anhydrite.
ANALYTICAL MODEL DESCRIPTION AND RESULTS

Figure 4-8 shows a schematic cross section through a repository panel, neighboring strata, and a
penetrating exploratory borehole (see also Figure 1-4). The exploratory borehole is assumed to

4.2 Cylindrical Model of Effects of Anhydrite Layers on Salado Brine Flow through Panel

TRI-6334-188-0

Figure 4-8.

Schematic Diagram of Stratigraphy Surrounding Repository Panel Showing Potential
Discharge Paths to an Exploratory Borehole.

provide a drain for the Salado Formation, inducing convergent radial flow in the Salado
Formation and the repository. Depending on the duration of drainage, the borehole may
produce pressure gradients at great distances from the repository. With the assumption of
relatively high anhydrite permeabilities, drainage of the Salado Formation may be expected to
occur primarily through these strata. Near the repository, flow in an adjacent anhydrite bed
(e.g., MB139) may enter the borehole either through the anhydrite (Path 1, Qi) or through the
waste (Path 2, Q2).

Whether flow near the repository would preferentially travel on Path 2 depends on the effective
hydrologic permeability of anhydrite versus waste. Simplified one-dimensional approximations
of Paths 1 and 2 were developed to explore the conditions under which anhydrite flow might be
diverted through the waste. The corresponding expressions for permeability allow the relative
amount of flow through Path 2 to be estimated in terms of the permeability of the anhydrite,
halite, waste, and borehole.
Figure 4-9 shows a schematic of the simplified diversion fraction model. The flow system is
assumed to be radially symmetric.
Because the exploratory borehole is the only disturbance,
flow in the natural strata, provided the strata are homogeneous (see Figure 1-4), should satisfy
this assumption. The complex geometry of the repository panel precludes radial flow; however,
for the purposes of identifying sensitive parameters and producing order-of-magnitude
estimates of flow rates corresponding to specific parameter values, the radial idealization
represents the repository adequately (see Section 4.5).
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Figure 4-9. Simple Analytical Model for Potential Discharge Paths to an Exploratory Borehole.

4.2 Cylindrical Model of Effects of Anhydrite Layers on Salado Brine Flow through Panel

Figure 4-10 presents the diversion fraction (ratio of flow diverted through the waste to total
anhydrite flow) calculated using this simplified model, as a function of relative anhydrite
permeability. Three values of relative Salado Formation halite permeability are considered;
vertical permeability of the Salado Formation halite that separates the repository from the
anhydrite is assumed to have been increased by deformation during closure. The results show
that for anhydrite permeability (directly under the waste) less than waste permeability, flow
entering the repository region through the anhydrite bed is diverted through the waste. In this
situation, Path 2 is the path of least resistance to the borehole, regardless of the permeability of
the intervening halite. For the expected case of anhydrite permeabilities larger than the waste
permeability. Path 1 is the path of least resistance, and the majority of anhydrite flow remains
confined within the anhydrite.

Q0.
0

I

Q

Relative Anhydrite Permeability (k^/kp)
TRI-6334-190-0

Figure 4-10.

Analytical Estimates of Diversion Fraction as
Three Values of Relative Halite Permeability.

a

Function of Relative Anhydrite Permeability for
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NUMERICAL MODEL OF FLOW DIVERSION NEAR PANEL

To supplement the results of the analytical model discussed above, a steady-state numerical
model (SUTRA) was built to represent the near-repository flow system. The cylindrical
SUTRA model included the lower half of a panel, an anhydrite layer with sub-repository depth
and thickness corresponding to MB 139, and 40 m (130 ft) of underlying Salado Formation
halite. The wellbore was explicitly included and assigned a permeability of lO"^ m2 (10^ mD).
Pressure at the upper surface of the borehole was fixed at 6.3 MPa; the far radial boundary, at
a distance of 200 m
(660 ft) from the borehole, was held at a pressure of 14.8 MPa (Figure
4-11). To explore the influence of anhydrite layers other than those immediately adjacent to
the repository, some simulations included a second high-permeability layer along the base of the
model. The effect of enhanced anhydrite permeability beneath the panel was also simulated.
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Figure 4-11.

Geometry and Boundary Conditions for Diversion Fraction Finite-Element Model Assuming
Steady-State Conditions.

4.2 Cylindrical Model of Effects of Anhydrite Layers on Salado Brine Flow through Panel

Table 4-3 lists the hydrologic parameters and corresponding volumetric flux rates through the
Panel flux rates were estimated from interstitial
system as a whole, and through the panel.
velocities calculated by SUTRA at the center of each element. The results confirm the
conclusions from the analytical model: If the anhydrite permeability is lower than the waste
permeability, the majority of flow approaching the repository through the anhydrite is diverted
into the waste; if the anhydrite permeability is larger than the waste permeability as expected,
flow remains confined to the anhydrite.

No change in panel flow was seen when the vertical permeability of the sub-repository halite
was reduced from 10~18 m^ (10~^ mD) to the expected halite permeability of 3 x 10~^ m2
(3 x 10~6 mD). However, reducing the vertical permeability of the repository floor did slightly
decrease total flow (Qt) through the system, producing an unrealistic result of increasing
Panel flux rates were
diversion fraction when decreasing sub-repository halite permeability.
derived from average element velocities and are consequently approximate. The relative error
in this approximation of panel flux is evidently greater than the relative change in repository

flux.
second anhydrite layer 40 m (130 ft) below the base of the repository produced a
slight increase in both the overall flux and the panel flux. Comparing the differences in total
flux and panel flux suggests that approximately 60 percent of the flow in the lower anhydrite is
diverted through the waste, but that the flow rate in the lower anhydrite is about 18 percent of

Including

a

the flow rate in the upper layer (Table 4-3).

This difference in flow rates within the upper and lower anhydrite layers is caused by the
differences in effective radius of the borehole (sink) for these two layers. To elaborate, for the
lower anhydrite layer, the effective radius (radius where flow resistance is significantly reduced)
of the sink is the borehole radius (-0.17 m [0.56 ft]). For the upper anhydrite layer, the
effective radius is the radius of the panel (-61 m [200 ft]). This is true for the upper anhydrite
layer whether flow is diverted through the waste (because of the decreased permeability of the
anhydrite layer), or flow is confined to the anhydrite layer (because of increased permeability
of the anhydrite layer). These percent differences in effective radius of about 99.7 percent
cause percent differences in flow rate of about 82 percent.
NUMERICAL MODEL OF FAR-FIELD FLOW FROM HETEROGENEOUS SALADO

The relative amount of anhydrite flow diverted into the panel is controlled by hydrologic
the permeabilities of the waste and of the anhydrite immediately
properties near the panel:
beneath the waste. The amount of brine reaching the panel is controlled by the far-field
characteristics of the anhydrite interbeds and halite of the Salado Formation. To estimate this
volume of brine reaching the near-repository flow system under transient conditions with
capacitance equal to 5.1 x 10~9 Pa~^, three regional models were constructed. The first two
models documented the decreasing importance of distant anhydrite interbeds on the total flow
reaching the near-repository flow system. The third model evaluated how well representing the
flow as the sum of three interbeds (a major simplification) bounded the first two more-detailed
models. The first two models are discussed first.
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TABLE 4-3.

PARAMETER DESCRIPTIONS AND CORRESPONDING FLUXES AND
DIVERSION FRACTIONS FOR THE STEADY-STATE LOCAL NUMERICAL
MODEL

Lower

Sufc•-Repository

Total

Repository

Anhydrite

Halite

Flux

Flux

Permeability, k

Per meability, k

Rate

Rate

Diversion

(m2)

(m2)

(m2)

(m3/s)

(m3/s)

Fraction

10-18

2.28x10-8

2.23x10-8

0.98

throughout

Not
Included

ky=

10-18

10-18

kh

2.68x10-8

2.47x10-8

0.92

throughout

throughout

kv

10'12 below

Not

kh

2.9x10-8

repository
10-18
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-0

-0

kv
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10-18

kh

3.44x10-8

repository
10-18

throughout

kv

-0

-0

3x10-21

2.23x10-8

2.23x10-8

kh= ky= 3x10-21

2.63x10-8

2.47x10-8

Upper
Anhydrite

Permeability,

k

kh

3x10-21*

=

IxlO-^**

=

=

3x10-21

=

1x10-18

=

3x10-21

=

1x10-18

=

3x10-21

=

1x10-"'8

elsewhere

elsewhere

*

10-18

Not

throughout
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10-18

10-18

throughout

throughout
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4.2 Cylindrical Model of Effects of Anhydrite Layers on Salado Brine Flow through Panel

a repository panel, the first model includes MB 139 and a lumped representation of
anhydrite layers "a" and "b," the most likely sources of leakage into the panel (Figure 4-8). The
second model added two more anhydrite beds, arbitrarily placed 40 m (130 ft) from MB139 and
the overlying composite anhydrite layer. The resulting average flux rates into the panel over
10,000 yr were 1.66 n^/yr (60 ft^yr) for the first model, and 1.65 m3/yr (60 ft^yr) for the

Besides

The results are practically identical for the two different models:

one with and one
without distant interbeds. As discussed in the previous section, the potential contribution of
more distant interbeds to the near-repository flow system is much less than nearby interbeds
owing to the decreased effective drain radius, and therefore decreased interbed flow.

second.

By way of comparison, the average inflow rate over 10,000 yr was 0.91 m3/yr (30 ft3/yr) from
a SUTRA model of transient drainage into a
repository panel from a homogeneous Salado
3
10-21
x
(3 x 10-6 mD) and capacitance of 5.1 x
with
isotropic
permeability
of
an
Formation
10~9 pa-1 (Section 4.1). Consequently, the calculations of this section suggest that if a waste
panel is penetrated by an exploratory borehole, the maximum impact of a preferential path of
flow through interbeds within the Salado Formation would be to increase the fluid flow through
the panel by a factor of about two. Recall, however, that this prediction of enhanced repository
throughflow occurs only if long-term permeabilities of anhydrite layers directly above and
below the repository approach undisturbed values through fracture filling and closure. If the
anhydrite permeability increases locally as expected, brine flow through the waste, in the event
of penetration by an exploratory borehole, is only about 0.063 m3/yr (2.22 ft3/yr) (14 times less
flow through the waste than for the model with a homogeneous Salado Formation) (Section 4.1).

The third model is a bounding estimate of total repository flow. It approximates the total
repository flow as three times the flow from a generic anhydrite layer. The three separate
interbeds represented were MB139, a composite anhydrite layer of layers "a" and "b," and a layer
representing the more distant layers. SUTRA was used to simulate the transient drainage of a
single anhydrite bed bounded above and below by halite, and having an effectively infinite
As discussed in the above section, the presence of the panel increases the
outer radius.
effective borehole radius in near-repository anhydrites to approximately 61 m (200 ft). A
fixed-pressure boundary was consequently imposed at a radius of 61 m (200 ft). Because the
represented anhydrite was intended to be typical of anhydrites found near the elevation of
WIPP, the anhydrite thickness and bounding halite thickness were chosen to be 0.42 m (1.4
and 10 m (33 ft), respectively. The expected Salado Formation permeability of 3 x 10-21
(3 x 10-6 mD) was used; the anhydrite was assumed to have a permeability of 10-18

the

ft)
m2
m2

(10-^ mD). The model calculated an average flow rate of 0.61 m^/yr (20 ft^/yr) over the
10,000 yr duration of the simulation. Hence, the average panel flow rate calculated by this
grossly simplified model is 1.8 m^/yr (70 ft^/yr).
Consideration of near-repository stratigraphy (Figure 4-8) shows that MB139 and
are the most likely sources of brine inflow in the repository. As discussed in the
steady-state diversion fraction, potential contributions of more distant anhydrites
flow are expected to be less than contributions of near-repository anhydrites
decrease in effective drain radius, and therefore total anhydrite flow.

anhydrite "b"
estimation of
to repository
owing to the
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POSSIBLE FUTURE WORK
Possible extensions of the work described in this section are as follows:

First, in estimating the effect of preferential flow through anhydrites, the far-field permeability
of all anhydrite beds was assumed to be 10" !^ m2 (10~3 mD). The selection of this
permeability is arbitrary; sensitivity analyses should be conducted to explore the variation of
diversion fraction and anhydrite flow rate with permeability.
Second, all transient simulations used a large matrix compressibility of 10~9 Pa"1 to facilitate
comparison of results of homogeneous versus nonhomogeneous idealizations of the Salado
Formation. While total flow in both models may be expected to vary with compressibility, the
Sensitivity analyses should be
degree of variation may not be the same in both cases.

performed.

Finally, to assess the importance of differences in repository flow between the homogeneous and
nonhomogeneous idealizations of the Salado Formation, the distribution of brine inflow, in
addition to the total brine inflow volume reported here, should be considered. The cylindrical
representation of the waste panel may not be appropriate for this purpose.

4.3 Cylindrical Model of Flow from Brine Pocket through

4.3 CYLINDRICAL MODEL OF FLOW FROM BRINE POCKET THROUGH

A

a

Room

ROOM

PURPOSE

The purpose of this model was (1) to estimate the volume of brine that would circulate through
a room from a brine pocket following degradation of plugs and (2) to compare this volume to
the volume of brine inflow from the Salado Formation as an indirect measure of the potential
amount of waste that could be transported up the borehole. This model is based on the
hypothesized sequence of episodes for the human intrusion scenario. El, that was presented in
Section 2.2. Current assumptions regarding flow and transport mechanisms in the Salado and
Castile Formations, and current estimates of parameters of the corresponding Darcian flow
model, are used.

SUMMARY

The flow field in the room, created by plug degradation and upward flow through the borehole,
net flow from the repository resulting from
was assumed to consist of three components:
the
depressurization; circulation of brine through
repository, induced by pressure gradients
along the borehole; and brine inflow from the Salado Formation to the borehole through, the
repository.

Depressurization of the room was estimated to expel 3 m3 (106 ft3) of room pore fluid using
expected parameter values. Hence, depressurization of a room is not an important cause of
contaminant transport to the borehole.

The outflow volume associated with room depressurization is proportional to waste capacitance,
effective pressure change, and room volume, and therefore equally sensitive to each. The least
certain of these parameters is capacitance of the room waste, which was estimated from an
assumed waste compressibility of 10~9 Pa'l.
The volume of brine-pocket fluid circulated through the repository was estimated to be in the
range of 0.006 and 120,000 m3 (0.2 to 4,000,000 ft3) with corresponding volumes through which
fluid circulates as a result of borehole diversion (access volumes) ranging between 0.03 and 240
m3 (1 to 8,800 ft3). These wide ranges reflect the uncertainty in estimates of permeabilities.
Using expected permeabilities, the volume of brine pocket flux diverted through the waste is
about 1,200 m3 (42,000 ft3), and the volume of waste through which this brine flows is about
120 m3 (4,000 ft3), or less than 10 percent of the room.
The analysis suggests that the
parameters affecting the circulating volume are capacity of the brine pocket and waste/borehole
permeability ratio.

From simulations in Section 4.1, brine inflow from the Salado Formation was estimated to
introduce an average of 0.11 n-^/yr/panel (3.5 ft^yr/panel) to the borehole (-1,100 nr^/panel
[39,000 ft^panel] over 10,000 yr). Consequently, borehole diversion and Salado Formation
brine inflow would be expected to independently introduce approximately 1,150 m3 (41,000 ft3)
of contaminated brine into the borehole over 10,000 yr, and, operating in conjunction,
introduce less than double that amount. Although Salado Formation brine inflow contributes a
similar fluid volume, the greater waste volume through which this fluid flows and the more
uniform distribution of flow is expected to result in more brine contamination.
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MODEL DESCRIPTION

Under the human intrusion scenario described as El, mechanisms that might introduce
radionuclides from the repository into the borehole following plug degradation include (Figure
4-12): (a) release of repository fluid by depressurization, (b) circulation induced by pressure
gradients in the borehole (borehole diversion), and (c) brine inflow from the Salado Formation,
through the repository, into the borehole.
Response of the system to plug degradation would occur over a wide range of temporal and
spatial scales. Some mechanisms might operate only immediately after plug degradation, such as
depressurization in the repository. Others, such as borehole and brine inflow from the Salado

Formation, might be active over much longer periods.

The possible effects of the operation of these mechanisms were estimated using the following
schematic model (see Figure 4-13):
1.

The Castile Formation brine pocket, repository room, Salado Formation, and Culebra
Dolomite were assumed to be radially symmetric around the exploratory borehole. The
cylindrical idealization is appropriate for two reasons. First, it allows relative simple
numerical and analytical models to be used so that sensitivity analyses (in this report,
parameter variations) can be easily performed. Second, properties of the Castile Formation
brine pocket were originally derived using a cylindrical conceptual model; thus, the model
for the brine pocket remains consistent. Finally, uncertainties in the hydraulic properties of
the waste material do not warrant an exact representation of the room geometry.

2.

The borehole, repository room, Salado Formation, and Culebra Dolomite were assumed to be
homogeneous and isotropic. The Castile Formation brine pocket was assumed to be divided
into three distinct concentric homogeneous regions, as indicated by the flow and shut-in
tests at WIPP-12 (Lappin et al., 1989). Large uncertainties are associated with the hydraulic
properties of most of the above components. The effective exploratory borehole
permeability is assumed to increase from zero (after the placement of plugs at the brine
pocket, below the McNutt Potash Zone, at the top of the Salado Formation, and possibly
throughout the Rustler Formation), to some finite value, corresponding to the permeability
of silty sand (regulatory upper limit), over a period of 75 yr.

3.

The scenario involves flow of brine-saturated fluid from the Castile and/or Salado
Formations through the borehole. All fluids are therefore assumed to be at a constant
density, corresponding to the estimated density of Castile Formation brine. Major ion
transport and flow induced by density gradients are ignored.

4.

Mechanisms of brine/waste interaction, radionuclide mobilization, transport, and retardation
Estimates of the consequences of flow through the waste are made
are not considered.
(conservatively) in terms of advective transport of neutrally buoyant particles. Estimates of
transported waste are derived exclusively from the repository flow field.

Although not attempted here, it may be possible to improve upon this upper bound for borehole permeability because of
numerous old borehole plugs that are present in the WIPP site and the WIPP region.
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Figure 4-12.

Conceptual Model of Repository Flow Field Considered in Calculation of Access Fraction
from Brine Pocket Flow.
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Figure 4-13.

Schematic Diagram of the Geometry Used for Calculating Access Fraction from Brine Pocket
Flow.
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MODEL IMPLEMENTATION

An estimate of the fraction of waste accessible to brine requires an accurate definition of fluid
velocities within the repository room. For flow field must therefore be defined over both the
short- and long-term, with locally high resolution and large extent. Because of concurrent
requirements for resolution, scope, and efficiency, a single numerical implementation of the
conceptual model did not prove practical.

Therefore, the dynamic behavior of each component of the model was first considered
independently, in order to understand which processes control the system response at various
A simple
times, and to develop legitimate approximate representations of those processes.
analytical model was used to identify the time constants associated with transients in each
component, induced by changes in boundary pressure, over the range of hydraulic properties
(permeability and capacitance) considered before developing numerical models.
Flow in each component was assumed to be governed by the diffusion equation,
2
v

H

1

3H

d

3i

-

k
d

'

(4-5)

-

^

where
c

=

d

=

H

=

k

=

p

=

z

=

p,

=

7

=

capacitance (Pa~1)
hydraulic diffusivity (m2/s)
hydraulic head (m)
p/7+z
=

permeability (m.2)
pressure (Pa)
depth (m)
fluid viscosity (Pa-s)
specific weight (kN/m3).

Solutions of which can be expressed as (Ozisik, 1968)
2

H(x,t)

=

^
m—1

if,

a

mm

(4-6)

(x)e'ym td

where
a^i

=

constants required by the initial/boundary conditions

x

=

spatial position

;Cm

^n(x)

=

=

eigenvalue
eigenfunctions appropriate for the given geometry and boundary conditions.

The time constant of solution H(x,t) is defined

as the

characteristic time associated with the

smallest eigenvalue:

'°

x^

(4-7)
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The three brine pocket zones, the repository room, and the Culebra Dolomite were idealized as
The borehole was considered to be a homogeneous
homogeneous isotropic hollow cylinders.
with
fixed
one-dimensional region,
pressure boundaries in the Castile Formation and Culebra
Dolomite. General considerations used in estimating values of d and ^ are discussed below.
Specific values for each component are summarized in Table 4-4.
Eigenvalues. Transcendental expressions for eigenvalues corresponding to the geometries and
boundary conditions considered here have been taken from Ozisik (1968). The eigenvalues are
the positive roots of

v^

•v^
J,'(r^)

(4-8)

Y^'(r^)

where

JQ^)' ^o\x)

Bessel function of 1st kind and its derivative, respectively

=

r^

Borehole radius
Room radius

=

=

r;.

Yo(x)> YO'^)

Bessel function of 2nd kind and its derivative, respectively.

=

In general, boundaries between components were assumed impermeable from the higherpermeability side, and to impose a fixed potential on the lower-permeability side. The borehole
was assumed to impose a fixed potential in the Culebra Dolomite, repository, and zone 1 of the
Castile Formation brine pocket.
Specific Storage. In the absence of a direct measurement, the specific storage (Sg) was
estimated from Jacob's relationship (Lohman, 1972) for confined aquifers, converted to
appropriate SI units (virtually identical to the expression used in SUTRA):
S

-

S

-yc

=

-jW

+
J-

a/3)

(4-9)

o

where
a

=

c

=

/3f

=

dimensionless constant, equal to porosity in cemented aquifers, or 1 in unconsolidated

materials (Lohman, 1972)
capacitance
compressibility of fluid (brine)
compressibility of the solid matrix

^g

=

7

=

specific fluid weight/unit area

(f>

=

porosity.

=

py/g

In all such calculations, brine density was assumed to be 1,200 kg/m3 (75 Ib/ft3), and brine
compressibility to be 2.7 x 10~10 Pa~l.
Hydraulic Conductivity. Hydraulic conductivity (K) was estimated from the expected range of
permeability (k) values for each component assuming a fluid density (p) of 1,200 kg/m3
(75 Ib/ft3) and a viscosity {p.) of 1.6 x 10-3 Pa-s.
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MAXIMUM RANGE OF CHARACTERISTIC TIMES AND INTERMEDIATE
PARAMETER VALUES FOR COMPONENTS OF THE CYLINDRICAL MODEL

TABLE 4-4.

OF FLOW FROM A BRINE POCKET

4'

I<

Model

(n--2)

Component i

5.0

x

10-15

3.0

x

10-13

Ps

a*

(Pa-1)

1.6x10-2

N/A

N/A

Ss
(m-1)

1.0x10-S**

X

d

(m2•/S)
4.0

x

10-2

(m

Borehole

Room

1.0x 10-13
1.0x 10-12
1.0x 10-11

2.0x10-1

1.0x 10-18
1.0x 10-15
1.0x 10-13

1.8x10-1

1.0x10-8*

1.0x10-9*

1

1

1.2 x10-4

1.2x 10-5

1.0x 10-23
Salado

3.4

x

10-21

1.0x 10-13
1.0x 10-11
1.0x 10-9

1

2

Zone

Castile

5.4 x10-9

1

6.4x10-5

*

1.0x10-3
5.0

x

10-3

N/A

N/A

1.0x10-5***

1.0x10-2

5.0x10-3

10-19

1.0x10-3
5.0x10-3
1.0x10-2

x

10-3
10-2

7.0

x

10-1

6.0

x

10-7

6.0

x

10-4

6.0

x

10-2

x

10-5

9x106
3x 108

2.4

x

10-4

1.3x1010

4.5

x

10-3

5x104
5x105
5x 106

4.5

x

10-2

1.0x10-3
N/A

N/A

10-5***

1.0x 10-2

N/A

1.0x10-5***

8.3

x

105

1.8x 108
3.9

x

10-4

2.0

x

10-3

2,1x1012
6.4x1014
5.5x1018

8.0

x

10-2

5.6

x

10-4

4.0

x

102

8.0

x

10°

5.8

x

10-3

4.0

x

1Q4

8.0

x

101

5.9

x

10-3

4.0

x

107

5.2

x

10-4

2.6

x

10-3

1.5x 1Q4
1.5 x106
4.0 x 109

5.4

x

10-4

5.0x1012

1.4x 10-3

3.0x1013

8.0

x

10-4

8.0

x

10-2

8.0

N/A

8.3x103

3.9x10-1°
1.2x 10-7

1.0x 10-15
1.0x 10-13
1.0x 10-11

1.4

x
x

1.2x10-12
1.0x10-3

1.0x 10-18

Zone

7.0
7.0

(s)

4.4

Culebra
2

tc

-11)

x

10°

1.0x 10-7

Assumed value

** WIPP-13 pump test analysis

*** Lappin
N/A

=

et al., 1989, p. 3-145
Not applicable, estimate of Ss available
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Characteristic Times. The characteristic time represents the time required for the component to
respond to changes in boundary pressure. A summary of the characteristic times reported in
Table 4-4 for each component, including extreme values from the ranges of properties
Changes in boundary pressure would be produced by
considered, is shown in Figure 4-14.
degradation of borehole plugs and depletion of the Castile Formation brine pocket discussed
below.
Because plug degradation is assumed to take place over a period of 75 yr (2.4 x 1()9 s) (Lappin
et al., 1989, Appendix C), the comparatively short duration of transients in the Culebra
Dolomite, borehole, repository, and brine pocket suggests that degradation will produce a
succession of quasi steady-states in these components.

Characteristic time to depressurize the brine pocket because of brine depletion may be estimated
by
t

n

=

c

—

(4-io)

%
where

ID
0

=

=

average depletion discharge rate (m3/s)
total brine pocket volume (m3).

Depletion rate is given by Darcy's law:
^D

°

V^

(4-11)

where

AB

=

K-b

=

i

=

borehole cross-sectional area (m2)
hydraulic conductivity (m/s)
hydraulic gradient.

Using the expected hydraulic conductivity and the expected initial hydraulic gradient results in
an upper bound for the expected average depletion rate of 2.1 x 10-7 m3/s (7 x 10~6 ft3/s) (see
also Lappin et al., 1989, p. E-13). The WIPP-12 brine pocket has an estimated capacity of 3.5
106 m3 (1.7 x 107 barrels) (Lappin et al., 1989, p 3-134), giving an estimated time of 1.7 x
x
lO^ s (-5.3 x 10^ yr) to depressurize the brine pocket. (Note that these calculations use the
estimated capacitance of the WIPP-12 borehole of 10~5 Pa~1.)
Comparing the expected
duration of depressurization to the time constants in Figure 4-14 suggests that brine pocket
depressurization will also produce a succession of quasi steady-states in the Culebra Dolomite,
borehole, repository, and brine pocket.
SIMPLIFYING APPROXIMATIONS AND CALCULATIONS MADE BASED ON CHARACTERISTIC TIMES

Relative values of component characteristic times and the characteristic times associated with
plug degradation and brine pocket depletion suggest the following simplifications in estimating
the effects of the repository flow components discussed above.
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Figure 4-14.

Estimated Characteristic Response Time in Seconds of Each Model Component to Stress
Changes at the Region Boundary for Flow from a Brine Pocket.
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The small time constant for a repository room relative to the
Repository Depressurization.
expected duration of degradation, the expected duration of brine pocket depletion, and the
characteristic time of the Salado Formation, all imply that pressure in the repository room may
be considered to be in equilibrium with repository boundary stresses over the time scale of
interest. The volume of water expelled because of depressurization between any two times can
therefore be approximated from the difference in the average room pressures in equilibrium

with the boundary pressures.
The average pressure in the repository room may be expected to vary as the plugs degrade and
the brine pocket is dissipated. Consideration of the maximum estimated brine pocket pressure
(17.4 MPa) and the difference in elevations for the repository and brine pocket suggests that
connecting the repository to the brine pocket will produce a maximum repository pressure of

Pr

Po

=

T^2

-

(4-12)

=14.1

MPa

Average room pressure is therefore assumed to decrease monotonically from lithostatic to the
discharge pressure in the Culebra Dolomite of 1.23 MPa. The total volume expelled as a result
of depressurization (Q^) is given by

^

"r^r

°

(4-13)

where
Sg

AHr
Or

specific storage (m~l)
change in hydraulic head between initial and final room states (m)
room volume (m3).

=

=

=

This estimate assumes a constant volume Or ^d does not include any additional fluid expelled
as a result of any repository closure induced by depressurization.
Using Eq. 4-13, with Or
estimated as follows:
AHr
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=

=

-
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=
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The volume of the repository from which fluid is expelled may be estimated
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Salado Formation Brine Inflow. The time constants for the Salado Formation imply that brine
inflow to the borehole through the repository would be a long-term transient phenomenon
superimposed on the quasi steady-state flow field established by borehole diversion.
Qualitatively, the effect of superimposing brine inflow from the Salado Formation on the
circulation flow field in the room induced by borehole fluid will be to confine a greater portion
of the borehole fluid to the borehole, consequently reducing the diversion fraction.

In Lappin et al. (1989), the steady-state Salado Formation brine inflow rate was estimated as
1.0 m^/yr/room (3.5 ft^/yr/room) with a corresponding panel brine inflow rate of 1.3 m3/yr
(45 ft3/yr). More detailed simulations of transient panel brine inflow, using a capacitance of
7.54 x 10~11 Pa~l, show an average panel inflow rate of approximately 0.11 m3/yr (3.9 ft3/yr)
(Section 4.1), the expected permeability values. Using a much larger capacitance, the inflow
averages about 0.91 m3/yr (32 m.3/yr) and could range between 0.063 and 1.6 m3/yr (2.2 and
56 ft^/yr) (Section 4.2). (Assuming that the transient room/panel inflow rate ratio is similar to
the estimated steady-state ratio, the transient room brine inflow rate is expected to average
0.084 mS/yr/room [3.0 ft3/yr/room].) This average inflow rate (-1,100 m3 [39,000 ft3] over
10,000 yr or 10 times final pore volume) has been used to examine qualitatively the effects of
brine inflow operating in conjunction with borehole diversion, and to provide upper bound
estimates on access fraction.
Borehole Diversion. Pressure gradients associated with borehole flow, are expected to induce
circulation of some portion of the borehole fluid, qr, through the waste, qr (see Figure 4-12).
Borehole flow is in turn created by depressurization of pressure in the brine pocket, and will
consequently vary with time. The problem has been addressed by the following considerations.

Recalling the relative time constants of the repository and borehole, and the fact that pressure
changes in the borehole result from pressure changes in the Castile Formation and Culebra
Dolomite, we may assume that, except for a brief transient associated with average pressure
decrease in the room, the repository pressure will be in equilibrium with borehole pressure at
any time.

Whatever the dependence of Qr on q^, we may assume that (given some constant material
properties), if q^ is changed, then the equilibrium values of both q^ and qr will change by the
same factor. Similarly, given a constant qt, if the borehole conductivity and waste conductivity
are changed together, the pressure difference between the top and bottom of the room will
change inversely, leaving q^ and qr unchanged. The ratio of the amount of flow through the
waste (qr) to the total flow (q^) (defined as the diversion fraction) therefore depends only on the
relative permeabilities of the borehole fill and waste.
Because the relative values of Qr and q^ depend only on the relative permeabilities of the
borehole fill and waste, the total volume of flow through the waste will depend only on those
permeabilities and the total volume of flow through the system. Total flow volume may be
estimated as the brine pocket capacity (e.g., Lappin et al., 1989, p 3-134), or from a limiting
flow rate and duration of drainage.

Note that the diversion fraction depends on the ratio of waste to borehole permeability.
Although we have an estimate of the upper bound on borehole permeability (Lappin et al.,
1989, Appendix C), the uncertainty in this value does not reflect the variability of permeability
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Because of the long
distance between expected plug locations and the repository elevation, the permeability of the
borehole fill adjacent to the room is expected to be relatively high. The proposed range of
effective permeabilities has been retained as a local estimate, providing a low estimate of local

within the borehole resulting from plug placement and degradation.

borehole permeability, and

a

corresponding high estimate of diversion fraction.

As discussed above, the access fraction resulting from borehole diversion can be estimated from
the total borehole flow and the steady-state diversion fraction associated with the

borehole/waste permeability ratio. SUTRA was used to estimate steady-state diversion fractions
for several values of the borehole/waste conductivity ratio. Figure 4-15 shows the model grid
and boundary condition locations.
Fixed-pressure boundaries were imposed at the top and
bottom of the borehole.
As described above, the diversion fraction is defined as the ratio of flow diverted into the waste
(Or) to total flow (q^) through the waste and borehole. Waste flow rate was estimated as the sum
of the element fluxes in the positive x direction over those waste elements adjacent to the
borehole. Table 4-5 presents the diversion fraction associated with five ratios of borehole
permeability to waste permeability. Figure 4-16 shows a log-log plot of the same results. The

At
range presented covers the possible ratios given the assumed permeability uncertainties.
ratios less than approximately 10, more than half of the system flow is diverted through the
waste. The diversion ratio approaches 1 as the permeability ratio decreases below 10. Above a
permeability ratio of 10, flow diverted through the waste does not significantly perturb flow in
the borehole, so that the borehole potential gradient is approximately uniform. Relative flow
through the waste therefore varies in proportion to relative waste permeability.
Table 4-6 presents the estimated flow volume through the waste associated with various
combinations of total flow from a brine pocket and diversion fraction. Note that the maximum
estimated diversion fraction of 0.85, associated with a permeability ratio of 1.0 is not compatible
with the maximum total flow from the brine pocket of 1.8 x 10^ m3 (64 x 10^ ft3) within the
range of parameters considered.

The WIPP-12 brine pocket capacity has been estimated at 3.5 x 106 m3 (1.7 x 107 barrels)
(Lappin et al., 1989, p. 3-134). The range of effective conductivities considered for the
borehole, however, will restrict the total flow during the period of regulatory interest to
something less than this value.
Upper bounds on total flow through the borehole used in
Table 4-6 for various combinations of parameters are estimated from the initial upward gradient
as

follows:
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Figure 4-15.

Model Grid and Boundary Condition Locations for Brine Pocket Calculation. Fixed-pressure
boundaries were imposed at the top and bottom of the borehole.
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TABLE 4-5. FLOW RATES AND ASSOCIATED DIVERSION FRACTIONS ESTIMATED WITH
SUTRA FOR FIVE BOREHOLE/WASTE PERMEABILITY RATIOS

Borehole
Run
ID

Diversion

Permeability

Waste
Permeability

qt

qr

(m2)

(m2)

(m3/s)

(m3/s)

10-11

10-12

10-18
10-13

2.67 x10-4
6.09 X10-5

10-12

10-15

2.71

10-13
10-13

10-13

2.32 x10-5

10-18

2.67 x10-6

x10-5

Fraction
=

5.15x10-1°
3.88x10-5
5.13 x10-7
1.98 x10-5
5.15x10-10

qr/qt

1.9x10-6
6.4x10-1
1.9x10-2
8.5x10-1
1.9x10-4

Permeability Ratio (kborehole ^waste)
TRI-6334-173-0

Figure 4-16. Steady-State Diversion Fraction versus Borehole/Waste Permeability Ratio.
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VOLUME OF FLOW DIVERTED THROUGH REPOSITORY FOR SELECTED
COMBINATIONS OF DIVERSION FRACTION AND BRINE POCKET DISCHARGE

TABLE 4-6.

VOLUME
Relative fPermeabilit /
•\
/k
(^boreho
Ie'"waste'
107

103

10'

1

Diversi on Fraction

Borehole
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Pocket
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Pressure

10,000-yr
Flow
Volume (Q(,)

(MPa)

(m3)

(m2)

(Figujre4-16)
1.9 x10-6

1.9

x

10-2

6.4X10'

1

8.5x10-'

Flow Volume Diverte d Through Repository
in 10,000 yr<q)(nnP)
X101

103

--

--

3.0 x103

5.7 x10"3

5.7

10-12

12.7

6.5 x104

1.2 x10'1

1.2X103

4.2 x104

X

10-12

17.4

1.8x10'

3.4x10"'

3.4 x103

1.2X105

x

10-"

17.4

1.8 x106

3.4x10°

3.4 x104

X

x
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=

=
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X
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x
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Expected Value
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In calculating the access fraction (or relative amount of waste
waste transport was assumed to occur through advection of neutrally buoyant
particles. Consequently, the amount of waste transported was a function of the flow
The appropriate measure of access fraction does, however, depend on whether
species is limited by solubility, or availability of waste.
Access Fraction.

mobilized),
nonreactive

field alone.
the mobile

Total flow through the repository, along with maximum solubility and initial inventory,
determine the access fraction for solubility-limited species. Transport of leachate-limited
species is controlled by the flow field "access volume," or room volume from which fluid is
Figure 4-17 illustrates the
accessed during discharge of the Castile Formation brine pocket.
region from which soluble species will be removed by flow from a brine pocket in a specified
time.
Because the repository flow field may be considered to undergo a succession of steady states,
each induced by a specific total flux, the flow field in the room will vary in magnitude, but not
in direction, as the brine pocket dissipates. The final position of a flow path beginning at any
point can therefore be described as a function of total flow through the room. The access

volume associated with an arbitrary sequence of quasi steady-state fields is therefore identical to
the access volume of a single steady-state field involving the exchange of the same fluid

volume.
Access volumes associated with the expected and extreme conductivity ratios were estimated as

follows:
•

The travel times from various radii along the center elevation of the room to the grid
boundary were estimated using TRACKER (Rechard et al., 1989).
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TRI-6334-172-0

Figure 4-17.

Schematic Diagram Illustrating the Region from which Soluble Species Will Be Removed by
Flow from a Brine Pocket in Specified Time, tp

4.3 Cylindrical Model of Flow from Brine Pocket through

•

•

The fixed-pressure boundary fluxes were used to calculate the time required to
reference total volume of fluid through the borehole/repository system.
The number of pore volumes circulated through the stream tube associated with
by the transfer of the reference volume was calculated using the ratio of the time
transfer the reference volume to the travel time associated with each flow path.
path may be thought of as an infinitesimal stream tube, and the travel time along
the time required to circulate one pore volume of fluid through the stream tube.

a

Room

pass

a

each radius

required to
Each flow
this path as

A

heuristic measure of how much of the repository is accessed by the discharge of the brine
pocket can be defined as the radius of the flow path that has a travel time equal to the time of
brine pocket discharge (defined as characteristic radius). As discussed above, the final location
of any particle subject to a succession of quasi steady-state flow fields is a function only of the
total volume passing through the system. A more general definition of the characteristic radius
is therefore:
the radius associated with the infinitesimal stream tube that exchanges one pore
volume in the course of discharging the brine pocket.

Figure 4-18 shows the ratio of the reference volume time (tg*) to two times the corresponding
travel time (2tr) of a particle release at the midpoint of the waste as a function of flow path
radius for the three conductivity ratios considered. (The reference volume time, tg*, is equal to
an arbitrary [reference] fluid volume divided by the steady-state discharge rate, and the travel
time, 2tr, was calculated by TRACKER.) The reference time/travel time ratio for a given
radius is identical to the number of pore volumes circulated through the stream tube associated
with this radius during the discharge of the reference brine pocket volume. The characteristic
radius for the discharge of the reference volume is therefore the radius associated with tg/2t
1. Discharge of a lesser volume will reduce the number of pore volumes passed through each
stream tube proportionally, e.g., the characteristic radius for a discharge of 1/lOth of the
reference volume is the radius associated with tg/2t
10.
=

=

Figure 4-18 can be used to estimate access volume and to explore the effects of the capacity of
the brine pocket on access volume.

4-17, the boundary of the accessed region does not lie along any
Identifying this boundary for a given conductivity ratio and discharge

As illustrated in Figure

particular pathline.
volume would entail iterative selection of multiple release points in order to approximate the
Because this procedure would be very time consuming when
curve of equal travel time.
repeated for each flow volume and conductivity ratio, the access volume was approximated from
the characteristic radius associated with twice the expelled pore volume (i.e., the position along
the center elevation from which a particle would just reach the borehole when the specified
volume is expelled), referred to as the access radius. Trajectories near the borehole (i.e., with
radii less than the repository height) appear approximately spherical. Those with greater radii
show significant vertical displacement near the maximum radius.
The access volume has
therefore been estimated as either the volume of the sphere or the volume of the right cylinder
with the radius defined above, depending on whether the access radius is greater than or less
than the final repository height of 2 m (6.5 ft).
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Figure 4-18.
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4.3 Cylindrical Model of Flow from Brine Pocket through
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Room

Table 4-7 presents the estimated access radii, access volumes, and access fractions corresponding
to the ranges of brine pocket discharge volumes and borehole/waste conductivity ratios. Note
that the upper limit of conductivity ratio implies a borehole permeability of 10 "13 m^ (1()2 mD)
given the range of waste permeabilities considered, and is therefore inconsistent with the
expected and upper limit discharge volume.
DISCUSSION

Table 4-8 presents a summary of the estimated ranges of repository flow volume and access
volume for the three components of repository flow considered.

The expected parameter values suggest that room depressurization is not an important cause of
contaminant transport to the borehole. The outflow volume associated with pressure dissipation
is proportional to waste specific storage, effective pressure change, and repository room volume,
and therefore sensitive to each equally. The least certain of these parameters is specific storage,
9
for which a maximum value of 5.1 x 10" Pa~l has been assumed in this analysis.
Borehole diversion and Salado Formation brine inflow would be expected to independently
introduce about 1,150 m3 (41,000 ft3) of contaminated brine into the borehole, and, operating
in conjunction, introduce less than double that amount. Although Salado Formation brine
inflow and borehole diversion contribute similar fluid volume, the more uniform distribution of
the brine inflow velocity field and the greater waste volume through which this fluid flows is
expected to result in more contained brine.

The analysis suggests that the parameters affecting borehole-diversion volume are brine pocket
capacity and waste/borehole permeability ratio. Uncertainties in important parameters produce
a large uncertainty in estimated behavior.
Borehole-diversion volumes ranging from 0.006 to
120,000 m3 (0.2 to 4,000,000 ft3) are consistent with the available data, with corresponding
access volumes ranging from 0.03 to 240 m3 (1 to 8,800 ft3). Using expected values, the total
repository volume through which fluid passes is estimated at approximately 120 m3 (4,000 ft3),
or less than 10 percent of the room volumes.
Although mechanical deformation of the components was neglected in this model, effects of
deformation should be considered in a more rigorous model. In particular, salt creep may cause
the exploratory borehole to close before plug degradation, or before the regulatory lifetime of
the facility, thereby eliminating or reducing fluid flow from the repository. Also, deformation
of the Salado Formation or Castile Formation may effectively increase long-term capacitance of
the Salado Formation, repository, or brine pocket. Finally, consideration of brine geochemistry
may reveal other important processes, such as gas exsolution accompanying depressurization, or
precipitation of salt along the borehole because of outgassing of the brine.

The slow repository flow rates associated with some parameter combinations suggest that
molecular diffusion may be as significant as advection in repository waste transport.
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ACCESS RADIUS, ACCESS VOLUME, AND VOLUMETRIC ACCESS FRACTION FOR
SELECTED COMBINATIONS OF BOREHOLE/WASTE PERMEABILITY RATIO AND BRINE

TABLE 4-7.

POCKET DISCHARGE VOLUME

Relative Permeability
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TABLE 4-8.

ESTIMATED ACCESS VOLUMES AND REPOSITORY FLOW VOLUMES ASSOCIATED
WITH THE THREE REPOSITORY FLOW FIELD COMPONENTS CREATED BY
EXPLORATORY BOREHOLE PLUG DEGRADATION IN 10,000 YR

Flow

Capture
Volume

Repository
Flow

Component

(m3)

(m3)

Pressure Dissipation

1.7x101

3.0

Borehole Diversion

3.0x10-2
1.2X102
2.4 x102

5.7x10-3

7.6x103

1.1

Brine Inflow

Boldface
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1.2

x1Q3

4.4 Characteristic Flow Times for the Cylindrical Models of Room and Panel

4.4 CHARACTERISTIC FLOW TIMES FOR THE CYLINDRICAL MODELS
OF ROOM AND PANEL
PURPOSE

Although panels in the repository are expected to be partially or entirely filled with gas for the
majority of their undisturbed lifetime, penetration of a panel by an exploratory borehole, and
subsequent failure of borehole plugs, will allow depressurization of pressurized gas and/or brine
in the repository through the borehole and discharge into the Culebra Dolomite. The purpose of
this model is to estimate the characteristic time of room and panel depressurization for both gas
and brine.

SUMMARY

The characteristic time of gas and brine depressurization for the room or panel was identified
from the pressure response at the outer boundary of the cylinder used to represent the room or
panel. The characteristic time was estimated as the time in which pressure changes by a factor
of (l-e~^)Apmax ^ere Ap^ax ls maximum pressure change. The expected characteristic time
for depressurization of gas through the borehole is 10^ s (1.2 days) for a room, or 2 x 10^ s
(-23 days) for a panel assuming a waste permeability of 10-15 m2 (1 mD). The characteristic
times for brine depressurization are 8.3 x 105 s (9.6 days) for a room or 1.5 x 10^ s (0.5 yr) for
a panel.
The characteristic times for brine depressurization are about 7.5 times larger than
characteristic times for gas depressurization. The room and panel characteristic times vary
inversely with waste permeability. Hence, a wide range in characteristic depressurization times
for the waste are possible, yet they will remain short in relation to 10,000 yr.
Characteristic times for all the numerical simulations lie between the analytical estimate using
bounding gas compressibilities, suggesting that an analytical solution of the linearized gas flow
equation may be a useful screening tool in other applications.
DESCRIPTION OF GRID AND BOUNDARY CONDITIONS FOR NUMERICAL MODEL FOR GAS

Both the room and panel were represented by cylindrical sections of equivalent volume. For the
gas calculations, the modified SUTRA code, as discussed in Section 3.3, was used to simulate
the flow of hydrogen through the repository. Because of the relatively high permeability of the
waste in comparison to the Salado Formation, the Salado Formation was assumed to act as an

impermeable boundary. The initial pressure was assumed to be lithostatic; the exploratory
borehole was assumed to impose a fixed-pressure boundary of 6.3 MPa (Figure 4-19). Figure
4-20 shows the grid used to represent the room.
ANALYTIC MODEL FOR GAS

In addition to the SUTRA simulations, an analytical model was used to estimate gas
depressurization characteristic times. As more thoroughly discussed in Section 4.3, the
characteristic time (tg) associated with transient pressure changes in constant-density, constantcompressibility fluids is (refer to Eq. 4-8 in Section 4.3)

t-————.d

(4-16)

x!
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Figure 4-19.

Schematic Diagram Showing Repository Region and Boundary Conditions for Evaluating
Characteristic Depressurization Times.

7.5

5.0

2.5
cc

j)

^

0.0

LU

-2.5 h

-5.0 h

0.0

2.5

5.0

7.5

10.0

12.5

15.0

Radius (km)
TRI-6334-247-0

Figure 4-20.

Mesh for Cylindrical Model of Room with Gas for Evaluating Characteristic
Depressurization Times.

4.4 Characteristic Flow Times for the Cylindrical Models of Room and Panel

where
d

=

'X\

=

hydraulic diffusivity
first eigenvalue of the pressure response.

For fluid compressibilities much larger than matrix compressibility, hydraulic diffusivity may
be expressed as (refer to Eqs. 4-6 and 4-10 in Section 4.3)
d

^

-

'--^

where
k

P{
ju

<p

=

=

=

=

permeability
fluid compressibility
viscosity

porosity.

Furthermore, for an ideal gas, fluid compressibility

is the reciprocal

of pressure (p).

Hence, the

analytic model is

t,

-

-^
pk^

(4-18)

In the present problem, fluid pressure varies between 14.8 and 6.3 MPa. Therefore, two
bounding compressibilities corresponding to these limiting pressures were considered.
The analytic model for the brine depressurization was similar and was already described in
Section 4.3.
VARIED AND CONSTANT PARAMETERS

The repository gas was assumed to be pure hydrogen with a constant viscosity of 9.7 x 10~6
Pa-s. Porosity was fixed at 0.18. Waste permeabilities of 10-18, 10-15, and 10-13 m2 (10-3, 1,
and 102 mD) were considered.
The exploratory borehole had a radius of 0.167 m (0.6 ft). The equivalent cylinders for a room
and panel had radii of 16 m (53 ft) and 60 m (200 ft). The first eigenvalues (y^) for the
pressure solution were then 0.045 m~l and 0.0104 m-1 for the room and panel, respectively.
RESULTS

Table 4-9 presents the characteristic times for gas depressurization identified from the SUTRA
simulations of the room and panel, as well as the analytical time constants for the bounding
values of compressibility. The expected room response time is about 10^ s (1.2 days). Expected
panel response time is about 2 x 10^ s (23 days). The characteristic time for the cylindrical
section (room or panel) was estimated as the time required for pressure at the outer radius to
decrease by a factor of (1
e'^Apmax where Ap^^x ls tne difference between the initial and
-

final pressures (i.e., 14.8

-

8.3

=

6.5 MPa).
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TABLE 4-9.

ESTIMATED GAS DEPRESSURIZATION TIME CONSTANTS FOR
SELECTED VALUES OF WASTE PERMEABILITY

Time Constant (s>)

Waste
Repository

Permeability

Region

(m2)

SUTRA*

Analytic

/3f= 1/14.8MPa

/3f= 1/6.3MPa

Room

10-18

1.13x108

5.82 x107

1.44x108

Room

10-15

1.13x105

5.82 x104

1.44x105

Room

10-13

1.13x103

5.82 x102

1.44x103

Panel

10-18

1.6 X109

1.09 x109

2.69 x109

Panel

10-15

2.06 x106

1.09X106

2.69 x106

Panel

10-13

1.6

1.09 x104

2.69 x104

x104

*As modified for gas flow simulation

Room response time varies inversely with waste permeability. The five order-of-magnitude
change in waste permeability examined in Table 4-4 is directly reflected in the change in
characteristic time. Characteristic times for all simulations lie between the analytical estimates
This result suggests that an analytical solution of the
using bounding gas compressibilities.
linearized gas flow equation may be a useful screening tool in other applications.
Table 4-10 presents the characteristic times for brine depressurization using the analytic
expressions developed in Section 4.3. The expected room response time is 8.3 x 10^ s (9.6 days).
Expected panel response time is 1.5 x 10^ s (0.5 yr). These response times for brine
depressurization are about 7.5 times larger than the response times for gas depressurization.

4.4 Characteristic Flow Times for the Cylindrical Models of Room and Panel

TABLE 4-10.

ESTIMATED BRINE DEPRESSURIZATION TIME CONSTANTS FOR
SELECTED VALUES OF WASTE PERMEABILITY

Repository

Waste

Analytic

Region

Permeability

Time Constant*

(m2)

(s)

Room

10-18

8.3x108

Room

10-15

8.3x105

Room

10-13

8.3

Panel

10-18

1.5x101°

Panel

10-15

1.5x107

Panel

10-13

1.5x105

*Solid compressibility (/?s)for waste assumed at 1

x

x102

10-9 Pa-1.
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4.5 TWO- AND THREE-DIMENSIONAL MODELS OF QUARTER PANEL
PURPOSE

The models described here focused on the brine inflow rate from the Salado Formation into the
disposal area in the event of long-term discharge through an exploratory borehole in either
scenario El or E2. The general purpose of the models described here was the same as for these
earlier analyses, namely, to refine the access fraction to a more realistic value (i.e., to more
accurately determine the maximum volume of waste through which a neutrally buoyant particle
can travel in 10,000 yr and still reach the borehole). The specific purpose here was to examine
the influence of the current panel shape on the access fraction. Earlier analyses on brine flow
to a borehole approximated a waste panel as a cylindrical disk (Section 4.1). Model refinements
are important because fluid flow rates in the borehole and concentrations of contaminants
depend on the flow conditions in the repository induced by the borehole.

The first refinement in the simulations described here was to use a two-dimensional model with
boundary conditions derived from the cylindrical calculations of Section 4.1. A few preliminary
results from these models were summarized in Marietta et al. (1989).
A

second refinement was to use a three-dimensional model. Although this latter refinement is
incomplete, some interesting preliminary results are presented.

SUMMARY

SUTRA was used

to estimate the access fraction using a two-dimensional model in the
horizontal plane. Vertical flux from the Salado Formation into the panel was included using
uniform source terms in each of the elements within the waste panel. The fluid source term
values for each cell of the SUTRA model were determined from the cylindrical model
simulations described in Section 4.1. According to the two-dimensional model described here
and the flux terms from SUTRA in Section 4.1, the volume of waste accessed, assuming an
unmodified permeability of lO"^ m2 (10^ mD) and Salado Formation capacitance of 7.8 x
10-12 pa-1, was about 23 percent of a panel. The percentage of panel accessed increases to 35
percent for a capacitance of 7.54 x 10-H Pa~^ and 95 percent for a capacitance of 5.1 x 10~9
Pa-1. At a permeability of 10-19 ^2 (10""^ mD), varying capacitance had little effect. The
access fraction was about 6 percent for all cases.

The three-dimensional models using HST3D provided some interesting results. Unfortunately,
the full three-dimensional model with both waste and Salado Formation host salt was
numerically unstable because of the large contrast in permeability between the two media.
However, a three-dimensional model that represented the waste panel as a pressure boundary
was stable. The brine inflow rates from the Salado were markedly higher (but less than a factor
of 3) than the corresponding estimates made with the cylindrical SUTRA models of Section 4.1.
The following two causes for this discrepancy were identified:
•

Eliminating the room-scale features when approximating the panel as a disk produced onedimensional flow near the panel much earlier than for the accurate representation in HST3D.

4.5 Two- and Three-Dimensional Models of Quarter Panel

•

Equating the volume of the cylindrical disk to the excavated volume of the panel (rather than
the total enclosed [excavated volume plus salt pillars]) incorrectly estimated the effective
panel area as a sink for the Salado Formation.

Both causes tend to produce less brine inflow to the cylindrical disk of the panel with an
equivalent volume. Although this underestimation of brine inflow can be important when
discussing the absolute values of results for the cylindrical approximation, the underestimate
will not affect the relative results that are important for evaluating the sensitivity to varying
model parameters. Furthermore, the cylindrical models overestimated the access fraction by a
factor of 2.3, which compensates somewhat for underestimated brine inflow.
As shown by the three-dimensional modeling, the pressure disturbance remains near the
repository (especially for high capacitance). Consequently, representing the panels as a series of
tunnels (Lappin et al., 1989; Nowak et al., 1988) is quite accurate.
DESCRIPTION OF GRID AND BOUNDARY CONDITIONS

Two-Dimensional Model Description. Using panel symmetry, only one-quarter of a panel is
modeled with SUTRA (Figure 4-21). The panel was 2 m (6.5 ft) thick. The boundary
conditions use the maximum conceivable pressure gradient, 6.3 MPa in the borehole and 14.8
MPa at the far boundary (Figure 4-21). No flow boundary conditions were applied along planes
of symmetry. Waste permeability was varied between 10~19 and lO-^ m2 (10~4 and 10^ mD).
The fluid source terms (representing vertical flux) for each cell of this two-dimensional model
were evaluated from the cylindrical model simulations already described in Section 4.1 (Figure
4-22).
Three-Dimensional Model Description. Although flow within the panel would be approximately
planar, brine inflow from the Salado Formation into the excavation would be three-dimensional
if depressurization extended to a significant distance from the excavation. To evaluate the
calculations made using radial symmetry, two three-dimensional models of a waste panel were
configured for HST3D using the actual panel shape. The borehole was assumed to penetrate the
center of a panel: symmetry across the coordinate planes reduced the modeled region to the
upper half of a quarter panel. Sixty meters (200 ft) of overlying Salado Formation and 75 m
(250 ft) of Salado Formation beyond the panel boundaries were also included. The exploratory
borehole was assumed to maintain a pressure of 6.3 MPa at the elevation of the repository.

The first model included the waste explicitly. The large contrast in hydraulic conductivity
between the waste and the Salado Formation, and the shape of the excavation, resulted in an
unstable set of equations for the numerical model for all attempted discretizations (details are
provided in the Results section).

The relatively large expected waste permeability, compared to the expected permeability of the
Salado Formation, suggests that equilibration of waste pressure to borehole pressure would be
very rapid in comparison to the response time of the Salado Formation (see, for example. Table
4-4). For high relative waste permeabilities, the borehole will effectively create a fixedpressure surface on the boundaries of the excavation.
Consequently, the second threedimensional model represented the portion of the Salado Formation immediately above the
quarter panel, with the shape of the panel surface represented as a fixed-pressure boundary
(Figure 4-23).
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Figure 4-21. Quarter Panel Mesh and Boundary Conditions for Two-Dimensional SUTRA
Calculation.

4.5 Two- and Three-Dimensional Models of Quarter Panel
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Function of Time as Calculated by Cylindrical SUTRA Model.

RESULTS OF TWO-DIMENSIONAL MODEL

Numerical Results. According to the two-dimensional SUTRA model described here and the
vertical flux terms from Section 4.1, the percentage of one panel accessed by brine seeping from
the Salado Formation in 10,000 yr is between 23 and 35 percent, assuming a small expected
capacitance (between 7.8 x lO-^ and 7.54 x 10-11 Pa~1) for the Salado Formation (Figure
4-24). (A similar version of this figure, using steady-state brine inflow values and showing
slightly higher access fractions, was published in Marietta et al., 1989.) This access fraction
does, however, increase to 95 percent, assuming the current upper bound on capacitance (5.1 x
10-9 Pa~1) (Figure 4-25). Comparing these data points with the access fractions calculated with
the cylindrical disk approximation to the panel (Figure 4-26), shows that the panel shape does
affect the access fractions at low capacitance. The effect is as great at high capacitance, but it

readily evident in Figure 4-26 unless one notes the access time of 4,500 yr for complete
cylindrical disk approximation to the panel shape versus the access time of
95
10,000 yr for
percent access using the actual panel shape.

is not

access using the

Analytical Estimate of Inflow Rate. In the human intrusion scenarios, the borehole rapidly
reduces the fluid pressure within the panel (see Table 4-10, Section 4.4).
After waste
depressurization, the pressure at the face of the panel excavation, is approximately equal to the
borehole pressure, and fluid flow in the Salado Formation is approximately perpendicular to the
excavation.
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Figure 4-23. Mesh for HST3D Flow Simulation of WIPP Quarter Panel.
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Figure 4-24.

Fraction of Waste Accessed in 10,000 Yr with Waste Permeabilities of 10-13 and 10-19 m2,
and Capacitances of 7.8 x 10-12 Pa-1 and 7.54 x 10-11 Pa'1.
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Figure 4-25.

Fraction of Waste Accessed in 10,000 Yr with Waste Permeabilities of 10-13 and 10-19 m2,
and Capacitance of 5.1 x 10'9 Pa'1.
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Figure 4-26.

Comparison of Access Fraction versus Waste Permeability for Cylindrical and Actual Panel
Geometry (see Figure 4-6).
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As shown in Figure 4-4a (and later, in Figure 4-28), pressure profiles even after 10,000 yr of
drainage remain parallel to the repository boundaries (assuming a capacitance of 5.1 x 10~9
Pa~1), suggesting that for the cylindrical approximation of the panel, flow in the Salado

Formation is locally one dimensional.

The diffusion equation describing Darcian flow may be solved analytically for certain simple
geometries and boundary conditions. In particular, the potentiometric head in a semi-infinite
one-dimensional medium having an initial head of HQ, with a fixed boundary pressure of H^ at
x
0, is given by (see, for example, Ozisik, 1968):
=
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Figure 4-27 shows the brine inflow rate into a panel estimated from Eq. 4-20, assuming a
surface area corresponding to the surface area of the cylindrical idealization of the panel
(23,400 m2 [250,000 ft2]) and expected Salado Formation properties. Results of a SUTRA
simulation (Section 4.1) are included.

The brine inflow rate estimated by Eq. 4-20 assumes an instantaneous change in boundary
pressure, and thus slightly exceeds brine inflow rates from the SUTRA simulation before 4,000
yr while the waste depressurizes. As brine inflow proceeds, convergent flow from the far-field
to the excavation produces inflow rates slightly exceeding the one-dimensional estimates by Eq.

4-20.
RESULTS OF THREE-DIMENSIONAL MODEL

Full Model. The expected waste permeability of 10~1^ m2 (1 mD) is more than five orders of
magnitude larger than the expected Salado Formation permeability of 3 x 10"2! m2 (3 x
10~6 mD). In general, fluid flowing across a boundary separating regions of "high" and "low"
permeability create an abrupt change in hydraulic gradient across the boundary. To resolve
similar pressure changes on both sides of the boundary, grid spacing normal to the boundary
must be much smaller in the low-permeability material than in the high-permeability material.
In terms of the algebraic equations developed from the material properties and mesh, smaller
grid spacing in less permeable regions creates elements of the coefficient matrix having similar
magnitudes, facilitating solution of the system of equations.
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Comparison of Salado Formation Inflow Rates from SUTRA and One-Dimensional Model for
Base-Case Parameter Values.

The relatively small permeability of the Salado Formation mandates an abrupt reduction in grid
spacing across all waste/Salado Formation interfaces. The shape of the panel excavation, and
the requirement that the mesh be rectilinear, necessarily create abrupt changes in grid spacing

within the waste, which introduce disproportionate terms in the coefficient matrix. No gridding
of the combined waste/Salado Formation system tried to date produced an acceptable pressure
solution using the HST3D code.

Simple Pressure Boundary Condition Model. Figure 4-28 shows a portion of the HST3D model
grid with the pressure contours plotted for 10,000 yr. Very little pressure disturbance occurs
about a quarter panel with a capacitance of 5.1 x 10-9 Pa-1 (similar to Figure 4-4a in Section
4.1).

Figure 4-29 shows the vertical mass flux into the panel versus time calculated for
compressibility values of 5.1 x 10-9 Pa-1 and 7.54 x 10-11 Pa-1 using HST3D. The
corresponding vertical mass fluxes calculated using SUTRA are also shown for comparison. For
both values of compressibility, inflow rates calculated with HST3D exceed corresponding
SUTRA calculations over most of the simulated period by about a factor of 3.
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Figure 4-28.

Pressure Contours Showing Very Little Pressure Disturbance about WIPP Quarter Panel after
10,000 Yr with Capacitance Equal to 5.1 x-lO-Spa-1.
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Figure 4-29. Comparison of Vertical Flux into

a

Waste Panel as Calculated by SUTRA and HST3D.

4.5 Two- and Three-Dimensional Models of Quarter Panel

Because the lateral extent of the HST3D model was selected to cover the depressurized region of
the Salado Formation for the higher compressibility, lower compressibility causes more rapid

development of the pressure field. Consequently, inflow rates for the lower compressibility are
influenced by the impermeable model boundaries, and underestimate brine inflow (dashed lines
in Figure 4-29).

The following section explains the marked differences in results between HST3D and SUTRA.
DIFFERENCES BETWEEN TWO-DIMENSIONAL SUTRA AND THREE-DIMENSIONAL HST3D MODELS

Minor Influence of Brine Flow in Waste on Salado Formation Brine inflow Rates. The problems
solved by the SUTRA and HST3D computational models are not identical. The SUTRA model,
for example, imposed a fixed-pressure boundary at the borehole, and explicitly included flow
through the waste. Because Salado Formation brine inflow rates are lower than rates estimated
by neglecting pressure variations within the waste, the HST3D simulations neglect the influence
of pressure gradients in the waste. The minor influence of this difference may be gauged as
follows:

An upper bound on the maximum pressure variation within the waste may be established by
assuming that, at any time, all brine inflow occurs through the outer boundary of a cylinder
The pressure difference (Ap) between the outer boundary and the
representing the waste.
borehole required to maintain a mass flow rate (m) at steady state (recall the short transient
characteristic times for the panel) (Table 4-10, Section 4.4) is then
r

Ap
r

==

mu
7-——
27T/3bk

e

,

In

r

(4-21)

w

Using the appropriate well and panel radius (fyy and r@), depth (b), viscosity (;u), permeability
(k), brine density (p), and mass flow rate of 1 x 10~4 kg/s (Figure 4-27) implies a pressure
difference of only 600 Pa. Therefore, the difference in brine inflow rates between the SUTRA
and HST3D simulations is not attributable to the differences in applied boundary conditions at
the waste. (Recall that this minor difference was also shown in Figure 4-27.)

Minor Influence of Flow Through Vertical Panel Faces. In discussing the distinctions between
the flow fields created by the HST3D quarter panel and the SUTRA equivalent cylinder, flow
entering the excavation through the upper and lower boundaries has been emphasized.
Regarding the vertical excavation faces, the following three points can be made:
First, the cylindrical model of Section 4.1 preserves the final excavation thickness, and should,
therefore, accurately simulate the onset of convergent flow into the vertical faces. However,
the total area of vertical faces is not preserved in the equivalent cylinder. To this extent, the
flow through the vertical faces will be greater than expected from the SUTRA results.
Second, the working HST3D model did not include vertical faces; hence HST3D also somewhat
underestimates brine inflow.

Third, the difference in total surface area between the two models discussed is less than 4
percent as a result of omitting vertical panel boundaries in the HST3D model. Hence, any
discrepancy in brine inflow rate produced by this omission is overwhelmed by the discrepancy
introduced by the different representations of the horizontal surfaces in the two models.
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Major Influence of Convergent Radial Flow vs. One-Dimensional Flow. The difference between
the two estimates of brine inflow can be understood by considering the effects of the panel
shape on the development of the Salado Formation flow field as brine drains through the
excavation surface.

Figure 4-30 shows a diagrammatic section through the two panel rooms, and a portion of the
overlying Salado Formation. One arbitrary contour of pressure (between the initial Salado
Formation pressure and the boundary pressure) at three different times during drainage is
shown to illustrate the development of the flow field. Although the three-dimensional contour
plot (Figure 4-28) shows several different pressure contours at one time, the effect is similar.
Salado

TRI-6334-254-0

Figure 4-30.

Schematic Diagram of Salado Formation Pressure Development Due to Depressurization of
Two Parallel Room Excavations.

Following the rapid depressurization of the waste, the room surface imposes a uniform fixedpressure boundary on the Salado Formation. In the initial stage of drainage (e.g., tj), the large
size of the boundary surface in comparison to the depth depressurized in the Salado Formation
will produce flow approximately normal to the surface of the excavated area. Continued brine
inflow removes fluid from deeper within the Salado Formation, accessing areas peripheral to the
sink (t^).
Flow then converges on the separate boundary elements, producing a higher flux
density than created by nonconvergent (one-dimensional) flow. As the depressurization fronts
of adjacent boundary surfaces begin to interfere (13), the influence of the separate drains on the
far-field Salado Formation becomes similar to the influence of a single larger sink.

Figure 4-31 illustrates the effect of convergent vs. nonconvergent (one-dimensional) flow on
infiltration rates. The figure shows drainage rates per unit length into an infinitely long fixedpressure sink having a surface area per unit length of a typical WIPP excavation (room or drift).
Salado Formation properties, and the initial and boundary pressures, are identical to those used
for the higher compressibility SUTRA and HST3D calculations.
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Figure 4-31. Radial and One-Dimensional Estimates of Flow Rate per Unit Length of Room Excavation.
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The time at which flow to a planar sink deviates significantly from one-dimensional flow, as a
result of flow convergence, depends on the dimensions of the sink. As the distance from the
sink increases beyond the characteristic dimension of the sink (e.g., 10 m [33 ft] in Figure
4-30), the sink begins to "look" like a discrete rather than infinite feature. Qualitatively, once
drainage induces flow at points more distant than the characteristic dimension, the flow field
The average flux density through the sink then exceeds the density
becomes convergent.
strictly
one-dimensional flow, and approaches the flux density for radial flow.
expected for

Brine inflow rates estimated with SUTRA for the higher compressibility show good agreement
with rates estimated for a one-dimensional flow field having the same area (Figure 4-27).
Pressure contours around the cylindrical panel likewise show predominantly one-dimensional
flow across the surface of the panel after 10,000 yr of drainage (see Figure 4-4a). Brine inflow
rates in this representation cannot increase above those expected for one-dimensional flow until
extensive depressurization of the Salado Formation produces convergent flow on the scale of the
cylinder, i.e., approximately 120 m (400 ft).

Unlike the cylindrical representation, the HST3D model of the panel includes room-scale (~10
m
[-33 ft]) features of the panel. Because the time required to establish convergent flow
depends on the characteristic dimensions of the sink, convergent flow, and the associated higher
flux densities, develop much sooner in the HST3D model than in the SUTRA model, which can
only develop convergence on the scale of the entire excavation area.

Note that while the SUTRA inflow rates agree closely with one-dimensional estimates, the
relative deviation of the HST3D rate from the SUTRA rate after 1,000 yr agrees with the
relative deviation of convergence from one-dimensional flow in Figure 4-31.

The discrepancy between the estimates of panel inflow rate for the SUTRA and HST3D
simulations can therefore be explained by the more rapid onset of convergent flow in the
HST3D model, which is in turn due to the more detailed representation of the panel geometry.
Because the pressure disturbance remains near the repository (especially for high capacitance),
the estimates of brine inflow representing the panel as a series of tunnels (e.g., Lappin et al.,

1989; Nowak et al., 1988) should be quite accurate. For example, at 1,000 yr and c
5.1 x
10-9 Pa~1, radial discharge (q) is 1.13 x 10-^ kg/s/m (Figure 4-31). The total equivalent panel
length equals 1,200 m (4,000 ft), hence the panel brine inflow (qpanel) is L36 x 10-4 ^A- The
discharge as calculated by HST3D is 1.37 x 10-4 kg/s (Figure 4-29).
=

Clearly an accurate representation of the panel boundary surface (or tunnel approximation) is
essential for accurately estimating brine inflow rates, at least as long as the Salado Formation
flow field is confined within the characteristic dimension of the panel. As the flow field
extends beyond the characteristic panel dimension, we can expect that the influence of the
separate rooms will overlap (e.g., 13 in Figure 4-30), and that a simplified equivalent
representation of the panel is possible.
Equivalent Panel Dimension at Large Times. Figure 4-32 shows the total infiltration rate to
three generic boundary configurations. The lower value of compressibility used in the SUTRA
and HST3D calculations was adopted to create more rapid depressurization at large distances.

4.5 Two- and Three-Dimensional Models of Quarter Panel

Boundary configuration "a" is analagous to two parallel drifts of rooms, and consists of two 6-m
(20 ft) fixed-pressure boundary segments 12 m (40 ft) apart. Boundary configurations "b" and
"c" are potential approximations of "a."
Flow through boundary "a" is clearly better approximated by boundary "b" than boundary "c,"
implying that the most appropriate approximation for a WIPP panel preserves the lateral area
"covered" by the panel, rather than the total area of the individual drifts and rooms comprising
the panel.
Because the equivalent volume cylinder in Section 4.1 preserves the lateral area of the
excavation, rather than the larger area of the panel as a whole, it produces an underestimate of
brine inflow even after the flow field has developed sufficiently to permit a simplification of
the panel geometry.
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Figure 4-32. Two-Dimensional Flow Rates to Three Different Fixed-Pressure Boundaries.
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5. SUMMARY AND CONCLUSIONS

This status report presents preliminary parameter sensitivity studies from the repository/shaft
system. Some models described here are refined versions of the models reported in Marietta et
al. (1989) and Lappin et al. (1989); others include rudimentary studies of an additional
phenomenon, gas flow. The usual performance measure was gas or brine flow. The flow
parameters varied were material permeability and capacitance, where capacitance is the specific
storativity divided by fluid specific weight. Although the studies reported here are ongoing,
and therefore incomplete, in general the refined models show that human intrusion into the
repository (rather than any natural processes) will determine compliance or noncompliance of
the WIPP with 40 CFR 191, Subpart B. Hence,
•

Major decisions about design of the repository, waste form, backfill, and other components
will be determined by the conditions assumed within 40 CFR 191, Subpart B, for a
hypothetical and rather arbitrary human intrusion scenario.

The results and conclusions for both the undisturbed repository models and the human intrusion
models are summarized below.

5.1 UNDISTURBED REPOSITORY MODELS
The two-dimensional models of an undisturbed repository substantiated the bounding results of
earlier one-dimensional models (Marietta et al., 1989; Lappin et al., 1989) which showed that no
contaminants leave the vicinity of the disposal area in 10,000 yr. The models that study gas
flow fundamentally agree with this position; however, the models are still too rudimentary to
permit conclusive statements. In short,
•

•

The current specifications for the shaft, drift, and panel seals and the backfill probably
exceed the requirements for undisturbed performance by orders of magnitude.

The undisturbed scenario will not be analyzed further if future studies of gas effects and
anhydrite layer permeability (described below) do not show greatly increased contaminant
movement. (This same conclusion was reached in Marietta et al., 1989).

Future work should
•

Collect data on and evaluate effects of far-field anhydrite-interbed (e.g., MB139)
permeability and relative permeability (for gas flow).

•

Continue evaluation of salt response to

gas pressurization.

The results for each of the four models are summarized below.
TWO-DIMENSIONAL MODELING OF MIGRATION PATHWAY
The two-dimensional SUTRA model of the repository/shaft system assuming Darcy flow shows
that over the 10,000-yr regulatory period, contaminated brine from the rooms generally moves
from the disposal region and MB139 into the host salt in all directions, with only a very slight
preference to travel up the access shaft, even when MB139 terminates at the shaft. Previous
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one-dimensional calculations used the shaft as the preferred pathway to the near-surface
environment, but this model demonstrates that although this assumption is conservative, it is not
completely accurate.
A

somewhat localized migration pathway does exist from the room into MB139, but, using
expected properties, the contaminated brine does not reach the shaft within 10,000 yr. The
greater porosity does not compensate sufficiently for the small disturbed area of MB139; hence,
contaminants move directly into the host salt. Consequently, MB139 would not be a pathway to
the lateral limits of the accessible environment, unless the hydrologic permeability is much
higher than expected (either initially or through gas fracturing). The permeability threshold at
which MB139 would become a horizontal pathway should be explored. This study would help
evaluate the required accuracy of future permeability tests of the anhydrite interbeds.

The two-dimensional modeling also showed that the reference-design drift seals were effective
without the shaft seal and thus were a redundant component of the engineered barrier. (The
redundancy is possibly desirable.)
CYLINDRICAL MODELING OF SHAFT SATURATION

The sensitivity of brine flow into the Air Intake Shaft to Salado Formation permeability was
evaluated using a cylindrical model to provide input for shaft seal design. In the model, the
capacitance was set at an upper bounding value and the permeability varied.
Over the range of Salado Formation permeabilities explored (10~^ to 10~20 m2 [\Q-6 ^Q \o-5
mD]), estimates of cumulative inflow volume into the Air Intake Shaft over 200 yr varied from
200 to 1,000 m3 (7,000 to 35,000 ft3). The results bracket the estimated range of available shaft
pore volume at the desired minimum relative backfill density of 95 percent. (No evidence exists
that brine contents higher than desirable would prevent consolidation, especially because the
shaft consolidates from the bottom to the top and therefore excess brine, if present, could
migrate up the shaft into less consolidated, more permeable zones.)

The effect of preferential inflow through anhydrite interbeds was approximated by uniformly
increasing horizontal permeability within the Salado Formation to 10"1() m2 (10~4 mD). Little
change in the cumulative flow into the Air Intake Shaft occurred. However, this result should
be verified for transient conditions using a model that explicitly includes anhydrite interbeds
with varying permeabilities.
CYLINDRICAL MODELING OF GAS MOVEMENT IN DRIFT WITH SUTRA

The two-dimensional SUTRA model of gas movement simulated the flow of hydrogen gas in
the disposal area, panel seal, and drift backfill materials leading to a shaft. The intent of the
model was to evaluate whether gas from the disposal area would reach the bottom of the shaft
before consolidation of crushed salt in the shaft was complete.
Using permeability values of unconsolidated seals and backfill, the entire disposal area and drift
were uniformly pressurized in less than 5 yr, as expected. Using permeability values for fully
consolidated seals and backfill, the seal prevented gas flow, and the pressure at the base of the
shaft did not change from the initial state even after about 1,600 yr. Additional calculations
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assuming a time-dependent decrease in permeability for the disposal-area and drift-backfill
materials showed that without the seal, the pressure at the base of the shaft increased to about
10 MPa after about 70
yr, but did not significantly increase beyond that level even to times as
great as 1,600 yr. When calculations included the seal, shaft pressure rose to about 2.5 MPa
after about 25 yr, but remained at that level until at least 1,600 yr.

Although more details (e.g., modeling the shaft) must be added to this rudimentary gas flow
model before conclusive statements about gas movement can be made, these calculations suggest
that the salt components of the seals and drift backfill would rapidly (relatively speaking)
prevent gas movement along the drifts, even if unsaturated with brine.
ONE-DIMENSIONAL MODELING OF GAS AND BRINE MOVEMENT IN DRIFT AND MB139 WITH BOAST

one-dimensional model of the drift using BOAST probed the flow of gas and brine when the
seals and drifts were initially saturated with brine.
Under conditions of complete brine
saturation, generation of gas in the waste resulted in gas pressures exceeding lithostatic very
rapidly (i.e., in less than 2 yr). This result was expected because of the overly simplified model.
In the one-dimensional model, the gas could move only through the seals and drifts; with no
free volume into which gas could expand, gas pressure increased very rapidly.
A

The above results prompted an examination of slightly more realistic conditions, still using the
one-dimensional grid. Rather than modeling the drifts, MB139 was modeled as the predominant
flow path, which allowed substantially greater gas flow to the shaft. MB139 and its seals were
again assumed to be initially saturated with brine, but the waste was modeled as initially
saturated with gas. (A gas pressure of 6.3 MPa was maintained at the access shaft to maximize
the pressure gradient.)
For this model of MB139, hydrogen generated continuously over 600 yr reached the access shaft
in about 3 yr for an MB139 permeability of 10~9 m2 (10^ mD) and in about 300 yr for a
permeability of lO'1^ m.2 (1 mD). At high permeability (10~9 m2 [10^ mD], pressures

throughout the grid were nearly uniform. When the marker bed was assigned a moderate
permeability (lO"^ m2 [1 mDJ), pressures in the waste exceeded lithostatic pressure (14.8 MPa)
in less than 500 yr, but at later times, as gas saturation throughout MB139 increased, the
pressure rapidly dropped.
In summary, if MB139 has only moderate permeabilities after closure, rather than the high
permeabilities speculated for current conditions, the presence of brine in MB139 will prevent
gas movement.
Future work will focus on evaluating the distribution of gas, gas-saturated
brine, and brine within and around the repository to establish initial conditions for the human
intrusion model.

5.2 HUMAN INTRUSION MODELS
The Standard, 40 CFR 191, Subpart B, requires that the repository must show compliance when
major part of the geologic barrier system is effectively removed from the disposal system as
the result of intrusion into the repository by an exploratory borehole. (Human intrusion is not a
part of the RCRA requirements for hazardous chemical wastes.) Consequently, the human
a
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intrusion scenario requires a fairly detailed understanding of the behavior of (1) the waste,
disposal rooms, drifts, and anhydrite and clay interbeds and (2) any remaining geologic barrier.
This portion of the report focused on the behavior of the waste, disposal rooms, and the Salado
Formation. (The detailed understanding of the transport properties of the remaining portion of
the geologic barrier [i.e., Culebra Dolomite] will be reported elsewhere.)

In general, for the scenario in which one borehole passes through the disposal area and
penetrates a brine pocket (El),
•

•

Modifications to the waste that are intended to decrease brine flow through the waste must
reduce waste permeability to within four orders of magnitude of the Salado Formation.

Preferential brine flow to a borehole through anhydrite layers could reduce brine flow
through the waste by an order of magnitude. (Permeability data on anhydrite layers must be
gathered.)

Brine inflow from the Salado Formation (rather than flow from the brine pocket) has the
greatest impact on how much waste is accessible to brine.

•

•

Complete depressurization of a panel (filled with gas or brine) would not occur in the initial
intrusion of the repository if the borehole was plugged "soon" (about one month). (However,
this conclusion assumes that the waste compressibility evaluated from future tests, tentatively
planned, would confirm the crudely approximated waste compressibility.)

Future modeling should focus on the following areas:
•

•

•

•

•

•

•

Evaluating the effects of the possible range of permeability for an exploratory borehole over
time considering salt creep.

Evaluating the effects of radionuclide transport (not just brine flow) by incorporating
solubility estimates within a room submodel.
Evaluating the effects of transport characteristics of the Culebra Dolomite.

Refining estimates of waste removal reported in Lappin et al. (1989) while drilling into the
repository.
Evaluating the consequences of more than one borehole hitting

a

panel.

Continuing to evaluate the effects of interbed heterogeneity within the Salado Formation on
brine inflow (also useful for undisturbed conditions).

Evaluating the influence of dissolved

gas

within the brine surrounding the repository on

discharge rates into the borehole.

The first modeling area is important because the brine inflow through the waste from the Salado
modeling component
Formation could be greatly affected by the borehole permeability
all
the
described
in
analyses
and
borehole
of
here
permeability
ignored
human intrusion
-could greatly decrease over time because of salt creep.

--a

The last two modeling areas necessitate the collection of more data, such as far-field
permeability estimates of the anhydrite layers and relative permeabilities for gas and brine in
both the Salado Formation and anhydrite layers. These data are also necessary for modeling
undisturbed behavior of the repository. Data are also needed, as previously mentioned, on the
compressibility of the waste.
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Results from this report and future work will be incorporated into future performance
assessments of the WIPP.
However, separate from this consequence modeling is the need to
develop decision-making procedures for estimating the scenario probability of the rare human
intrusion event. (40 CFR 191, Subpart B limits the product of the scenario probability and its
consequence with respect to

a

release limit, not just consequences.)

The results from the five models developed to explore the importance of various phenomena
under the human intrusion scenario are summarized below.
CYLINDRICAL MODELING OF SALADO BRINE FLOW THROUGH PANEL TO BOREHOLE

Cylindrical modeling of Salado brine flow through panel to borehole is an axisymmetric
simulation that evaluated the access fraction (i.e., the fractional volume of the saturated brine
that drains into the borehole over 10,000 yr). Earlier analyses assumed that the radionuclide
source is solubility limited until the radionuclide is depleted (Lappin et al., 1989). The time of
depletion depends upon the volume of waste accessed. As a conservative assumption, those
analyses assumed that an entire panel could be accessed. This study explored the validity of this
Determining realistic values for the calculations is important because
conservative assumption.

if engineered modifications

are needed, they should be designed using values that are realistic

and not inflated.

The results from these axisymmetric models show that under steady-state conditions, mass flux
to an exploratory borehole varies with permeability when the permeability of the waste is less
than three orders of magnitude above the permeability of the Salado Formation.
Under
transient conditions, mass flux varies when the permeability difference is less than four orders
of magnitude. Similar to strictly radial flow, flow to the borehole varies linearly with the
changes in pressure gradient, Ap. Clearly, if the sole purpose of engineered modifications is to
reduce waste permeability, then they must reduce the permeability to within four orders of
magnitude of the Salado Formation to reduce the amount of brine passing through the waste.

Varying the capacitance of the Salado Formation had a significant effect on the amount of brine
inflow only at high permeabilities. Because of the large variation in fluxes at high
permeabilities, the amount of waste accessed in these axisymmetric models varied greatly, also.
At the estimated upper bound of capacitance (5.1 x 10~9 Pa~l), essentially the entire panel is
accessed using a cylindrical approximation of a panel.
At the lower calculated bound of
capacitance (7.8 x 10~12 pa~l), a maximum of 54 percent of the panel is accessed.
CYLINDRICAL MODELING OF EFFECTS OF ANHYDRITE LAYERS ON BRINE FLOW THROUGH PANEL

Although the Salado Formation is frequently treated as hydrologically homogeneous, it is
composed of interbedded halite, polyhalite, clay, and anhydrite layers. If the permeabilities of
the anhydrite beds are significantly higher than the permeability of the Salado Formation halite,
the anhydrite layers will create preferential paths for horizontal flow. During drainage to an
intrusion borehole, the effect of preferential flow through the anhydrites may be either (1) to
intercept flow that would otherwise pass through the repository, or (2) to augment the amount
of brine flowing into the repository.
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The results of cylindrical modeling of anhydrite layers show that if the permeability of the
fractured anhydrites directly above and below a panel is lower than waste permeability, flow
entering the repository region from the far field through the anhydrites is diverted through the
waste (Case 2). For this case, the flow through a panel is about two times larger than flow
using a model with a homogeneous Salado Formation.

However, if the anhydrite permeabilities are larger than the waste permeability as expected
because of fracturing, the majority of flow remains confined within the anhydrite, reducing the
flow through the repository by more than an order of magnitude. This dramatic effect warrants
further study if the anhydrite layers near the repository have permeabilities several orders of
magnitude higher than the intact Salado Formation salt.
Over the range of permeabilities considered, the amount of brine inflow was insensitive to the
permeability of the halite that separates the repository from the nearest anhydrite layer.
CYLINDRICAL MODELING OF CASTILE BRINE POCKET FLOW THROUGH A ROOM

Analytical and numerical approximations of the WIPP repository/shaft system were used to
estimate the brine flow circulated through a room from a brine pocket as an indirect measure of
the potential amount of waste that would be transported up an exploratory borehole following
degradation of plugs in a human intrusion scenario.
The flow field in the repository, created by plug degradation and upward flow through the
borehole, was considered to consist of three components: net flow from the repository resulting
from depressurization; circulation of brine through the repository, induced by pressure gradients
along the borehole; and brine inflow from the Salado Formation to the borehole through the
repository. Depressurization of the room was estimated to expel 3 m3 (106 ft3) of room pore
fluid. The volume of fluid circulated through the repository was estimated to be between 0.006
m3 and 120,000 m3 (0.2 ft3 to 4,000,000 ft3).
The wide range results from uncertainty in
borehole and repository permeability. From previous calculations reported herein, brine inflow
from the Salado Formation was estimated to produce 0.11 n^/yr/panel (3.9 ft^yr/panel) to the
borehole.

Using expected parameter values suggests first that depressurization of a repository pressure
pulse is not an important cause of contaminant transport to the borehole; second, that the total
repository volume through which brine pocket fluid passes is approximately 120 m3 (4,000 ft3),
or less than 10 percent of the room volume; and finally, that brine pocket fluid and Salado
Formation brine inflow independently introduce about 1,150 m3 (41,000 ft3) of contaminated
brine into the borehole over 10,000 yr.
Concerning the latter point, although brine inflow from the Salado Formation contributes a
similar fluid volume, the greater volume of waste accessed is expected to result in a greater
contaminated brine.
Hence, brine inflow is the most important flow process within the
the
human intrusion scenario, although the brine pocket pressure may affect flow
repository for
in the Culebra Dolomite (Lappin et al., 1989). Therefore, evaluating the characteristics of the
brine pocket is not as pressing in the immediate future as a detailed modeling of the repository
system. (Shaft and drift permeabilities are of minor importance for human intrusion.)
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5.2 Human Intrusion Models

CHARACTERISTIC FLOW TIMES FOR THE ROOM AND PANEL

The purpose of the SUTRA model of a room and panel was to estimate the characteristic time
of gas and brine depressurization following penetration by an exploratory borehole. Here, the
characteristic time was estimated to be the time for pressure to change at a boundary of interest
by a factor of (l-e~l) Apm^x' where Ap^ax ls tne maximum possible pressure change.
Consequently, the characteristic time varies inversely with waste permeability. Note that the
characteristic time is not the time for complete depressurization.
For an expected waste permeability of 10"^ m2 (1 mD), the expected characteristic time for
depressurization of gas is 10^ s (1.3 days) for a room, or 2 x 10^ s (-23 days) for a panel. The
characteristic time for brine depressurization is 8.3 x 1()5 s (9.6 days) for a room, or 1.5 x 10^ s
(0.5 yr) for a panel. This latter brine characteristic time is about 7.5 times larger than that for
gas

depressurization.

In all cases, the characteristic times are short with respect to geologic time, but do bracket the
The times indicate that
one month in which an intruder might "soon" detect the repository.
complete depressurization of a panel filled with gas or brine would not occur during the initial
intrusion.
Characteristic times for all simulations lie between the analytical estimates using bounding gas
This result suggests that an analytical solution of the linearized gas flow
compressibilities.
a
useful screening tool in other applications.
equation may be

TWO- AND THREE-DIMENSIONAL MODELING OF SALADO BRINE FLOW THROUGH QUARTER PANEL

The purpose of the two- and three-dimensional models described here was
influence of panel shape on the access fraction.

to examine the

According to the two-dimensional SUTRA model, which uses boundary conditions derived from
the cylindrical simulations described earlier ("Cylindrical Modeling of Salado Brine Flow
through Panel to Borehole"), the maximum volume of waste accessed, assuming the maximum
waste permeability of 10-13 m2 (102 mD) and Salado Formation capacitance of 7.8 x 10-12, was
about 23 percent (about a factor of 2.3 less than when panel shape was ignored).
The
percentage of panel accessed increases to about 35 percent for a capacitance of 7.54 x 10-11 and
95 percent for a capacitance of 5.1 x 10~9. At a permeability of 10-19 m2 (10~4 mD), varying
capacitance had little effect. The access fraction was about 6 percent for all cases.
These limits on maximum accessible waste will be used to adjust the initial waste inventory
available for transport in simple repository models used in the overall compliance assessment
(i.e.. Marietta et al., 1989) after corrections have been made for the errors discussed below.

The three-dimensional HST3D model of the waste panel showed that the brine inflow rates
from the Salado Formation in the waste were markedly higher (but by less than a factor of 3)
than corresponding estimates made with the cylindrical models used above ("Cylindrical
Modeling of Salado Brine Flow Through Panel to Borehole"). The discrepancy was caused by
(1) the smaller mass flux of nonconvergent flow in the cylindrical model versus the larger mass
flux of convergent flow in the more accurate HST3D model and (2) equating the volume of the
disk in the cylindrical model to the excavated volume rather than the total enclosed volume
(excavated volume plus salt pillars).
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Although the underestimation of brine inflow by the cylindrical models is important for
discussing the absolute values of brine inflow, the underestimate will not affect the sensitivity
of the brine inflow to varying model parameters summarized above. Furthermore, the
cylindrical models ignored waste panel shape, which overestimated access fraction by about 2.3
times and thereby compensates somewhat for the underestimated brine inflow.
As shown by the three-dimensional modeling, the pressure disturbances remain near the
repository over 10,000 yr (especially for large Salado Formation salt capacitance); consequently,
representing the panel as a series of tunnels (e.g., Lappin et al., 1989) is quite accurate and will
be used in future studies.

160

GLOSSARY
The amount of contaminants transported from a repository region compared
Access Fraction
to the region's total inventory. In this report, it was bounded by evaluating the ratio of
access volume to specified waste volume (usually waste panel volume).
-

The maximum volume of waste through which neutrally buoyant particles can
Access Volume
pass (by means of being carried along with brine) within a given time period (usually
-

10,000 years).

The accessible environment means (1) the atmosphere, (2) land
Accessible Environment
surfaces, (3) surface waters, (4) oceans, and (5) all of the lithosphere that is beyond the
controlled area (40 CFR 191.12[k]).
-

Advection

The process of transport of an aqueous property by mass motion.

-

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.

Alpha Particle

-

A mineral consisting of anhydrous calcium sulfate (CaSC>4).
Anhydrite
water, and is denser, harder, and less soluble.
-

Anisotropic

Anoxic

Variation in

-

a

It

is gypsum

without

property (e.g., hydraulic conductivity) with direction.

Without oxygen.

-

Aperture

The open space along

-

a

fracture in rock.

Pertaining to, largely composed of, or containing clay-sized particles or clay
minerals.

Argillaceous

-

Argillaceous Rocks

Backfill

-

Rocks containing appreciable amounts of clay.

Material placed around the waste containers, filling the open space in the room.

-

A sequence of rock strata that form the topmost formation of the
Bell Canyon Formation
Delaware Mountain Group.
-

Bentonite

-

as

Borehole

-

A

commercial term applied to clay materials containing montmorillonite (smectite)

the essential mineral.

(1)

A

manmade hole in the wall, floor, or ceiling of

a

subsurface room used for

verifying the geology, observation, or the emplacement of waste canisters.

The

horizontal wall holes are used for remote-handled (RH-TRU) waste. (2) A hole drilled
from the surface for purposes of geologic or hydrologic testing, or to explore for
resources; sometimes referred to as a borehole.

Brine Pocket
Pressurized brine of unknown origin but of limited extent contained in fractured
anhydrite within the Castile Formation (also frequently referred to as a brine reservoir).
Although a portion of the WIPP waste panels are assumed to have brine pockets
beneath them, the pockets are only of concern for human intrusion scenarios where
exploratory boreholes penetrate a waste panel and then continue down 210 m (700 ft)
to the Castile Formation (Lappin et al., 1989).
-

CAM

-

Compliance Assessment Methodology
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CAMCON

Compliance .Assessment Methodology CONtroller: controller (driver) for compliance
evaluations developed for the WIPP.
-

CAMDAT

Compliance Assessment Methodology
developed for the WIPP.
-

Capacitance

DATa

base; computational data base

The combined compressibility of the solid porous matrix and the fluid within the

-

pores.
A formation of evaporite rocks (interbedded halite and anhydrite) of
Castile Formation
Permian age that immediately underlies the Salado Formation (in which the WIPP
disposal level is being built).
-

CH-TRU

Waste
Contact-Handled TRansUranic waste, packaged
surface dose rate does not exceed 200 mrem per hour.

Compaction

-

-

TRU

waste whose external

Mechanical process by which the pore space in the waste is reduced prior to

waste emplacement.

Complementary Cumulative Distribution Function (CCDF)

-

One minus the cumulative

distribution function.
Compliance Evaluation or Assessment
geologic waste repository.

-

The process of assessing the regulatory compliance of

a

The property of a substance capable of being reduced in volume by
application of pressure; quantitatively, the reciprocal of the bulk modulus.

Compressibility

-

Computational Model

The computer model plus the appropriate values for the parameters.

-

The appropriately coded analytical, quasi-analytical, or numerical solution
Computer Model
technique used to solve the mathematical model using a computer.
-

The set of hypotheses and data that postulate the description and behavior
Conceptual Model
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 since each scenario may have a slightly different conceptual model.
-

A module of the Compliance Assessment Methodology (CAM) that
Consequence Module
assesses the consequences of radionuclides being transported from the repository.
-

The controlled area means (1) a surface location, to be identified by passive
Controlled Area
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]\
-

Creep

-

A usually very slow deformation of solid rock resulting from constant stress; refers to
the geologic phenomenon experienced as the gradual flow of salt under high

compressive loading.

Closure of underground openings, especially openings in salt, by plastic flow
Creep Closure
of the surrounding rock under pressure.
-

The lower of two layers of dolomite within the Rustler Formation
Culebra Dolomite Member
that are locally water bearing.
-

Glossary

The sum (integral) of the probability density of frequency
Cumulative Distribution Function
values that are less than or equal to a specified value.
-

Darcy

An English standard unit of permeability, defined by a medium for which a flow of
cmVs is obtained through a section of 1 cm2, for a fluid viscosity of 1 cP and a
pressure gradient of 1 atm/cm. (One Darcy is equal to 0.987 x lO"^ m2).

-

1

The part of the Permian Basin in southeastern New Mexico and adjacent parts
Delaware Basin
of Texas where a sea deposited large thicknesses of evaporites some 200 million years
ago. It is partially surrounded by the Capitan Reef.
-

Pertaining to an exact mathematical relationship between the dependent and
independent variables in a system.

Deterministic

-

A formation that overlies the Rustler Formation and is composed of
Dewey Lake Red Beds
reddish brown marine mudstones and siltstones interbedded with finegrained sandstone.
-

region of higher to

Diffusive

Characterized by the transfer of chemical components from
one of lower concentration.

Disposal

Emplacement of waste in a manner that assures isolation from the biosphere with no
intent of retrieval and that requires deliberate action to regain access to the waste.

-

a

-

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.
-

DOE

The U.S. Department Of Energy, established in 1978

-

as

a

successor to

ERDA and the

AEC.

Drift

El
E2

-

horizontal passageway in

a

mine.

intrusion of a borehole through a disposal panel into
brine occurrence in the Castile Formation (Guzowski, 1990).

An event or scenario:

-

An event or scenario:

-

EPA

A

-

intrusion of

a

borehole into

a

a

pressurized

disposal panel (Guzowski, 1990).

Environmental Protection Agency of the U.S. Government.
A sedimentary rock composed primarily of minerals produced by precipitation from
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
In addition to halite (NaCI) these salts include potassium, calcium, and
lake.
magnesium chlorides and sulfates.

Evaporite

-

a

The path traveled by
Flowpath
field.
-

a

neutrally buoyant particle released into

The time required for the activity of
decay to half its initial value.

Half-life

-

Interbedded

-

a

a

groundwater flow

group of identical radioactive nuclei to

Pertaining to sedimentary beds lying between or alternating with other beds with

different characteristics.
Isotope

A species of atom characterized by the number of protons and the
number of
In most instances an element can exist as any of several
neutrons in its nucleus.
isotopes, differing in the number of neutrons, but not the number of protons, in their
nuclei. Isotopes can be either stable isotopes or radioactive isotopes (also called
radioisotopes or radionuclides).
-
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Isotropic

Hydraulic conductivities of

-

a

porous media independent of direction of

measurement.
A Monte Carlo sampling technique that divides the distribution
Latin Hypercube Sampling
into intervals of equal probability and samples from each interval.
-

Subsurface pressure caused by the weight of overlying rock or soil, ~14.9
Lithostatic Pressure
MPa at the WIPP repository level.
-

Material

-

Substance (e.g., rock type) out of which

Material Attribute

-

a

numerical model is constructed.

Material characteristic that varies at each element of

a

numerical mesh.

Characteristic of the material that remains constant throughout the
numerical mesh.

Material Property

-

The mathematical representation of a conceptual model (Silling, 1983)
the
coupled
algebraic, differential, or integral equations with proper boundary
(e.g.,
conditions that approximate the physical processess in a specified domain of the
conceptual model).

Mathematical Model

MB139

-

Marker Bed 139: One of 45 siliceous or sulfatic units within the Salado Formation
MB139 is located
consisting of about 1 m of polyhalitic anhydrite and anhydrite.
within the WIPP horizon.

Modular
Module

-

-

Constructed with standardized units or dimensions for flexibility and variety in use.
A

-

standardized unit or packaged functional computer code assembly.

A random sampling technique using computer simulation to obtain
Monte Carlo Sampling
solutions
to mathematical or physical problems, especially in terms of a
approximate
range of values each of which has a calculated probability of being the solution.
-

Neutron

An elementary particle that has approximately the same mass as the proton but lacks
electric charge, and is a constituent of all nuclei having mass number greater than 1.

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.

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 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)}.

Performance Assessment

Permeability

-

A

-

measurement of the ability of

a

rock or soil to transmit fluid under hydraulic

gradient.
A region in the south-central United States, where during Permian times (248
Permian Basin
to 286 million years ago), there were many shallow sub-basins in which vast beds of
marine evaporites were deposited.
-

Glossary

Polyhalite
Potash

-

An evaporite mineral: K^MgCa^(S04)4'2}i^O;

-

a

hard, poorly soluble mineral.

Specifically K-2C03. Also loosely used for many potassium compounds, especially as
used in agriculture or industry.

Quality Assurance

-

All those planned and systematic actions necessary to provide adequate
a structure, system, or component will perform satisfactorily in service.

confidence that

Solid, liquid, or gaseous material of negligible economic value that contains
Radioactive Waste
radionuclides in excess of threshold quantities.
-

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.

RH-TRU
Room

-

An excavated cavity underground.

-

and 91

m

Within the WIPP,

a

room is 10

m

wide,

4

m

high,

long.

A sequence of upper Permian age elastic and evaporite sedimentary rocks
Rustler Formation
that contains two dolomite marker beds, and overlies the Salado Formation.
-

Scenario

Sealing

A combination of events and processes that represents a possible future condition of
the repository, geologic, and groundwater systems that could contribute to the escape of
radionuclides from the repository, and release into the accessible environment.
-

Formation of barriers within man-made penetrations (shafts, boreholes, tunnels,

-

drifts).

Shaft

Solute

manmade hole, either vertical or steeply inclined, that connects the surface with the
underground workings of a mine.

A

-

-

The material dissolved in

a

solvent.

The kinds and amounts of radionuclides that make up the source of a potential
release of radioactivity. For the performance assessment, the source term is defined as
the sum of the quantities of the important radionuclides in the WIPP inventory that will
be mobilized for possible transport to the accessible environment, and the rates at
which these radionuclides will be mobilized.

Source term

-

Stochastic Process
Involving a random variable or random vector synonymous with random
function or random process.
-

The volume of water released by an aquifer per unit surface area per unit drop in
Storativity
hydrologic head.
-

Tortuosity

Measurement of actual path of flow through

-

a

porous medium.

A code that translates output from one code to input for another code.
Translator
referred to as pre- and post-processors.
-

Also

The rate at which water of the prevailing kinematic viscosity is transmitted
Transmissivity
through a unit width of the aquifer under a unit hydraulic gradient.
-

Waste that, without regard to source or form, is
Transuranic Radioactive Waste (TRU Waste)
contaminated with more than 100 nCi of alpha-emitting transuranic isotopes with halflives 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.
-
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Undisturbed Performance
Undisturbed performance means the predicted behavior of a
disposal system, including consideration of the uncertainties in predicted behavior, if
the disposal system is not disrupted by human intrusion or the occurrence of unlikely
natural events (40 CFR 191.12(p)).
-

APPENDIX A
MATERIAL PROPERTY VALUES

Appendix A

Appendix A

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
The primary source of information is the deterministic disposal system analysis by
tables.
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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TABLE A-1. PARAMETER VALUES FOR SALADO FORMATION

Parameter

Capacitance (c)
Density
Average (pb)
Intact salt

(pb)

Dispersivity
Longitudinal (a|_)

Expected
Value

7.54x10-11

Units

Range

7.8x10-12

5.1x10-9

2.30x103
2.14x103

Pa-1

McTigue, 1989; Lappin etal., 1989, p. A-87

kg/m3
kg/m3

Krieg, 1984, Table 4
Holcomb and Shields, 1987, p. 17

Lappin et al., 1989, Table D-2

1.52x101

Pressure at repository level (657 m) (p)
Lithostatic
1.49x101

Source

1.43x101

1.79x101

MPa

Wawersik and Stone, 1985

MPa
Mpa

Pbrine"9*d
Pwater'O'd

m2

Lappin et al.i 1989, Table 3-2,
Fig. 4-1, p. 4-43

Hydrostatic
Brine

Water

Permeability (k)

Porosity {<fi)

7.7
6.4
3.4x10-21

1x10-23

1x10-''8

1x10-3

1x10-2

Lappin et al., 1989, p. 4-45;
Black etal., 1983

TABLE A-2. PARAMETER VALUES FOR MARKER BED 139

Expected
Value

Parameter

Density, rock

[p)

Condition, disturbed
•Permeability (k)
Porosity (<f>)
Fracture

Units

Range

Source

(See Table A-9, anhydrite.)

3.3x10-7

m2

Lappin et al., 1989, Table D-2
Lappin et al., 1989, Table D-2
Lappin et al., 1989, p. 4-62

1.0

1x10-1

Condition, undisturbed

Permeability (k)
Thickness

1x10-'l9

1x10-20

1x10-18

m2

DOE, 1989, §1.2

9.0x10-1

6.5x10-1

1.05

m

Borns, 1985, Fig. 3

Appendix A

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

Parameter

Density, grain

(;9g)

Expected
Value

2.82x103

Units

Range

2.78x103

2.86x103

kg/m3

Lappin et al.i 1989, Table E-6

m

See Table A-13.

m

Lappin et al., 1989, Table E-6

Depth, average (z)

2.24x102

Dispersivity [a]
Longitudinal (QL)
Transverse (a-r)

0.05 •o:|

Fracture spacing

2.0

2.5X10-1

7.0

m

Hydraulic conductivity (K)
path to WIPP boundary
path to 5-km boundary

7.81 x10-7
1.38x10-6

1.77x10-7
1.77x10-7

1.20x10-5

m/s
m/s

1x102

5x101

3x102

Haugetal., 1987,

1.20x10-5

Partition Coefficients Matrix (Kd)
2x10-1
Am, Cm

Pu

Th

Clays (Kd)
Am, Cm

Pu

Th

Lappin et al., 1989, Table 1-2, Table E-6

Lappin
Lappin
Lappin
Lappin
Lappin

et
et
et
et
et

Table
Table
Table
Table
Table

E-10
E-10
E-10
E-10
E-10

1x10-1
3x10-1
3x10-1

m3/kg
m3/kg
m3/kg
m3/kg
m3/kg

Lappin
Lappin
Lappin
Lappin
Lappin

et al., 1989, Table
et al., 1989, Table
et al., 1989, Table
etal., 1989, Table
et al., 1989, Table

E-11
E-11
E-11

1x10-2
2x10-4
2x10-3
6x10-3
6x10-3

m3/m2
m3/m2
m3/m2
m3/m2
m3/m2

Lappin
Lappin
Lappin
Lappin

et
et
et
et
Lappin et

m2

Lappin et al., 1989, Table 1-2

5x10-1

1x10-2

Np,U
Pb,Ra

p. 3-21

m3/kg
m3/kg
m3/kg
m3/kg
m3/kg

1x10-3
1x10-3
1x10-1
1x10-1

Np,U
Pb.Ra

Source

1989,
1989,
1989,
1989,
al., 1989,

al.,
al.,
al.,
al.,

E-11
E-11

Fractures (Kg)

Am, Cm

Np,U
Pb, Ra
Ru

Th

al.,
al.,
al,,
al.,
al.,

1989, Table E-12
1989, Table E-12
1989, Table E-12
1989, Table E-12
1989, Table E-12

Permeability

5x10-15

3x10-13

7x10-2
1.5x10-4

3x10-1

1.5x10-2

Lappin et al., 1989, Table E-6
Lappin et al., 1989, Table 1-2, Table E-6

4.6x10-6

9.4x10-4

LaVenue et al., 1988, Table 3-3

7.7

5.5

1.13x101

1.4x10-1

3x10-2

3.3x10-1

(pathway)
Porosity (<^)
Matrix ((Arn)
Fracture (i^if)

1.6x10-1

1.5x10-3

Storativity (83)
Thickness (Az)
WIPP area
Tortuosity

172

(r)

m

LaVenue et al., 1988, Table B-1

Lappin et al., 1989, Table E-9
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TABLE A-4. PARAMETER VALUES FOR CASTILE FORMATION BRINE POCKET

Parameter

Compressibility (/3)
Density, rock

(p)

Depth (z)

Permeability (k)
Inner zone
Middle zone
Outer zone

Expected
Value

1x10-5

Units

Range

1x10-9

1x10-4

Source

Pa-1

Lappin et al., 1989, p. 3-145, Table 3-19

m

Lappin et al., 1989, Fig. E-5

m2
m2
m2

Lappin et al., 1989, Table 3-19
Lappin etal., 1989, Table 3-19
Lappin et al., 1989, Table 3-19

(See Table A-8, anhydrite.)

9.24x102

1x10-11

Ix-IO-^

1x10-13
1x10-15

1x10-9
1x10-11

l^xlO-^

Porosity (<f>)

5x10-3

1x10-3

1x10-2

Pressure, initial (pj)

1.27x101

7.0

1.74x101

Radius of
Inner zone
Middle zone

3x102
2x103

1x102
3x101

9x102

Thickness (all)

7.0

Lappin et al., 1989, Table 3-19

MPa

Lappin et al., 1989, Table 3-19

Lappin et al., 1989, Table 3-19
Lappin et al., 1989, Table 3-19

8.6x103
m

Lappin et al., 1989, Table 3-19
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TABLE A-5. RELATIVE PERMEABILITIES FOR TYPICAL SALT (Rough Estimates)

Saturation

for water

Saturation

(S)

(krw)

(S)

0.275

0.0

0.2875
0.30
0.35
0.40
0.50
0.60
0.70
0.80
0.90
0.95
0.9575
0.965

4.600 x10-8
8.525 x10-7
8.718 x 10-5
7.497 x 10-4

8.915x10-3
4.195 x10-2
1.299x 10-1
3.163 x 10-1
6.592 x10-1
9.116 x 10-1
9.550 x 10-1
1.000

0.0
0.035
0.0425
0.05
0.10
0.20
0.30
0.40
0.50

0.60
0.65
0.70
0.7125
0.725

for gas

(Krg)

0.0
0.0
2.554 x10-6
2.032 x10-5

1.593x10-3
2.408x10-2
9.154 x 10-2
2.177 x 10-1
4.059 x 10-1
6.485 x10-1
7.850 x 10-1
9.276 x10-1
9.638 x10-1
1.0000
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TABLE A-6. PARAMETER VALUES FOR ENGINEERED MATERIALS

Parameter

Expected
Value

Units

Range

Source

Crushed Salt
Upper Shaft Seal

Permeability (k)
Porosity (4>)
Drift and Panel Backfill
Density (pb)
Initial (0.6 psalado)

1x10-12

1x10-14

1x10-'•0

2x10-1

1x10-1

3x10-1

1.35x103

1.3x103

1.4x103

m2

Lappin et al., 1989, p. 4-67
Lappin et al., 1989, p. 4-67

kg/m3

Lappin et al., 1989, p. 4-58;

Nowaketal., 1990.
Final
Permeability (k)
Initial

Final
Porosity (4>)

4

2.01x103

kg/m3

1x10-10

m2

Holcomb and Shields, 1987, Fig.

m2

extrapolated
Holcomb and Shields, 1987, Fig.

4

Lappin et al., 1989, p. 4-58
Holcomb and Shields, 1987, Fig.

4

1x10-20

Initial

3.7x10-1
6,0x10-2
Drift, Panel, and Consolidated Lower Shaft Seals
Density (pb)
Initial (0.8 psalado)
1.7x103
Final
2.01x103
Permeability (k)
Initial (salt)
1x10-14
Final (salt)
1.65x10-20 3x10-21
Final

4x10-19

Holcomb and Shields, 1987, Fig.

4

4

kg/m3
kg/m3

Holcomb and Shields, 1987, Fig.
Holcomb and Shields, 1987, Fig.

m2
m2

Holcomb and Shields, 1987, Fig. 4
Holcomb and Shields, 1987, Fig. 4;
Nowaketal., 1990
Lappin et al., 1989, p. 4-60

4

Porosity {<p)
Initial
Final

2.0x10-1
6.0x10-2

1x10-3

9x10-2

Interbed Seals
Permeability (k)
Porosity {(f>)

4x10-19
3x10-2

1x10-19

2x10-2

4x10-19
4x10-2

Holcomb and Shields, 1987, Fig. 4
Holcomb and Shields, 1987, Fig. 4;
Lappin et al., 1989, p. 4-64
m--

Lappin et al., 1989, p. 4-63
Lappin et al., 1989, p. 4-63

MPa
GPa

Gulick
Gulick
Gulick
Gulick
Gulick
Gulick
Gulick
Gulick
Gulick
Gulick

Concrete
Lower Shaft,
Drift, Panels

Unconfined
compressive strength
Young's modulus (E)
Poisson's ratio (i/)
Restrained expansion
Permeability (k)
Upper Shaft
Young's modulus (E)
Poisson's ratio (i/)
Restrained expansion
Permeability (k)

Wyoming Bentonite
Hydraulic conductivity
to brine (max) (K)

3.1x101
2.1x101
2.0x10-1
9.0x10-2

2.7x10-19
6.9x101
3.3x101
1.7x10-1

m2
MPa
GPa

3.0x10-2
2.7x10-19

1.4x10-19

m2

and
and
and
and
and
and
and
and
and
and

Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.
Wakeley, 1990.

Nowaketal., 1990.
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TABLE A-7. PARAMETER VALUES FOR UNMODIFIED AVERAGE WASTE

Parameter

Compressibility

(^s)

Expected
Value

Units

Range

1x10-9

Source

Pa-1

Author's opinion, based on Freeze and
Cherry, 1979, Table 2.5.

Gas generation
Rates

Corrosion (N2)
Microbiological
Potential
Corrosion (Hs)
Microbiological

0

1.7

0

8.5X10-1

mole/drum/yr
mole/drum/yr

Lappin et al., 1989, p. 4-84
Lappin et al., 1989, p. 4-84

0

8.9x102
6.0x102

mole/drum-eq
mole/drum-eq

Lappin et al., 1989, p. 4-78
Lappin et al., 1989, p. 4-78

0

Permeability (k)
Initial

Final

5x10-11

1x10-15

1x10-18

1x10-13

6.8x10-1
1.8x10-1

1.5x1Q-1

2.1x10-1

1x10-9

1x10-3

nT-

Holcomb and Shields, 1987, Fig. 4,

m2

extrapolated
Lappin et al., 1989, Table 4-6

Porosity (<f>)
Initial

Final

Solubility (S)

1x10-6

Lappin etal., 1989, Fig. 4-8
Lappin et al., 1989, Table 4-6
Molar

Lappin et al., 1989, p. 4-29

Appendix A

TABLE A-8. PARAMETER VALUES FOR SPECIFIC MATERIALS

Expected
Value

Parameter

Range

Units

Source

Anhydrite® 25 °C
Density, grain

(pg)

Young's modulus (E)
Poisson's ratio {v}

2.963x1 o3

kg/m3

7.51x101
3.5x10-1

GPa

Clark, 1966, p.
Krieg, 1984, p.
Krieg, 1984, p.
Krieg, 1984, p.

2.5x10-2
1x10-3

m3/kg
m3/kg
m3/kg
m3/kg

Lappin
Lappin
Lappin
Lappin

et
et
et
et

al., 1989, Table D-5

m3/m2
m3/m2
m3/m2
m3/m2

Lappin
Lappin
Lappin
Lappin

et
et
et
et

al.,
al..
al.,
al.,

Lappin
Lappin
Lappin
Lappin
Lappin

et
et
et
et
et

al., 1989,
al., 1989,
al., 1989,
al., 1989,
al., 1989,

Carmtehael,
Krieg, 1984,
Krieg, 1984,
Krieg, 1984,

46;
14
16
16

Distribution Coefficients

kd
Am, Cm

Np,U
Pb,Ra

1x10-3
1x10-1

Pu.Th
ka
Am, Cm

9.2x10-1

3.7x10-2
3.7x10-2
3.7

Np,U
Pb,Ra
Pu,Th

al., 1989, Table D-5
al., 1989, Table D-5
al., 1989, Table D-5

1989,
1989,
1989,
1989,

Table D-5
Table D-5
Table D-5
Table D-5

Clay
Distribution Coefficients 0<d)

Am, Cm
Np,

1x10-1

Pb.Ra

1x10-3
1x10-1
1x10-3

m3/kg
m3/kg
m3/kg
m3/kg
m3/kg

2.163x103

kg/m3

3.1x101
2.5x10-1

GPa

2.78x103

kg/m3
GPa

Poisson's ratio (v)

5.53x101
3.6X10-1

Molecular diffusion (D°)

IxlO^O

1x10-2

Pu.Th
U

Table
Table
Table
Table

D-5

D-5
D-5

D-5
Table D-5

Halite® 25 °C
Density, grain

{pg)

Young's modulus (E)
Poisson's ratio (v}

1984, Table 2;
p. 14; dark, 1966, p. 44
p. 16
p. 16

Polyhalite@25°C
Density, grain (pg)
Young's modulus (E)

Radionuclides
241 Am
Molecular Diffusion (D°)

Solubility
Activity-conversion
Half-Life (ti^)
Inventory
Initial

Modified

1x10-6
3.43x10-3
4.32x1 o2

Half-Life (ti^,)

Krieg,1984,p.16
5x10-11

2x10-9

m2/s

Lappin et al., 1989, Table E-6;
Haugetal., 1987, p. 3-22

5.3x10-11
1x10-9

3x10-'l0

m2/s

Lappin et al., 1989, Table E-7
Lappin et al., 1989, p. 4-29, Table E-1

1x10-3

kg/Ci

6.37x105
7.75x105

244cm
Molecular Diffusion (D°) (no data, use Am)
1x10-6
Solubility
Activity-conversion
8.09x10-4

Shakoorand Hume, 1981
Krieg, 1984, p. 16

1x10-9

yr

ICRP,Pub38, 1983

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

1x10-3

kg/Ci

Lappin et al., 1989, p. 4-29, Table E-1

1.81x101

yr

ICRP, Pub 38,1983

1.27x104
0.0

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin etal., 1989, Table 4-2b

Inventory
Initial

Modified
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TABLE A-8. PARAMETER VALUES FOR SPECIFIC MATERIALS (Continued)

Parameter

Expected
Value

Range

Units

Source

237Np
Molecular Diffusion (D°)
Solubility
Activity-conversion
Half-Life (ti/,)

1x10-6
7.05x10-7
2.14x106

5.2x10-11
1x10-9

3.10-10

m2/s

1x10-3

Lappin et al., 1989, Table E-7
Lappin et al., 1989, p. 4-29, Table E-1

kg/Ci
yr

ICRP,Pub38, 1983

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

m2/s

Lappin et al., 1989, Table E-7
Lappin et al., p. 4-29, 1989, Table E-1

Inventory
Initial

Modified
Pu

(element)
Molecular Diffusion (D°)
Solubility

8.02
8.02

4.8x10-11

1x10-6

1x10-9

3x10-10
1x10-3

238pu
Activity-conversion
Half-Life (ti/j
Inventory
Initial

Modified

kg/Ci

1.71x10-4
8.77x101

yr

ICRP, Pub 38, 1983

3.90x106
3.90x106

CI
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

6.22x10-5
2.41x104

yr

ICRP, Pub 38, 1983

4.25x105
4.25x105

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

2.28x10-4
6.54x103

yr

ICRP, Pub 38, 1983

1.05X105
1.05x105

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

1.03x10-1
1.44x101

yr

ICRP, Pub 38, 1983

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

239pu
Activity-conversion
Half-Life (ti/;)
Inventory
Initial

Modified

kg/Ci

240pu
Activity-conversion
Half-Life (ti/;)
Inventory
Initial

Modified
241 pu
Activity-conversion

Half-Life (ti/;)
Inventory
Initial

4.08x106

Modified

0.0

kg/Ci

kg/Ci

Pb (element)

Molecular Diffusion (D°)
Solubility

4x10-''0
1x10-6

1x10-9

1x10-3

Lappin et al,, p. 4-29, 1989, Table E-1

210pb
Activity-conversion
Half-Life (t^)
Inventory
Initial

Modified
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kg/Ci

7.63x10-2
2.23x101

yr

ICRP, Pub 38, 1983

0.0
0.0

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b
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TABLE A-8. PARAMETER VALUES.FOR SPECIFIC MATERIALS (Concluded)

Expected
Value

Parameter

Range

Units

Source

226pa
Molecular Diffusion (D°)
Solubility

7.5x10-6
1x10-6
9.89x10-4
1.60x103

Activity-conversion
Half-Life (ti/;)
Inventory
Initial

1x10-9

1x10-3

Lappin et al., 1989, p. 4-29, Table E-1

kg/Ci
yr

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

0.0
0.0

Modified

ICRP, Pub 38, 1983

232-i-h

Molecular Diffusion (D°)
i

Solubility
Activity-conversion
Half-Life (ti/;)
Inventory
Initial

Modified

,'

!

1x10-6

5x10-11
1x10-9

1.5x10-10

m2/s

1x10-3

Lappin et al., 1989, Table E-7
Lappin et al., 1989, p. 4-29, Table E-1

kg/Ci

1.10x1010
1.41x101c)
2.74x10-1

0.0

yr

ICRP, Pub 38, 1983

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

m2/s

Lappin et al., 1989, Table E-7
Lappin et al., 1989, p. 4-29, Table E-1

U (element)

Molecular Diffusion (D°)
Solubility

1x10-S

1.1x10-1()
1x10-9

4.3x10-1(:l
1x10-3

233u
Activity-conversion
Half-Life (ti/;)
Inventory
Initial

Modified

kg/Ci

9.68x10-6
1.59x105

yr

ICRP, Pub 38, 1983

7.72x103
7.72x103

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

2.16x10-9
7.40x108

yr

ICRP, Pub 38, 1983

3.7x10-1
3.7x10-1

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

3.36x10-10
4.47x109

yr

ICRP, Pub 38, 1983

Ci
Ci

Lappin et al., 1989, Table 4-2a
Lappin et al., 1989, Table 4-2b

235j
Activity-conversion
Half-Life (ti/,)
Inventory
Initial

Modified

kg/Ci

238u
Activity-conversion
Half-Life (t,/;)

kg/Ci

Inventory
Initial

1.47

Modified

0.0

179

Appendix A

TABLE A-9. FLUID PROPERTIES

Parameter

Brine, Culebra
Density (/3f)

Diffusivity(D°)
Vi scosity (ju)

Expected
Value

Range

Units

Source

1.092x103
2x10-9

kg/m3
m2/s

1 .Ox 10-3

Pa-s

Marietta et al., 1989, Table 3-9
Haug et al., 1987, p. 3-22
Haug et al., 1987, p. 3-20

1.24x103

kg/in3

Lappin et al., 1989, Table 3-19

kg/m3

Brine, Castile Reservoir

Density (pf)

Brine, Salado, 1.013x105 Pa, @ 28°C
Density (pf)
1.2x103

Compressibility (/3f)

2.7x10-10

Pa-1

Stein and KrumhansI, 1986
Kaufman, 1960, p. 609

Viscosity^)

1.6x10-3

Pa-s

Kaufman, 1960, p. 622

Pa-s

Buddenberg and Witke, 1949;
Streeter and Wylie, 1975, Fig. C-1

4.53x10-1c)

Pa-1

9.971x102
8.90x10-4

kg/m3

Haug et al, 1987, p. 3-17
Weast, 1974, p. F-11
Weast, 1974. p. F-49

Gas, 100% Hg, 1.013x105 Pa, @ 25
Viscosity [p.)

°C
8.84x10-6

9.8x10-6

Water® 25 °C
Compressibility (/3f)
Density (pf)
Viscosity (fi)

Pa-s

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

Pressure

(MPa)

0.1

1.0932
2.0
5.0
10.0
20.0
50.0
100.0

Compressibility (/3f)
(Pa-1 x10-10)

2.70
2.70
2.70
2.69
2.69
2.68
2.64
2.57

Formation
Volume Factor

1.00000
0.99954
0.99912
0.99773
0.99541

0.99077
0.97685
0.95365
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TABLE A-11. CLIMATE VARIABILITY AND INTRUSION CHARACTERISTICS

Expected
Value

Parameter

Climate Variability
Glaciation, next
Peak precipitation

8x104
6x101

Units

Range

4x104
4.5x101

1.2x105
9.0x101

yr

cm/yr

Source

Marietta etal., 1990
Marietta etal., 1990

Human Intrusion
Borehole properties

Compressibility's) 1x10-8
Permeability, fill (k) 1x10-'l2
2x10-]l
Porosity (4>)
Radius (r)
Time of intrusion

1.67x10-1
t

3.15x1010

1x10-7
1x10-13
1x10-1

8.89x10-2
3.15x109

1x10-9
1x10-11
3x10-1
2.54x10-1
3.15x1011

Pa-1

m2
m

s

Freeze and Cherry, 1979, Table 2.5
Lappin etal., 1989, Table 1-2, Table C-1
Marietta etal., 1989, Table 3-10
Lappin etal., 1989, Table C-1; well logs
Marietta etal,, 1989, Table 3-10
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TABLE A-12.

SUMMARY OF EXCAVATED AND ENCLOSED AREAS AND INITIAL VOLUMES OF
EXCAVATED REGIONS WITHIN THE WIPP REPOSITORY, NOT CONSIDERING CLOSURE
(after Lappin et al., 1989)

Areas

Region*

Room (A)
One panel (B)
Southern equivalent panel (C)
Northern equivalent panel (D)
Access drifts (E)

Experimental area (F)
Total disposal area (G)
Total repository (H)
Buffer zone (only) (I)
Land-withdrawal zone (less H and I)
Four shafts (only) to base of Rustler Fm.
DRZ in storage region

Volume

Excavated

Enclosed

Excavated

Enclosed

(1o3m2)

(1Q3m2)

(lOSmS)

(I03m3)

0.9197
11.53
8.413
8.701

21.84
21.61
109.38
152.83
-

-

0.08691
-

0.9197
28.26
35.44
35.79
283.6
298.1

488.0
1748
2667
37020
0.08691
-

3.644
45.70
33.34
34.48
78,07

71.90
433.4
583.4
-

-

34.76
-

3.644
111.96
140.4
141.8
1037.2

1090
1934
6926
1057
14670
34.76
574.0

*Regions shown in Figure A-1; detailed dimensions of disposal region shown in Figure A-2.
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TR 1-6334-206-0

Figure A-1. Excavated and Enclosed Areas in the WIPP Repository (after Lappin et al., 1989).

Appendix A

/

/oni ^oto f

TRI-6334-198-0

Figure A-2.

Planned Dimensions of WIPP Repository and Access Drifts.
the more accurate.) (DOE, 1986)

(Dimensions in units of feet are
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TABLEA-13.

DEPTHS OF STRATIGRAPHIC LAYERS AROUND WASTE, EXHAUST, AND C&SH SHAFTS
(after Nowak et al, 1990)

Average

E:xhaust

Wasite

Depth

Depth

Diameter

Layer

(m)

(m)

(m)

Surface
Top of Magenta

0.0
182.1

0.0
182.0

Bottom of Magenta

190.4

Top of Culebra

N/A

Depth
(m)

7.0

0.0
183.8

189.0

7.0

214.9
221.6

7.0

Bottom of Culebra

216.3
223.7

Rustler/Salado contact

258.7

257.3

Top of Vaca Triste
Bottom of Vaca Triste

411.6

N/A

Depth

(m)

C&SH
Diameter
(m)

N/A

5.0

0.0
180.4

191.1

5.0

191.1

3.6

5.0

216.4

3.6

5.0

225.2
259.4

3.6

8.4

217.6
224.3
259.4

411.2
413.3

6.1

412.7

4.6

3.6

6.1

413.6

4.6

410.9
411.2

654.4

7.0

654.4

4,6

652.6

Top of station

412.7
653.8

Station

658.3

658.4

Top of sump
Bottom of sump

658.7
694.7

658.4
696.8

186

Diameter
(m)

7.0

N/A
7.0

7.0

657.5

N/A
N/A

6.4

N/A
N/A
N/A

659.0

3.6

4.6
3.6
3.6

N/A

659.0

3.6

692.5

3.6
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